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Tailored Disorder in Photonics: Learning from Nature

Maximilian Rothammer, Cordt Zollfrank,* Kurt Busch,* and Georg von Freymann*

Disorder and photonics have long been seen as natural adversaries and
designers of optical systems have often driven systems to perfection by mini-
mizing deviations from the ideal design. Especially in the field of photonic
crystals and metamaterials but also for optical circuits, disorder has been
avoided as a nuisance for many years. However, starting from the very robust
structural colors found in nature, scientists learn to analyze and tailor dis-
order to achieve functionalities beyond what is possible with perfectly ordered
or ideal systems alone. This review article covers theoretical and materials
aspects of tailored disorder as well as experimental results. Furthermore
selected examples are highlighted in greater detail, for which the intentional
use of disorder adds additional functionality or provides novel functionality

impossible without disorder.

1. Introduction

Over a period of millions of years, nature has evolved opti-
mized materials and structures for a broad range of functions
such as self-cleaning, reversible adhesion, high mechanical
strength, thermal insulation, self-healing, and structural col-
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oration.'3] Through natural selection,

optimally designed nano- and microstruc-
tures have arisen for tailored light-matter
interactions, even despite a rather limited
repertory of materials.’l Hierarchy is a
major reason for the multifunctionality of
natural materials such as feathers, which
keep the birds body warm and make it
water repellant, create wings and tails
for aerodynamic lift during flying, and
furthermore, provide coloration for cam-
ouflage as well as for intraspecific sexual
communication.’-8l

In comparison, mankind just very
recently developed fabrication tech-
nologies, which can be separated into
bottom-up and top-down approaches. In
bottom-up approaches, small building blocks (e.g., nanopar-
ticles or molecules) are organized using self-assembly strat-
egies. Bottom-up approaches are scalable and, hence, are
suitable for mass fabrication. However, self-assembly always
faces the unavoidable risk of introducing unwanted defects
(e.g., stacking faults, missing particles), as these processes are
not fully controllable. Top-down processes on the other hand
allow for full control (within the limits of the precision of the
technique). Here, different techniques have been developed
for 1D (e.g., atomic-layer deposition, chemical-vapor deposi-
tion, molecular beam epitaxy), 2D (e.g., photo-lithography or
electron-beam lithography) as well as 3D (e.g., direct laser
writing, direct inkjet printing, laser induced forward transfer)
structures. With increasing number of dimension, suitability
for mass fabrication reduces. However, top-down fabrication
reaches the required precision of few tens of nanometers even
for 3D approaches to address the length scales present in the
intricate structures found in nature.

Due to the growing worldwide interest in photonics,
researchers study natural systems as many concepts are resil-
ient against disorder or even utilize certain amounts of disorder
to achieve the desired functionality. Coloration derived from the
microstructure and the underlying photonic dispersion rela-
tions and transport processes play an important role, as these
properties can be designed or tailored by controlling the micro-
structure. Combining the precision of top-down approaches
with the flexibility of bottom-up strategies opens new avenues
for structures with controlled amounts of disorder. Here, we
want to review the mechanisms found in natural structures,
briefly discuss the underlying theoretical principles before
we provide a broader overview of materials and methods for
fabrication. We will conclude with a detailed exposition of
four illustrative examples that showcase different aspects of
tailored disorder.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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2. Structural Colors and Disorder in
Natural Photonics

In nature, structural colors originate from diffraction, interfer-
ence or scattering of light and many combinations thereof.’] A
couple of the most vivid colors in the animal kingdom are not
created by pigments, but by wavelength-selective scattering of
light induced by nanostructures.' Various animals and plants
use them for warning signals, to attract mating partners or
sophisticated camouflage to increase the chance for survival of
the species."1?l These structural colors are based on a highly
complex morphology of the epidermis of the organisms. Such
natural photonic systems often exhibit a specific disorder which
manifests itself by irregularities in the arrangement of the spa-
tial distribution of the architectured materials.'>3] Thus, stun-
ning displays of coloration, which are highly intense and, in

www.advopticalmat.de

contrast to pigments, do not fade, are generated by the inter-
action between the visible light and nanoscaled intricate struc-
tures that affect polarization, reflection, or absorption.l®*1]
Some examples of structural coloration in nature are presented
in Figure 1.

Structural color can be classified into iridescent and non-
iridescent.?l Per definition iridescent colors change in hue or
in intensity with the angle of observation or illumination, while
non-iridescent colors persist similar in appearance regardless
of the viewing angle.%?!] From a physical point of view, inter-
ference as well as diffraction can produce iridescent colors.
Besides, certain types of scattering produce non-iridescent
structural colors because they originate from irregularities of
the structure.®22 Most of the structural colors in nature are
considered to arise from the following fundamental physical
principles and combinations thereof: thin film interference,

Figure 1. Photographs of flora and fauna revealing structural coloration in nature. a) Siamese fighting fishes (Betta splendens) during mating, the blue
coloration predominantly occurs through motile iridophores via a multilayer thin film interference phenomenon. This image is courtesy of Jessica
Stanzel (Wetzlar, Germany) and adapted with her permission. b) Hymenoptera (Closterocerus coffeellae) presenting a characteristic polychromatic color
pattern due to thin-film interference against a light absorbing black background, while a light reflecting white background reveals the transparency
and the pigmentation of the wing. Adapted with permission."®l Copyright 2011, National Academy of Sciences. c) The white beetle (Cyphochilus spp.)
shows an ultra-bright whiteness based on scattering elements that trigger a broadband reflection over the whole range of the visible light. Adapted
with permission.”] Copyright 2013, Nature Publishing Group. d) Diffraction gratings lead to the resulting rainbow iridescence of the male Australian
peacock spider (Maratus robinsoni). €) Its abdomen displays a strong coloration across the entire visible spectrum of light when it is wiggled. f) Another
type of peacock spider (Maratus nigromaculatus) generates a more stable coloration arising from a disordered grating architecture. g) Its opisthosoma
exhibits a blue angle-independent coloration. d—g) Adapted under the terms of a Creative Commons Attribution CC BY license."® Copyright 2020, The
Authors, published by The Royal Society of Chemistry. h—j) The brown alga (Cystoseira tamariscifolia) reveals a complex 3D opal structure formed from
quasi-monodisperse lipid spheres. The alga can tailor the degree of disorder precisely and reversibly in response to the environmental illumination.
k) The structural blue coloration is visible at low light ambience. |) In contrast, the blue color vanishes with increasing light intensities. h-l) Adapted
under the terms of a Creative Commons Attribution CC BY license.[') Copyright 2018, The Authors, published by AAAS.
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multilayer interference, diffraction grating effects, photonic
crystals, and scattering by amorphous photonic materials.[1223]

Thin film interference is one of the widest spread and sim-
plest structural colorations in nature.?3! A very well-known
example of color which is caused by thin film interference
is the iridescence of a soap bubble. Another example is the
transparent wings of Hymenoptera (Closterocerus coffeellae,
Figure 1b) that are composed of a membrane of two layers of
chitin. This architecture leads to the characteristic polychro-
matic color patterns that result from variations in the thick-
ness of the wings.[1216:24-20] Tight waves are either reflected or
refracted at the boundaries of media with different refractive
indices. Light beams reflected at the upper and lower interface
interact and create constructive or destructive interference for
a distinct angle and wavelength of incident light. An addition
of further layers produces a periodic stack which results in an
optical material with multiple reflections at the interfaces.[612:23]

Multilayer interference produces brighter and more satu-
rated colors than thin film interference.? In most biological
regimes, structural colors originate in the alternating spatial
arrangement of high and low refractive index (n) materials such
as chitin (n = 1.56) and air (n = 1.0).224 The appearance of the
blue coloration in the Siamese fighting fish (Betta splendens,
Figure 1a) predominantly occurs through motile iridophores via
a multilayered thin-film interference phenomenon of the non-
ideal type. Iridophores are color-generating cells, which reflect
light by stacks of platelets consisting of guanine (n = 1.83), that
is one of the highest known refractive indices for a biological
material [22425.27,28]

