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Light trapping by arbitrarily thin cavities
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Simple plasmonic multilayers are found to perfectly trap electromagnetic waves around specific incidence
directions, regardless of the sample thickness. Such a counterintuitive feature is acquired via increasing un-
boundedly the effective path length of the ray into the film with proper tilt of the optical axis. The obtained
optimal setups support wide-band operation while being substantially robust with respect to fabrication defects.
Accordingly, the reported designs may exceptionally serve a range of objectives, from photovoltaic conversion
and sensing to light modulation and detection, as parts of photonic devices requiring high efficiency combined

with compact packaging.
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I. INTRODUCTION

Light trapping, namely, capturing the incoming photons
and confining them into a volume, is a fundamental operation
behind numerous photonic applications from sensing, and
detection to optical tagging and photoelectrochemistry [1].
A major mechanism to collect the incident illumination is
via electromagnetic absorption whose operational principles
and rules of design have been formulated [2]. In particular,
nanometer-thin optical coatings making resonant cavities are
shown to completely absorb the propagating rays [3] while
metamaterial unit cells are proposed for coupling separately
to electric and magnetic fields so as to trap all incident ra-
diation within a single layer [4]. Following an alternative
design route, active media making conjugately matched lay-
ers are introduced to soak up all the available power via
both propagating and evanescent fields acting as ideal sinks
for electromagnetic energy [5]. The metasurface paradigm
is adopted in the fabrication of golden nanodisks constitut-
ing an infrared perfect absorber for refractive index sensing
[6] and in the isolation of graphene nanoribbons able to
trap photons for dynamically tunable light modulation [7].
Blackbody, a theoretical material that absorbs all incoming
light, has been also modeled with media of hyperbolic dis-
persion [8] or radially inhomogeneous texture [9] and has
been fabricated by vertically aligned single-walled carbon
nanotubes [10].

By far the most popular application for these ultraefficient
absorbing and trapping effects is the design of solar cells and
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panels for photovoltaic use. More specifically, silicon wire ar-
rays [11] or clusters of silver “islands” [12] offer opportunities
to manipulate the ratio of illumination area over solar absorp-
tion volume and reduce the materials’ consumption while a
simple and scalable method to fabricate them has been also
implemented [13]. Alternatively, ultrathin films supporting
admittance matching may lead to optimal layered absorbers
[14], and two-dimensional monolayers are found to hold un-
tapped potential for thermal conversion at the nanoscale [15].
In a similar way, textured transparent conductive oxides are
shown to realize highly functioning light-trapping schemes.
Importantly, conventional limits [16] for the performance of
photovoltaic cells are reported to be surpassed when optical
modes exhibit deep-subwavelength-scale field confinement
[17] or by designing an elevated local density of optical states
for the absorber [18].

This vast applicability potential of light-trapping and ab-
sorption phenomena has inevitably ignited (and fed by)
significant funding initiatives. In particular, National Science
Foundation (NSF) has recently supported programs on ex-
perimentation to enhance power conversion efficiency, and
exploration of scale-up processes for low-cost perovskite solar
cells [19] as well as research projects on the development
of next-generation panels for clean energy operation [20].
In addition, NSF has approved proposals for the transfor-
mational impact on perfect light absorption in the visible
spectrum via machine-learning-guided density functional the-
ory [21] while the US Office of Naval Research (ONR) is
sponsoring research efforts that combine cutting-edge ap-
proaches in synthesis of state-of-the-art materials capable of
generating electricity from sunlight [22]. Most interestingly,
several Multi-University Research Initiatives (MURIs), by
US Department of Defense (DoD), are currently running on
near-field radiative energy conversion in nanogaps of metas-
tructured media [23] and on enhancing thermal transport at
material interfaces [24].

In this work, we demonstrate almost perfect absorption
of incoming light, by films comprising free-standing tilted
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FIG. 1. (a) Schematic of the proposed configuration: an
obliquely incident plane wave oscillating with wavelength A meets
under angle 6 a uniaxial cavity comprised of free-standing mul-
tilayers of duty cycle r and tilted optical axis by angle ¢, filled
by a medium of relative complex permittivity ¢ = &(1). The pri-
mary (x, y, z) and the auxiliary (X, Y, z) coordinate systems are also
defined. (b) Existence map of the resonance leading to perfect ab-
sorption regime, according to Egs. (5) and (7), for a spectrum of
permittivity & and material volume fraction r.

