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single, multiple, or broadband frequency 
of the electromagnetic spectrum. The 
ultrahigh light absorption is obtained due 
to an impedance match between the mate-
rial and the medium.[9] Here, the electric 
and magnetic resonances are designed 
so that the bulk effective impedance is 
equal to the one of the free space (air or 
vacuum). As a result, most of the incident 
light is absorbed and the reflection is neg-
ligible. Salisbury[10] and Dallenbach[11] first 
idealized classical absorbers to operate in 
the microwave range of the electromag-
netic spectrum. The former included a 
resistive layer located at a quarter wave-
length from a metallic substrate while the 
latter consisted of a dielectric layer on top 
of a metallic substrate.

In the past two decades, advances in 
nanofabrication have given rise to nano-
structures with controlled geometry, 
recently inspiring the design of meta-
materials and metasurfaces for superab-
sorbers.[12] With the flexibility of tuning 
nanostructures’ geometry and periodicity, 
such absorbers have been demonstrated 
in the visible,[13,14] near-infrared (NIR),[15] 

mid-infrared (MIR),[16] and far-infrared (FIR)[17,18] frequency 
ranges, proving to be a powerful approach for producing optical 
responses that are not feasible by any conventional material. 
However, the cost of the current fabrication methods limits 
their commercial applications. For instance, metasurfaces 
consisting of arrays of nanostructures on a dielectric sur-
face are difficult to manufacture through physical deposition 
approaches in large scale even by using state-of-the-art bottom-
up nanolithography methods.

To overcome the scalability constraints of the fabrication 
methods currently implemented for metasurfaces, the use of 
thin films in superabsorbers has been explored for a broad 
range of the spectrum, extending from visible to the FIR.[19–28] 
The Dallenbach configuration provides significant benefits 
regarding the fabrication of ultrathin, planar, omnidirectional, 
and polarization independent structures with very high absorp-
tion. Recently, it was reported that more than 98% of the nor-
mally incident light could be absorbed in an ultrathin layer of 
Ge on top of Ag at a wavelength (λ) of 625 nm, decreasing to 
80% for incident angles up to 66° for both polarizations.[21] In 
addition, highly doped Si has been used as a metallic-like sub-
strate under a thin Ge layer to absorb light in the MIR, where 
the doping concentration in Si was the knob to engineer its  
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Superabsorbers

Building blocks that ‘perfectly’ absorb electromagnetic radiation 
from ultraviolet (UV) to radio frequency have direct applications 
in thermal emission and detection,[1,2] thermoelectronics and 
thermophotovoltaics,[3–5] sensors,[6] and radar and stealth tech-
nology.[7,8] Superabsorbers (also termed perfect absorbers) are 
artificially constructed materials (or metamaterials) that present 
a resonance that corresponds to near unity absorbance over a 
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dielectric function.[26] Further, GaAs on Au has been experimen-
tally reported to absorb 96% of incident light at λ = 38 µm.[27]

To control the range of operation of metallic thin films 
and nanostructures for nanophotonics, alternative materials 
and geometries have been recently considered, such as metal 
alloys, transparent conducting oxides, transition metal nitrides, 
yttrium hydride, semiconductors, among others.[29–34] Specifi-
cally, the alloying of metals has allowed materials with optical 
responses unachievable by the individual metal components.[29] 
Imminent material options for on-chip nanophotonics rely on 
metals like Al and Cu due to their fully complementary metal–
oxide–semiconductor (CMOS) compatibility and low-cost/earth 
abundance. These metals have well-defined permittivity with 
absorption at λ ≈ 460 and ≈600 nm, respectively. Therefore, 
mixing them could provide thin films with adjustable permit-
tivity that complement the semiconductor layer for near-unity 
absorption in the thin film configuration.