In nature, there is often a combination of different physical
phenomena that produce a structural coloration. The brilliant
blue coloration of the Morpho butterfly is based on multilayer
interference along the ridges in the vertical direction and dif-
fraction gratings in the horizontal direction, which scatters this
color over a large viewing angle.22>2%731 This phenomenon
relies on the same physics that is involved in a periodic mul-
tilayer stack, except for the orientation of the periodicity of the
grating.[0122526] Without the scattering into different angles,
a resulting rainbow iridescence effect can be observed at the
Australian peacock spider (Maratus robinsoni, Figure 1d,e). The
structural color originates from 2D nanogratings on microscale
3D convex surfaces with at least twice the resolving power of
a conventional 2D diffraction grating of the same period.*?
During its complex dances to court females, the peacock spider
displays every color across the entire visible spectrum of light
by raising and wiggling its abdomen.[18:32-34

Organisms from the flora as well as from the fauna are also
able to create structural coloration via photonic crystals, which
are periodic dielectric structures in 1D-, 2D-, or 3D-ordered lat-
tices on the order of the wavelength of the visible light.[%23253]
In analogy to electron waves in a solid crystal, the propagation
of light in a photonic crystal is described by a photonic band
structure.[?>3¢ Photonic crystals exhibit photonic band gaps
that forbid the propagation of light within certain frequency
ranges and even exclude the existence of optical modes within
specific frequencies depending on the lattice geometry and spa-
cing.[212:22:23.37.38] Therefore, a certain wavelength span of the
incident light that is corresponding to the forbidden band of
the photonic band gap will be selectively reflected, leading to
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an increase of the color brightness with a rising intensity of
the illumination.® Biological systems can apply striking 3D
photonic crystals in order to generate partial photonic band
gaps that provoke brilliant color, which is reflected over a broad
angle since 3D periodic crystals manipulate the propagation of
light along all directions.!

The recently discovered brown alga (Cystoseira tamariscifolia,
Figure 1h-1) reveals a complex 3D opal structure formed from
lipids. The alga is able to control the packing structure of its
quasi-monodisperse lipid spheres precisely from an ordered to
a disordered level and vice versa. The reflectance of this opa-
line structure is dynamically responsive to environmental illu-
mination in a manner that the structural color is visible at low
light ambience and vanishes completely with increasing light
intensities. So far, the biological function of this light-induced
reversible color changing mechanism is not fully understood,
but there is an indication of a complex interplay between the
intracellular 3D photonic structure and photosynthesis.!"]

Scattering of light can also generate structural colors, but
it is based on completely different principles than those of
multilayer interference or photonic crystals since it originates
from structural irregularities.?>?3] Per definition, scattering is
the interaction of light, entering a disordered medium with
small particles and its consequent deviation from a straight
path through random scattering multiple times that pro-
vokes a random light emission of the material.>1% Light scat-
tering can be classified in phase-dependent scattering that
includes interference, reinforcement, thin film reflection and
diffraction, and phase-independent scattering which involves
Rayleigh, Tyndall, and Mie scattering.*?>#l These scattering
processes are dominant in amorphous photonic crystals, also
known as photonic glasses. They exhibit mainly short-range
order between the respective particles while there is no long-
range order."””l Compared to ordered photonic crystals that gen-
erate angle-dependent coloration due to the narrow reflection
maxima, which is based on the periodicity of the inter-particle
distance, photonic glasses produce angle-independent struc-
tural coloration.!!*!

The white beetle (Cyphochilus spp., Figure 1c) has optimized
the microstructure of its scales, including the filling fraction,
the size, and the distancing of the individual scattering ele-
ments as well as a strong scattering anisotropy in order to
trigger a broadband reflection over the whole range of the vis-
ible light that results in an ultra-bright whiteness and optical
brilliance.'2*>4 A corresponding model structure incorpo-
rating all features into very few parameters®! is discussed in
more detail in Section 5.1.

While the above-mentioned iridescence of the spider
Maratus robinsoni arises from ordered nanogratings, another
peacock spider (Maratus nigromaculatus, Figure 1f,g) features
an approximately angle-independent coloration based on ultra-
dense, curved gratings with a hierarchical disorder.¥ In the
course of evolution, various organisms in nature have devel-
oped the ability to tailor the degree of disorder in a distinct
manner. Photonic crystals are fragmented to create randomly
orientated domains, causing a random propagation of light.[14¢l
Thus, a local order defines the color while a long-range disorder
enables the broadening of the reflectance angle, even in rela-
tively low refractive index materials.[-35#]

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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This interplay between order and disorder can be described
as correlation in the arrangement of building blocks forming
the structures. In a recent review article, the transition from
ordered hyperuniform structures to non-hyperuniform struc-
tures with increasing loss of structural correlation is used to
describe the amount of disorder in a system.*’] Uncorrelated
disorder and the effects on photonic transport properties are
nicely covered in recent review articles as well.¢4]

With respect to precise fabrication, which first of all ena-
bles the aspect of tailoring the structural arrangement, we
have to differentiate between intrinsic (and mostly uncor-
related) disorder and extrinsic disorder. Intrinsic disorder is
present due to fabricational deficiencies like surface rough-
ness or inhomogeneous material distribution or being due to
self-assembly processes, which cannot be fully controlled, for
example, agglomeration of nanoparticles or stacking faults in
self-assembled nanospheres. Intrinsic disorder is stochastic
in its nature and can be treated via effective quantities like a
diffusion constant. Intrinsic disorder alone is not in the focus
of our article, although we will show that it can be used in a
very deterministic way to tailor photonic properties. Extrinsic
(or tailored) disorder on the other hand is introduced in
a deterministic way, so that all deviations from an other-
wise ordered structure are known and can be quantitatively
described. This includes uncorrelated disorder as well, but
in a way, which allows full control on the distribution of the
building blocks. This is the field of tailored disorder, where
novel properties are introduced and studied in a controlled
and reproducible way.

3. Theoretical Background

In this section, we summarize basic notions and effects asso-
ciated with light propagation in passive random media with
uncorrelated disorder, introduce the relevant quantities and
approaches for analyzing such systems, and provide a brief per-
spective on active random media and correlated disorder.

Light propagation in disordered media can be considered
on different levels. Disregarding the wave nature of light—
loosely speaking, as in a ray-optical description—leads to the
consideration of diffusive energy transport, that is, the mul-
tiple-scattering of light is treated akin to a random walk and
the disordered medium is mapped onto a (spatially dependent)
diffusion constant D(¥) for the intensity of light I(7,t) (see
Chapter 9 of ref. [50]). For instance, considerable research and
engineering efforts have gone into methods for locating and
imaging statistical inhomogeneities such as objects hidden
in turbid media®-> as well as for quantifying motion on the
microscopic scale (e.g., blood flow in tissue and rheological
properties of soft matter) via the analysis of the calibrated
intensity-autocorrelation function associated with the intensity
fluctuations within a speckle spot (see below), the so-called dif-
fusive wave spectroscopy.>>*?l Conversely, it has recently been
demonstrated that judicious tailoring of the diffusion constant
D(r) allows the broadband and omni-directional cloaking of
objects, so that they do not even cast a shadow.>” For instance,
this can be employed to cloak the contacts in organic light
emitting diodes (OLEDS), thereby homogenizing its emission
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characteristics.® We will discuss this approach in more detail
in Section 5.3.