multilayers. Our intention is to achieve such a flawless re-
sult regardless of the cavity thickness; thus, we select the
parameters of the film so that the effective path length into
the slab increases unboundedly. Analytical conditions for that
regime concerning the tilt of the optical axis and the inci-
dent angle are derived; they demand materials with plasmonic
behavior [25,26] able to shrink the effective wavelengths.
Based on these constraints, ordinary metals with realistic
losses are employed and the absorbance is maximized. The
reported optimal designs support wide-band operation while
their light-trapping performance exhibits substantial robust-
ness with respect to engineering defects and is practically
independent from the size of the cavity. Our approach dif-
fers from other studies of similar purpose utilizing the band
structure of cubic photonic crystal [27], Floquet-Bloch waves
into graphene nanoflakes [28], or waveguiding within short
parallel plates [29]. When it comes to the fabrication of the
cavities, there are several methods for stacking multiple layers
at the nanoscale, both chemical [30] and physical [31] or even
self-assembling techniques [32], accompanied by lithographic
liftoff [33] for properly cutting the samples. To sum up, the
proposed designs possess a series of advantages since they
are simultaneously (i) thickness indifferent, even ultrathin,
(i) highly absorbing, (iii) feasible to fabricate, and (iv) robust
to engineering imperfections. Therefore, they can constitute
indispensable pieces of integrated systems related to light
trapping like solar panels, optical sensors, and photonic mod-
ulators [34].

II. MATHEMATICAL FORMULATION

A. Boundary value problem

We consider the photonic setup depicted in Fig. 1(a), where
the used coordinate system (x,y, z) is also defined. A plane
wave of visible light with wavelength A meets obliquely under
angle 6 a slab of thickness 4. The planar film is comprised of
multilayers with period d < A; each layer has size rd < d and
is filled by a homogeneous material of relative permittivity ¢.

The multilayers are free standing with no loss of generality
while being cut with their local X axis forming an angle ¢ with
x direction. The effective permittivities along their major axes
(X,Y) are given by ex = (1 —r)+er and sy = m
based on well-known homogenization formulas [35]; thus,
the permittivity tensor [¢] in the global Cartesian coordinate
system (x, y, z) takes the form [36]
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We assume that the incident electric field lies on the
xy plane so that it “feels” a nonisotropic structure and,
given the two-dimensional nature of the setup, the mag-
netic field is parallel to the z axis everywhere. If the
incident magnetic field is of unitary magnitude and written
as Hi. = 2e kolx cosf+y sin®) - the reflective and transmissive
ones take the forms H,.; = ZRe*o(=x cosO+ysin®) and ., =
2Te~ ko cos6+ysind) ‘respectively, all into free space. The sym-
bol ko = 27 /A is used for the wave number into vacuum and
the suppressed time dependence is of the form exp(+ikoct),
where c is the speed of light into free space. The reflection and
transmission coefficients {R, T'} are determined as follows, by
imposing the necessary boundary conditions at the interfaces
of the film:
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B. Perfect trapping conditions

— sﬁy) cos 6 and k is given by

In order for the device depicted in Fig. 1(a) to absorb 100%
of the incoming illumination of specific angle 6 and wave-
length A, its front interface should be matched with free space,
namely, inflict zero reflections. By inspection of (2), it is clear
that such a demand (R = 0) is feasible by nullifying one of the
two factors in the numerator of reflection coefficient R. How-
ever, since we aim at reporting a thickness-independent effect,
we avoid perfect matching with Fabry-Perot [37] interference
(first factor) and, thus, we set equal to zero the second factor
w? — kzs)%x), namely,

—1+4¢ey 4+ (ex —ey)cos? @
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Similar constraints are obtained for metasurfaces of cylindri-
cal rods with use of equivalent moments [38]. Given the fact
that some losses Im[¢] < O are necessary for absorption, (5)
cannot lead to real angles 6 € R. Nonetheless, the concept
described in this study works also for very small losses Im[e]
and we can assume that the material in this analytical ap-
proach is almost lossless. To put it alternatively, the derived
formulas correspond to perfect trapping of the incident light
and, in the presence of some losses, to significant absorption
of it. In the latter case, |Im[e]| should not be zero giving
absorption A = 0 nor of significant magnitude that will make
a complex 6 according to (5); that is why one may say that
an ideal absorbing scenario would occur for a medium with
0 # Im[e] — 0~

But, how may it be possible for an almost lossless medium
to absorb 100% of the incident light and, most importantly,
within a very small volume of kyph tending to zero? The
answer lies in increasing the length of the path that the
wave is following into the cavity. In particular, the mag-
netic field into the film is written in the form [39] Hg, =
ie_ikoy sin 6 [Ue—iK+X + Ve_ik’x], where

ks = —2kosin £ k, ©6)
8)()(
{U, V} are determinable complex constants, and k is defined
by (4). If one manages to increase unboundedly one (or both)
of the wave numbers k. into the slab, the length of the cor-
responding path will also blow up. Both the quantities x4
have the same denominator which vanishes for a tilt angle ¢
satisfying
—&

