532 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

M

25th Anniversary Article: Ordered Polymer Structures for
the Engineering of Photons and Phonons

Jae-Hwang Lee,* Cheong Yang Koh, Jonathan P. Singer, Seog-Jin Jeon, Martin Maldovan,

Ori Stein, and Edwin L. Thomas*

The engineering of optical and acoustic material functionalities via construc-
tion of ordered local and global architectures on various length scales com-
mensurate with and well below the characteristic length scales of photons and
phonons in the material is an indispensable and powerful means to develop
novel materials. In the current mature status of photonics, polymers hold

a pivotal role in various application areas such as light-emission, sensing,
energy, and displays, with exclusive advantages despite their relatively low
dielectric constants. Moreover, in the nascent field of phononics, polymers
are expected to be a superior material platform due to the ability for readily
fabricated complex polymer structures possessing a wide range of mechanical
behaviors, complete phononic bandgaps, and resonant architectures. In this
review, polymer-centric photonic and phononic crystals and metamaterials are
highlighted, and basic concepts, fabrication techniques, selected functional
polymers, applications, and emerging ideas are introduced.

1. Introduction to Wave Interaction with Periodic
Structures

Compared to their behavior in unstructured, bulk materials,
the propagation of photons and phonons in periodic micro- or
nano-structures can be dramatically altered enabling the delib-
erate engineering of the photon or phonon interaction with
matter. Although control via periodic structures has been dem-
onstrated in a host of material systems, our review will focus on
polymer-based structures and their associated applications. Poly-

mer-based structures have several exclusive advantages over .
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other materials: (1) scalability; (2) wide
tunability; (3) ease of functionalization;
(4) mechanical flexibility; (5) compatibility
with various patterning methods; (6) rela-
tively low cost; (7) light-weight. Moreover,
the artificially created non-linear pho-
tonic/phononic behavior of the periodic
structures can be further diversified and
enhanced by introduction of intrinsic
non-linear behavior of additives to achieve
state-of-the-art multifunctional proper-
ties (optical, electrical, mechanical, etc.)

(Figure 1).

1.1. Current Trends

Research on photonic crystals (PhCs)
has been explosive for nearly three dec-
ades since the concept of the 3D PhCs

was proposed independently for inhibition of the sponta-
neous emission of atoms by Yablonovitch!!l and for strong
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Figure 1. The versatility, flexibility, and multi-functionality of a periodic
polymer/fluid structure is illustrated. The functional polymer represented
by a double-gyroid structure (red, blue networks) is simultaneously
interacting with phonon () and photon (w) waves while the material’s
interaction parameters (periodicity, dielectric constant, impedance, etc.)

continuously respond to a broad range of physical and chemical stimuli,
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resulting in tunable photonic and phononic behavior.
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localization of photons by John[? in 1987. The capability to
create artificial photonic dispersion and photonic bandgaps
(PBGs) has led to the emergence of a major interdiscipli-
nary field of science and technology as is evidenced by the
publication rate shown in Figure 2a. Initially, PhC research
was predominantly driven by physics; however much of the
current research activity occurs in engineering disciplines,
surpassing the output of physics. The contribution from bio-
logically focused research is small, but rapidly growing. With
regards to application areas, the main research focus has
been laser applications due to the initial concepts of Yablo-
novitch and John, but now sensors and energy applications
are fast-growing without any apparent slow-down in their
growth rates compared to laser applications (Figure 2b). At
this rate, interest in sensor applications is likely to surpass
that of laser applications in a few years. Recently, the exotic
properties promised by photonic metamaterials have added a
new growth area. In the continued development of photonics,
polymer structures will play an increasingly critical role, and
it is therefore timely for a review of the recent progress in
fabrication and applications of photonic polymer structures.

Phononic crystals (PnCs) are periodic structures comprised
of materials having different mechanical impedances. These
micro- and nano-composites can create artificial acoustic dis-
persion and phononic bandgaps (PnBGs) similar to PhCs.
The annual number of publications on PnCs is relatively
smaller than that of PhCs, but since 2000 the number has
grown rapidly as can be seen in Figure 2c. Importantly, due
to the speed of sound being several orders of magnitude
slower than the speed of light as well as the absence of a fun-
damental speed of sound, phononic structures can be easily
designed to have interesting dispersion relations in the deep
sub-wavelength regime. This has led to burgeoning research
in acoustic metamaterials to control the flow of acoustic waves
below the diffraction limit. A number of non-conventional
phenomena can arise from phononic metamaterials such as
acoustic cloaking,’! negative acoustic refraction,*®l and neg-
ative modulus.’! As the engineering of mechanical waves in
solid/solid and fluid/solid structures has been demonstrated
in the acoustic and ultrasonic regimes, polymer-based phon-
onic metamaterials enable reconfigurable, adaptive, and active
functionality.
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1.2. Basic Ideas of Band Diagrams

We next briefly introduce basic concepts and ideas related to
the band structure of a periodic material. The group velocity
governing the energy flow of both electromagnetic and elastic
waves is defined by v, = dw/dk, where ® and k are an angular
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Figure 2. (a) Annual photonic crystal research papers produced by different disciplines. (b) Annual photonic crystal research papers featuring lasers,
sensors, and solar applications. (c) Annual research papers on phononic crystals and acoustic metamaterials. Note the factor of 10 difference in scale

compared to figures (a) and (b). Data from Web of Knowledge, ISI.