Including the wave nature of light modifies the above dif-
fusion picture in several ways. First, if the wavelength is com-
parable with the size of the scatterer, light can excite the scat-
terers’ geometric resonances, the so-called Mie resonances. For
low densities of scatterers, this leads to an additional “dwell
time” 7, per scattering event that has to be added to the time-of-
flight 7 between two successive scattering events. This results
in a strongly frequency-dependent renormalization of the
energy transport velocity vy = v/(1+1,/7), where v represents
the transport velocity in the long-wavelength limit*°-®! and
translates directly into a corresponding renormalization of the
diffusion constant D = (1/3)vgl, = Dy /(1+ 7, /7). Here, I, denotes
the transport mean free path and D, =v1,/3 the bare diffusion
constant.’% Tt should be noted that the transport mean free
path I, which describes the length scales over which the trans-
port direction of energy becomes randomized is distinct from
the scattering mean free path I which describes the length
scale over which the phase of a propagating plane wave is rand-
omized.’% They are interrelated via I, = I/(1 — g), where g is the
so-called asymmetry factor. For instance, this asymmetry factor
can be tailored by engineering the individual scatterers.[®?

As the scatterer density, ng.y increases, that is, roughly
when, in three spatial dimensions, the distance d=n.,
between scatterers becomes comparable with the length scale
o' associated with the scattering cross-section o, that is, when
0'” ~1/nl,, these strongly wavelength-dependent “dwell time”
modifications broaden in frequency and become less pro-
nounced, eventually becoming completely washed out.[6364

A second modification of the ordinary diffusion picture is
associated with the constructive interference of time-reversed
paths in the scattering medium. On the one hand, this leads to
the so-called coherent backscattering effect, where an ensemble-
averaged enhancement of the backscattered intensity by a factor
just below 2 can be observed in a narrow angular range around
the direct backscattering direction.°>%! In fact, a careful theo-
retical analysis reveals that the width of this backscattering
cone is proportional to A/l (A: wavelength of light) with a
proportionality constant close to 1,1 thus opening a practical
way for measuring /. On the other hand, enhanced backscat-
tering clearly reduces the diffusion constant. In strongly scat-
tering systems, the corresponding corrections can become as
large as the bare diffusion constant itself. In other words, suf-
ficiently strong disorder may bring the diffusion of light to a
complete halt, a phenomenon which has first been predicted
for non-interacting electron wavesl®! and, when adapted to light
waves, is known as Anderson localization of light (see ref. [69]
for a review on coherent backscattering and Anderson localiza-
tion of light). Owing to its fundamental importance regarding
our understanding of wave propagation, Anderson localization
of light has been and still is being investigated from various
angles as well as in systems with different types of disorder
(see, e.g., refs. [70-72]).

Finally, the interference of (light) waves associated with mul-
tiple scattering processes within random media leads to the for-
mation of spatially randomly varying intensity patterns. These
so-called speckle patterns may also be observed on a screen
outside the random media, and, in principle, such a pattern

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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contains significantly more information about the associated
random medium than what can be obtained within the diffu-
sion approximation. At this point, it is worth to recall that the
aforementioned diffusive wave spectroscopy analyzes, in one
spatially fixed speckle spot, the temporal intensity correlations
that are created by a temporarily varying random medium.
Thus, diffusing wave spectroscopy analyzes the “temporal
speckle pattern” in one particular spatial location and thereby
extracts information about the changes in the random media.
As the observation point remains fixed, a treatment of dif-
fusive wave spectroscopy within the diffusion approximation
is adequate.

Based on the overall physical picture sketched in the pre-
vious section, random media may be modified or tuned in
several ways, thus, allowing the tailoring of such systems for
numerous application.

For instance, when a gain medium is combined with dis-
order, the resulting multiple scattering provides a feedback
mechanism that can lead to laser-like emission characteristics
from the composite system.”3] Specifically, when the multiple
scattering is adequately treated within the aforementioned dif-
fusive energy transport framework, this feedback is incoherent
and essentially consists in increasing the time a photon spends
within the gain region relative to the time of a ballistic flight.
If this increased time exceeds the radiative life time of the gain
material, a spontaneously emitted photon, on average, trig-
gers more than one stimulated emission before it leaves the
gain region. Thus, a “photonic bomb”-like effect,”*”*! akin to
amplified spontaneous emission, occurs. Similarly, the “dwell
time” renormalization of resonant scatterers may be exploited
to tune the emission of such random lasing systems to specific
frequencies.””! A coherent feedback regime of such random
lasing systems is realized when the multiple scattering treat-
ment requires the inclusion of coherent-backscattering-type
effects./47%]

Recently, random lasers for applications in bio-sensing have
been realized in self-assembled biocompatible systems! and
meshes of subwavelength waveguides.’® Similarly, random-
laser-based super-resolution spectroscopy has been demon-
strated very recently.””!

Tuning the correlations of scatterers in disordered systems
represents another fascinating handle to tailor the optical prop-
erties of random media. For instance, assembling random dis-
tributions of mono-disperse spheres with filling fractions near
the random packing limit spawns the novel material class of so-
called photonic glasses (which could also be called amorphous
opals)®%81 which lend themselves to the tailoring of structural
colors.Bl By the same token, random media with hyperuni-
formly distributed scatterers facilitate the creation of nearly iso-
tropic complete photonic band gaps even for rather low index
contrasts between the constituent materials.®3l Recently, a hype-
runiformly disordered platform for near-IR waveguiding appli-
cations in silicon systems has been realized® and the utility
of hyperuniform structures for k-space based engineering of
structural colors has been established.®#% Hyperuniform
system are treated in more detail in Section 5.2.

Besides the aforementioned tailoring of correlations or gain
in random media for, respectively, creating structural-color
and random-lasing applications, there exists another class of
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applications that hinges on tailoring the input to and/or ana-
lyzing the output (i.e., the speckle pattern), from random media.

For instance, carefully crafting the structure of the radiation
that excites a random medium in terms of frequency spec-
trum as well as amplitude- and polarization-structure of the
relevant spectral range allows to employ the random medium
as an effective lensing system for focusing and/or imaging
application.®”] Such approaches analyze the correlations of the
speckle pattern emerging from an illuminated random sample
in space and frequency and from this derive a feedback so that
the illumination can be iteratively improved for realizing a
desired functionality. Related imaging approaches analyze the
speckle patterns that results from fluorescent objects that are
hidden in turbid media.®® The resulting resolution consider-
ably exceeds the resolution that can be obtained within the
diffusive energy transport approximation. Similarly, a careful
analysis of the speckle pattern from the aforementioned dif-
fusive cloaks actually allows to uncloak cloaked objects.®! Fur-
ther, based on the insight that knowing the transmission matrix
through a random medium can be utilized for the construction
of polarimeters and spectrometers,®” considerable research
efforts have been directed toward the creation of efficient and
broadband integrated random spectrometers, first based on 2D
silicon photonic-crystal architectures for applications in the tel-
ecom bands®¥ and recently in standard integrated optical layout
based on silicon-nitride waveguiding structures for operation
from the visible to the telecom frequency ranges®> (see also
Figure 2). Specifically, the latter platform has been demon-
strated to operate down to the single photon level.*¥

Besides the utility of such integrated single-photon random
spectrometers for quantum technologies, disordered photonic
structures can also serve as quantum simulators. For instance,
in the frequency domain guided light propagation within fibers
or 1D waveguides can efficiently be described by the forward
Helmholtz equation. As this equation can directly be mapped
onto the Schrodinger equation where the propagation dis-
tance of the former corresponds to an “effective time,” rand-
omizing the propagation constants of the waveguiding element
in propagation direction corresponds to the introduction of a
time-dependent fluctuating potential in the latter. In other
words, coupled waveguiding systems excited by quantum light
lend themselves to the quantum simulation of decoherence
processes. For instance, recently, a corresponding theoretical
framework for analyzing the associated quantum correlations
in such systems has been developed® and corresponding
experiments have confirmed the existence of so-called deco-
herence-free subspaces for indistinguishable photons.””! Such
coupled-waveguide based systems are discussed in more detail
in Section 5.4.

