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the spectral response of a photovoltaic (PV)
detector.[1] This can be most efﬁciently
achieved with photonic crystals[2] and metamaterials.[3] Such emission-shaping structures can be used as window ﬁlters, placed
in-between the absorber-emitter and a PV
detector. The basic problem is that absorberemitters operate at very high temperature
(T > 100  C), which limits the range of
possible structures and materials for the
ﬁlters. Recently, a metamaterial, metal-insulator window ﬁlter design was proposed,
consisting of a superlattice of alternating
layers of tungsten and hafnium dioxide.[4] It
was demonstrated that this design is optimal
for a class of TPV window ﬁlters, and provided
control of the thermal emission through an engineered effective
dielectric response function of the superlattice, with minimal angular
dependency, and strong suppression of the thermal emission in the
near-infrared (IR) spectrum, crucial for high performance TPV.[4]
Here, we propose a different metamaterial window ﬁlter design,
based on a structure consisting of only three layers: continuous
metallic, continuous insulating, and the randomly perforated
metallic. This random MIM (metal-insulator-metal) structure has
been inspired by the studies, which demonstrated that a periodic
analogue of this structure can function as a metamaterial
superabsorber,[5–7] with tunable (by geometry) absorption spectrum. We demonstrate by simulations and experiment, that this
structure can have a very similar response to that of the superlattice
design of ref. [4], with strong absorption suppression in the near
IR, and small angular dependency. We also show that this structure
can be based on W and HfO2, and thus it can work at very high
temperatures encountered during the TPV operation.
It has been shown by detailed effective medium analysis, and
conﬁrmed by simulations that periodic MIM structures can strongly
suppress reﬂection of electromagnetic waves.[5–10] In ref. [5] this
superabsorbance was due to perfect impedance matching of the
structure to the vacuum impedance (mechanism 1). In ref. [6] the
plasmonic coupling between the perforated and the continuous
layers was identiﬁed as the reason for the reﬂectance suppression
(mechanism 2). The detailed analysis in ref. [7] showed that it was the
magnetic plasmonic resonance due to induced current loops
between the perforated and the continuous layers, which suppressed the reﬂection. It was also shown that a broad-band
reﬂectance suppression was achieved in perforated ﬁlms with an
inherently broad-band response, such as the checkerboard
structure.[11] This lead to a proposal for a solar photovoltaic (PV)
cell, which implemented the checkerboard structure, and allowed

Herein, it is demonstrated by calculations, simulations, and experiments that a class
of random three-layer structures, each consisting of an insulator layer sandwiched
between a continuous metallic film on one side and a randomly perforated metallic
film on the other, strongly absorb electromagnetic radiation in a narrow band of
frequencies (centered around 1 μm wavelength) and are highly reflecting for
frequencies below this band. This response is shown to be similar to that of the
periodic analogues of these structures, and so is the main physics: metamaterial
plasmonics. It had been shown that the absorbance spectrum with these characteristics is beneficial for high efficiency thermal photovoltaic devices, and thus a random
three-layer structure from this class is proposed, based on high temperature resistant
materials (W and HfO2), to be used as such a window filter of these devices.

1. Introduction
High efﬁciency thermal photovoltaic (TPV) devices rely on shaping
the emission spectrum of the employed absorber-emitter, to match
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for ultra-thin PV absorbers.[7,12] Since the basic properties of the
periodic MIM structures were describable with an effective medium
model,[7] similar response (and underlying physics) is expected for
random MIM structures, since the detailed in-plane structure of the
layers is largely irrelevant: the effective medium approach assumes
that the geometric details of the structures have dimensions much
smaller than the radiation wavelength.
In this work we proceed as follows. We start by employing the
effective medium picture to make a rough design of random
MIM structures with spectral response similar to that in ref. [4].
Typically, this design requires reﬁnement, if the conditions
required by the effective medium picture are not satisﬁed. We
have developed an extension of this approximation, the
coherency model, and have shown its validity. After the
preliminary structure design with the effective medium models
(including the coherency model) is completed, we perform
FDTD simulations to conﬁrm the design. Finally, the designed
structures are grown and their response measured.

i.e., assumes that the average perforation dimension ξ is much
smaller than the radiation wavelength λ. Since our aim is to
develop easily manufacturable random MIM structures, with
feature dimensions of the order of microns, i.e., comparable to
the wavelength corresponding to the superabsorption peak
(λ  1 μm), the condition for the effective medium approximation is violated. In order to correct for this, we develop here a
phenomenological extension of the effective medium approximation into the intermediate parameter region (ξ  λ). This
extension provides a simple, approximate formula for the
reﬂectance of radiation from a random or periodic MIM
structure, valid for ξ  λ (see Supporting Information for
details).




