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Abstract: We present aperiodic multilayer structures with ultrabroadband near-perfect
absorption in the visible and near-infrared wavelength range. We use a hybrid optimization
algorithm coupled with the transfer-matrix method, to optimize both the material composition
and the layer thicknesses of the aperiodic multilayer structures that are composed of infinite
slabs of material above a semi-infinite substrate. In order to achieve ultrabroadband near-
perfect absorption, we consider a broad range of materials including dielectrics, metals,
and semiconductors. The optimization algorithms previously used to design ultrabroadband
near-perfect absorbers only optimized the layer thicknesses of structures with fixed material
composition. In contrast, we find that our approach of simultaneously optimizing the material
composition as well as the layer thicknesses leads to structures with broader near-perfect
absorption. For an optimized eleven-layer structure the lower and upper absorption band
edges are 400 nm and ~3800 nm, respectively. In addition, we find that, even though
the structures are optimized for normally incident light, the absorption is high in a broad
angular range within the wavelength range of interest. We also explain the physical origin of
ultrabroadband absorption in these structures. Our results will contribute to the development
of a new generation of devices for solar photovoltaics, imaging, and photodetection.

Index Terms: Nanophotonics, physical optics, absorbers.

1. Introduction

Broadband near-perfect absorbers, operating in the visible and near-infrared wavelength ranges,
have been widely investigated—due to their many potential applications in chemical sensing [1]-
[3], thermophotovoltaic energy conversion [4], [5], imaging [6], color filters [7], [8], and thermal
emitters [9]-[13]. Broadband near-perfect absorption requires almost perfect impedance matching
between the structure and air over a broad wavelength range [14]-[16]. Many structures have
been used to achieve broadband near-perfect absorption, including metamaterial-based structures
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[17]-20], and structures supporting multiple resonances [21]-[24]. One-dimensional multilayer
absorbers have the advantage of the relative ease and low cost of fabrication, based on deposition
methods, compared to more complex three-dimensional structures, which require lithography
and etching processes. Several approaches have been used to design and optimize multilayer
structures, including genetic algorithms [25]-[27], particle-swarm optimization [28], Monte Carlo
approaches [29], needle optimization [30], [31], the jump method [32], artificial neural networks,
and deep learning [33], [34] in combination with physical intuition [4], [15], [35].

In this paper, we present aperiodic multilayer structures with ultrabroadband near-perfect absorp-
tion in the visible and near-infrared wavelength range. This range is important for many applications
related to solar photovoltaics [36], imaging [37], and photodetection [38]. We use a hybrid optimiza-
tion algorithm coupled with the transfer-matrix method, to optimize both the material composition
and the layer thicknesses of the aperiodic multilayer structures that are composed of infinite slabs
of material above a semi-infinite substrate. In order to achieve ultrabroadband near-perfect absorp-
tion, we consider a broad range of materials including dielectrics, metals, and semiconductors. We
note that optimization algorithms previously used to design ultrabroadband near-perfect absorbers
only optimized the layer thicknesses of structures with fixed material composition. In contrast,
we find that our approach of simultaneously optimizing the material composition as well as the
layer thicknesses leads to structures with broader near-perfect absorption. We also find that the
bandwidth over which near-perfect absorption is achieved increases with the number of layers.
For an optimized eleven-layer structure the lower and upper absorption band edges are 400 nm
and ~3800 nm, respectively. In addition, we find that, even though the structures are optimized for
normally incident light, the absorption is high in a broad angular range within the wavelength range
of interest. We explain the physical origin of ultrabroadband absorption in these structures.

The remainder of this paper is organized as follows. In Section I, we describe the hybrid
optimization algorithm coupled with the transfer-matrix method, which we use to optimize both the
material composition and the layer thicknesses of aperiodic multilayer structures. In Section IIl, we
discuss the properties of the structures with ultrabroadband near-perfect absorption in the visible
and near-infrared, which we obtain with the optimization algorithm. Finally, our conclusions are
summarized in Section IV.