4, Materials, Processes, and Applications for
Tailored Disordered Architectures

In the following section, materials, production methods, and
promising future applications as well as actual implementa-
tions that enable tailored disordered arrangements or benefit
from them are described and visualized in Figure 3. A well-
known method that is used to generate tailored disordered

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Illustration of the design and operation principle of a silicon-
nitride based integrated random spectrometer by a combination of mul-
tiple-scattering theory and direct simulations (only the direct simulations
are shown). a) A pulse of guide waves enters into a semi-circular area of
a planar waveguide that comprises the heart of the random spectrom-
eter. This semi-circular region contains randomly positioned pores and its
radius is determined via multiple-scattering theory such that the diffusive
regime is realized for the multiply scattered input pulse. This makes the
device operation, specifically its spectral resolution, independent of the
actual positions of the pores. b) Through multiple scattering events, the
major part of the input pulse propagates into the random spectrometer
while a smaller part is backscattered into the input waveguide or scat-
tered out of the spectrometer. c) Eventually, the diffusing pulse reaches
the edge of the semi-circular region where several output waveguides
read out the speckle pattern. A Fourier-transform of these output signals
delivers the transmission matrix that fully characterizes the device opera-
tion in the frequency range provided by the input pulse. For instance, the
decay of the resulting spectral correlation function gives the spectrom-
eter’s spectral resolution. For further details we refer to refs. [92,93]. The
spectrometer consists of a semi-circular region with radius 25 pm that
contains pores with radius 125 nm that cover 9% of the area. The opera-
tional wavelength is around 750 nm. The simulations have been carried
out with the DGTD finite-element method.® Courtesy of Thomas Kiel
and Paris Varytis.

structures is the phase separation of strongly immiscible poly-
mers.”®] Here, two polymers, for example, polymethyl meth-
acrylate (PMMA) and polystyrene (PS) are dissolved in an
appropriate solvent, mixed, and spin-coated onto a substrate.[*’!
During the evaporation of the solvent, phase separation of the
polymers occurs due to the different polarity of these polymers
and leads to a disordered alignment of the respective poly-
mers.'% These disordered atrrays can be tailored in a manner
of regulating the mean feature size via adjusting the processing
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parameters such as tuning the mass ratio of the polymers, their
molecular weights, and the applied solvent and the solvent
concentration.”®1% Through this self-assembly process, also
nanoscaled disordered patterns are achievable that can be used
to fabricate light trapping structures for thin film solar cells.%?!
Thin-film photovoltaic cells represent an efficient and sustain-
able technology for sunlight harvesting, since it exhibits a lower
material consumption and hence possibly lower production
costs compared to other solar cells. However, these advantages
are connected with a significant loss of absorption of the inci-
dent irradiation due to the lower amount of employed material.
This leads to a lower short-circuit current density.[103104

In order to overcome this limitation, for example, bioin-
spired nanostructures are deployed, which possess efficient in-
coupling and light trapping capabilities in combination with a
high angular robustness. Thus, the absorption of incident light
by thin and ultra-thin layers of inorganic (such as amorphous
silicon) and organic materials is enhanced.'%1%3 The fraction
of PS is removed through a selective etching process from the
phase separation patterned binary polymer arrangement of PS
and PMMA. This induces the formation of nanoholes that are
structurally disordered in a tailored manner with respect to
their distribution. In a subsequent reactive ion etching step,
the nanoholes are transferred into a hydrogenated amorphous
silicon layer by employing the patterned PMMA layer as an
etching mask (Figure 3e). Thus, a thin photovoltaic absorber of
disordered nanoholes is generated, mimicking the architecture
of the wings of the black butterfly (Pachliopta aristolochiae) that
harvests sunlight over a wide spectral and angular range. This
bioinspired adaptation enables an improved light harvesting
through an enhanced absorption over the entire spectral range,
achieving a relative integrated absorption increase of 90% at
normal incident angle of light to about 200% at large incident
angles. 101

A further method to improve solar harvesting is the coating
of quasi-periodic surface wrinkles as a transmission grating
on planar heterojunction crystalline silicon solar cells in order
to increase the light absorption. This relies on an efficient in-
coupling of incoming photons and a recapturing of light that
is reflected on the front side of the solar cell.'”) The wrinkling
of the all-polymer material is induced via the coating of a thin
PMMA film onto a stretched shape-memory polymer substrate
which leads to a mechanically directed self-assembled and dis-
ordered surface structure during recovering (Figure 3a). The
disorder of the wrinkles can be tailored by adjusting their mean
periodicity and heights through tuning the fabrication param-
eters such as the coating thickness (Figure 3b—d) or the applied
stretching force.'">1%] These wrinkled structures can be easily
replicated into a transparent resist layer that is deposited on the
planar front side of a photovoltaic cell.'"”]

Another possible application is the utilization of these surface
wrinkles to provide flexible OLEDs with broadband light out-
coupling properties.'””] Both of these self-assembly processes,
the phase separation method as well as the surface wrinkling
technique are highly scalable, rapid, and cost-effective.[10%101.107]
Therefore, their implementation to different photovoltaic tech-
nologies would be economic and ecologically worthwhile.

The mechanism of phase separation can also be applied
in additive manufacturing technologies such as direct laser
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Figure 3. a) Process scheme of fabricating surface wrinkles. A shape-memory polymer (SMP) is stretched from its permanent state (perm) to a
temporary form (temp). Then, the elongated substrate is coated with a thin layer of polymethyl methacrylate (PMMA). During recovering of the SMP,
the substrate shrinks. This leads to a surface distortion and hence to a wrinkled structure. The size of the wrinkles can be tuned via the thickness of
the coated PMMA film from approximately b) 700 nm, c) 1.5 um to d) 5 um. a—d) Adapted with permission.%l Copyright 2017, The Royal Society of
Chemistry. e) Schematic of the production of a bioinspired thin photovoltaic absorber of disordered nanoholes. After the evaporation of the solvent,
the spin-coated polymers PMMA and polystyrene (PS) separate into two phases. Thus, the fraction of PS is removed through a selective etching
process. This leads to a template for the transfer of the nanoholes into the hydrogenated amorphous silicon layer (a-Si:H) via a reactive ion etching
step. Adapted with permission.['! Copyright 2017, The Authors, published by AAAS. f) Photonic coloration originates from an arc structure that can
be tilted in two directions. Adapted with permission.l Copyright 2019, Optical Society of America. g) Perpendicular arrangement of the arc struc-
tures inside and outside of the butterfly geometry that can be employed for anticounterfeiting devices. h,i) The optical properties of the biomimetic
architectures in reflection and transmission depend on the tilt direction of the sample or the illumination position. g—i) Adapted under the terms of
a Creative Commons Attribution CC BY license.[l Copyright 2020, The Authors, published by Springer Nature. j) All components of the photoresist
are completely miscible in the unpolymerized state, while a polymerization-induced phase separation occurs during the direct laser writing process.
A porous polymer structure is achieved by removing the unpolymerized component of the resist. k) The left cylinder is fabricated with a conventional
photoresist, whereas the right one is produced with the phase-separating resist. Thus, the left cylinder is solid and appears transparent, while the
nanoporous cylinder seems white due to strong light scattering. j,k) Adapted under the terms of a Creative Commons Attribution CC BY license.['%®]
Copyright 2020, The Authors, published by Wiley-VCH.

writing in order to produce self-assembled nanoporous archi-
tectures with mean pore sizes around 50 nm.'%°l The especially
designed photoresist consists of several components which are
completely miscible in the unpolymerized state, while a polym-
erization-induced phase separation occurs during the direct
laser writing process. This leads to the formation of 3D con-
tinuous networks of the unpolymerized and the cross-linked
species. A porous polymer architecture is obtained by removing
the non-polymerized component of the resist (Figure 3j). Thus,
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the nanopores are filled with air, which provokes light scat-
tering in case the refractive index contrast between the polymer
and air is sufficient large enough (Figure 3k). The final porosity
of the 3D printed material can be tailored over a wide range via
tuning the writing parameters. Generally, the porosity decreases
with an increasing laser power. This enables a variety of appli-
cations of these nanoporous architectures, for example, in
terms of controlling diffuse light scattering, which was already
attained by printing miniature Ulbricht light-collection spheres.
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Further possible purposes are the application as nanoparticle
filters in microfluidics or as scaffolds for cell culture and tissue
engineering.[1%°l

Direct laser writing via two-photon absorption allows also
a production of biomimetic nanoarchitectures inspired by the
blue Morpho butterfly. This results in a structural coloration
with just a small angle dependence through tailoring the degree
of disorder within the photonic pattern. This approach ena-
bles adjusting of structural colors with a distinct hue such as
blue, green, yellow and brown via modifications of the process
parameters.'") For mimicking this complex natural photonic
multilayer architecture, the interference-assisted polymeriza-
tion method is applied,!®® since the resolution of the con-
ventional two-photon polymerization process is too low. This
allows an adjustment of the structural features in the range of
approximately 20 nm by varying solely the average laser power
during the direct laser writing process.'!! Especially, the blue
coloration is almost angle-independent, since it reveals several
modes of disorder. They are based on the low degree of polym-
erization due to the operation of the two-photon polymerization
at low laser power close to the polymerization threshold.

