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Abstract: We propose an extremely simple multiple-metal metamaterial perfect absorber
(MPA). The dimension of our proposed design is only 221 nm for the visible wavelength
range from 400 to 700 nm. This is comparable with past efforts on MPAs using plasmo-
nics at the same wavelength range, whereas the plasmonic excitation is absent in our
proposal. A unity broadband absorption can be achieved with ultrathin metallic films. In
addition, the wavelength scalability is possible using our design, and the fully planar sim-
ple configuration facilitates large-area photonic design without the need for lithography
and etching. The physics is the field penetration and the field absorption for the photons
at different wavelength ranges using different metallic layers. We also show that the ad-
justment of the individual layer thickness is critical to attaining a perfect wave impedance
matching to vacuum. The titanium (Ti), nickel (Ni), and aluminum (Al) triple-metal config-
uration is used to demonstrate the concept experimentally, and a close match to the
theoretical result is observed. The absorption band can be further widened with more
stacking layers with various metals. We believe that the proposed design is very promis-
ing in the aspects of simple processing and scalable for large-area broadband unity
absorption. It thus improves the future implementation of MPAs and facilitates a wide
range of relevant applications.

Index Terms: Photonic materials, metamaterials, photonic materials and engineered pho-
tonic structures.

1. Introduction
Perfect absorption has been an emerging research field over the past few years due to its broad
applications in the fields of biomedical optics [1], [2], ultra-high sensitivity sensing [3], antenna
systems [4], cloaking [5], radar cross section (RCS) reduction [6], thermal emitter [7], and ther-
mophotovoltaic (TPV) [8]. The photonic device of this kind is termed metamaterial perfect ab-
sorbers (MPA). The unity absorption can be of narrowband or broadband nature, and
depending on the applications, either narrow or broadband response is desired. From optics
point of view, narrow band unity absorption is easier to achieve. Several different physical phe-
nomena can provide very high absorption at a specific wavelength such as quasi-guided mode
excitations or Fabry-Perot resonances. These phenomena can thus be utilized to achieve
narrowband MPA designs. On the other hand, a broader bandwidth MPA requires special
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consideration, and implementing such devices is not simple. This is due to the fact that quasi-
guided modes or guided resonances cannot exist over the entire broad wavelength range, and
this prevents the use of conventional diffractive optics methodology to realize broadband MPAs.

The past effort on broadband metamaterial perfect absorbers has been developed using plas-
monic resonant structures [3], [9]–[11]; patterned metallic grating on dielectric [1], [3], [11]–[14];
metal-dielectric-metal with nanostructures [1], [9]; and adiabatic light coupling using hyperbolic
metamaterials nanotips [15]–[17]. The plasmonic structures, in general, utilize the plasmonic
mode excitations in silver or gold nanostructures. Under this scenario, strong field intensity in-
side the metallic material leads to an enhanced absorption. Although, in photovoltaics, the metal
absorption is a waste, in many other photonics applications, this is the desired power dissipation
including high sensitivity sensors and thermophotovoltaics (TPV) emitter-absorber. The advan-
tage of using plasmonic modes is that the photonic device dimension can be made more com-
pact than traditional optical nanostructures based on diffractions and light scattering. The first
miniaturized plasmonic ultrabroadband perfect absorber is revealed by the work of Atwater et al.
[9], the compact dimension achieved is 260 nm for the visible (VIS) wavelength range from 400 nm
to 700 nm. This is due to the condensed field intensity associated with the surface plasmon po-
lariton (SPP) and localized surface plasmon (LSP). The slight limitation on plasmonic absorber is
that the wavelength scalability is less possible due to the plasmonic mode wavelength is largely
determined by the material dispersion. Additionally, the plasmonic mode excitation over an ultra-
broad bandwidth can be more difficult to achieve. This makes that the plasmonic absorbers may
be more suitable for a moderate bandwidth application.

On the other hand, the proposal of the ultra-long tapered hyperbolic metamaterial (HMM)
broadband absorbers by Fang et al. [16] provides extremely wide absorption band that is
never achieved before. The physics is that the adiabatic coupling achieved with the tapered-
sidewall photonic nanostructures is robust over a very broad spectral range. The hyperbolic dis-
persion of the metal-dielectric stacking further enhance the light absorption by the unbounded
photonic density of states (PDOS). 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 will be absorbed by different portions of the HMM stacking as illustrated in the liter-
ature [16]. The slight limitation of HMM nanotips can be the scalability to large-area fabrication
and the ultra-long dimension compared to the plasmonic absorbers. The ultra-long dimension
with tapered nanostructures can lead to process difficulty using regular lithography and etching
techniques.