(1 —28)21 —r)r’

valid again for Im[¢] — 0~. The condition (7) makes the
element &,, from (1) equal to zero; it also leads to a vanishing
transmission from (3) which, combined with zero reflection
(2) due to (5), gives 100% absorption. To put it more strictly,
even when Im[e] = 0 one can achieve a simultaneous nul-
lification of R and 7 by managing to create waves that
travel “forever” into the slab (trapping regime), namely, to
support infinite wave numbers «1. It should be noted that,
since 0 < r < 1, (7) is only possible for plasmonic media
with e < 0.

By combining the two conditions (5) and (7), we obtain
an explicit expression for the incoming direction as cos? 6 =
%. Most importantly, the wave numbers into the film
take the following form:

k() 1 —&
— ~cosg|cosgp = —— [ ———, ®)
K+ 1—eV{A=r)

where the behaviors of the two quantities {«,, k_} from (6)
are interchangeable in proportion to the sign of the parameters
{6, (¢ + 1)}. It should be stressed that if (7) applies, one of the
two wave numbers in Eq. (8) tends to infinity while the other
remains finite. Such a result verifies the condition (7) and will
lead to perfect trapping within an arbitrarily thin film. Indeed,
there will be no reflections due to (5) and the wave entering the
cavity will cover a huge, due to (7) and (8), path during which
will convert all its power in thermal form, even in the presence
of slight nonzero Im[e]. It must be remarked that the exact
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FIG. 2. Variation of the optimal angles leading to thickness-
independent perfect absorption with respect to (real part of) relative
permittivity & and duty cycle r. (a) The incidence angle 8 (in degrees)
from (5). (b) The tilt angle ¢ (in degrees) from (7). Results only for
the feasible combinations according to Fig. 1(b) are depicted.

mapping of the modes x4 to the limiting forms of (8) is not
of prime importance since both modes are activated into the
finite-thickness slab. We do not care which of the two waves
goes infinitely fast; either way (towards +x or towards —x),
the incoming ray will be forced to travel through an extremely
long path into the film.

In Fig. 1(b), we show which combinations of permittivities
¢ and material volume factors r can satisfy simultaneously
(5) and (7) with real angles (6, ¢); the acceptable parametric
pairs are presented with white color (region labeled as “YES”)
and the infeasible ones with black color (region labeled as
“NO”). One notices that two allowable areas are formulated
touching each other at a single point (e, r) = (—1, %); the
first one concerns dielectric constants with —1 < ¢ < 0 and
the more one approaches epsilon-near-zero (ENZ) regime,
much more extensive r ranges are available. The second
area corresponds to deeply negative permittivities & < —1
and once they become lower, the permissible duty cycle r
interval gets mildly increased. As indicated by (7), the infinite
wave-number regime, which guarantees the infinitely long
path for the wave into the film, is only possible for plasmonic
media (¢ < 0); such a feature is also shown in the map of
Fig. 1(b).

Every single couple (g, r) able to host the perfect trapping
effect decides a pair of angles (6, ¢) containing an incoming
direction —90° < 6 < 90° and an optical axis tilt 0° < ¢ <
90°. In Fig. 2(a), we show the variation of angle 6 on the
(e, r) map wherever the conditions (5) and (7) are applicable,
namely, across the white region of Fig. 1(b). It is remarkable
that angles referring to ¢ < —1 are always negative contrary
to those assuming —1 < ¢ < 0 for which 6 > 0; in this way,
two distinct resonance regimes are identified. In the former
domain, the incoming wave should advance more obliquely
as r increases at a fixed ¢ < —1. As far as the latter domain
is concerned, the trend is opposite: a closer to normal ray is
required to get trapped. In Fig. 2(b), we represent the change
of the inclination ¢ across (e, r) plane and realize that it
is an even function with respect to r = % line. Importantly,
more tilted axes are required for —1 < & < 0 as one moves
towards ENZ materials and for ¢ < —1 as the medium gets
deeper1 and deeper plasmonic. Finally, as the difference of r

from ;5 increases, the required tilt of the major axes into the

multilayered structure becomes lower.
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FIG. 3. The minimum nonabsorbed power (1 — A) with respect
to duty cycle r, according to our approximate analytical optimiza-
tion, as a function of operational wavelength A for various metals
with dispersive permittivity ¢ = (1). In all cases, it happens to
be Re[e(1)] < —1. The selection of angles is made by satisfying
the conditions (5) and (7) for each specific A and assuming that
Im[e] = 0. Thickness: # = 100 nm.