ξ
ξ
ξ
RðλÞ  p 1  eλ r MS ðλÞ þ ð1  pÞ 1  eλ r P ðλÞ þ eλ r EM ðλÞ

2

ð1Þ

where rMS(λ) is the Fresnel reﬂection coefﬁcient from the structure
without perforations (continuous metallic ﬁlm), and rP(λ) is the
2. Theoretical Models, Experimental Results
Fresnel reﬂection coefﬁcient from the structure without the
and Discussions
perforated metal ﬁlm. rEM(λ) is the reﬂection coefﬁcient given by a
The conventional effective medium model, such as the
Maxwell-Garnett model. Since in Equation (1) the complex
Maxwell-Garnett model, employs the long wavelength limit,
reﬂection coefﬁcients are weighted before the total reﬂectance
R(λ) is calculated, this procedure accounts
phenomenologically for averaged coherence
effects between the scattered electromagnetic
waves; thus the coherency model. The weighting
ξ
procedure uses an exponential factor eλ, in
view of the two main, dimensional scales ξ and
λ available, and the general form of the
evanescent waves at ﬂat metallic surfaces. As
expected, for ξ  λ Equation (1) reduces to the
simple
effective
medium
result
RðλÞ  jr EM ðλÞj2 . We have checked, by comparison with FDTD simulations and experiment that Equation (1) works well, providing a
qualitative estimate of the reﬂectance across
the intermediate region.
Figure 1(a) shows the procedure used to
deﬁne the MIM structure for calculations and
simulations. The SEM image of the designed
structure is used to extract the random
pattern of the perforated layer. The pattern
Figure 1. Structure and response spectra of random MIM structures. a) SEM image of the in the region outlined by a dashed rectangle
in the image has been copied, and used as a
perforated metallic film of a designed structure. The pattern from the area of this structure
outlined by a dashed rectangle was copied as a unit cell of periodically extended pattern of the unit cell in calculations and simulations. The
structure used in calculations (p ¼ 0.3) and simulation (shown immediately to the right). A
speciﬁc structure shown in Figure 1(a)
fragment of this structure has been magnified to show the vertical layout. b) Absorbance spectra
consists of a 35 nm thick, randomly perfoof this structure (Note that transmission of such MIM structure is zero). The conventional
rated metallic ﬁlm (Ag), deposited on a Ag
effective medium estimate based on the long wavelength model (red-dashed line), coherency
substrate, coated with a 50 nm thick dielectric
model (thin-blue line) and the FDTD simulation (thin-red line). The thick-black line represents
ﬁlm (aSi). Sample preparation details can be
the experimental result. The inset: Absorbance spectra of two random Au–SiO2 MIM structures,
found in the Supporting Information, as well
for two insulator thicknesses: 236 nm (blue lines) and 188 nm (red lines); thick lines
as in refs. [13–15].
(experiment); thin lines (coherency model). c) Magnitude of the electric field along a crossFigure 1(b) shows the absorbance spectra of
section through a single line of the MIM structure at an instant of time, at three different
this structure obtained with different calcuincoming radiation wavelength marked A–C in (b). In each panel, the plane wave propagates
vertically from the top to bottom, and the black lines represent edges of the metallic line, the lations, simulations, and experiment. The redinsulator and the bottom metal. The field magnitude is color encoded, with the scale shown in
dashed line in the main panel represents the
the middle panel B, with zero (blue) and maximum (red).
conventional effective medium estimate
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structure, for three different incoming radiation wavelength
marked A–C in Figure 1(b). The ﬁeld magnitude is color
encoded, with the scale shown in the middle panel B, with
zero (blue) and maximum (red). The maximum of the
incoming wave magnitude is encoded green. Clearly at point
A (peak at 500 nm) there is a large concentration of electric
ﬁeld in the insulator, with clear plasmonic activity in the
metallic ﬁlms. The corresponding movie (see Supporting
Information) of the simulation of the incoming wave in this
case, shows lack of standing wave, thus low reﬂection. This
conﬁrms the mechanism 2. The green color in the insulator
at point C (1000 nm wavelength), demonstrates good
penetration of ﬁeld into MIM structure, but without
plasmonic activity. This is consistent, and conﬁrms the
impedance matching scenario of mechanism 1, further
conﬁrmed by lack of standing wave formation outside the
structure in the movie (see Supporting Information). Finally
at point B, corresponding to the deep minimum at 800 nm,
the penetration is suppressed (light blue color in the
insulator), which leads to large reﬂection, further conﬁrmed
by standing wave formation in corresponding move (see
Supporting Information).
The inset in Figure 1(b) shows absorbance spectra of two
random MIM structures, similar to that in the main panel, but
with metal changed to Au, and the insulator to SiO2, for two
dielectric thicknesses: 236 nm (blue color lines) and 188 nm (red
color lines). Thick lines represent corresponding experimental
results, and thin lines result from the coherency model. The
spectra for these samples are almost identical to those shown in
Figure 1(a) apart from small shifts, and again the coherency
model represents the spectra very well.
Figure 2(a) shows spectral color maps of the absorbance for
various structural parameters of these Au–SiO2-based random
MIM structures. Clearly, there is little sensitivity of the absorbance to variations of the
metal ﬁlm thickness, and the incident angle.
On the other hand, there is strong dependency
of the spectra on the insulator thickness, and
the metal coverage p of the perforated
structure. This conﬁrms the plasmonic/metamaterial interpretation of the basic physics
clearly identiﬁed in the earlier studies of
periodic MIM structures,[6–10] and expected
here as a result of the insensitivity of the
coherency model to the speciﬁcs of the
perforated ﬁlm geometry. Overall, the main
spectral features of the absorbance are similar
to those in periodic MIM analogues of our
structures.[22]
Figure 2(b) shows comparison of the
measured absorbance spectra of the TPV
metamaterial window ﬁlter design proposed
Figure 2. a) Color maps of the absorbance for various structural parameters of the in ref. [4], and coherency model calculated
Au–SiO2-based random MIM structures. Horizontal dashed lines correspond to parameter
spectra of our W-HfO2-based random MIM
choices used in generating curves shown in the inset of Figure 1(b). b) Comparison of the
structure. The spectra overlap very well,
spectral response of two TPV window filters, both based on W and HfO2. Dashed line is for the
suggesting that our structure could perform
superlattice structure of ref. [4]. Inset shows a sketch of this structure. The thick-solid line
as a high performance TPV window ﬁlter. In
represents the coherency model calculation for the random MIM structure. The corresponding
fact, spectrum of our structure is even better
inset shows a sketch of the random structure. The structure parameters are p ¼ 0.5, 110 nm
suited for this application, since the most
thickness of HfO2, 35 nm W thickness.