In this work, we proposed a very simple planar multiple-metal configuration for metamaterial
perfect absorbers. The structure has the advantage that the device thickness is only 221 nm for
the metamaterial perfect absorbers at visible wavelength range from 400 nm to 700 nm. This is
comparable to the plasmonic metamaterial perfect absorbers [9] at the same wavelength range.
As a result, our design using field penetration facilitates the miniaturization of the nano-photonic
devices similar to plasmonics. Additionally, the absorbance that can be achieved is close to
unity, similar to tapered HMM absorbers. The physics and design of this proposed multi-metal
structure are based on the different extinction coefficients (k ) for different metallic materials.
The sequential arrangement of the metals from the lowest to the highest extinction coefficient
can lead to very efficient absorption over the desired frequency ranges. This is not surprising
since an absorbing material with a moderate k value is the most suitable for perfect absorbers
using field penetration. Excessively large k value leads to reflections, while insufficient k value
leads to low absorption. While most metallic materials in practice have strong dispersion in
wavelength, choosing a single metal for a broadband absorption can be very challenging unless
an elaborate and complex design such as HMM is established. Therefore, using multiple metals
can be advantageous in this aspect, and assigning the absorption bands at different wavelength
ranges to different metallic materials for a full absorption is one way to overcome the above-
mentioned k -value dispersion problem.

In addition to the multiple-metal configurations, the dielectric spacer, which is silicon dioxide
(SiO2) in our case, is also important to achieve the impedance matched condition for the
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incident photons. We analyze the wave impedance for the perfect absorber stack with varied
thickness of the SiO2 and the metallic layers. Since the proposed structure is fully planarized, it
does not require any lithography and etching and, therefore, totally scalable to large-area pro-
cessing such as TPV emitter-absorber. The wavelength scalability is also demonstrated in this
work, and it is feasible to use the proposed multi-metal design in photonic applications of a wide
frequency range.

2. Multi-Metal, Compact Metamaterial Perfect Absorbers
In this work, we use rigorously coupled wave analysis (RCWA) in Rsoft DiffractMod [18]. While
the RCWA can be used to analyze grating in two or three dimensions, it can also be used to
calculate planar structures with full accuracy. The eigenmode expansion is implemented in this
software, and the series expansion is utilized to represent the optical fields. The material pa-
rameters are measured using a J. A. Woollam M2000 ellipsometer for aluminum (Al), titanium
(Ti), nickel (Ni), SiO2. The calculation is conducted using Intel Xeon 3.1 GHz Quadcore CPU.
Since the proposed design is a planar multilayer structure, the computation is very fast even
with the iterative optimization of the layer thickness using a genetic algorithm (GA). The genetic
algorithm is a global optimization technique that uses the flow of nature adaptation to tackle dif-
ficult convergence optimization problems. For conventional optimization algorithms such as
Newton’s method, the slope of the objective function has to be known in order to gradually ap-
proach the local maximum. In this case, the objective function has to be smooth and differentia-
ble. Nevertheless, for many optimization problems, the objective function is not differentiable,
or its derivatives cannot be expressed analytically. Thus, the global optimization algorithm be-
comes important and more versatile in this scenario. It is also worth a mention that genetic al-
gorithm (GA) is among the most effective global optimization algorithm [19]–[25]. It requires no
initial guess, requires no derivatives, and can locate a local or even global maximum for ill-
behaved non-smooth objective functions. For the case of nano-photonic perfect absorbers, the
complex field penetration and absorption can lead to a very large and irregular searching space
and, therefore, we choose GA to locate the proper geometry for the study below.