Adv. Mater. 2014, 26, 532-569

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

533




534 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

(al) 0.6 \\ Pty
\\ /’
0.5 U7
> e’ \
@) ’ \\
g 0.4 ,/' \
S o / = \Y
&8 o3d™ 4 £,/8,=2.6  \\
&5 4 Y
c 3 J
g 0.2 v AT
a
<
N E AN e J 1
TE
0.0 T T
I X M I
Wavevector, k
(a3)

M (nt/a, /a)
X (m/a,0)

M

—_—
[
N

~

Photon frequency
wa/2mnc

(b)
>
@)
c
g -
o9 0.6 0 plete PnB
o B
=g
c® -~
g 3 0.4 Vi ‘\\
. N,
o 0.2 ’
/",
4
0.0 T T
r X M r

Wavevector, k

Figure 3. (al) The 2D photonic band diagram of a typical polymeric solid having a permittivity of € = 2.6, with embedded air cylinders in a square
lattice. The air cylinders have a radius r = 0.45a, where a is the lattice constant of the structure (inset). The partial PBG for TE-polarization is shown in
red for the I'-X and the T'-M directions, respectively. (a2) The 2D photonic band diagram of the same structure with a higher permittivity of & = 13¢
exhibiting a PBG for TM-polarized waves and for TE-polarized waves. However, since the TE and TM gaps do not overlap, there is no polarization-
independent complete gap. (a3) The 2D photonic band diagram in (a2) is folded along the boundary of the irreducible BZ. (b) The phononic band
diagram of the same structure with typical polymer solid density of p = 1190 kg m~, transverse sound speed ¢t = 1800 m/s, and longitudinal sound
speed ¢, = 3100 m/s, respectively, for in-plane (solid lines) and out-of-plane (dashed lines) elastic waves.

frequency and a wavevector, respectively, and a plot of w(k) vs. k
is known as the dispersion relation or the (photonic, phononic)
band diagram. When the slope of dispersion curve approaches
zero, for example, at the edge of a Brillouin zone (BZ), the
propagation speed of the waves is significantly slowed or the
modes become a standing wave (vg ~ 0) which can result in
the enhanced interaction of the photon/phonon with the mate-
rial or the prohibition of energy flow. When a PhC or a PnC has
a so called complete bandgap, no propagation mode exists within
a range of frequencies (PBG or PnBG) regardless of directions
and polarizations of photons or phonons. For a given propaga-
tion direction, the width of a bandgap, represented by a gap-to-
midgap ratio, Aw/w in frequency is generally proportional to
the optical parameter contrast, (i, &) iy &)''? for PBGs, or the
elastic parameter contrast, (p, K5/ K1)'"* for PnBGs, where y;
and ¢; are magnetic permeability and dielectric permittivity, and
p;and K; are the mass density and bulk elastic modulus of at
least two different constituent materials. In a 2D or 3D lattice,
since these ratios depend on the propagation direction, a suf-
ficiently large contrast is essential to open a complete PBG or
a PnBG to prohibit the propagation of waves in all directions.
A band diagram showing the dispersion relation, w(k) up
to the boundary of the irreducible BZ is an effective means to
view the overall characteristics of w(k) of a 2D or 3D photonic
or phononic crystal. For simplicity, we consider a 2D PhC with

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a square symmetry to illustrate a 2D photonic band diagram
for in-plane propagation with two different polarizations. Our
chosen 2D PhC is made of air cylinders arranged on the square
lattice (symmetry p4mm) in a polystyrene (PS) matrix with per-
mittivity € = 2.6g, (Figure 3al). The photonic band structure
for the PhC is plotted against dimensionless frequency wa/2mc
and only needs to be considered as a function of the wave
vector k over one quadrant of the BZ (the irreducible BZ) due
to rotational and mirror symmetries in this particular PhC.

For transverse electric (TE)-polarized light, the 1st PBG
appears for dimensionless frequency between 0.35~0.42 (red
gap) for propagation along the I'-X direction while the PBG
shifts to 0.45~0.54 (blue gap) for the I'-M direction. Thus,
there is no complete PBG for TE-polarization; this is also true
for transverse magnetic (TM)-polarization. For relatively long
wavelengths (4 > a), o(k) always approaches a linear relation-
ship with a slope of c¢/n.g for all PhCs, where ¢ and n.q are
the speed of light in vacuum and an effective refractive index
for a given polarization. An effective index can be used because
the PhC acts as a homogeneous medium for these long wave-
lengths. This does not mean, however, that the PhC is an effec-
tively isotropic medium. Indeed, for normalized frequencies
less than 0.3, the TM polarization mode (with the magnetic
field oscillating along the z-axis) has a slope greater than that
of TE polarization mode (with the electric field oscillating along
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Table 1. Optical and mechanical characteristics at room temperature of selected materials affecting photonic and phononic behavior. The values of
refractive index are defined at a specific wavelength (given in parentheses) and values for K and G are provided for quasi-static conditions. The longi-
tudinal impedance contrast, Z/Z,;, is estimated using a density and a bulk modulus.

Material n p [gem) K [GPa] G [GPa] ¢, [kmsT] cr[kms7] Z|Z,,
Polydimethylsiloxane (PDMS) 1.43 (580 nm) 0.97 1 0.003 3.0 0.3 3100

Poly(methyl methacrylate) (PMMA) 1.49 (550 nm) 1.18 6.2 2.2 2.7 13 8600

Polystyrene (PS) 1.59 104 (500 nm) 1.05 3.6 15 23 1.2 6100

Polycarbonate (PC) 1.59 (550 nm) 1.20 24 1.9 23 13 5400

Silicon 3.50 (1.36 um) 2.33 98 65 9.0 5.4 47900
Aluminum 1.01 + 6.6i (550 nm) 2.70 69 26 6.4 3.1 43200
Steel 2.76 + 3.8i (633 nm) 7.80 160 79 5.8 3.1 111800
Diamond 2.42 (550 nm) 3.5 442 478 18.4 9.2 124400
water 1.33 (550 nm) 1.0 2.2 10 1.5 N/A 4700

Air 1.00 (550 nm) 107 10 N/A 034 N/A 1

z-axis), because the electric field of TE polarization can concen-
trate more within the high dielectric constant regions than can
the TM polarization.