III. NUMERICAL RESULTS
A. Optimized absorbing designs

Once the permittivity ¢ is well known, namely, if one fixes
the operational wavelength A and the employed material with
its dispersive formula ¢ = ¢(A), a permissible interval for
duty cycle r is defined according to Figs. 1(b) and 2. Across
this r range, there are suitable real (8, ¢) from (5) and (7)
leading to total trapping of light. However, the absorbance A
is not always unitary, as the model predicts, since the losses
Im[e] < O are non-negligible. For this reason, optimization
with respect to r can be performed in order to decide what are
the best incidence angles —90° < 6 < 90° and multilayer tilts
0° < ¢ < 90° giving the highest absorption A. In Fig. 3, we
show the variation of the maximal performance of the device,
in terms of the nonabsorbed power (1 — A), as function of
visible-light wavelength A, where the materials of permittivity
¢ are some of the most ordinary metals. We are using metals
and not dielectrics or semiconductors with Re[¢] > 0, since a
plasmonic behavior is required to give a real angle ¢ € R from
(7); the evaluation of the angles is made according to (5) and
(7), by ignoring the imaginary parts of ¢. At each wavelength
A, we pick the design {r, 8, ¢} that exhibits the highest ab-
sorption A for a specific thickness 2 = 100 nm, whose value
is not playing a crucial role; in this sense, Fig. 3 comprises
curves of optimal points referring to different configurations
as A changing.

It is noteworthy that silver, the less lossy metal, shows
extreme absorbance for all the wavelengths of visible spec-
trum; in the antipode, titanium, with its huge |Im[e]|, does not
absorb significantly at any point of the considered frequency
band. It is an anticipated outcome since the analytical model,
summarized by the constraints (5) and (7), works perfectly for

vanishing imaginary part of ¢; the more the losses |Im[(A)]],
the less successful is the selection of the angles (6, ¢) in terms
of achieving unitary absorbance A. In addition, aluminum
prefers violet light to absorb contrary to designs made of
gold and copper that trap the red light, as dictated by the
dispersion of their Im[e(X)]; the permittivity data are taken
from reliable sources [40,41] containing experimental mea-
surements and not by employing the semianalytical Drude
model. It is noted that the different trend of the curve refer-
ring to aluminum-based setups, compared to all the others,
may be attributed to its deeply plasmonic behavior at short
visible-light wavelengths. As far as platinum-air multilayers
are concerned, they absorb more effectively the orange in-
coming light, even though their A is kept at a remarkably
low level across almost the entire regarded spectrum. If the
metallic strips were not free standing but hosted in a dielectric
slab of the same dimension (thickness /), the maximal absorb-
ing performance achieved is not expected to be substantially
lower than this indicated by Fig. 3. Indeed, the scattering field
from the multilayers should be modified in order to neutralize
the new background field (incident wave on a homogeneous
dielectric slab) so that there is no aggregate reflection and,
simultaneously, make a null overall transmission [42].

It should be stressed that the incidence angle, which is
not shown in the graph, takes a specific value 6§ = —45° at
the optimal regime (when A — 1), while the tilt direction
of the optical axis into the cavity is almost normal to the
incoming ray: ¢ = 45°; such a feature has been also met
in similar structures serving alternative objectives like polar-
ization engineering [43]. In Fig. 4, we try to interpret the
negative value of 6 leading to high absorbance A. When the
two angles defining incidence 6 and tilt ¢ are of the same
sign and especially if & = ¢ as in Fig. 4(a), the incident ray
does not interact much with the lossy plasmonic layers; thus,
the thermal losses are low and the transmission large. On
the contrary, if 6 = ¢ — 90° < 0, the incoming light meets
normally the metallic flakes and is forced to follow a huge
path into the film due to the successive reflections being,
theoretically, infinite in number; therefore, the transmissivity
almost vanishes. We must point out that the aforementioned
condition, properly combined with (5) and (7), yields to

9:(p—90°:>00529:sin2¢%8:1—%, )
requiring ¢ < —1 since 0 < r < 1. In other words, it refers
to the area of deeply plasmonic permittivities of Fig. 1(b) and
thus the reflections in Fig. 4(b) are almost perfect; indeed, they
occur between media with substantial textural contrast.