Fig. 1 illustrates the proposed multi-metal structures for metamaterial perfect absorbers. The
sequential arrangement of the metals is very critical. Normally the high extinction metal should
be placed at the bottom since the field penetration is unlikely for the high extinction metal. Plac-
ing high extinction metal on the top prevents further absorption by the metallic layers below. As
illustrated in Fig. 2(a)–(c), the ray traced analysis reveals multi-junction configuration and the
cancelation of the reflected wave. Fig. 2(d) plots the illustration of typical metal k -value

Fig. 1. Multiple-metal multi-junction type metamaterial perfect absorber. In this work, metal 1 is
selected as titanium (Ti), metal 2 is selected as nickel (Ni), metal 3 is selected as aluminum (Al),
and the dielectric spacer is silicon dioxide (SiO2). Other metals or dielectrics can also be used,
and more than 3-metal stacking is likely to further enhance the bandwidth if desired.
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dispersion. For most metals, the k -value, in general, increases with wavelength for the wave-
length range from visible to near infrared. For the short wavelength range ð�1Þ, since the ab-
sorption coefficient or the k -value is still low for metal 1 and metal 2, incident field penetrates
metal 1 and metal 2 and reaches the high extinction metal 3 at the bottom. For middle wave-
length range ð�2Þ, the extinction coefficient k -value for metal 2 becomes high enough for full ab-
sorption. This is due to the dispersion of typical metals as illustrated in Fig. 2(d). In this case,
the penetration through metal 2 is unlikely, and the field will be dissipated in metal 1 and metal 2.
For long wavelength range ð�3Þ, the k -value of the metal 1 now becomes high enough, and the
field absorption will greatly happen at metal 1. The field plots for different wavelengths will be
given below, and it will be clear that the description in this paragraph is indeed the physics that
happens in the multi-metal perfect absorbers.

Fig. 3 shows the material n � k for Al, Ni, and Ti. Fig. 3(b) shows nice agreement with the de-
sired k -values in Fig. 2(d). The desired k -value arrangement is shown in Fig. 2(d), where three
metals with high, medium, and low k -values are used. Among the selected real materials, Al
has the highest extinction, and its extinction coefficient begins to rise at short wavelength range.
Therefore, Al should certainly be placed at the bottom. Notice that at � ¼ 190 nm–668 nm, Ti
and Ni have quite close k -value. For other wavelength ranges, kAl > kNi > kTi persists. It is
worth mention that kAl > kNi > kTi prevails for wavelength beyond � ¼ 1680 nm, the upper
wavelength limit of our ellipsometer. This point can be verified in many optical constant data-
bases [26]. For the MPAs in Fig. 4 below, there is no doubt that Ti/Ni/Al arrangement should be
used for Fig. 4(b) (� ¼ 580 nm–1050 nm) and Fig. 4(c) (� ¼ 900 nm–1670 nm). For Fig. 4(a)
(� ¼ 400 nm–700 nm), Ti/Ni/Al or Ni/Ti/Al can be used. The similar k -value for Ti and Ni in the

Fig. 2. Design principle for the multi-junction type metamaterial perfect absorbers. The photons
with different energies are dissipated in different parts of the metamaterial perfect absorber (MPA).
This is accomplished by using carefully arranged metal combination with varying extinction. The
dimension can be comparable to plasmonic-based design due to field penetration. (d) Desired
extinction coefficient arrangement: sequentially increased extinction (k ) for various metals. The
actual n � k used in calculation is shown in Fig. 3.
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wavelength regime in Fig. 4(a) makes both configurations feasible. In addition, the adjustment in
Ti and Ni film thickness can effectively compensate and correct the k -value deviation from the
desired one. For consistency, we uniformly choose the Ti/Ni/Al configuration for all MPAs in
Fig. 4. It is worth to say that the Ti/Ni/Al configuration is also suitable for the wavelength beyond
� ¼ 1680 nm. For the stacking of more than three metallic materials, a wider absorption band
can result. The design principles and the methodologies are the same as the three metals meta-
material perfect absorbers presented in this work.

Fig. 4. Calculated broadband absorption for multi-metal configurations. (a)–(c) Wavelength range
for genetic algorithm (GA) optimization. (a) � ¼ 400 nm–700 nm for visible metamaterial perfect
absorbers. (b) � ¼ 580 nm–1050 nm for near-infrared (NIR) metamaterial perfect absorbers.
(c) � ¼ 900 nm–1670 nm for near-infrared (NIR) metamaterial perfect absorbers. (d)–(f) Corre-
sponding full spectral absorption spectrum from � ¼ 200 nm–1670 nm for (a)–(c). Wave-range
is selected according to the ellipsometer-measured n � k wavelength range in our lab. This is a
typical n � k measurement range for ellipsometry. Longer wavelength n � k deep into IR requires
special equipment. For the (a) and (d) part, the total thickness is 221 nm, which is comparable to
the plasmonic metamaterial perfect absorber [9].