Here, we demonstrate by analytic calculations and numer-
ical simulations that near-unity absorption (>99%) is achieved 
in a bilayer planar configuration superabsorber composed 
of an alloyed metallic layer (with nominal composition of 
Al0.5Cu0.5 or AlCu) and a semiconductor (Si, Ge, and GaAs). 
Using the transfer matrix method (TMM), we perform a quan-
titative and comparative analysis of the optical response of dif-
ferent metals, including Ag, Au, Cr, Al, Cu, and AlCu. We find 
that AlCu substantially outperforms those pure metals com-
monly used in photonics. The Si/AlCu system supports Brew-
ster modes, where the high absorption resonance peak can be 
finely tuned from the visible to the NIR by simply varying the 
thickness of the semiconductor layer. Furthermore, we find 
that the planar structure of Si/AlCu is a dual-band supera-
bsorber with the first and second modes in the NIR and the 
visible regions of the electromagnetic spectrum, respectively. 
As desired, the high absorption is independent of the polariza-
tion and spans a large oblique angle of the incident light. Addi-
tionally, by increasing the value of the index of refraction of 
the surrounding medium, the absorption maxima blue shifts 
while changing between optical modes. Finally, as a proof of 
concept, we fabricate a-Si/AlCu thin film superabsorbers and 
demonstrate that a single and dual-band near-unity absorption 
is obtained by adjusting the semiconductor thickness, in agree-
ment with our simulations. Our results reveal the potential 
of thin film metal alloys in future nanophotonic applications, 
spanning from integrated optical circuits to sensing devices 
and thermo-photovoltaics.

A schematic illustration of the thin film superabsorbers inves-
tigated here is presented in the top row of Figure 1. The thin 
film thicknesses considered are d (variable) and h = 100 nm for 
the Si top and the metallic bottom layers, respectively. Here, we 
choose Si as the semiconductor because of its CMOS compat-
ibility. Also, the band gap energy of Si (at 1117 nm) lies in the 
NIR, enabling us to access the optical response of the absorber 
stack for energies lower than the semiconductor’s band gap, 
where light is absorbed by the metal alloy, see absorptance maps 
in SI file (a process that is assisted by the refractive index con-
trast between Si and AlCu). We first compare the absorption pro-
file of superabsorbers with adjustable Si thickness and using Ag, 
Au, Cr, Al, Cu, as well as AlCu. The permittivity of all metals is 
obtained experimentally by ellipsometry measurements (see the 

Experimental Section for details) from thin film samples fabri-
cated by sputtering (see Figures S1 and S2 and Table S1 in the 
Supporting Information for their optical properties and for the 
chemical composition analysis of the AlCu film, respectively). 
To minimize the contribution of metal oxidation due to air expo-
sure, we perform the ellipsometry measurements immediately 
after the deposition of the thin films.

The absorber with the alloyed metallic layer outperforms all 
stacks containing pure metals with a remarkably higher absorp-
tion peak for a broad range of Si thicknesses, as displayed in 
Figure 1a–f (see Figure S3 in the Supporting Information 
for comparison between experimentally obtained and Palik’s 
data). The absorption profile within the semiconductor/metal 
alloy stack is presented in Figure S4 in the Supporting Infor-
mation, and shows strong light absorption in the AlCu layer, 
beyond the bandgap of Si, as expected. For the analysis of the 
first absorption resonant mode (m1), we consider the normal 
incidence absorption spectra as a function of d = 5 to 75 nm 
(color-coded). In all cases, m1 redshifts as the film thickness 
d increases. Au has an absorption maximum of 94.85% for 
d = 10 nm. The overall absorption of the noble metals lowers 
in the NIR range of the spectrum for thicker Si films (>40 nm). 
For Cr, the absorption peak of the superabsorber slightly 
increases in the NIR, reaching its maximum value (94.56%) at 
d = 75 nm. Despite the fact that Si does not absorb beyond its 
band gap, its n value allows a resonance due to the non-trivial 
phase shift at the interface between Si and Cr, enhancing the 
overall absorption of the stack.[35] Pure Al and pure Cu present 
an absorption maximum of 97.07% and 98.50% in the visible 
range of the spectrum for d = 10 and 15 nm, respectively, see 
Figure 1d,e. The superabsorber containing AlCu clearly holds 
the maximum absorption over a wide range of the electromag-
netic spectrum. From d = 5 to 75 nm, >98.16% of the light is 
absorbed, spanning visible to NIR wavelengths—as shown in 
Figure 1f. We attribute the unique optical response of the AlCu 
alloy in the NIR to a change in the band structure of the mate-
rial.[36] In addition, it is likely that the small grains composing 
the film and their boundaries lead to increased absorption.[37,38] 
Thus, as a consequence, the permittivity’s imaginary part pre-
sents a higher value than the pure metals (see Figure S2 in the 
Supporting Information).