When it comes to the optimal value of ratio r, it is low
and decreases with A, regardless of the material and its losses’
dependence on frequency. By inspection of Fig. 3, we can
understand that there are multiple realistic designs reach-
ing unitary performance A across most wavelengths of the
visible, and clearly the proposed concept following the ana-
lytical approach of Sec. II B is validated. Note, finally, that all
the considered metals are deeply plasmonic Im[e(A)] < —1
across the investigated band; therefore, all the shown optimal
cases concern the first type of resonances of Figs. 1(b) and 2
which exist for 6 < 0 and are interpreted by the ray tracing
schema of Fig. 4.
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FIG. 4. Heuristic interpretation of the perfect light-trapping
regime. Approximate route of a ray of light for (a) & = ¢ (mini-
mal trapping), (b) & = ¢ — 90° (maximal trapping). The condition
between angles of incidence and tilt & = ¢ — 90° validates the con-
straints (5) and (7) as long as Re[¢] < —1. The successive reflections
in Fig. 4(b) are considered as perfect due to the large textural mis-
match between air and the deeply plasmonic lossy material.

To understand better the signal distribution across the con-
sidered setup, in Fig. 5 we represent the logarithm of the
magnetic field magnitude log|H,| as function of the hori-
zontal distance x normalized by the operational wavelength
A for the two different types of materials (Re[¢] < —1 and
—1 < Re[e] < 0) indicated by Figs. 1(b) and 2. In Fig. 5(a),
we consider an incidence angle 6 opposite to that securing
maximal trapping [we call this regime as “minimal trapping”
and is 6 = 45° when Re[e] < —1, as indicated in Fig. 4(a)].
In the deeply plasmonic scenario, we observed an unperturbed
variation into the homogenized slab leading to a full transmis-
sion of the signal, as predicted by Fig. 4(a). On the contrary,
when —1 < Re[e] < O there are some moderate losses across
the slab while the level of reflection is kept extremely low. In
Fig. 5(b), we consider a beam that meets normally (6 = 0°)
our structure; one directly notices that there is a substantial
impedance mismatch at the front boundary x = 0 creating a
standing wave pattern for x < 0. As far as the behavior within
the slab is concerned, a rapid fall is noticed allowing for a very
tiny transmission at x > h, especially if Re[e] < —1.

Finally, in Fig. 5(c), the maximal trapping effect is demon-
strated showing that almost zero reflection and transmission is
achieved, regardless of the type of material ¢. It is noted that,
due to the extremely small values of the nonabsorbed power
(I — A), we used software of increased accuracy to evaluate
the respective formulas. In addition, the exponential decrease

0.1

log|H.

-0.2

'
'
1
'
'
-0.1 !
1
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'
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—Rele] < —1

04 ——1 <Rele] <0
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z/A /A
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log| .|

FIG. 5. The logarithm of sole magnetic field magnitude log |H,|
as a function of the horizontal (normal to the boundaries) coordi-
nate x for (a) 6 giving minimal trapping, (b) 8 = 0°, (c) 6 giving
maximal trapping for each type of material ¢ = —10 — 0.25{ (red)
and ¢ = —0.6 — 0.1/ (blue). Plot parameters: 4 = 300 nm. The black
dashed lines denote the boundaries of the slab, while the rest of the
parameters (r, ¢) have been optimized to maximize overall absorp-
tion in Fig. 5(c).

into the cavity means that only one of the two modes possesses
nonzero amplitude while perfect matching occurs at x = 0.
Figure 5(c) also shows that the trapping regime is practically
independent from the thickness 4 since the decline of the field
|H,| is so abrupt that two to three orders of magnitude signal
reduction happens within the first nanometers.

In Fig. 6, we pick four designs using different metals
and working optimally at different wavelengths: aluminum
based at A = 400 nm, silver based at A = 500 nm, platinum
based at A = 600 nm, and gold based at A = 700 nm and
we examine their absorption when the characteristics of the
excitation (wavelength A, angle 6) are changing. Note that all
the points in the contours of Fig. 6 refer to the same config-
uration, namely, the same multilayers (r, ¢) optimized at the
point indicated by “0”’; the only changing part is the incoming
light. One clearly observes that the light-trapping effect is very
resilient with respect to A in all cases and especially when
aluminum [Fig. 6(a)] or platinum [Fig. 6(c)] is incorporated
in the design. Note that the less lossy silver exhibits the least
wide-band absorption; that is because the optimal features of
its setup (especially » and ¢) and its complex permittivity
¢ is changing significantly with A. As far as the angle 0 is
concerned, the trapping hits the peak at & = —45° and retains
the large value A = 1 across a considerable angular extent for
6 < 0 which becomes larger for increasing A; on the contrary,
the absorption A drops dramatically for & > 0 and almost gets
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FIG. 6. Behavior of optimal design at the “source spectra plane.”
The absorption power A is represented as a function of the wave-
length A (color) and the angle 6 (direction) of the incoming ray; the
rest of parameters (7, ¢) are kept equal to their ideal values. Different
materials constituting the multilayers are employed: (a) aluminum
(& = 400 nm), (b) silver (A = 500 nm), (c) platinum (A = 600 nm),
(d) gold (A =700 nm) at wavelength ranges that each of which
delivers best. The optimal regimes are denoted by “o.” Again, the
selection of angles (0, ¢) is made by satisfying the conditions (5)
and (7) and assuming that Im[e] = 0. Thickness: 4 = 100 nm.