2. Theory

We consider aperiodic multilayer structures composed of infinite slabs of material of varying
thicknesses above a semi-infinite silicon substrate. For each layer, the material is chosen among
magnesium fluoride (MgF>), titanium dioxide (TiO,), hafnium dioxide (HfO,), chromium (Cr), tung-
sten (W), germanium (Ge), and silicon (Si). Light is incident from the air at an angle 6 to the
structure. We use experimental data for the wavelength-dependent complex indices of refraction
for all materials considered in this paper [4], [39], [40]. Using the transfer matrix method [41], we
calculate the transmission and reflection of each multilayer structure for both TE and TM polarized
light. Once the transmission and reflection are calculated, the absorption can be obtained using

Are/im(x, 0) = 1 — Rresmm(r, 0) — Tretm(R, 6), (1)

where Arg/tm is the TE/TM absorption, Rre/tm is the TE/TM reflection, Trg v is the TE/TM trans-
mission, and A is the wavelength. The transmission, reflection, and absorption of each multilayer
structure can also be calculated using the impedance method [42].

We use a hybrid optimization algorithm, coupled with the transfer-matrix method, to optimize both
the material composition and the layer thicknesses. In order to achieve ultrabroadband near-perfect
absorption, we considered a broad range of materials, including dielectrics such as MgF»,, HfO.,
and TiO,, metals such as Cr and W, and semiconductors such as Si and Ge. By considering
such a broad range of materials, our optimization algorithm can identify appropriate structures,
which exhibit near-perfect absorption over the selected wavelength range. Each of the absorbing
materials used leads to near-perfect absorption at specific wavelength ranges. We also note that
other absorbing metals and dielectric materials with similar refractive index spectra can be used [4].

Vol. 12, No. 3, June 2020 4500810



IEEE Photonics Journal Optimized Multilayer Structures

Our goal is to maximize the wavelength range 1, — 1; over which the absorption for normally
incident light A(x, & = 0°) is continuously larger than 90%. Here, A4 and 1, are the lower and upper
absorption band edges, respectively, and we choose Ay = 400 nm.

While several approaches have been proposed to optimize the geometrical dimensions of multi-
layer photonic nanostructures, with a given material composition, very few works have considered
simultaneously optimizing the material composition and dimensions of such nanostructures [5],
[12]. Here, we use a hybrid optimization algorithm as a method to design optimal multilayer photonic
structures. Leveraging recent progress in metaheuristic optimization, we develop an optimization
method consisting of three stages: a Monte Carlo simulation, a continuous adaptive genetic
algorithm, and a pattern search algorithm. The first stage identifies the best material compositions.
The second and third stages optimize the thicknesses for each material composition.

In the first stage of the optimization procedure, we perform a Monte Carlo simulation over the
entire design space. We randomly generate a large number of structures within the constraints of
the design problem. Typically, we generate 15 million random structures. This number of structures
is necessary in order to identify the best material compositions. These multilayer structures have a
random material and a random thickness chosen for each layer. Structures are ranked according
to the fitness function, which, as mentioned above, is the bandwidth over which the absorption for
normally incident light is continuously larger than 90%. We find that the Monte Carlo simulation
yields viable material compositions. The material compositions of the best n structures are used to
parameterize the genetic algorithm in the next stage. Typically, we choose n = 20.