Figure 1g–l presents the normal incidence absorption maps as 
a function of d, where four distinct modes (mi, i = 1 to 4) are iden-
tified. As expected, for Au and Ag all modes with high absorption 
values are restricted to the visible range of the electromagnetic 
spectrum while decaying drastically over the NIR. Cr extends its 
high absorption response of m1 and m2 from the visible to the 
NIR (see Figure 1i). Al and Cu present a comparable behavior to 
noble metals in the visible while decaying modestly in the NIR 
(see Figure S5 in the Supporting Information for a quantitative 
comparison between the absorption maps of bare Si and the 
Si/metal stacks). Note that AlCu and Cr have similar character-
istics: both extend their high absorption responses of m1 and m2 
from the visible to the NIR (Figure 1l,i). Nevertheless, AlCu retains 
near-unity absorption (>99%) from λ = 409 nm (d = 5.5 nm) to  
λ = 1016 nm (d = 47.6 nm). Moreover, for d between 60 and 
75 nm both modes, m1 and m2, have its absorption >98.60%, 
making this structure a dual-band superabsorber with one peak 
in the visible and another in the NIR. Similarly, for Ge and GaAs, 
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near-unity absorption can also be obtained (see Figures S6–S10 
in the Supporting Information). Commonly, a dual-band absorber 
is achieved by designing arrays of nanostructures.[39] The origin 
of the optical response of AlCu lies on both real (ε1) and imagi-
nary (ε2) parts of the permittivity. The low magnitude of |ε1| over 
the entire spectrum is responsible for the strength of dynamical 
screening effects which, in combination with the large value of ε2 
(especially in the NIR), leads to a high absorption of AlCu.

One advantage of the planar configuration for superabsorbers 
is the wide oblique angular tolerance of its resonant peak.[12] 
Figure 1m–r displays the absorption maps as a function of the 
incident angle (θ) of an unpolarized light for d = 45 nm. Ag and 
Au have an inferior response for the mode m1, absorbing < 45% 
of light in the NIR. However, for the mode m2, ≈98% and ≈84% 
is absorbed in the visible for Ag and Au, respectively. The angle 
dependent maps for Cr, Al, Cu, and AlCu show that the charac-
teristic peaks m1 and m2 remain high for a large θ (≥70°). The 
superior performance of the system containing the AlCu alloy 
strongly indicates its potential application in CMOS-compatible 
superabsorbers.

We quantitatively compare the absorption maps of Si/metal 
stacks with an arbitrary index of refraction (  = +n n ik ) for the 

metal; see Figure 2, where the selected wavelengths refer to the 
maximum absorption for the Si/AlCu stack with different semi-
conductor thickness shown in Figure 1a–f. We find that the 
stack with the AlCu alloy outperforms the ones formed by pure 
metals whenever the thickness of the semiconductor is ≥15 nm. 
The symbols in Figure 2 correspond to the refractive indices of 
Ag, Au, Cr, Al, Cu, and AlCu. In our calculations we consider 
an optimal thickness of h = 100 nm for the metallic layer in 
order to eliminate the transmission signal of the system (see 
Figures S11 and S12 in the Supporting Information for details); 
thus, the performance of each metal can be independently 
evaluated. For all cases, AlCu offers the best alternative from 
all metals investigated (see Figure S13 in the Supporting Infor-
mation for the performance of potentially CMOS-compatible 
metals). Figure 2a presents the results for a Si film thickness  
d = 5 nm at wavelength λ = 400 nm. Here, AlCu is the only 
material that fulfills the condition of near-unity absorption, 
where the maximum absorption is 98.99%. Figure 2b corre-
sponds to d = 15 nm at λ = 536 nm with an absorption max-
imum of 99.74%. Likewise, for d = 45 nm at λ = 970 nm, AlCu 
presents maximum absorption of 99.13% (Figure 2c). Finally, 
for d = 75 nm at λ = 1404 nm, AlCu (98.16%), and Cr (92.92%) 

Adv. Optical Mater. 2018, 6, 1700830

Figure 1. Subwavelength superabsorbers. Top row: schematic of the bilayer structure, where h = 100 nm and d are the thicknesses of the metallic 
thin film (Ag, Au, Cr, Al, Cu, AlCu) and the Si layer, respectively. θ is the angle of the incident light from the air. a–f) Calculated normal incidence 
absorption spectra as a function of d (color-coded). g–l) Calculated normal incidence absorption maps as a function of d showing optical modes (mi).  
m–r) Calculated absorption maps as a function of θ (here, d = 45 nm).
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present comparable performance with high values for the 
absorption, as shown in Figure 2d.