To see the influence at a much higher permittivity value,
we replot the PBG diagram for silicon (¢ = 13g,) (Figure 3a2).
Since n.g is also strongly increased, all modes are scaled
down in frequency; for example, the slope of c,/n.¢ for long
wavelengths (4 >> a) decreases corresponding to the larger
n.g value. No TE propagation modes exist for the frequencies
within the range 0.22-0.25 (green gap) regardless of propaga-
tion direction. Similarly, no TM propagation modes exist over
a different frequency range 0.29-0.32 (yellow gap). As the two
forbidden frequency ranges do not overlap, this particular
square PhC does not have a complete PBG (simultaneous PBG
for both polarizations). Note that (k) for all possible wavevec-
tors k in the BZ cannot be represented by lines but by curved
surfaces as a function of k. and k,. For example, the photonic
band diagram in Figure 3a2 shows the lines of intersection
between the curved surfaces of w(k) and the BZ planar bounda-
ries of the BZ as seen in Figure 3a3. Despite this limited rep-
resentation of @(k), the band diagram in Figure 3a2 is still very
useful for most cases because it shows propagation modes
associated from zero to the maximum wavevectors along the
zone boundaries as illustrated by the colored arrows on the
wavevector plane in Figure 3a3.

A dielectric material is not only an optical material, but of
course is also a mechanical material as well. For example, the
previous 2D PhC is also a 2D PnC for elastic waves and exhibits
the phononic band diagram shown in Figure 3b. In this case,
we assign the y axis to the dimensionless phonon frequency
given by wa/2mcer, where cr is the speed of transverse waves in
the constituent material. In a homogeneous and isotropic solid,
elastic waves can propagate through three different polarization
modes, two transverse modes and one longitudinal mode, in
contrast to only two transverse modes (TE and TM modes) for
optical waves. However, in a PnC, these modes will in general
be coupled depending on the symmetry of the particular PnC.
In this 2D PnC, as the x- and y-displacements are coupled,
elastic waves with displacement in the xy-plane (in-plane waves)
are neither purely transverse nor purely longitudinal. Due to

Adv. Mater. 2014, 26, 532-569
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the lack of discrete periodicity along the z-direction, elastic
waves with displacements in the z-direction (out-of-plane waves)
are independent from the in-plane waves. In particular, for very
low frequencies (or equivalently A > g), there are three modes,
two in-plane modes and one out-of-plane mode. Similar to the
photonic dispersion, the phononic dispersion, w(k), is linear for
A>> a, but in this case, we have three different slopes, repre-
senting three different speeds of sound for the PnC (Figure 3b).
Although the two in-plane modes are coupled to each other,
one mode has higher slope (or faster speed of sound) than the
other. The speed of sound for longitudinal waves ¢, = (K/p)'"
is faster than that of transverse waves cr = (G/p)"’? in a homo-
geneous solid having a density p;, bulk modulus K, and shear
modulus G (since K > G ). Thus, the higher propagation
speed mode is more longitudinal-like (compression-dominant)
mode and the other is transverse-like (shear-dominant) mode
(see Table 1). In contrast to the incomplete PBG of the PhC,
this PnC having realistic mechanical parameters of typical of an
epoxy polymer exhibits a complete PnBG in which for a range
of frequencies no elastic waves can propagate regardless of the
elastic polarizations and 2D propagation directions. Moreover,
the Aw/w of the complete PnBG is even wider than those of
the incomplete PBGs due to the larger contrast in the mechan-
ical impedance, Z/Z = (p,Ky/p1K1)""* for longitudinal
waves. Note that the photonic and phononic band diagrams are
plotted in two different dimensionless frequency scales, one is
scaled by the speed of light (3.0 x 108 m/s) and the other by the
speed of transverse sound in this specific background medium
(e.g., 1.8 x 10® m/s). Thus, the real frequencies (or energies)
of photons and phonons are different by four-to-five orders of
magnitude. As a single periodic structure can be both a PhC
and a PnC (see Figure 3), one can imagine novel opto-acoustic
devices, called phoXonic crystals, enabled by engineering both
the photonic and phononic dispersions together.!'%

As materials generally exhibit intrinsic dispersion of optical
as well as mechanical parameters with frequency (especially
polymers), the material parameters should be considered at the
particular desired working frequencies. Table 1 shows repre-
sentative values of each material to emphasize the difference
among the materials. The refractive indices of polymers are
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Table 2. Characteristics of polymer fabrication techniques.

M

Techniques Feature range Remarks Ref.