In the second stage of the optimization procedure, n genetic algorithm populations are generated;
one for each material composition obtained in the previous stage. The population size is chosen
to be 60. To optimize their thicknesses, these populations, each with a different fixed material
composition, are run in parallel for a number of generations, evaluating the structures of each
generation and using the characteristics of those that best satisfy the fitness function to improve
other structures. For each population, the genetic algorithm iteratively generates a new generation
by the application of selection, crossover, and mutation operators. Each population converges
towards the optimum of its solution space. We typically run 2000 generations for each population.
The genetic algorithm that we use is continuous [43], because the parameters (in this case the
layer thicknesses) are treated as continuous variables, rather than bitstring chromosomes as in
classical genetic algorithms. The genetic algorithm that we use is also adaptive [44], because it
uses characteristics of the population pool to guide optimization. More specifically, the adaptive
genetic algorithm that we use dynamically varies the crossover probability and mutation probability
during the simulation, based on the observed convergence of the population, instead of using fixed
values for each.

In the third stage of the optimization procedure, we apply a pattern search local optimization
algorithm to the best result from each population obtained from the genetic algorithm, to find the
exact optimum. More specifically, the structures obtained from the genetic algorithm are locally
optimized with the Hooke-Jeeves pattern search algorithm [45]. The pattern search algorithm that
we use in the third stage, which is a local optimization algorithm, is more effective at finding the
exact optimum, compared to the genetic algorithm used in the second stage, which is a global
optimization algorithm.

We note here that in all cases we found that the optimal structures are unique. In other words,
if the stochastic optimization procedure is repeated, it converges to the same result. We also note
that optimization algorithms previously used to design ultrabroadband near-perfect absorbers only
optimized the layer thicknesses of structures with fixed material composition. In contrast, as we
will show below, our approach of simultaneously optimizing the material composition as well as the
layer thicknesses leads to structures with broader near-perfect absorption.

3. Results

Here we consider structures with five, seven, nine, and eleven layers. In each of these cases, we
use the optimization algorithm, described in the previous section, to maximize the wavelength range
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Fig. 1. Schematics of the multilayer structures with optimized material composition. The schematics in
(a), (b), (c), and (d) show the optimized material composition for five-, seven-, nine-, and eleven-layer
structures, respectively. For each layer, the material is chosen among magnesium fluoride (MgF»),
titanium dioxide (TiO»), hafnium dioxide (HfO,), chromium (Cr), tungsten (W), germanium (Ge), and
silicon (Si).
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Fig. 2. Absorption for normally incident light, A(x, 6 = 0°), as a function of wavelength for the optimized
five-, seven-, nine-, and eleven-layer structures. The optimized material composition for the five-,
seven-, nine-, and eleven-layer structures is shown in Figs. 1(a), 1(b), 1(c), and 1(d), respectively.
The optimized layer thicknesses, in units of nanometers, beginning with the layer bordering air are:
{143, 52, 29, 39, 220} for the five-layer structure, {141, 56, 33, 47, 30, 134, 190} for the seven-layer
structure, {244, 59, 47, 7, 88, 8, 132, 124, 392} for the nine-layer structure, and {123, 53, 22, 6, 140,
199, 7, 128, 23, 239, 724} for the eleven-layer structure.

A2 — A1 over which the absorption for normally incident light A(x, & = 0°) is continuously larger than
90%. In other words, the merit function during the optimization procedure is 1> — A4. Here, we
choose 11 = 400 nm. As mentioned above, our algorithm simultaneously optimizes the material
composition as well as the layer thicknesses of each structure.

Fig. 1 shows the optimized material composition for five-, seven-, nine-, and eleven-layer struc-
tures. As mentioned above, for each layer, the material is chosen among magnesium fluoride,
titanium dioxide, hafnium dioxide, chromium, tungsten, germanium, and silicon. We note that, in
all cases, we found that, in the structures with optimized material composition, the material in the
bottom layer (the one adjacent to the silicon substrate) is a metal; either chromium or tungsten. In
addition, we found that in all cases this bottom metallic layer is thick enough, so that light does not
penetrate into the silicon substrate below the metallic layer. Thus, this thick metallic bottom layer
acts as a semi-infinite metallic substrate. In the schematics of Fig. 1, we therefore do not show the
silicon substrate, since it does not affect the absorption properties of the structures.
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Fig. 3. Upper absorption band edge 1, as a function of the number of layers of the optimized structures
described in Fig. 2. Also shown is the average absorption in the wavelength range between the lower
(21) and upper (ro) absorption band edges as a function of the number of layers of the optimized
structures described in Fig. 2.