To assess the possible effects of angle and light polarization on 
the optical response of the Si/AlCu system, we deconvolute these 
parameters by calculating the absorption profile for three dif-
ferent Si thicknesses. The planar configuration containing AlCu 
exhibits near-unity absorption that is insensitive to the incident 
angle and polarization, a desired feature for emitters and sensors. 
Figure 3 displays the absorption maps as a function of θ and λ for 
d = 15 (Figure 3a–c), 45 (Figure 3d–f), and 75 nm (Figure 3g–i). In 
all cases, the absorption peak corresponding to m1 remains high 
over a large incident angle range. At ≈50°, 95% of the unpolar-
ized light continues to be absorbed, decreasing slightly to 80% at 
≈70° (Figure 3a,d,g). For oblique incidence, the s- and p-polarized 
light exhibit different responses. For s-polarized light, the mode 

m1 presents >95% absorption for θ up to ≈60° (see Figure 3b,e,h, 
respectively). For p-polarized light, the features are considerably 
different for the three Si thicknesses considered. Figure 3c corre-
sponds to d = 15 nm, where the absorption of m1 persists high for 
θ up to 41° (>95%) while for θ > 81° m2 (λ ≈ 345 nm) exceeds this 
value (>98%). Figure 3f shows the characteristics of d = 45 nm,  
where more than 95% of the incident light is absorbed over  
35°, while for θ ≥ 40° the absorption maximum blue shifts to m2 
(λ ≈ 193 nm). Finally, Figure 3i displays the high absorption for  
d = 75 nm corresponding to m1 (λ ≈ 1310 nm) over 24°, to m2 up 
to 50° (λ ≈ 504 nm), and to m3 for 64 < θ < 84° (λ ≈ 395 nm). These 
results illustrate the effective high performance of the semicon-
ductor/metal alloy model system investigated here, including in 
situations where incident light is oblique, applicable for thermo-
photovoltaics and bolometers.

Adv. Optical Mater. 2018, 6, 1700830

Figure 3. Near-unity absorption sensitiveness to polarization and incident angle. Polarization dependent absorption maps calculated as a function of 
incident angle θ and wavelength for 100 nm AlCu metallic film coated with a–c) 15, d–f) 45, and g,h) 75 nm Si films.

Figure 2. Calculated absorption maps of thin film absorbers (Si/metal layer) for materials with different refractive index (n n ik = + ). The performance 
of Ag, Au, Cr, Al, Cu, and AlCu are represented by a given symbol. The top Si layer has a variable thickness d of a) 5, b) 15, c) 45, and d) 75 nm. The 
bottom layer is fixed at 100 nm. The selected wavelengths refer to the maximum absorption of the Si/AlCu for each semiconductor thickness.
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Motivated by the multi-wavelength near-unity absorption 
behavior of the Si/AlCu system, we discuss in Figure 4 the 
effect of the surrounding media on the absorption charac-
teristics of the superabsorber. For all semiconductor thick-
nesses considered, at normal unpolarized incident light, the 
absorption maximum of Si/AlCu blue shifts while increasing 
the index of refraction (n), changing from m1 to m2 or m3. 
Figure 4a shows the near-unity absorption peak gradual shift 
from the visible range of the electromagnetic spectrum to 
the UV, from λ = 490 nm (99.04%) to 341 nm (76.36%), for  
n = 1.0 to 2.5, respectively. Similarly, Figure 4b presents the 
absorption maximum changing from λ = 895 (98.2%) to 
406 nm (99.95%) as n goes from 1.0 to 2.0 when d = 45 nm. 
Lastly, Figure 4c shows a transition from a dual- to a single-band 
superabsorber. For n = 1, there are two peaks with extremely 
high absorption, one at λ = 1319 nm (96.97%) and another at 
λ = 506 nm (99.93%). As n increases, the absorption peak at  
λ = 397 nm also increases, reaching a maximum of 97.25% 
for n = 2.5.