3D Printing Tum-1mm Arbitrary layer-by-layer patterning [16,17]

Interference Lithography 500 nm —1um Wide area (1 mm? -1 cm?) patterning of large library of patterns, can be positioned [18-36]
and tuned by FLaSk

3D Direct Write 100 nm -1 um Arbitrary interconnected patterning [25,37-60]

Spin Coating and Layer-by-Layer Tnm-1pm Many sequential steps and limited to 1D structures [61-67]

Block Copolymer Self-assembly 1nm =100 nm Order can be influenced by structural or field templating [68-97]

Fiber Drawing/Printing 100 nm — 100 mm Restricted to fibers, electrospinning has minimal positioning control while printing [43,79,98-109]
has nearly arbitrary positioning

Colloidal Processing 10 nm-10um Wide area (1 mm? -1 cm?) patterning of a limited set of 3D structures [1710-116]

reasonably constant in the visible and near IR regime; how-
ever, they show higher dispersion in the UV and anomalies in
mid-IR due to intrinsic molecular group optical resonances.
Thus, their refractive index becomes a complex function of
frequency with a significantly increased imaginary part (or an
extinction coefficient). Compared to the attainable mechanical
contrasts, refractive index contrasts of polymers-based PhCs
are limited due to low and small range of refractive indices of
polymers range from 1.4 to 1.7 with a theoretical lower limit
of ~1.29 for an amorphous fluoropolymer without pores.'!
The effective refractive index can be increased by the addition
of nanoscale high-index inorganic materials'? or decreased by
creating nanopores!!®l but this often results in higher light scat-
tering depending on the size, refractive index difference, and
spatial distribution of the foreign materials.

The mechanical dispersion of a polymer at a given tempera-
ture can generally be expressed in terms of dynamic moduli,
where the real and imaginary parts are related to in-phase and
out-of-phase displacements with respect to the driving force.
Polymers show strong dispersion at various temperatures and
frequencies due to intrinsic molecular mechanical resonances.
Since a modulus of a viscoelastic polymer tends to increase
monotonically as a function of frequency while temperature
softens the material (which leads to the time-temperature
superposition principle), the dispersion of a modulus beyond
a rheologically measurable frequency limit ~ 500 Hz can be
predicted from its temperature dependent moduli using the
Williams-Landel-Ferry (WLF) empirical model*13! for viscoe-
lastic linear chain polymers.

2. Periodic Patterning of Polymers

Key to controlling the waves inside a material is providing
the requisite geometry (lattice, symmetries, topology, scale)
as well as both the appropriate intrinsic component mate-
rial parameters and the emergent properties expressed by the
structural building blocks. In considering fabrication tech-
niques for periodic polymeric materials, one general method
for categorizing is the property of the polymer that is neces-
sary to enable the patterning. For example, photopatterning is
one of the most common forms of structural fabrication, but
leads to some restrictions due to the need for photoactivity
of the materials utilized. This can be problematic as many of

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the stimulus-responsive materials in the studies considered in
this review are utilized for unique optical properties, such as
gain, polarization, or photomechanical effects. Even materials
whose non-optical properties (e.g. mechanical or electronic)
simply rely on their crystallinity are inherently scattering. At
the same time, a major advantage of most polymeric mate-
rials is that they can be fluid-processed in some way, such as
in a solvent or as a melt. We therefore approach our review of
fabrication of ordered polymers by considering separately the
work in (1) photopatterning methods and functional resists and
(2) methods involving primarily the fluid processing of poly-
mers (backfilling, extrusion, and colloidal or block copolymer
(BCP) self-assembly). Table 2 summarizes the key features of
each fabrication technique and some of the details that will be
discussed.

2.1. Photopatterning Methods

Photolithographic methods are one of the most ubiquitous
techniques for processing of polymeric materials, such as by
the crosslinking of UV-sensitive coatings or conventional pro-
jection/contact nanolithography. It is therefore logical that
many of the fabrication strategies employed for making peri-
odic polymers are photolithographic. In these approaches, the
selection of the resist is often a key component of the process
design determined not only by the final desired structure and
the intended environment for the device application, but also
the necessary steps to execute the patterning. The first level this
selection takes is in the use of a liquid or solid resist. Liquid
resists generally consist of a monomeric or short-chain poly-
meric material that rely on a multifunctional polymerization
to form a crosslinked network, with by far the most common
chemistry employed, being acrylate free-radical polymerization.
In these systems, the degree of crosslinking can be controlled
by the composition of multifunctional groups and monitored
by changes in refractive index due to the formation of the net-
work. Clearly, the liquid resists possess considerable advan-
tages in terms of the flexibility of processing; however, there
are many applications where film-based patterning is more
advantageous, necessitating the use of a solid resist. These solid
resists have the added advantage of being able to be positive-
tone (exposed regions removed), negative-tone (exposed regions
fixed), the former not being an option for liquid resists. Ex post
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laser ablation for example, can accomplish both a dual mode
approach with positive tone patterning of a previously negative
tone liquid resist.l''”] Solid resists are processed by deposition
from solvent and most commonly consist of either positive-
tone novolac chemistry or positive or negative-tone chemically
amplified resists based on pendant group removal or epoxy
chemistry, respectively. Taking the flowability of the resist as a
first criterion, the optical properties are the next most critical
consideration for a polymeric fabrication process.

3D Printing with Photopolymers: Optical 3D printing sets
strong requirements on both the fluid and optical material
properties. In these systems, either in their commercial forms
or more recent lab scale demonstrations, such as microprojec-
tion stereolithography,!'® a fluid resist is employed and the pat-
terning is done in a layer-by-layer fashion. This is accomplished
by using a mechanical platform that is gradually lowered along
the z-axis into a liquid resist bath onto which the structure
is patterned in a 2D fashion either by a rastering laser, or in
the case of microprojection stereolithography, a single expo-
sure by a digital mirror array. A key requirement for such a
scheme is that the unexposed regions of a layer are not exposed
by the patterning of subsequent layers. As a result, the poly-
meric materials employed for these techniques must possess
extremely high optical absorption at the exposure wavelength,
thus allowing the z resolution of the technique to be defined by
a combination of this absorption and the thickness of the intro-
duced liquid resist layers.