Fig. 2 shows the absorption for normally incident light A(x, 6 = 0°) as a function of wavelength for
the optimized five-, seven-, nine-, and eleven-layer structures. The optimized material composition
of each structure is shown in Fig. 1, while the optimized layer thicknesses are given in the caption
of Fig. 2. We note here that, as expected, as the number of layers increases, the time required
for our optimization procedure to converge increases. We observe that the bandwidth over which
high absorption (>90%) is achieved increases with the number of layers. This is further illustrated in
Fig. 3, which shows the upper absorption band edge A, as a function of the number of layers for the
optimized structures, described in Fig. 2. The upper absorption band edge . is 2103 nm, 2801 nm,
3460 nm, and 3801 nm for the five-, seven-, nine-, and eleven-layer structures, respectively. Note
that, as mentioned above, in all cases the lower absorption band edge is A1 =400 nm. Fig. 3
also shows the average absorption in the wavelength range between the lower (1) and upper (1)
absorption band edges as a function of the number of layers. In all cases, the average absorption
is slightly above the 90% threshold. More specifically, the average absorption is 93.75%, 95.32%,
93.62%, and 93.73% for the five-, seven-, nine-, and eleven-layer structures, respectively.

It is worth noting that the optimized material composition for the five-layer structure is the same
as the one in Ref. [4]. However, the optimized layer thicknesses are slightly different, since in our
case we maximize the wavelength range over which the absorption is continuously larger than
90%, instead of maximizing the average absorption over a fixed wavelength range. We also note
that simultaneously optimizing the material composition, as well as the layer thicknesses, leads to
structures with broader near-perfect absorption. More specifically, the bandwidth over which high
absorption (>90%) is achieved is ~3100 nm and ~3400 nm for nine-, and eleven-layer structures,
respectively (Fig. 3). In comparison, when optimizing the layer thicknesses of structures with fixed
material composition, the bandwidth over which high absorption (>90%) is achieved is ~2700 nm
and ~3100 nm for nine-, and eleven-layer structures, respectively [4].

As mentioned above, the multilayer structures were optimized to maximize the wavelength range
over which the absorption is continuously larger than 90% for normally incident light. Now, we con-
sider the angular dependence of the absorption. More specifically, in Fig. 4 we show absorption as a
function of wavelength and angle for the optimized seven-layer structure of Fig. 1(b). The absorption
under unpolarized light is the average absorption over the TE and TM polarizations [5]. We observe
that, even though the structures were optimized for normally incident light, the absorption is high
in a broad angular range within the wavelength range of interest. More specifically, the average
absorption in the wavelength range between the lower (11) and upper (A2) absorption band edges
is more than 90% when the angle of incidence is up to 60°, and more than 80% when the angle of
incidence is up to 70°.

Vol. 12, No. 3, June 2020 4500810



Absorption
1 1 1 1 1 1 ik 1 1 1.0
T T T T T T T T T T
2500+
1 0.8
— 2000-] F
£ e
= e
£ T 0.6
=2 4
c
2 1500 T
[ 1L
3 1
= Il 0.4
1000- 1
T 0.2
500- T
(I) 1|0 2b 30 40 50 60 70 80 90
0 (Degrees) 0

Fig. 4. Absorption as a function of wavelength and angle for the optimized seven-layer structure of
Fig. 1(b). The optimized layer thicknesses are given in Fig. 2.
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Fig. 5. (a) Ratio of the power absorbed inside each absorbing layer to the total normally incident power
on the optimized seven-layer structure of Fig. 1(b) as a function of wavelength. The optimized layer
thicknesses are given in Fig. 2. (b) Ratio of the power absorbed inside each absorbing layer to the total
normally incident power on the optimized nine-layer structure of Fig. 1(c) as a function of wavelength.
The optimized layer thicknesses are given in Fig. 2.