(based on the long wavelength model), which as discussed above is
not reliable in the large frequency range due to (ξ  λ). The thinsolid (blue) line represents the coherency model, approximately
valid in this range, and the thin-solid (red) line is the FDTD
simulation, obtained by employing the CST software (Computer
Simulation Technology Microwave Studio).[16] Unlike periodic
structures, where a small unit cell can be assigned to simplify
the calculation, simulations for random structures often require
averaging procedures over multiple runs and on multiple areal
sections, which often takes days of computation time in
conventional FDTD methods. Improved, efﬁcient FDTD codes
for random systems have been developed.[17] On the other hand,
simpliﬁed, much faster model calculations, have been shown to
work well.[18] Our coherency model belongs to this class. Similar
model solution to nonlocality problems, characterized by very
computer intensive ab initio codes,[19,20] has been proposed, and
shown to work well.[21]
The thick-solid line represents the measured spectrum on
a sample grown according to the design. The agreement
between the coherency model result, simulations, and the
experiment is good; there are two pronounced maxima of
absorbance (at 500 and 1000 nm), and a long tail of small
absorbance for longer wavelengths, extending deep into the
infrared range. We have veriﬁed by varying the geometric
parameters in computation and simulation, that the mechanism 1, i.e., the near perfect impedance matching of the
structure to the vacuum impedance, is responsible for the
peak at the 1000 nm wavelength. In turn, it is the plasmonic
coupling between the perforated and the continuous layer
(mechanism 2) that is responsible for the peak at 500 nm.
This is further conﬁrmed by simulations of the magnitude of
the electric ﬁeld shown in Figure 1(c). The ﬁeld is plotted
along a cross-section through a single line of the MIM
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3. Conclusions
In conclusion, we have studied in detail random MIM structures
using calculations, simulations, and experiment. We have
extended the conventional effective medium model by accounting phenomenologically for the wave coherence between
scattered ﬁelds, and demonstrated its almost quantitative power
in predicting the response spectra of the MIM structures. Using
this coherency model, we showed that like for the periodic
analogues of these structures the metamaterial plasmonics
represents the basic physics, and it is behind the observed
spectral features. We have also identiﬁed parameter ranges
relevant for the structure design. Finally, we noticed that the
characteristic spectral response of our structures is beneﬁcial for
high efﬁciency thermal photovoltaic devices, and thus we
proposed a modiﬁcation of our structure, by maximizing the
peak absorbance and by switching to high-temperature resistant
materials (W and HfO2), so that it can be used as a TPV window
ﬁlter for such devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author. See Supporting Information for fabrication of the perforated
metal film, coherency model, material parameters, Maxwell-Garnett
model, Fresnel optics, and videos of the propagating waves (electric field)
in the simulations.
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important for the TPV application is the absorbance in a narrow
band at λ 1 μm; the absorbance for shorter wavelengths is of
secondary importance. Using W and HfO2 assures high
temperature operation of our structure.
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