These inhomogeneities of the multilayer structure in com-
bination with height differences and several tilted areas cause
angle-insensitive optical properties in a range of 30° through
incoherent scattering for the green and blue hue, while the
yellow and brown coloration displays a stronger angle depend-
ence. This originates form the two-photon polymerization
at higher average laser power that leads to a higher degree of
cross-linking and hence to an absence of disorder.'! A prom-
ising field of applications for such tunable structural coloration
can be seen in anticounterfeiting devices (Figure 3f-i) or bio-
mimetic coloration systems.' Model structures derived from
disorder properties which mimic the optical properties of the
Morpho butterfly without reproducing the overall structure!*!
are discussed in more detail in Section 5.1.

A new type of bio-based photoresist emerged during the last
years that is based on methacrylated polysaccharides such as
cellulose, ! hyaluronic acid,'%M dextran,M% and pullulani'!
and can be applied in two-photon polymerization. This class of
resists is derived from renewable resources, hence representing
a sustainable and environmentally friendly alternative com-
pared to fossil-based polymers.

Another simple fabrication method to generate 2D nano-
structured strongly correlated disordered substrates relies on
the self-stabilized colloid deposition. A disordered packing of
colloidal spheres exhibits an angle-independent structural col-
oration in case that the particles are on the scale of the wave-
lengths of the visible light.'"¥l This approach is scalable and
allows for the tailored fabrication of disordered structures via
tuning of the experimental parameters such as the size distri-
bution of colloids or the ionic strength of the dispersion.8’ The
nanoparticle patterns are obtained via the attaching of particles
onto a substrate due to their opposite charge. Therefore, a sup-
port structure that is coated with a thin Al,0O; layer is immersed
into a colloidal dispersion of PMMA nanospheres. The nano-
spheres are immobilized at the Al,O; layer due to electrostatic
forces. Subsequently, the aqueous solvent is removed via lyo-
philization in order to avoid an aggregation of the particles.
The resulting pattern appears randomly as the nanospheres
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are not arranged periodically, but it exhibits a common average
interparticle distance. This interspace can be tuned by the ionic
strength of the dispersion solution such as an increase of the
ionic strength leads to a decreasing interparticle distance. This
bottom-up process enables a tunable fabrication of optical sub-
strates revealing correlated, in particular, hyperuniform dis-
order. Hence, it opens up a new class of photonic material for
new possibilities of k-space engineering.[®’]

5. Examples

In this section, we highlight four selected examples which
exemplify the theoretical concepts and experimental approaches
summarized in the previous two sections. As the field has been
largely inspired by coloration found in nature, we discuss how
a model is derived that is capable via variation of only very
few parameters to use tailored disorder to achieve coloration
as well as brilliant white. This example directly showcases
“learning from nature,” as it grows beyond mere bio-mimicry
by implementing the same functionality as found in nature but
in a much more abstract way. In a second example, we show
how hyperuniform disorder allows to create photonic band-
gaps and functional structures, so far a domain of perfectly
ordered structures. In the third example, intrinsic disorder in
the form of homogeneously distributed scattering centers is
discussed, which is used to create cloaks for diffusive light.
As a last example, disorder in coupled waveguide systems is
reviewed. In a disordered environment, hopping rates between
coupled waveguides can be influenced and propagation in
disordered waveguide arrays can be used to control the inten-
sity correlation g from coherent to thermal and even super
thermal distribution. Propagation of entangled photons is also
briefly discussed.

5.1. Structural Coloration and Brilliant White

As discussed in the overview on how nature utilizes disorder in
a very clever way, iridescent as well as non-iridescent coloration
and even brilliant whiteness are created from a very limited
choice of materials, most of which have a low refractive index
(n < 1.9) at least compared to semiconductors. In a very early
paper on coloration in nature, Vukusic and co-workers argued
that only a narrow border should separate the mainly ordered
structures like those of the colorful butterflies from the highly
scattering white structures found in certain beetles.*?! Mate-
rials used and typical dimensions of these structures are very
similar; hence, the spatial arrangement has to play a major role.

The non-iridescent blue coloration of the Morpho butterflies
as well as the brilliant whiteness of Lepidiota stigma and bee-
tles of genus Cyphochilus are very well studied and the under-
lying processes understood.[121842-44114115]

Here, we want to discuss how to transfer these optimized
microstructures to a simple model, ! which allows repro-
ducing non-iridescent coloration as well as brilliant whiteness
with a material of low refractive index (n = 1.55) by accounting
for the underlying disorder mechanisms. This encompasses
the optimized microstructure of the scales, including the filling
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fraction, the size, and the distancing of the individual scattering
elements as well as their size distribution and spatial arrange-
ment. The goal is to not only reproduce the coloration but also
to match the time-resolved and highly anisotropic transport
properties of single scales.[*311]

To achieve coloration, the stop gaps of 1D photonic crys-
tals (Bragg-stacks) are a starting point. Without modification,
such a Bragg-stack delivers iridescent colors, which strongly
vary with the angle of incidence (or observation). Breaking the
Bragg-stack apart into pieces with subwavelength dimensions,
for example, a footprint of 300 nm x 300 nm, and shifting these
pieces up and down in a random fashion, leads to scattering
of the light from the stop gap into all directions and, hence, to
non-iridescent angle-independent coloration, thus mimicking
the effects found in the scales of the Morpho butterflies. This
approach is visualized in Figure 4a, where a 2D cross-section
of the otherwise 3D structure is depicted. The different Bragg-
stacks have all the same period and layer thickness, but they
are shifted along the stacking direction. Light impinging from
the top is scattered into all directions due to the subwavelength
footprint of the individual Bragg-stacks along the in plane
directions, leading to non-iridescent coloration, as shown on
the right hand side of Figure 4a. Here, finite-difference-time-
domain (FDTD) calculations have been used to calculate the
angle dependent color distribution. For a certain realization, the
blue color is spread into the full half-space above the sample.
With several scales with different disorder realizations present,
the blue color is even more evenly spread, filling the darker
spots observable in the figure.

To achieve brilliant whiteness with the same approach, a
close inspection of the materials distribution found in the
scales of the white beetles is necessary™ One finds that
here the coloration stems from a second-order stop gap,
which covers due to the disorder all wavelengths in the visible

—
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range. Positional disorder as well as thickness variation of the
different layers and even missing layers contribute to a struc-
ture, which very efficiently scatters light of all visible frequen-
cies into all directions.”] A schematic sketch of this layout is
shown in Figure 4b. Layer thickness and presence of layers are
randomly varied with distributions retrieved from the original
beetles." This leads to all visible colors scattered into all direc-
tions, which create the overall white appearance of the beetle as
shown in the FDTD calculations.