nullified for 6 = 45°. Such observations are perfectly com-
patible with the sketches of Fig. 4; indeed, for 6 = ¢ = 45°
[Fig. 4(a)], the ray “sees” am almost transparent structure,
avoids to interact with the lossy layers, and is not absorbed
by the film. Oppositely, when 8 = —¢ = 45° [Fig. 4(b)], the
incoming wave meets almost normally the plasmonic layers
and gets trapped between a pair of them via reflecting a huge
number of times; as a result, it exhausts its power and gives
A — 1 (perfect light trapping).

B. Robustness to fabrication defects

The multilayered structure of Fig. 1(a) can be fabricated
by adopting both chemical and physical approaches. Chem-
ical vapor deposition (CVD) exploits chemical reactions to
build successive layers [30]; a subset of this group of meth-
ods is atomic layer deposition (ALD), a sequential technique
where reactive media are sprayed by other substances (precur-
sors) to generate stacked coatings [44,45]. Another fabrication
category of planar multilayers consists of the physical depo-
sitions and especially molecular beam epitaxy (MBE), where
a heated substrate gets shot molecule-by-molecule with effu-
sion cells containing the required media in gas form [31,46].
Even self-organized routes are available for building multi-
lamellar layouts of plasmonic eutectics, in combination with
suitable micropulling [32]. When it comes to the cutting of the
samples, various lithographic processes are available [33,47]
where the liftoff can be performed with high accuracy. In
most of the aforementioned methodologies, the deposition of

layers with thickness much smaller than the oscillation wave-
length A is possible; thus, the homogenization assumption for
d < A [with reference to Fig. 1(a)], yielding the approximate
formulas for ey, €y, is justified. One may point out that the
fabrication of such a layered setup is challenging when work-
ing at the visible frequencies where all the metals exhibit
plasmonic behavior. However, the constraint for Re[¢] < O
can be easily fulfilled at much longer wavelengths by ordinary
dielectrics [48].

Alternatively, the required anisotropy expressed through
the permittivity tensor [¢] from (1) can be directly achieved
by employing nanoparticles with similar effective properties.
Such a synthesis [49] constitutes a seed-mediated growth
procedure, in which metal salts are reduced initially with a
strong reducing agent, in water, to produce the desired seed
particles. In addition, anisotropic wetting processes [50] can
be implemented to give directional properties to thin slabs,
extensively employed in engineered uniaxial surfaces and as-
sociated applications. Furthermore, compression molding to
create a thickness contrast pattern in a thin resist film carried
on a substrate, followed by anisotropic etching to transfer the
pattern through the entire resist thickness has been utilized,
allowing fabrication of sub-10-nm structures [51]. Finally,
the proposed configuration of Fig. 1(a) can be obtained with
use of two-dimensional materials with built-in anisotropy,
like phosphorene [52] with artificial plasmonic properties or
graphene [53], fabricable via a variety of methods from me-
chanical exfoliation and liquid-phase preparation (top down)
to wafer-scale synthesis and epitaxial growth (bottom up).

However, an extremely high resolution should not be taken
for granted and, thus, it is important to see how optimized
designs (like the four ones of Fig. 6 in Sec. III A) deliver if the
multilayers are imperfectly grown (wrong r) or mistakenly cut
(wrong ¢). In Fig. 7, we witness the relatively high robustness
of the proposed designs. In particular, all the cavities absorb
almost 100% of the incoming photonic rays even though the
tilt of the strips deviates more than 10° from the optimal;
furthermore, they are more sensitive to changes of r towards
smaller values than to bigger ones. The most robust setup
is the Al-based one, which is also the least eager to change
with respect to (A, #) according to Fig. 6(a); on the contrary,
the other absorber that supports wide band A in Fig. 6(c)
(Pt-based) does a worse job in the presence of fabrication
defects. It should be finally noticed that the cavities employing
the most commonly used metals [Ag in Fig. 7(b) and Au
in Fig. 7(d)] see their performance A dropped dramatically
when the angle ¢ is chosen very different from the operation
point.