As a proof of concept, we fabricate a-Si/AlCu thin film 
superabsorbers (see the Experimental Section for details of 
the fabrication and measurements, and Figure S14 and S15 
in the Supporting Information for sample details). Figure 5 
shows the measured and calculated absorption maps as a func-
tion of θ and λ for 95 nm AlCu metallic films coated with 6, 
53, and 94 nm a-Si. The resonant peak redshifts as the thick-
ness of the semiconductor increases. For all cases presented 
here, the multi-wavelength near-unity absorption of the a-Si/
AlCu system is >85% for a wide angle of incidence. In par-
ticular for d = 6 nm the mode m1 at λ = 216 nm spans over 40° 
(Figure 5a). Likewise, for d = 53 nm at λ = 645 nm the max-
imum absorption goes up to 70° (Figure 5c). For the sample 
with d = 94 nm, we obtain a dual-band superabsorber, where 
an absorption >85% is maintained up to 70° for the two modes  
(λ = 451 and 1062 nm). Our experimental results are in good 
agreement with the calculations, as presented in Figures 5b,d,f, 
where peak position, intensity, and maximum angle of inci-
dence match.

Here, we provide a guide for obtaining superabsorption 
through a lithography-free, CMOS-compatible approach that 
can be easily scaled up. We show numerical and experimental 
evidence that the alloying of Al and Cu metals yields a unique 
permittivity, not obtained by its pure counterparts. When com-
bined with a thin film semiconductor layer this alloy enables 
near-unity and multi-wavelength absorption. According to the 
phase diagram of Al-Cu,[40] we speculate that our AlCu could 
be a disordered material, with lower electron mean free path 
when compared to both pure Al and Cu.[41] In turn, this leads 
to a higher value of the imaginary part of the permittivity in the 
NIR region for the alloy (see Figure S2 in the Supporting Infor-
mation). Thus, the combination of the strength of the polari-
zation generated by an external electric field (small |ε1|) and 
the losses in the metal (large ε2) provides the ideal condition 
for tuning the wavelength of the near-unity absorption (>99%) 
ranging from the visible to the NIR.

In conclusion, we presented a multi-wavelength, polarization-
independent and wide-angle near-unity superabsorber formed 
by a semiconductor/AlCu metal-alloyed thin film stack. For 
the metallic material, we designed an alloy of Al and Cu that 
outperforms pure metals. A complete description of the light 
absorption within the stack, using TMM and numerical simu-
lations demonstrated that ultrahigh absorption (>99%) arose 
from the Si/AlCu system, where the peak could be finely tuned 
from visible to NIR by increasing the thickness of the semi-
conductor layer. Absorption maps of the incident angle for an 
unpolarized light confirmed its omnidirectionality, where 95% 
of light was absorbed within 50° from the normal incidence 
angle and decreasing slightly to 80% at 70°. The index of refrac-
tion of the surrounding media was found to be an efficient knob 
to promote the second and third optical modes with maximum 
absorption. Additionally, we obtained a dual-band superabsorber 
with a planar Si/AlCu structure, with both peaks presenting 
absorption >98%. To validate our predictions, we fabricated a-Si/
AlCu superabsorbers and confirmed that near-unity single- and 
dual-band responses are achieved by simply changing the thick-
ness of the semiconductor layer. Superabsorbers containing an 
engineered AlCu metal alloy thin film could have a significant 
impact in applications such as sensors, photodetectors, optical 

Adv. Optical Mater. 2018, 6, 1700830

Figure 4. Effect of surrounding media on metal alloyed-based superab-
sorbers. Calculated normal incidence absorption spectra of Si/AlCu with 
a semiconductor layer of a) d = 15, b) d = 45, and c) d = 75 nm. The index 
of refraction of the surrounding medium (n) varies from 1 (blue) to 2.5 
(red). The inset in (a) displays a schematic of the superabsorber; out of 
scale for clarity.
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filters, and radar technologies due to their high performance and 
straightforward scalability in size, overcoming the current chal-
lenges of incorporating nanostructures. Further, the potential 
compatibility with well-established CMOS fabrication processes 
could likely enable low-cost, mass production of nanophotonic 
devices incorporating these earth-abundant metal alloys. We 
foresee this new material as a promising alternative to modulate 
the optical response of active components in photonic devices. 
By varying the chemical composition of the alloyed metals, one 
can reach responses not obtained by pure elements.