These structures can nevertheless be fabricated by 3D direct
laser writing and demonstrate the same optical appearance as
the beetle scales. A direct comparison between an original
beetle scale and the Bragg-stack structure under a light micro-
scope with 10x magnification is depicted in Figure 4c. The
light microscopy image in reflection mode clearly shows the
different colored speckles expected from the numerical calcu-
lations. The structures appear darker than the glass substrate,
as light is scattered under larger angles than the numerical
aperture of the 10x microscope objective can collect. Observed
with the naked eye, scale and model structure appear in the
same brilliant white, as shown in Figure 4d. The direct laser
written structure is marked with the white arrow and repro-
duced in the enlarged inset. The scanning electron micros-
copy top view shown in Figure 4e demonstrates the different
Bragg-stacks with their respective footprint (here 1 um x 1 pm.
As the brilliant white is generated from the second order
stopband, this model nicely scales. On can easily enlarge the
overall periodicity of the Bragg-stack to meet fabricational
requirements and still observe the same brilliant whiteness,
if one works with the third or even higher order stopbands.
This is a direct benefit of this model structure, as it does not
require close mimicking of the natural blueprint but utilizes
the overall disorder characteristics important for the function-
ality of the structure.

Figure 4. a) Model structure and color distribution for Bragg-stacks. b) Model structure and color distribution for disordered Bragg-stacks. c) Light
microscopy image of a single scale and a disordered Bragg-stack structure under medium magnification (10x). The brilliant white dissolves in several
colored speckles under this magnification as predicted from the model structure. d) Photograph of a white beetle sitting on a glass substrate with a
disordered Bragg-stack structure (see arrow). Clearly, the brilliant white of beetle and structure are visible. The Bragg-stack structure is enlarged in the
inset marked with the dotted line. e) SEM image of a fabricated disordered Bragg-stack structure similar to the one shown in (c).
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Optical transport measurements and corresponding
numerical calculations on the beetle scales and the disordered
Bragg-stack structures show similar time-constants and spec-
tral distributions, establishing that the simple model reliably
reproduces the optical properties of the intricate beetle scales,
although only very few average parameters are required: the
average layer distance and distance distribution, the average
layer thickness and thickness distribution, and the filling frac-
tion, controlled by the number of layers to be removed.

5.2. Hyperuniformity

As alluded to in Section 3, hyperuniform materials allow for the
formation of isotropic but disordered photonic materials, which
nevertheless possess complete band gaps for all directions of
propagation and for all polarizations.!"®! Mathematically, hype-
runiform materials can be constructed from an array of points,
whose number variance within a spherical sampling window
grows slower than the corresponding volume.!¢]

Due to the random nature of these network structures,
even a large amount of defects, that is, the removal of links
in the networks does not lead to a closing of the band gap. In
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theoretical modelling, up to 58 % of links could be removed
without closing the gap completely.'"”] Hence, it comes as no
surprise that many structures found in nature possessing only
a slight amount of incoherent disorder belong to the more gen-
eral class of hyperuniform materials.

Furthermore, although not as straightforward as in ordered
photonic crystals® but without the restrictions to the sym-
metries of photonic crystals, resonators and waveguide struc-
tures can be introduced. As a benefit of the homogeneous
structure of the hyperuniform materials, waveguide bends can
be constructed for almost arbitrary angles."”] A few examples
are depicted in Figure 5a—c. For 2D structures, even for a low
refractive index contrast of 1.6:1, complete isotropic gaps open,
making these structures favorable for experimental realization.

These promising concepts have been extended toward 3D
hyperuniform materials, although here higher refractive indices
(around n = 3.6, even slightly higher than for 3D photonic crys-
tals) are required to open isotropic bandgaps.['??!

Soon after these theoretical proposals, experimental realiza-
tion of hyperuniform materials have started for microwave radia-
tion. 2D materials consisting of cylinders and connecting walls of
commercially available Al,O; building blocks demonstrate com-
plete bandgaps as well as the waveguides with arbitrary bending

Experiment

-~ -T0-10°

——T10-30° y
T gold pad 10-30° -

0.0 T
15 20 25 30 35 40 45 50 55
A (um)

Figure 5. a—c) Different waveguide realizations inside a 2D hyperuniform structure made from Al,O3 cylinders and walls designed for operation at
microwave frequencies. Transmittance for all three realizations reaches up to 25% inside the bandgap marked in red. HD, hyperuniform defect. Repro-
duced with permission.['?% Copyright 2013, National Academy of Sciences. d) Realization of a 3D hyperuniform structure made from silicon for opera-
tion in the near-infrared. e) Close up of (d). f) Focused ion beam cross-section of the structure showing the materials distribution inside the structure.
g) Experimental transmittance spectra of the structure in (d) for two different angle regions (top) compared with theoretical calculations for different
sample thickness (bottom). d—g) Reproduced with permission.'?'l Copyright 2017, Optical Society of America. h) A 2D hyperuniform structure with an
embedded waveguide fabricated in silicon on insulator via e-beam lithography. Reproduced under the terms of a Creative Commons Attribution CC BY
license.® Copyright 2019, The Authors, published by Springer Nature.
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angles?% (see Figure 5a—c). Cylinders have a radius of r=2.5mm

and the wall a thickness of t = 0.38 mm; structures are assembled
by hand. At microwave frequencies, the material has a refrac-
tive index of n = 2.96. Transmittance through these waveguides
reaches up to 25% (right hand side of Figure 5a—c). These values
are in good agreement with theoretical expectations (not shown).

As hyperuniform materials promise to open bandgaps for
smaller refractive index contrast than photonic crystals, that is,
for refractive indices of n < 1.9, the same group realizes a hype-
runiform material via stereolithography from a transparent,
polycarbonate-based plastic with refractive index n = 1.61123
(Accura 60 from 3D Systems). Here, an isotropic bandgap for
TE polarization in this 2D structure could be experimentally
measured at 23.5 GHz. Comparison with photonic crystals as
well as quasicrystals fabricated along the same lines demon-
strate that hyperuniform materials indeed show the most iso-
tropic and widest bandgap for a given refractive index contrast.
2D realization for microwave frequencies are fabricated via
direct printing of Al,0; amorphous gyroid structures, having
an isotropic bandgap at around 2.2 GHz.[24

First 3D realizations of hyperuniform materials targeting
bandgaps in the near infrared spectral range use 3D direct laser
writing for sample fabrication. Here, the cylinders and walls
from the 2D design are replaced by a 3D linked network close
to the theoretical suggestion.'”1?2 Light scattering measure-
ments in comparison with theoretical expectations confirm the
overall hyperuniform arrangement of the material.'?l Further
reducing the length of the links from a = 3.3 ym to a = 2 pm,
the same group analyzed in detail the fabrication challenge of
hyperuniform materials for telecommunication wavelength
around 1.5 um. They confirm that by scaling down the length
of the links, the optical scattering properties scale down too,
as expected. Typical experimental deviations as shrinkage or
ellipsoidal cross-section of the links do not lead to markable
deviations from the theoretical expectations. However, realizing
these structures in high-index materials instead of polymer
is challenging.

To achieve this, silicon chemical vapor deposition is applied,
which has already led to 3D silicon photonic crystals!'??! and
quasicrystals.”] The process starts from the polymer template,
which is coated with a very thin layer of titania. Subsequently,
the polymer is thermally removed, leaving a thin titania
hyperuniform network. This network is then coated with the
required amount of silicon via chemical vapor deposition.['?8]
For corresponding structures, see Figure 5d—f. First hints of a
gap opening around 3 um are observed in transmittance spec-
troscopy, corresponding nicely with theoretical predictions
(Figure 5g). However, no angle-dependent measurements are
reported to confirm an isotropic gap.!?®8 Further reduction of
the link length down to a = 1.54 um led to a gap positioned
around 2.4 um, which marks so far the shortest wavelength
achieved for 3D hyperuniform materials.['!