Interference Lithography (IL): At the opposite end of the expo-
sure parameter space is IL. In this technique, a given 1D, 2D, or
3D pattern is generated in a single exposure (though multiple
exposures may be used for the final structure). IL is based on
the formation of non-uniform intensity fields by the interfer-
ence of two or more light sources of different directions, polari-
zations, amplitudes, and/or phases. At the zone of coincidence
of the sources, the interference patterns will be periodic or qua-
siperiodic with periodicity determined by the above parameters
along with the wavelength(s) of the sources. 1D and 2D IL has
been a common and powerful technique for the generation of
patterns for some time;!'®l however, the more recent extension
into 3D has greatly increased its capabilities. The sources for 3D
IL are generated either by the typical multiple free space beams
(multi-beam IL (MBIL))"*?% or by passing a single (generally
coherent) source through a contacting diffracting optic (phase
mask IL (PMIL)).[?7118119] The advantage of the former being
a greater predictability of MBIL, as it is sometimes possible to
solve the inverse problem. PMIL, as advanced by Rogers and
colleagues, is a more relaxed optical system, where a 1D or 2D
patterned (possibly in multiple layers)?! mask is used to pro-
duce multiple diffracted beams from a single incident beam. It
is then the subsequent interference of these diffracted beams
within the resist below the mask that creates the 3D pattern.
Unlike the layer-by-layer process, material absorption limits
the maximum uniform height of 3D IL, and therefore, the pat-
terning is often commonly conducted on the tails of the absorp-
tion curve either in the UV-blue or green visible regimes or to
enable thicker structures by using multiphoton absorption.[2223]
The largest advantage of IL as a 3D fabrication technique is
its ability to fabricate submicrometer lattice structures in a
single (or small number) of exposures from a massive library
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of possible symmetries including: face-centered-cubic (fcc)-
like,?4 tetragonal,®>! simple cubic,?®! woodpile (Figure 4a),?’!
and quasicrystalline.[?®2% The last of these is exceptionally dif-
ficult to define by self-assembly (although ABC terpolymers
have demonstrated several quasi-periodic tilings, as shown in
Figure 11a)*%! and complicated to generate in a top-down
approach due to the lack of a repeating motif, while at the same
time, quasicrystalline structures have demonstrated highly
desirable phononic and photonic properties.[120-122]

Direct Laser Writing: In between optical 3D printing and IL
is 3D direct write (DW) optical lithography. DW lithography is
in general the most intuitive form of lithography and also pro-
vides the greatest degree of arbitrary control, as patterns are
not restricted to a specific periodicity or characteristic length
scale. In this way, it is very similar to optical 3D printing; how-
ever, the distinction here is that the patterning is conducted
on a monolithic sample of solid or liquid resist with the pat-
terning performed by 3D rastering. In this fashion the reso-
lution can be set by the optical limit of the focal spot, which
with high numerical aperture generally >0.5, but including oil
immersion objectives >1, can be as small as hundreds of nm
in the radial direction and on the order of a micrometer in the
axial direction. More recently, the need for oil has been elimi-
nated by utilization of the resist itself as the immersion fluid,
enabling extremely tall structures (hundreds of micrometers)
to be written (Figure 4b).37381 3D-DW also requires low optical
absorption at the exposure wavelength, with the earliest dem-
onstrations utilizing single photon absorption at the edges of
the UV absorption band.*¥) To both overcome the effects of
even this absorption and improve the resolution, multi-photon
lithography (MPL)**#! or other non-linear effects e is
now utilized for creating arbitrary 3D structures. MPL is typi-
cally performed as a UV excitation driven by double adsorp-
tion of visible or near-infrared (NIR) light; however, three
photon MPL has recently been demonstrated.*!! This multiple
absorption serves to also improve optical contrast: for typical
high numerical aperture systems (~1.4), the optical limit of
multiphoton absorption is around A/2; however, feature sizes
of A/4-A/8 are regularly achieved in MPL DW due to other
chemical effects, such as oxygen quenching.***l Another very
interesting technique for making smaller features is through
stimulated emission depletion (STED), a technique that, much
like MPL, was inspired by fluorescence microscopy. In this
technique,*0°051521 3 second, shaped pulse or continuous-
wave source is used coincidently to deactivate by stimulated
emission excited initiators before they can complete the ini-
tiation step (generation of radical, etc.). The overlapping area
between the two focal spots is then deactivated leading to a
smaller net excitation area. A most interesting aspect is that
while each beam is optically limited, their overlap is not, with
reported resolutions down to 4/20. As 3D-DW is essentially
performed on a microscope, it possesses the added advantage
of being able to be used in conjunction with other pattering
techniques, either by consecutive writing in a resist patterned
by IL (Figure 4c)i2>°334 or by infiltration of liquid resist into
structures created by direct ink writing,®! imprint,® or col-
loidal self-assembly.7->]

Dynamic Patterning Techniques: The techniques introduced
above rely on static optical properties of the resist materials;
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Figure 4. (a) Schematic of double exposure PMIL and a scanning electron microscope (SEM) image of a fabricated woodpile structure. Reproduced
with permission.[?”l Copyright 2010, American Vacuum Society. (b) Schematic of dip-in 3D-DW and SEM images of patterned 200 um tall negative
Poisson ratio structure. Reproduced with permission.?”l (c) Schematic of a combinatory approach (IL + FLaSk DW). SEM (top) and optical (bottom)
images of a fabricated hierarchical photonic structure containing 3D-DW designer waveguide defects. Reproduced with permission.?*l Copyright 2011,