Experimental Section
Sample Fabrication: Ag, Au, Al, Cu, AlCu thin films were deposited 

by sputtering/cosputtering, and Cr was deposited through thermal 
evaporation on glass substrates, which were cleaned with deionized water, 
acetone, and dried with N2 before the deposition step. The deposition 
rate was 5.5 nm min−1 for Al, Cu, and AlCu, 53 nm min−1 for Ag, 38 nm 
min−1 for Au, and 6 nm min−1 for Cr. All deposition rates were calibrated 
by adjusting the power of each metal source based on the film thickness 
determined by ellipsometry. During the deposition, the glass substrate 
was rotated at 8 rpm to obtain a uniform chemical composition for the 
thin films. Note that the fabricated Cr sample is metallic in the visible 
despite the presence of Cr oxide that commonly results from thin film 
deposition.[42] For the superabsorber samples, a-Si was deposited on AlCu 
alloyed thin film and glass by e-beam evaporation at a rate of 1.5 Å s−1. The 
sample holder was rotated at a speed of 50 rpm during the deposition. 
The a-Si thickness and permittivity were determined using ellipsometry.

Dielectric Function Model: The ellipsometry measurements were 
performed using a J. A. Woollam spectroscopic ellipsometer (wavelength 
range: 193–1680 nm) to record both reflection and transmission 
spectra. The reflection measurements were acquired at 60°, 65°, and 70° 
and the transmission was performed at 0° (from the normal incidence). 
A B-spline model was applied to extract the dielectric function for each 
metallic thin film, as reported previously.[29] For all metallic films, the 
mean square error of all fits was <6. Ellipsometry was used to determine 
the thickness of the sample less than 100 nm, otherwise the thicknesses 
were obtained by profilometer.

Absorption Maps: The absorption maps were obtained based on 
the reflection maps by considering zero transmission for Si/AlCu 
stack (Figure S11, Supporting Information), which were measured by 
ellipsometry. Baseline measurements were performed at each incident 
angle using a standard 25 nm SiO2/Si wafer.

Elemental Analysis: The elemental analysis for the AlCu alloyed 
thin film was performed by energy-dispersive X-ray spectroscopy in 
a scanning electron microscope (SEM) system (see Table S1 in the 
Supporting Information). These measurements were acquired on 
three 20 × 20 µm2 representative regions of the sample, and showed 
a chemical composition of Al0.55Cu0.45. To determine the atomic ratio 
between Al and Cu, the quantification was performed for each location 
after acquiring the signals for 2 min and 40 s.

Transfer Matrix Method: The TMM was used to calculate the 
transmission (T) and reflection (R) coefficients of an incident plane wave 
propagating along the z-axis through a thin layer of semiconductor on 
top of a metal substrate. Therefore, light absorption (A) was computed 
as A = 1 − R − T. For an optically thick film T = 0; and A = 1 − R. In this 
stack configuration, the field within one layer can be represented as the 
superposition of left- and right-traveling electromagnetic waves. Applying 
the proper boundary conditions, one can describe the propagation of the 
waves in the matrix form as
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Figure 5. Experimental demonstration of a-Si/AlCu superabsorbers. Measured and calculated absorption maps as a function of incident angle θ and 
wavelength for 95 nm AlCu metallic films coated with a,b) 6, c,d) 53, and e,f) 94 nm of Si.
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with n d cj j j jδ ω θ= cos / , n n nj j j  θ θ= −−cos cos1 2
0

2 2
0, and 

nj j jγ θ= cos  for TE polarization and nj j jγ θ= /cos  for TM polarization. 
Thus, the reflection and transmitted amplitudes are written as

r
m m m m
m m m m

t
m m m m

t t

t t t t

γ γ γ γ
γ γ γ γ

γ
γ γ γ γ= + − −

+ + + = + + +and
20 11 0 12 21 22

0 11 0 12 21 22

0

0 11 0 12 21 22  
(3)

where R = |r|2 , T = |t|2 kt/ki (kt and ki are the transmitted and incident 
wave numbers).

Numerical Simulations: The finite-difference time-domain method was 
used to simulate the 3D full-field light-matter interactions, with a normally 
incident plane wave as the light source. A thin layer of semiconductor 
on top of a metal was used in the simulation space. Perfect matched 
layer boundary conditions were applied in the z-direction while periodic 
boundary conditions were used in the x- and y- in-plane directions. The 
broadband radiation of the plane wave light source was propagated 
from air into the stack with the semiconductor on the front, as shown 
in the schematic of Figure 1. For all simulations presented here, the 
index of refraction of Ag, Au, Cr, Al, Cu, AlCu, and a-Si was modeled 
through the multi-coefficient material model using transmission and 
reflection ellipsometry measurements of thin films as the input data 
(see Figures S1 and S2 in the Supporting Information). For Si, Ge, and 
GaAs, data from Palik[43] was used. The cross-section distribution profiles 
of the absorptance were calculated as a function of wavelength for each 
simulation.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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P.-Y. Chen, Sci. Rep. 2016, 6, 19984.