A basic advantage of the proposed setups is that the trap-
ping of light is practically independent of the thickness & of
the slab. Indeed, since (one of) the wave numbers . increases
infinitely according to (7) and (8), all the absorption can
happen even at very small /4. To demonstrate such a feature,
and also to test the robustness of the structures in Fig. 8, we
represent A as a function of & for the designs of Figs. 6 and
7, optimized for 2 = 100 nm. A large range of thicknesses
from 1 A to 1 um has been considered and we realize that
most of the curves surpass the threshold of 90% if the size is
as tiny as a few nanometers; this finding justifies our claim
that the indicated light trapping may occur at arbitrarily thin
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FIG. 7. Behavior of optimal designs of Fig. 6 at the “fabrication
defects plane.” The absorption power A is represented as a function
of the duty cycle r and tilt of the optical axis ¢; the rest of param-
eters (A, 0) are kept equal to their ideal values. Different materials
constituting the multilayers are employed: (a) aluminum (A = 400
nm), (b) silver (A = 500 nm), (c¢) platinum (A = 600 nm), (d) gold
(X = 700 nm). The optimal regimes are denoted by “x.” Thickness:
h =100 nm.

cavities. It should be stressed that the reported scores A for
h < 100 nm can be further improved if the design {A, 8, r, ¢}
is optimized for that smaller thickness of the film. The most
remarkable performance is recorded for Ag-air multilayers
where the design works flawlessly for 2 > 2 nm but, given
the fact that a minimum realistic thickness is around 10 nm,

— (1
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s P
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FIG. 8. The absorbance A for the designs of Figs. 6 and 7 plus the
Cu-based one optimized at A = 650 nm and when # = 100 nm from
Fig. 3 as function of the sample thickness 4. Thickness-independent
trapping is demonstrated since A takes almost unitary values for
cavities thicker than a few nanometers.

FIG. 9. The minimum nonabsorbed power (1 — A) with respect
to duty cycle r, according to our approximate analytical optimization
(5) and (7) and by assuming Im[e] = 0, as a function of the real
part of relative permittivity —1 < Re[e] < O for several imaginary
parts Im[e]. The permittivity ¢ = Re[e] + i Im[¢] is considered dis-
persionless across the visible part of the wavelength spectrum. Plot
parameters: £ = 100 nm, A = 560 nm.

all the cavities absorb extremely high portions of the incident
field practically regardless of 4.

C. Caseof —1 < Re[e] < 0

All the previous examples elaborated in Secs. III A and
III B concern metals that are plasmonic in the visible range;
however, it happens, across the entire visible range 380 nm <
A < 740 nm, that their permittivities have real parts with
Re[e(1)] < —1. In other words, all the cases that have been
investigated in the presented results concern only one of the
two regions of Fig. 1(b) where the perfect light trapping
becomes feasible. Therefore, in this section we will consider
a fictitious dispersionless medium with —1 < Re[¢] < 0 and
observe how their multilayers absorb the incoming illumina-
tion under the well-known conditions (5) and (7). It should be
noted that plasmonic materials with low |Re[e] < 0] can be
found at a variety of oscillating wavelengths A. In particular,
near-zero negative real permittivity has been experimentally
achieved with use of refractory conductors in far-ultraviolet
[54], by constructing nanodisk arrays at optical frequencies
[55] or via the employment of ultranarrow waveguide chan-
nels operated with radio waves [56]. In Fig. 9, we show
an analog of Fig. 3 for that case of nondispersive dielectric
constant —1 < Re[e(1)] < 0. In particular, we represent the
nontrapped power (1 — A) as function of the real part Re[¢]
of permittivity for various level of losses Im[¢]. As in Fig. 3,
we have minimized the quantity (1 — A) with respect to duty
cycle 0 < r < 1; once again, the angles (6, ¢) are deter-
mined via the analytical formulas (5) and (7), by assuming
Im[e] = 0. The thickness of the sample is taken equal to that
of Figs. 3 and 6-8, namely, 2 = 100 nm while the operational
wavelength is kept fixed to, approximately, the mean along the
visible spectrum (A = 560 nm). We define a wavelength even
though the used material is nondispersive since the thickness
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FIG. 10. (a) The absorption power A as a function of the source
features; the optimal regime is denoted by “o” and ¢ = —0.6 — 0.1i.
(b) The absorption power A as a function of the fabrication defects;
the optimal regime is denoted by “x” and ¢ = —0.6 — 0.1i. (c) The
absorbance A for the designs of Fig. 9 when 4 = 100 nm as function
of the sample thickness /; again thickness-independent trapping is
indicated, like in Fig. 8. Plot parameters: 7 = 100 nm, A = 560 nm.

h is expressed in terms of A; however, the results would be
identical for any setup with the same 2/\ = 0.18, regardless
of the oscillation frequency.