Fig. 3. Material properties of the metals in this study. The measurement is done using a. J. A. Woollam
M2000 ellipsometer. (a) Refractive index (n). (b) Extinction coefficient (k). This is the n � k values
used in calculation.
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3. Theoretical Result
The simulation is conducted using the RCWA algorithm. Although scattering matrix method can
also be used, it is undoubtedly that RCWA can also provide a very accurate result. In fact, the
RCWA with diffraction order of zero is equivalent to scattering matrix method for a planar struc-
ture. The GA is effective to locate the optimal geometry for this multi-metal structure for meta-
material perfect absorbers. The film thickness is critical for field penetration, which is the key
part in multi-junction configurations since photons with different energies are going to be ab-
sorbed by different sub-cells. If the thin film thickness becomes too thick, the bottom cells are in-
visible for incoming photons. For the film thickness that is too thin, insufficient absorption
occurs, and this results in imperfect metamaterial perfect absorbers. Another important feature
of this proposed design is that it does not count on plasmonic effect. This is because the design
is a planar structure and, therefore, plasmonic mode excitation is absent. This fact improves the
wavelength scalability of the design. Fig. 4 shows that the multi-junction metamaterial perfect
absorbers can be used not only for visible wavelength range. The corresponding film thicknesses
are also shown in Fig. 4. With some adjustment in the film thickness, the broadband absorption
can be shifted toward infrared. This flexible adjustment in absorption band is more difficult to
achieve if plasmonic resonance is used to boost the absorption. This is due to the fact that for
plasmonic mode excitations, the wavelength of the excitations is fixed largely by the material
properties. Although adjusting the geometry and using grating coupling can shift the plasmonic
resonance wavelengths, the shifting range in wavelength is limited and not arbitrary.

Fig. 5 shows the field profiles for the multiple metal multi-junction metamaterial perfect ab-
sorbers. It is clear that for short wavelength photons, the penetration is all the way through
the thin film stacks and reaches the aluminum layer at the bottom. For the mid wavelength,
the photons are stopped at the Ni layer, and the full absorption is achieved in a large part
by the extinction of the Ni. The Ti layer, in this case, is not highly-extinct enough to fully ab-
sorb the mid-wavelength range photons. For long wavelength photons, the Ti extinction be-
comes high enough at long wavelength range, and it is clear that at this wavelength range,
photons are absorbed fully by the Ti layer. The field is therefore not penetrating into Al or
even Ni layer. Due to the design of multiple metals, the absorption at broadband can be
achieved by allocating different wavelength ranges in the spectrum to different metallic mate-
rials. Fig. 6 plots the angular responses for the visible (VIS) metamaterial perfect absorber in

Fig. 5. Time-harmonic steady state electric field profile Ey for (a) � ¼ 0:3 �m, (b) � ¼ 0:8 �m,
and (c) � ¼ 1:67 �m. The dimension is tTi ¼ 5 nm, tNi ¼ 9 nm, tAl ¼ 61 nm, tDs1 ¼ 82 nm,
tDS2 ¼ 52 nm, and tDS3 ¼ 96 nm, corresponding to Fig. 4(b). In fact, the physics in Fig. 4(a)–(c) are
all the same. Fig. 4(b) is used to illustrate the sequential absorption due to the range of the ellips-
ometer, which is from � ¼ 0:2 �m to � ¼ 1:68 �m. Therefore, in Fig. 4(b), it is the easiest to dem-
onstrate the successive absorption at different wavelength ranges. In order to demonstrate the
same phenomenon for Fig. 4(a) or (c), n � k data beyond 1.68 �m or below 0.2 �m is necessary.
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Fig. 4(a). The broadband absorption does not degrade significantly with incident angle. The
physical reason is that the field penetration through the metallic thin films in a multi-junction
configuration is not affected dramatically by the oblique incidence. Essentially, the optical
path length inside the metallic films becomes longer for larger incidence angles, and this is
the reason for the slight degradation in broadband absorption. The optical path length in the
dielectric layers also becomes longer for oblique incidence, but the geometrical tolerance in
dielectric thickness is, in general, greater than the tolerance for the metallic film thickness, in
the case of our multi-junction thin-metal based design. It is also worth mentioning that TM
polarization has a better angular response than TE polarization. This is due to the fact that
the reflectance at the metal-dielectric interface can increase more pronouncedly for TE polari-
zation. The in-plane electric field intensity in TM polarization can facilitate the transmission at
a hetero-material interface.