The Royal Society of Chemistry.

however, dynamic properties of the resist can also be manipulated
to initiate unique patterning mechanisms. A simple example
is self-propagating polymer waveguides (SPPWs).[123-12]
In SPPW, a physical mask is placed on top of a liquid polymer
photoresist which is exposed to angled collimated UV light.
The resist is selected to exhibit a significant increase in index
upon polymerization and crosslinking such that the exposing
light is waveguided through the resist, including through inter-
sections (or nodes) of two waveguided beams. The net result
is the highly robust fabrication of 3D polymeric truss struc-
tures down to the micrometer scale with high aspect ratios.
Other dynamic patterning methods include focused laser spike
(FLaSk) annealing of chemically amplified resists (Figure 4c).
This technique exploits the autocatalytic process of a chemi-
cally amplified resist, where crosslinking/deprotection is
induced by photoacid groups introduced during the exposure.
By utilizing the kinetically limited nature of thermal heating by
the laser beam, FLaSk enables a highly localized post-exposure
bake using a direct write laser to create hierarchical periodic
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structures from the latent photoacid pattern generated by IL
exposure.?’!

Functional Resist Systems: The material properties thus far
discussed have influenced the patterning processes, but have
no direct effect on the properties of the final fabrication beyond
the structure. The majority of photoresists possess properties
of typical crosslinked thermosets or (in the case of positive
tone resists) properties characteristic of thermoplastics. Their
properties are optimized for the patterning process, but there
is frequently less attention paid to other material functionali-
ties. This requires design of resists that are both photoactive
and also have other desirable properties. A simple example of
this is hydrogel resists, which can be achieved by incorpora-
tion of a large fraction of bifunctional monomers into a fluid
resist with or without solvent. In this way, solvent tunability of
mechanical properties has been obtained in 3D printing!'?®! and
DW.56127.128] Fillers, such as nanoparticles!"?>3! or liquid crys-
talline polymers,[*3?l may also be incorporated to impart func-
tionality, such as optical or mechanical properties. Another key

Adv. Mater. 2014, 26, 532-569



ADVANCED

M

example is the utilization of BCPs as resists, which has been
utilized to generate hierarchical structures by both photolitho-
graphy,[13% electron beam (e-beam) lithography, 8133134 and,
most recently, simultaneous orientation control and annealing
by DW FLaSk zone annealing.'% In this way, patterns con-
taining the nanoscale structure of the BCP via self assembly
occur within the larger structures defined by the second photo-
patterning technique.

Beyond photostructured media, photopatterning may also be
utilized to change other properties of polymers. One example
is the already discussed variation of optical properties during
crosslinking. This can be enhanced by the inclusion of other
optically active media, such as the modification of optical prop-
erties of dye-doped polymers, as has been advanced for 3D
data recording. Optomechanical polymers, such as liquid crys-
tals (LCs), can also have transient structure induced in them
by optical exposure. This has been utilized to introduce quasi
2D structures into thin films of azopolymers and also to tune
previously patterned azopolymer 1D and 2D grating struc-
tures. In this way, the diffractive behavior of these films could
be tuned.'**] Moreover, photo-mechanical activation can be
induced in a LC film (see Figure 7).

2.2. Fluid Processing Methods

Despite great improvements in photopatterning techniques
and materials, there are still some systems that are not optically
processable or applications where composites of periodic poly-
mers and other materials, so as to provide higher modulus or
thermal or electrical conductivity, are necessary. In these cases,
the fluid processability of polymers, either by dissolution in sol-
vent or by melt processing, is exploited to achieve the desired
composite structure.

Film Processing: Other than in the case of liquid based 3D
writing, polymers are most frequently processed as films or
coatings. For applications where a uniform polymer layer is
required, such as in solid resist photolithography, techniques
that impart good control over the deposited thickness is nec-
essary. For photolithography, spin coating (or blade coating
for larger scale reel-to-reel setups) from solvent is the most
common method to position thin films for patterning, and is
also used to deposit liquid BCP-solvent films for self-assembly.
Spin coating can also be used as a technique for generating
1D periodic polymer (and polymer-nanoparticle) structures
by sequential deposition from orthogonal solvents or sequen-
tial underlayer-crosslinking with layer dimensions selected by
choice of the solution concentration and spin parameters.[®1-%]
Similar 1D periodic structures can be made using electrostatic
layer-by-layer deposition of cationic — anionic polymers by
sequential dipping into polyelectrolyte solutions of controlled
pH to achieve target layer thickness.[°®7137] Such 1D films have
more recently been processed by a more scalable spraying!!*®!
or inkjet printing!'*”! processes. While these methods require
many more process steps than a self-assembly process to gen-
erate periodic structures, they allow for simplified manipula-
tion of the individual layers during fabrication to introduce con-
trast or functionality by, for example, the control of porosity®®!
or incorporation of inorganic layers.[®4
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Backfilling/Infiltration and Extrusion: A simple process to
create a bi-composite is via backfilling, where the fluid polymer
is infiltrated into a previously patterned solid template. For
example, templates of crosslinked polymers or inorganic mate-
rials can be employed without removal of the template to enable
solid/solid composites, for applications such as PnBG tuning.
Often, however, it is desirable to be able to remove the template
and access the infiltrated, now periodic polymer. In 2D, this
is exactly what is accomplished by micro/nanoimprint,[14%141]
which can be used to pattern fluid polymer, even those mate-
rials which would be difficult to process optically (such as LCs)
by employing high temperature infilling of a patterned contact
mask followed by solidification of the polymer material (by
cooling below the glass transition or the crystallization tem-
perature) and removal of the mask.l'*®! Further, as nanoimprint
can induce phase-mask-like features, sequential microimprint
and nanoimprint of a thermally softened polymer followed by
consecutive PMIL has been demonstrated for the fabrication of
hierarchical structures.?>>*11% Another method for transient
templates that can achieve 3D structuring is inversion of a dif-
ferent 3D structure, such as by acid etching of a silica colloidal
or anodized aluminum oxide template (see Figure 25c).l*2
Another example is the production of 3D elastomeric structures
for phonon engineering by infiltration and crosslinking within
a template produced by IL of a positive tone resist.*>1#4 The
template can be then removed by flood exposure and develop-
ment (see Figure 25b), enabling a 3D elastomeric PhC.