We now explain the physical origin of ultrabroadband absorption. More specifically, to better
understand how the optimized multilayer structures achieve high absorption in a broad wavelength
range, we investigate how much power is absorbed inside each absorbing layer. For the optimized
seven-layer [Fig. 1(b)] and nine-layer [Fig. 1(c)] structures, the absorbing layers are the Si, Ge, Cr,
and W layers. In Figs. 5(a) and 5(b), we show the calculated ratio of the power absorbed inside
each of these absorbing layers, to the total normally incident power on the optimized seven-layer
and nine-layer structures of Figs. 1(b) and 1(c), respectively, as a function of wavelength. We
observe that, even though these two structures use the same absorbing materials, the absorption
characteristics of the structures are quite different. In the seven-layer structure absorption in the
germanium layer dominates in a quite broad wavelength range [Fig. 5(a)]. On the other hand,
in the nine-layer structure the absorption in the germanium layer is low in the entire wavelength
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Fig. 6. (a) Profile of the absorption distribution for the optimized seven-layer structure of Fig. 1(b) at A
= 420 nm. The structure is excited by a normally incident plane wave. We also calculated the ratio of
the power absorbed inside each layer to the total normally incident power on the structure and from left
to right is: {0, 0, 0.638, 0.346, 0.003, 0, 0}. (b) Same as in (a) except that . = 600 nm. The ratio of the
power absorbed inside each layer to the total normally incident power on the structure from left to right
is: {0, 0, 0.126, 0.798, 0.056, 0, 0.007}. (c) Same as in (a) except that » = 1200 nm. The ratio of the
power absorbed inside each layer to the total normally incident power on the structure from left to right
is: {0, 0, 0, 0.069, 0.843, 0, 0.064}. (d) Same as in (a) except that A = 2400 nm. The ratio of the power
absorbed inside each layer to the total normally incident power on the structure from left to right is: {0,
0,0, 0,0.983, 0, 0.014}.

range of interest [Fig. 5(b)]. In the seven-layer structure the silicon and germanium layers absorb
most of the power at shorter wavelengths [Fig. 5(a)]. As the wavelength increases, germanium and
silicon gradually become less absorbing and absorption in the chromium layer dominates. In the
nine-layer structure the silicon layer is the most absorbing layer for wavelengths up to ~530 nm
[Fig. 5(b)]. At longer wavelengths the incident power is mostly absorbed in the three chromium
layers. We observe that having multiple absorbing layers extends the bandwidth over which high
absorption (>90%) is achieved. In the seven-layer structure there is only one chromium layer and
the absorption is above 90% for wavelengths up to 2801 nm (Fig. 3). In comparison, in the nine-
layer structure there are three chromium layers, which all significantly contribute to the overall
power absorbed by the structure. Through these three chromium layers, the bandwidth over which
high absorption is achieved is extended, so that the absorption is above 90% for wavelengths up
to 3460 nm (Fig. 3).

To further understand the absorption properties of the structures and the physical origin of
ultrabroadband absorption, in Fig. 6 we plot the profile of the absorption distribution for the
seven-layer structure of Fig. 1(b) at different wavelengths, when the structure is excited by a
normally incident plane wave. In addition, the ratio of the power absorbed inside each layer, to total
normally incident power on the structure at different wavelengths, is given in the caption of Fig. 6.
At the wavelength of 420 nm the silicon and germanium layers absorb ~98.4% of the incident
power [Fig. 6(a)]. This is due to the fact that the extinction coefficients of silicon and germanium
are relatively large in the wavelength range between 400 nm and 500 nm [4]. As the wavelength
increases, the silicon layer becomes less absorbing because the extinction coefficient of silicon
decreases [4]. Thus, at the wavelength of 600 nm, the germanium layer absorbs ~79.8% of the
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incident power [Fig. 6(b)]. As the wavelength further increases, silicon becomes transparent and
the extinction coefficient of germanium decreases, while the extinction coefficient of chromium
increases [4]. Thus, at the wavelength of 1200 nm the chromium layer absorbs ~84.3% of the
incident power, while the germanium and tungsten layers absorb ~6.9% and ~6.4%, respectively,
of the incident power [Fig. 6(c)]. At even longer wavelengths, germanium becomes transparent, so
that at 2400 nm the chromium layer absorbs ~98.3% of the incident power [Fig. 6(d)].