2D hyperuniform materials fabricated via electron-beam
lithography in a silicon on insulator platform target the
bandgap for TE polarization to be centered around 1.55 pm. 4
Waveguides (see Figure 5h) as well as resonators could suc-
cessfully be integrated. If fabricated in a p+pinn+ configuration
(i-e., p-doped silicon, intrinsic silicon, n-doped silicon), elec-
trical tuning becomes possible.
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Adding electric aluminum contacts on the p-doped and the
n-doped side, a certain tunability of the resonators wavelength
sitting in the intrinsic part is achieved. Varying the applied
voltage by only 2 V, the resonance can be tuned from 1585.2
to 1583.2 nm. With increasing voltage, the quality factor of the
resonator also decreases from above 10° down below 10*. This
tunability allows for switching signals with a bandwidth of up
to 1 GHz by applying only 70 mV.[#4

5.3. Tailored Diffusion and Cloaking

Optical invisibility cloaking using transformation optics is a
successful route to molding the flow of light for ballistic light
propagation.'??13% While here mostly resonant structures
are required, broadband, angle-, and polarization-insensitive
designs and realizations are scarce and mainly of academic
interest. Tailoring the diffusive properties of materials sur-
rounding an object to be concealed allows for very effective
cloaking in a stationary sense, rendering the object truly invis-
ible for almost all conceivable way of common real life illu-
minations.3! Stationary means, in this context, timescales
derived from the time light takes to propagate through the
structures. Even diffusive transport of light happens on times
much shorter than what even the most sophisticated motion
capture cameras are able to detect.'3? Here, intrinsic disorder
is used while its spatial distribution is tailored to control the
diffusivity of light D(F).

As discussed in Section 3, when interference effects are
neglected, light transport in diffusive media is described via the
diffusion equation(!

Y/ Y anphot _ nphot
V.(DVnth ) - T = T (1)

Nphot 18 the photon density, 7is the photon lifetime 7= /v,
libs the absorption mean free path length, and v, the energy
transport velocity. As the speed of light in media with diffusive
transport is still extremely fast, transient phenomena can be
neglected so that the stationary version of the diffusion equa-
tion is a very good description for the propagation of light:

V- (DVige) = 0 (2)

For the diffusivity, we have to use D = (1/3)v.l,, as described
above. As straightforward as this equation looks, care has to be
taken, as the model is based on simplifying assumptions, 33
which lead to a few rules-of-thumb:3U i) I, < 0.1L, that is,
transport mean free path length is significantly smaller than
the smallest extent L of a homogeneously disordered region;
ii) I, 2 104, that is, transport mean free path length is signifi-
cantly larger than the wavelength of light; iii) I,,, > I, that is,
absorption mean free path length is significantly larger than
the scattering mean free path length; iv) photons have travelled
a total distance of at least 4 x I, inside the scattering medium to
ensure that every memory of the original direction is lost.

To actually design the diffusivity, the concept of laminates!'3!
has been proven to be extremely useful, as it also points the way to
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Reference

Obstacle

Cloak

Undoped PDMS

Figure 6. Top panel: Photograph of the reference, obstacle, and cloak
sample fabricated of PDMS doped with scattering titania nanoparticles.
(An undoped block of PDMS is shown for comparison.) The near-zero-
diffusivity cylindrical core (as shown on its own on the left-hand side
of the photograph) with radius R; embedded in the obstacle sample is
surrounded by an additional high-diffusivity shell with radius R, in the
cloak sample. The faster effective light propagation in this shell makes up
for the geometrical detour light has to take around the core. Parameters
are: L, =150 mm, L, =80 mm, L, =30 mm, Ry =8 mm, and R, =12 mm.
Bottom three panels: Photographs of the three samples when illuminated
from behind with a homogeneous white-light source. In panel (b), the
near-zero-diffusivity core casts a pronounced diffuse shadow. In contrast,

the cloak (c) appears just like the homogeneous reference (a). Repro-
duced with permission.3 Copyright 2015, Optical Society of America.
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fabrication. To form a laminate, the structure is constructed from
at least two materials with different diffusivity, which are stacked
in a layered fashion. This allows to guide the light predominantly
along the layers with the higher diffusivity, thus allowing to con-
struct even anisotropic diffusivity, that is, leading to a diffusivity
tensor and a generalized stationary diffusion equation

V- (DVigpe) =0 G)

As this equation is form-invariant under coordinate transfor-
mations, [ if the materials are lossless, the same rules known
from cloaking for ballistic light transport can be used.[129130
Light which has to be guided around the object to be cloaked
has to travel faster than light passing straight besides the object.
Hence, effective cloaking is possible, if the speed of light in the
environment is already smaller then the vacuum speed of light.
Cloaking objects with a diffusive cloak hence means that the
object has to be situated in an already diffusive medium. How-
ever, compared to the case of ballistic light transport, the experi-
mentally accessible variability in the speed of diffused light is
much higher than for ballistic light transport, allowing for effi-
cient broadband cloaking.

The most simplest design consists of three layers. The
innermost layer (the core) has diffusivity D, = 0, that is, it is
a perfectly diffuse reflector, and radius R;. The second layer
(the shell) has diffusivity Dy < D, < D and radius R,. The sur-
rounding medium (the third layer) has diffusivity D,. The solu-
tion for the different diffusivities can be analytically found!'3*13%
to be

D, _ Ry +R{
D, R;-R}

(4)

This core and shell system has been first realized using a
metal cylinder coated with white paint to create the required
high diffuse reflectivity surrounded by a layer of PDMS doped
with titania nanoparticles to yield high diffusivity. The core—
shell structure has been submersed into water, to which white
paint had been added such that the diffusivity just matched the
analytic expression and the structure appeared to be cloaked.l’!
In a modified experiment, water is replaced by another layer of
titania doped PDMS, allowing for thinner overall samples and
increasing the amount of light transmitted by one order of mag-
nitude (from below 1% to around 7%).134 This system is depicted
in the top part of Figure 6. Placing this structure in front of a
homogeneous light source, that is, a flat computer screen, the
cloaking properties can be observed. Without obstacle, the struc-
ture appears completely homogeneous (Figure 6a). Inserting the
obstacle, a clear shadow becomes visible, which is almost com-
pletely removed by adding the cloak (Figure 6b,c).

As a possible application, these diffusive cloaks can be
employed to cloak the wires needed in large area OLED lighting
panels.’8131 For a sketch of the geometry, see Figure 7a. Here,
for in-room lighting, a diffusive light distribution is desirable;
hence, a diffusive cloak will not hinder the overall functionality.
At first sight, it comes as a surprise that it is not sufficient to
cut the cylindrical cloak in half to achieve proper cloaking of
wires on the surface of the light emitter. Instead, a structure
with a triangular void around the wire is preferred and allows
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Figure 7. a) Model structure of an OLED: The light emitting area is rep-
resented by the yellow line; the opaque contact finger by the black line.
a) Homogeneous layer with height h and light diffusivity Dy. b) Ideal
coordinate transformation leading to a diffusivity tensor in the light gray
regions. The white triangle in the center has a reflectivity of 100%. c)
Implementation of (b) by laminate metamaterials composed of alter-
nating layers with isotropic diffusivities D, . d) Replacement of the
laminate structure by a homogeneous and isotropic diffusivity D; and
resulting intensity calculated using diffusion theory without cloak (blue
curve) and with the cloak (red curve). e) Measurements on a realization
of the cloak in a scaled up geometry. Line scans under different angles as
well as an image demonstrate the overall good functionality. Reproduced
with permission.[31 Copyright 2016, Wiley-VCH.

for almost perfect cloaking of the wires, restoring a homoge-
neous light emission. The required coordinate transformation
only affects the x-axis and results in

,_ 2hLx+(h—y)(d*+dL)
B 2h(L+d) ©)

X—>X
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Y=y =y 6)

The different variables can be identified in Figure 7a. From
this transformation, the diffusivity tensor can be calculated fol-
lowing the recipes in:P%131

L +d2(L+d) _d(L+4d)

S L+d  4h’L 2hL
D=0, _d(L+d) L+d 4
2hL L

For the parameter set d = 0.125L, h = 0.1875L via diagonali-
zation two diffusivities Dy = 2.50D, and Dy = 0.40D, can be
derived, forming an anisotropic laminate structure with the
correct anisotropy (see Figure 7c). However, fabrication of such
a laminate structure is difficult so that the same reasoning as
for the cylindrical cloak can be applied.'®!l The lowest possible
amount of laminate layers just requires one homogeneous
diffusivity D; = 3.41D,. Numerical calculation using diffusion
theory yields perfect cloaking of the wire (see Figure 7d). In
Figure 7e, experimental results are depicted, demonstrating the
overall performance of this cloak.