When the polymeric systems themselves possess some
molecular or supermolecular level order, introduction of the
material into a template can exert substantial additional influ-
ence on the alignment and organization of these components.
This is analogous to the mechanical rubbing of substrate and
superstrate to induce nematic order in LC displays. A similar
effect occurs in LCs infiltrated into nanoimprint templates
which results in the alignment of the LC domains for future
patterning effects.**] More complex LC textures have also been
demonstrated for conical smectic LC phase within arrays of var-
ious shaped micropillars.[146:147]

Template ordering also is the case for BCPs, as has been
extensively explored in 2D via graphoepitaxy.®®"% Here, the
periodic microdomain structured polymers are restricted by
either a surrounding (produced by IL'*® or transiently by nano-
imprint)’! or embedded geometry (due to resolution require-
ments, produced exclusively by e-beam)’?l and the polymers
are forced to adopt some lowest energy morphology commen-
surate to the template. This latter technique allows for prepro-
gramming of the individual domains by deliberate positioning
of the embedded template, even allowing the potential for
determining through simulations the optimal surrogate post
arrangement to arrive at a specified target structure.’3l While
two layer templated BCP from a 2D embedded template has
been demonstrated (Figure 5a),’ full 3D graphoepitaxy has
only been demonstrated in a limited sense for BCP within
ordered and disordered”>7® interstitial pores. For example,
lamellar BCP have been previously backfilled into colloidal or
inverted colloidal structures.’”78l The polymer microdomains
assembled with symmetries commensurate to the pore struc-
ture, for example, the self-assembly lead to concentric onion-
like structures. The self-assembly of cylindrical BCP in anodic
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Figure 5. (a) SEM images of two-layer graphoepitaxy structure of a
cylindrical BCP thin film revealed by etching. Order is controlled in both
layers independently by the positioning of photoresist pillars (visible as
bright dots) previously patterned by e-beam DW. Reproduced with per-
mission.” Copyright 2012, American Association for the Advancement
of Science (AAAS). (b) Transmission electron microscope (TEM) image
of a section of a thick film (>1 mm) of lamellar BCP perpendicular to an
applied in-plane external magnetic field is shown with small-angle X-ray
scattering data (left). Hexagonally-packed cylindrical BCP aligned along
the magnetic field directed normal to the film with fast Fourier transform
(FFT) data (inset right). Reproduced with permission.®% Copyright 2011,
American Chemical Society.

aluminum oxide (AAO) nanopores generated quite regular hel-
ical nanostructures with pitch and structure of the helix deter-
mined by a combination of the pore diameter and the normal
cylinder domain diameter and inter-domain spacing in the bulk
BCP.">#) Hierarchical assembly of BCPs has yet to be incor-
porated into devices, but the possibilities for multiscale perio-
dicity present a large opportunity for future work where control
of wave interaction with the hierarchical structure on multiple
scales can be exploited.

For BCP, these physically constraining templates can be
extended to other, effective templates using other types of
forces. Closest to graphoepitaxy is chemical epitaxy,®82 where
patterning of the chemical functionality of the substrate to pref-
erentially favor one of the blocks in the BCP or to be equally
favorable, resulting in preferential domain orientations and
arrangements. Other unstructured, field driven methods of BCP
alighment, such as crystallization,’®*] magnetic (Figure 5b),[#+8
electronic,®® mechanical,®”) thermal,®*-%% or solvent evapora-
tion®!l or epitaxial crystallization®>!*! driven alignment have
also been investigated.

Fiber Generation and Printing: Extrusion drawing is a ubiqui-
tous method for the production of polymer and glass filaments
where a preform of homogenous or assembled set of mate-
rials is passed as a melt through a reducing die and further
stretched to obtain a fine diameter fiber. A huge advantage of

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

%M

fiber drawing for the production of periodic systems for optical
and acoustic applications is that, by proper selection of the
set of material properties in the preform (viscosity, interfacial
energy, Poisson ratio, etc.), both the morphology and the rela-
tive dimensions of the preform components can be maintained
in the greatly size-reduced fiber, allowing for the macroscale
ordered structure to be translated to the micro/nanoscale. In
this way, concentric 1D (Figure 6a)l®® or 2DP7191 periodic
structures can be created at optically and acoustically relevant
length-scales. Analogously, to a more limited extend, 1D opti-
cally active multilayers have been produced™>*!>!l by 2D coex-
trusion of layered polymers and polymer melts. Electrospin-
ning is a related technique to fiber drawing where a polymer
solution is rapidly accelerated by a strong electrostatic field
while removing solvent to form nanoscale to microscale diam-
eter fibers.””) This has also been demonstrated as an effective
means to generate cylindrical confinement for the ordering of
BCP microdomains (Figure 6b).[*>102103] A disadvantage of elec-
trospinning is a relative lack of control over the positioning of
the electrospun fibers, as well as precise control of fiber diam-
eters. Current work using concentric two fluid spinning allows
more elaborate designs.