4. Summary

In this paper, we presented aperiodic multilayer structures with ultrabroadband near-perfect ab-
sorption in the visible and near-infrared wavelength range. This range is important for many appli-
cations related to solar photovoltaics, imaging, and photodetection. We used a hybrid optimization
algorithm coupled with the transfer-matrix method, to optimize both the material composition and
the layer thicknesses of the aperiodic multilayer structures that are composed of infinite slabs of
material above a semi-infinite substrate. We note that optimization algorithms previously used to
design ultrabroadband near-perfect absorbers only optimized the layer thicknesses of structures
with fixed material composition. In contrast, we found that our approach of simultaneously opti-
mizing the material composition as well as the layer thicknesses leads to structures with broader
near-perfect absorption. Our algorithm maximized the wavelength range A, — A1 over which the
absorption for normally incident light is continuously larger than 90% with a lower absorption band
edge of A1 =400 nm. In order to achieve ultrabroadband near-perfect absorption, we considered
a broad range of materials including dielectrics such as magnesium fluoride, hafnium dioxide, and
silicon dioxide, metals such as chromium, tungsten, and silver, and semiconductors such as silicon
and germanium.

Our hybrid optimization algorithm consists of three stages: a Monte Carlo simulation, a con-
tinuous adaptive genetic algorithm, and a pattern search algorithm. We first perform a Monte
Carlo simulation over the entire design space. We generate a large number of structures with a
random material and a random thickness chosen for each layer. The material compositions of the
best structures are used to parameterize the genetic algorithm in the next stage. One genetic
algorithm population is generated for each material composition obtained in the previous stage.
These populations, each with a different fixed material composition, are run in parallel and converge
towards the optimum of their solution space typically after a few thousand generations. We finally
apply a pattern search local optimization algorithm to the best result from each population obtained
from the genetic algorithm to find the exact optimum.

In this paper, we considered structures with five, seven, nine, and eleven layers. We found that
the bandwidth over which near-perfect absorption is achieved increases with the number of layers.
In addition, simultaneously optimizing the material composition as well as the layer thicknesses
leads to structures with broader near-perfect absorption. The upper absorption band edge 1, is
2103 nm, 2801 nm, 3460 nm, and 3801 nm for the five-, seven-, nine-, and eleven-layer structures,
respectively. We also found that, even though the structures were optimized for normally incident
light, the absorption is high in a broad angular range within the wavelength range of interest.

We also explained the physical origin of ultrabroadband absorption. More specifically, to better
understand how the optimized multilayer structures achieve high absorption in a broad wavelength
range, we investigated how much power is absorbed inside each absorbing layer. We found that,
even though all structures use the same absorbing materials, the absorption characteristics of the
optimized structures with different number of layers are quite different.

As final remarks, we note that the optimized multilayer structures can be fabricated by simple film
deposition methods such as e-beam evaporation [4]. For structures fabricated with such methods
the calculated absorption spectra using the transfer matrix method are in excellent agreement with
the measured absorption spectra [4]. Thus, we expect that, if the optimized multilayer structures
presented in this paper are fabricated with such methods, their absorption spectra will be in
excellent agreement with the calculated spectra shown in Fig. 2.
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