In addition to the film thin field penetration-absorption and the sequential arrangement in the
material n � k for the multi-junction configurations the cancelation of the reflected wave is a crit-
ical consideration for a high absorption. Since the transmittance vanishes for the current struc-
ture due to the high-extinction bottom aluminum layer, a lowered reflectance directly contributes
in a high absorbance. In the case of a planar structure without grating couplers, the most impor-
tant consideration for a light trapped device is so-called impedance matching. The wave imped-
ance is defined as the total electric field intensity over the total magnetic field intensity at a
specific location

Z ð*r Þ ¼ Ei ð*r Þ þ Er ð*r Þ
Hi ð*r Þ þ Hr ð*r Þ

(1)

where E and H are the electric and magnetic field intensity, and subscript i and r represent
the incident and reflected waves. In order to achieve a fully matched wave impedance condi-
tion at the air-multilayer interface, the wave impedance seen by the incident photons at the
multi-layer stack should be as close to the air as possible. This certainly reduces the total re-
flection at the air-device interface at harmonic steady state and results in a very high absorp-
tion. In fact, the multi-junction concepts and the impedance matching have not been carefully
examined in the case of metamaterial perfect absorbers (MPA), based on our literature review.
Fig. 7 plots the wave impedance seen by the incident photons at z0 ¼ 1 �m above device top
surface with a parametric sweeping to form a trace. z0 ¼ 1 �m is chosen because it corre-
sponds to the simulation domain top boundary. In fact, the wave impedance value (Z ) at any
z-cut above the MPA will give the same result. The polar plots in a complex plane are the
most versatile and obvious way to observe the wave impedance variation with the parameters.
Fig. 7(a) plots Z versus tSiO2 ¼ tDS1 ¼ tDS2 ¼ tDS3, Fig. 7(b) plots Z versus tTi, and Fig. 7(c)

Fig. 6. Angular absorbance for the visible (VIS) wavelength metamaterial perfect absorber in
Fig. 4(a). tTi ¼ 4:1 nm, tNi ¼ 13 nm, and tAl ¼ 54 nm. tDS1 ¼ tDS2 ¼ tDS3 ¼ 50 nm. (a) TE polarized
light. (b) TM polarized light.
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plots Z versus tNi. For Fig. 7(a), it is observed that for a thin SiO2 layer thickness, the wave
impedance can deviate from air, i.e. 1þ 0i , significantly. This is due to the multiple metallic
layers become too closely spaced, and the interference conditions for a low reflectance cannot
be achieved. For the extreme case of three metal layers being directly stacked on each other,
the bulk metallic property will be seen instead of thin-film interference. For a thicker SiO2 layer
> 50 nm, the impedance matching condition can be preserved. This is because further apart
ultra-thin metallic films facilitate the field penetration. Certainly, the thinnest possible thickness
that can still preserve field penetration is the most desirable, in order to minimize the device
thickness. For the metallic layer thickness, parameter sweeping is shown in Fig. 7(b) and (c).
The problem associated with the thick metal film is self-evident since the field penetration is
absent. In this case, significant field reflection amplitude exists, and this degrades the total
wave impedance from 1þ 0i , at the air-device interface. For an excessively thin metallic layer
thickness, the insufficient wave absorption leads to the photons can be reflected by the bottom
thick Al layer and afterward leave the material stacks. This results in non-negligible reflection
and degrades Z value from 1þ 0i .

4. Experimental Results for SiO2/Ti/ SiO2/Ni/SiO2/Al Compact Metamaterial
Perfect Absorbers
The experiment is conducted using an AST PEVA 600I multi-target electron gun (e-gun) evapo-
rator. The measurement of the absorption spectrum of the sample is conducted using a Hitachi
U-4100 ultraviolet-visible-near-infrared (UV-VIS-NIR) spectrometer over the wavelength range
from 300 nm to 2600 nm. Although the planar structure, in general, only results in specular
reflection and transmission, i.e. zeroth order reflection and transmission, an integration
sphere is still used to measure the total reflectance and the total transmittance. Due to the
multiple dielectric-metal layered structure, the transmittance is zero over the entire spectral
range. The bared silicon wafer is cleaned first using standard RCA clean process. Afterward,
a 54 nm aluminum (Al) is deposited on the wafer. Subsequently, a 50 nm silicon dioxide
(SiO2), 13 nm nickel (Ni), 50 nm silicon dioxide (SiO2), and 4.1 nm titanium (Ti), and 50 nm
silicon dioxide (SiO2) are deposited successively. It should be noted that the deposition of
the ultra-thin Al, Ni, Ti metallic film using e-gun evaporator is a low-cost method and fully
compatible with silicon photonics. The measured spectral response is shown in Fig. 8. Since