By inspection of Fig. 9, it is clear that the trapping effect
is very weak when Re[¢] — O since plasmonic character is
mandatory for ¢ € R defined by (7), and when Re[e] —
—1 because there is virtually no r fitting the approximate
analytical model, according to Figs. 1(b) and 2. Nonethe-
less, in-between these two limiting values —1 < Re[e] <
0, the minimum (1 — A) obtains very low values, despite
some negligible oscillations reminding us that every single
point of the graphs in Fig. 9 is the result of an optimiza-
tion. Finally, as also understood by Fig. 3, the low level of
losses gives a more efficient absorption since the employed
analytical model (requiring Im[e] — 07) becomes more
realistic.

In Fig. 10(a), we pick one of the designs investigated in
Fig. 9 (¢ = —0.6 — 0.1{) optimized for thickness # = 100 nm
at wavelength A = 560 nm, and represent the absorption A
in contour plot on the (XA, 8) map. Importantly, the optimal
regime occurs at a positive angle 6 = 45° and the operation
is quite wide angle (reminding other setups [57]) since it
retains the very high levels of light trapping for a range even
larger than the realistic layouts in Fig. 6. Note that the heur-
istic schema of Fig. 4(b) does not apply in this case since
the condition (9) is not respected; indeed, 6 > 0 since —1 <
Re[e] < 0. The most striking feature of Fig. 10(a) is the
hugely wide-band behavior of the absorption A across the

entire the considered frequency interval; indeed, i/ plays
no role because Re[e] < 0 is kept fixed as well as the losses
which are also small (Im[e] = —0.1), namely, the analytical
model is applied almost perfectly. In Fig. 10(b), we examine
the harmful influence of the fabrication defects on the same
design, something analogous to Fig. 7. This time, the results
are similar to those for the metal-based structures since the
robustness of the setup is high with respect to both ¢ and r.
Note that, for the considered case, the optimal ¢ is smaller
than 45° while high trapping scores are observed even for
negative tilts of the optical axis (¢ < 0).

In Fig. 10(c), we regard four of the designs of Fig. 9
optimized for thickness 4 = 100 nm and produce the anal-
ogous graph of Fig. 8, namely, we show the variation of
absorption A as function of the sample thickness /4. Once
again, we notice the sigmoid shape of curves, like in Fig. 8§,
and it is demonstrated that the described light-trapping effect
is practically thickness-independent since A gets rapidly in-
creased after some nanometers. However, one can point out
that the setups with actual metallic losses of Fig. 8 require
even smaller sizes h for accomplishing unitary absorption
compared to the fictitious and dispersionless lossy media of
Fig. 10(c).

IV. CONCLUSION

Absorption of electromagnetic waves across the visible,
infrared, or ultraviolet part of the frequency spectrum is the
backbone effect behind several applications dealing with light.
The true challenge is to make that light trapping occur within
an ultrathin cavity for design, packing, and integration pur-
poses. In this work, we demonstrate thickness-independent
perfect absorption from films comprising multilayers with
tilted optical axis; it becomes feasible if the effective path
length into the slab becomes infinite, namely, when the local
wave number increases unboundedly. Several metals with re-
alistic losses are tried and almost unitary efficiency is achieved
for all the colors of visible light; importantly, the maximally
absorbing layouts are wide band and can trap incident rays
traveling across an extensive cone around the optimal direc-
tion. Furthermore, the presented samples exhibit substantial
robustness to engineering defects and, of course, the perfor-
mance of light trapping is extremely weakly dependent on
their size. The case of dispersionless and mildly plasmonic
materials is examined separately; analogous conclusions are
drawn with the difference that the band of operation is practi-
cally infinite.

The reported optimal setups possess a series of assets
(ultrathin, wide band, robust) that render them particularly
befitted as components in photonic devices requiring smart
designing and packaging. Furthermore, the manufacturing of
these configurations is feasible even at very high frequen-
cies via a variety of techniques like chemical atomic layer
deposition and physical molecular beam epitaxy while the
cutting can be performed with lithographic exfoliation. Thus,
our results may inspire experimental efforts towards the fab-
rication of such compact modules able to support, within
narrow volumes, a broad range of functionalities from ther-
mal conversion and optical sensing to light modulation and
detection.
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