[4] Z. J. Coppens, I. I. Kravchenko, J. G. Valentine, Adv. Opt. Mater. 
2016, 4, 671.

[5] C. Yang, C. Ji, W. Shen, K.-T. Lee, Y. Zhang, X. Liu, L. J. Guo, 
ACS Photonics 2016, 3, 590.

[6] N. Liu, M. Mesch, T. Weiss, M. Hentschel, H. Giessen, Nano Lett. 
2010, 10, 2342.

[7] J. Perini, L. S. Cohen, IEEE Trans. Electromagn. Compat. 1993, 35, 
223.

[8] Y. J. Yoo, S. Ju, S. Y. Park, Y. Ju Kim, J. Bong, T. Lim, K. W. Kim, 
J. Y. Rhee, Y. Lee, Sci. Rep. 2015, 5, 14018.

[9] N. Landy, S. Sajuyigbe, J. Mock, D. Smith, W. Padilla, Phys. Rev. Lett. 
2008, 100, 207402.

[10] E. Knott, J. F. Shaeffer, M. T. Tuley, Radar Cross Section, Scitech, 
Raleigh 2004.

[11] G. T. Ruck, D. E. Barrick, W. D. Stuart, Radar Cross Section Handbook, 
Plenum, New York 1970.

[12] Y. Ra’di, C. R. Simovski, S. A. Tretyakov, Phys. Rev. Appl. 2015, 3, 
037001.

[13] A. Tittl, P. Mai, R. Taubert, D. Dregely, N. Liu, H. Giessen, Nano 
Lett. 2011, 11, 4366.

[14] G. M. Akselrod, J. Huang, T. B. Hoang, P. T. Bowen, 
L. Su, D. R. Smith, M. H. Mikkelsen, Adv. Mater. 2015, 27,  
8028.

[15] Y. Chen, X. Li, X. Luo, S. A. Maier, M. Hong, Photonics Res. 2015, 3, 
54.

[16] D. Hasan, P. Pitchappa, J. Wang, T. Wang, B. Yang, C. P. Ho, C. Lee, 
ACS Photonics 2017, 4, 302.

[17] X. Zhao, J. Zhang, K. Fan, G. Duan, G. D. Metcalfe, M. Wraback, 
X. Zhang, R. D. Averitt, Photonics Res. 2016, 4, A16.

[18] J. Yang, C. Gong, L. Sun, P. Chen, L. Lin, W. Liu, Sci. Rep. 2016, 6, 
38732.

[19] J.-B. You, W.-J. Lee, D. Won, K. Yu, Opt. Express 2014, 22,  
8339.

[20] H. Song, L. Guo, Z. Liu, K. Liu, X. Zeng, D. Ji, N. Zhang, H. Hu, 
S. Jiang, Q. Gan, Adv. Mater. 2014, 26, 2737.

[21] J. Park, J.-H. Kang, A. P. Vasudev, D. T. Schoen, H. Kim, E. Hasman, 
M. L. Brongersma, ACS Photonics 2014, 1, 812.

[22] M. A. Kats, R. Blanchard, P. Genevet, F. Capasso, Nat. Mater. 2013, 
12, 4.

[23] H. Kocer, S. Butun, Z. Li, K. Aydin, Sci. Rep. 2015, 5, 8157.
[24] M. Yan, J. Opt. 2013, 15, 025006.
[25] S. Shu, Z. Li, Y. Y. Li, Opt. Express 2013, 21, 25307.
[26] W. Streyer, S. Law, G. Rooney, T. Jacobs, D. Wasserman, Opt. Express 

2013, 21, 9113.
[27] S.-T. Yen, P.-K. Chung, Opt. Lett. 2015, 40, 3877.
[28] J. W. Cleary, R. Soref, J. R. Hendrickson, Opt. Express 2013, 21, 

19363.
[29] C. Gong, M. S. Leite, ACS Photonics 2016, 3, 507.
[30] Y. Hashimoto, G. Seniutinas, A. Balčytis, S. Juodkazis, Y. Nishijima, 
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