Fig. 7. Wave impedance (Z ) seen by the incident photons at z0 ¼ 1 �m above device top surface,
which corresponds to the simulation domain top boundary, for varied layer thicknesses. The perfect
impedance matched condition is 1þ 0i . (a) Silicon dioxide thickness ðtDS1 ¼ tDS2 ¼ tDS3 ¼ tSiO2Þ
varies from 5 nm to 100 nm. The other dimensions are tTi ¼ 4:1 nm, tNi ¼ 13 nm, and tAl ¼ 54 nm.
(b) Ni thickness ðtNiÞ varies from 1 nm to 100 nm. The other dimensions are tTi ¼ 4:1 nm,
tAl ¼ 54 nm, and tDs1 ¼ tDS2 ¼ tDS3 ¼ 50 nm. (c) Ti thickness ðtTiÞ varies from 1 nm to 100 nm. The
other dimensions are tNi ¼ 13 nm, tAl ¼ 54 nm, and tDs1 ¼ tDS2 ¼ tDS3 ¼ 50 nm. The geometrical
parameter selection is from Fig. 4(a).
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the transmittance is zero over the entire wavelength range of interest, the absorbance is one
minus the reflectance. To focus on the metamaterial perfect absorber performance at visible
wavelength range, we particularly show the data from � ¼ 400 nm to � ¼ 700 nm in the left
of Fig. 8, which corresponds to the visible light and is the wavelength range employed in our
genetic algorithm optimization. The slight discrepancy between the experiment and the theo-
retical value is due to the thin-film thickness control and the surface morphology. Due to the
very thin thickness in e-gun deposition, the control of the thickness takes some experience
to adjust it to a correct value. As a result, the experimental value for the absorbance can be
further improved if the process condition can be better handled with iterative trials. For the
surface morphology issues, the e-gun films inevitably have certain roughness in the range of
1 nm RMS roughness value. For a fully planar smooth film, atomic layer deposition (ALD),
molecular beam epitaxy (MBE), or metalorganic chemical vapor deposition (MOCVD) can be
used, although the cost can be higher.

5. Conclusion
In this work, we proposed a fully planarized, compact metamaterial perfect absorber, using a
multi-metal configuration. The theoretical values of unity absorption can be achieved while the
device thickness in our proposed design is only 221 nm for the visible wavelength range, com-
parable to the silver plasmonics-based metamaterial perfect absorber at the same wavelength
range [9]. The wavelength scalability is demonstrated using adjusted film thickness, and it is
shown that the multi-junction design can be scaled to different wavelength ranges. The planar
nature of the design eliminates the need for lithography and etching, which facilitates scaling
for large-area photonic applications. The physics is explained using optical field penetration-
absorption at the thin-film metallic layers. Additionally, the correct selection of the metallic ma-
terials and the arrangement of their n � k values in the spectrum are the key parts for realizing
such a multi-junction multiple-metal configuration. The wave impedance matching with para-
metric sweeping in different layer thicknesses is further utilized to analyze the underlying phys-
ics and design constraints. It is clear that a properly optimized film thickness using GA is
important to have a fully matched impedance to air, as far as the incident photons are con-
cerned. The initial experimental result is provided for our newly proposed metamaterial perfect
absorber, and a closely matched and firmly supported measured spectral absorption is ob-
served, compared to the theoretical result. An even closer-to-unity absorption can surely be
achieved experimentally if the thin-film thickness control and the morphology are adjusted in a
more elaborate manner.

Fig. 8. Measured spectral absorbance for multi-metal MPA consisting of Ti, Ni, and Al multi-junctions.
This is for the metamaterial perfect absorber at visible wavelength range, corresponding to Fig. 4(a).
The dimensions are tTi ¼ 4:1 nm, tNi ¼ 13 nm, tAl ¼ 54 nm, and tDs1 ¼ tDS2 ¼ tDS3 ¼ 50 nm. (a) The
zoom-in of the spectral response from � ¼ 0:4 �m to 0.7 �m. (b) Full spectral response from
� ¼ 0:3 �m to 2.6 �m.
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