5.4. Coupling and Light Statistics in Disordered
Waveguide Systems

As a last example, we want to discuss the field of photonic
quantum simulators realized in coupled waveguide systems. Dis-
order in these systems, allows the observation of novel physical
effects not possible in ordered systems and, hence, demonstrates
again the importance of tailored disorder. As discussed in Sec-
tion 3, coupled waveguide systems are of interest for photonic
quantum simulation, as the paraxial Helmholtz equation
describing the propagation of light in such systems is mathemat-
ically equivalent to the time-dependent Schrédinger equation.!!3¢!
The propagation direction of light along the waveguides plays
the role of the time-evolution of a 2D electronic system and
the refractive index difference mimics the potential landscape
and the effective mass. Designing the shape of the waveguides
allows for introducing artificial gauge fields and hence the
realization of effective magnetic and electric fields influencing
the photon propagation. Coupled waveguide systems for the
simulation of 2D problems require 3D realizations. To date,
waveguide systems laser-written in polymeric materials and in
glass have been successfully realized. While polymeric systems
are more compact due to the higher refractive index contrast
(An = 0.008-0.01), the influence of intrinsic disorder cannot
fully be neglected.'”) The lower refractive index contrast in glass
(An = 9 x 1078 Jeads to less confinement and larger diam-
eters of the waveguides, the corresponding larger distance to
lower coupling constants and overall larger length for a similar
amount of hoppings. Here, the same amount of intrinsic fabri-
cational disorder does not play a crucial role any longer. Hence,
in the following, we will focus on systems written in glass.

First, the influence of the environment is discussed: Two
waveguides with a fixed spacing act as a tuned coupler, trans-
ferring energy from one waveguide to the other and back over
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v, is the amplitude of the guided mode in the nth wave-
guide; the summation is restricted to the nearest neighbors
only; ¢, is the coupling between the respective waveguides; f3,
the propagation constant; and z the propagation direction. The
diagonal elements of the resulting Hamiltonian are the propa-
gation constants; the off-diagonal elements are the coupling
constants. As refractive index variations change the propagation
constants, composite disorder is often called diagonal disorder,
while structural disorder is off-diagonal.

As structural disorder preserves the underlying chiral sym-
metry, the edge states are robust against this type of disorder,
while composite disorder leads to a loss on confinement and
spreading of the modes into the bulk.'*% Here, chiral symmetry
means that eigenmodes form skew-symmetric pairs whose
eigenvalues are equal in magnitude but opposite in sign.

In a 1D network with structural disorder (off-diagonal dis-
order), a light-statistics interferometer has been realized,
allowing to tune the light statistics between g® = 1 (coherent
light) over g?) = 2 (thermal light) toward g® = 3 (super-thermal
light) by tailoring the level of disorder AC =w/t. w is the half-
width of a uniform probability distribution of the random
coupling coefficients and ¢ their mean value. A conventional
interferometer is depicted in Figure 8a. Light coupled into the
two waveguides on the left hand side propagates to the detector

the characteristic coupling length. This coupling length can be
influenced by the environment, if it is not of constant refractive
index but consists of an random amorphous arrangement of
waveguides with higher refractive index contrast than the cou-
pled waveguides. It is demonstrated that the effective coupling
length decreases in the presence of the amorphous environ-
ment.®® This behavior can be explained in a slight detuning
of the respective propagation constants of the two waveguides,
due to the disordered environment.

Second, different types of disorder in coupled waveguide sys-
tems are analyzed. After the introduction of so-called photonic
graphene, that is, waveguides arranged in a honeycomb lattice,
and the demonstration of the existence of topologically pro-
tected edge states,!3% the stability of these states under uncorre-
lated composite and structural disorder has been investigated.
Composite disorder is realized by varying the refractive index of
each waveguide while its spatial position is fixed. For structural
disorder, the refractive index of all waveguides is fixed, while
the spatial position varies.

The honeycomb lattice can be modeled with the tight-
binding equations!’l

iazl//n = _ﬂnv/n - %Cnml//m = Hvln (8)
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Figure 8. a) Left: Sketch of a typical waveguide interferometer for which one input can be delayed in phase with respect to the other. Center: Phase
dependent intensity at the detector. Right: Intensity correlation function g over the two waveguides. b) Left: Random network with two input ports
as in (a). Center: Mean intensity at the detector. Right: The intensity correlation function now reaches the thermal or super-thermal region by variation
of the phase between the two input fields. c) Left: Intensity correlation function in dependence of the structural disorder in the network and the phase
between the inputs. Center: Mean intensity at the detector averaged over several realizations. The almost flat intensity distribution is clearly visible.
Right: Input-phase dependent intensity correlation measured for several realizations showing the expected tunability. Adapted with permission.*!
Copyright 2016, Optical Society of America.
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on the right. Depending on the phase difference ¢ between the
two path, the output intensity follows the well known cosine
shape (Figure 8a, center). The intensity correlation function g
between the two outputs stays nevertheless constant.

In contrast, to realize such an light-statistics interferometer,
light is coupled into two different waveguides of a 1D network
of identical waveguides with structure disorder. A possible reali-
zation is depicted in Figure 8b. The light in the two waveguides
has to have equal amplitude and a variable but fixed relative
phase. Here, the mean intensity at the detector (averaged over
several different realizations) stays constant. However, tuning
the relative phase allows to change the resulting light statis-
tics g from sub-thermal to super-thermall*! as schematically
depicted on the right hand side.

The above-discussed effects exclusively work for clas-
sical light or, equivalently, single-photon quantum light. As
a result, the feasibility of engineering complex Hamiltonians
using integrated photonic lattices, combined with the availa-
bility of entangled photons, raises the intriguing possibility of
employing topologically protected entangled states in optical
quantum computing and information processing. Achieving
this goal, however, is highly nontrivial as topological protec-
tion does not straightforwardly extend to multi-particle (back-)
scattering. At first, this fact appears to be counterintuitive
because, individually, each particle is protected by topology
while, jointly, entangled (correlated) particles become highly
susceptible to perturbations of the ideal lattice. The under-
lying physical principle behind this apparent “discrepancy” is
that, quantum-mechanically, identical particles are described
by states that satisfy an exchange symmetry principle. In a
recent work, the physical mechanisms which induce a vul-
nerability of entangled states in topological photonic lattices
have been identified and guidelines for maximizing entan-
glement without sacrificing topological protection have been
obtained.['*2]

6. Conclusions

The field of tailored disorder evolved over the last decades.
Starting from mere observation and first attempts to learn
about the rich optical properties found in nature, first experi-
mental realizations successfully mimicked the natural blue-
prints. Soon, the theoretical foundation for proper treatment of
photonic systems with disorder has been developed, providing
researcher with a tool box to apply disorder as a means to
design the optical properties.

Based on substantial advancements of nanoscience and
-technology through an interdisciplinary research approach
of physics, chemistry, biology, computational simulation, and
materials science, the methods and materials are continuously
improved to enable the generation of new knowledge about tai-
lored disordered photonic nanoarchitectures. These efforts aim
to create highly advanced and tunable optical devices.

Tailored disorder is not limited to classical light. Concepts
are already employed in photonic quantum simulation®®%’]
and first works on the influence of disorder on the transport
properties of entangled photons just recently appeared.'*
Understanding the implications of and tailoring disorder will
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provide quantum-optical systems which are amenable to mass
fabrication as they will become as resilient against small fab-
rication imperfections as classical natural systems already
are.
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