Commercial nozzle based printing techniques using molten
polymers serve to translate fiber drawing into a direct write
process. Features on the sub-mm scale are possible and this
technique is becoming a favored “additive manufacturing” tech-
nique for affordable rapid prototyping. Recently, a variation of
this technique uses functional sol-gel inks.l1%1%] By utilizing
shear thinning colloidal solutions, the ink can flow easily
during the high pressure extrusion writing process and then
rapidly solidify after writing. In this way structures of various
materials, including polymers!!! can be rapidly patterned on
multiple length scales, down to single micrometer features as
applied to PhC templates.'] Further, by completely immersing
the nozzle in a crosslinkable fluid medium, this technique has
demonstrated arbitrary patterning of vascular networks uncon-
fined by the usual self-supporting requirements of 3D writing
processes.[10%]

Colloidal Processing: Self-assembly is a versatile set of tech-
niques for the fabrication of functional polymeric structures. In
these bottom-up processes, the natural arrangement of a par-
ticular structure is built into the chemical and physical param-
eters of one or more building blocks. As has already been intro-
duced, certain polymeric systems, by virtue of their molecular
composition, possess inherent means of ordering; however,
different organizational methods of polymeric materials can
be induced by, for example, the formation of colloidal polymer
particles which themselves form assemblies out of solution via
secondary interactions. By utilizing slow evaporation or various
other techniques such as electrophoresis,!'!% crystals of very
high quality over a large area (up to cm scale) can be obtained.
The most ubiquitous colloidal assembly system, that of mono-
disperse spheres, results in a fcc arrangement of the particles,
advantageous for phononic and photonic properties due to its
relatively high symmetry (Fm3m) and the existence of good
optical and mechanical contrast from the two distinct phases (air
and polymer). The inverse structure; however, possesses supe-
rior photonic band properties and is therefore often the final
structural target through a “lost-wax” inversion by backfilling
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Figure 6. (a) Solid core polymer fiber preform and a resultant PhC fiber showing different colors of leaky light. Reproduced with permission.[®® Copy-
right 2008, Optical Society of America. (b) Electrospun fiber of bulk double gyroid BCP microdomains demonstrating through both simulations and
TEM images the ability for the cylindrical confinement to induce new microphase morphologies. Reproduced with permission.l'% Copyright 2010,

American Chemical Society.

and removal of the (different material) colloidal system. Col-
loids themselves may be used as removable backfilling media,
as has been demonstrated for colloids within conventional lith-
ographic or IL templates."'"113] Much as with BCP, the topo-
taxy serves to both position and induce order in the confined
colloidal particles.

2.3. Selected Functional Polymer Applications

The use of various chemically functionalized polymers can
make the optical properties and physical structures of PhCs
responsive to various stimuli such as electric field, ionic charge,
temperature, and stress. We next introduce several polymer
systems potentially useful for tunable, responsive photonic
structures.

Liquid Crystal Polymers (LCPs): Liquid crystals are a popular
class of materials to achieve tunable and active PhCs[**21%3 due
to several advantages: (1) transparency over a wide range of
wavelength from 400 nm to 5 um, (2) large optical birefringence
(An=mn;, —n; ~ 0.2) throughout the whole optical regime,
(3) very high optical non-linearity,"* (4) easy infiltration,*>>15¢]
(5) gain doping capability for active devices,>”1%8l (6) response
to diverse stimuli, for example, electrically tunablel*>*1¢ and

Adv. Mater. 2014, 26, 532-569

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thermally tunable metamaterials('®!l and PhCs,1%? and photo-
tunable PhCs.[13164] Since the majority of LCs are low molar
mass organics and LCs have been recently well reviewed as an
important photonic material,['*! we focus on polymeric LCs.
Linear LCPs can have flexible main chain, flexible side chain
or rod-like main chain architectures. The strong optical anisot-
ropy of the liquid crystalline mesogens affords complex prop-
erties. For example, the strong temperature dependence of the
index of refraction in LCP BCPs can provide thermochromic
sensors (see section 3.4). A polymer actuator was demonstrated
by de Haan et al.'® using polymerizable LCs combined with
optically defined alignment layers. In their approach, a planar
alignment cell whose inner surfaces were coated with linearly-
photopolymerizable polymer was exposed to linearly polarized
UV light through a photomask using relative motion between
the photomask and the substrate during exposure in order to
create either radial or tangential alignment. A polymerizable LC
monomer was then inserted into the cell whereupon the director
adopted the local alignment direction and was subsequently
cross-linked to permanently fix the alignment. By removing the
alignment cell, a crosslinked LC polymer film was achieved with
the prescribed tangential-or radial-alignment (Figure 7a). When
an IR absorbing dye was doped into the polymerizable LC, the
polymer film could then be 3D-deformed under IR irradiation
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Figure 7. (a) Schematic of the director patterns in LC-polymer films fab-
ricated with tangential and radial alignments. The red arrows show heat-
induced deformation directions. (b) Heating of the film by IR absorption
causes reversible out of plane deformation dependent on the mesogen
alignment. Photographs show actual LC-polymer films deformed under
IR irradiation. Reproduced with permission.[1%]

due to anisotropic thermal expansion and mechanical instabili-
ties (Figure 7b).[1%] Polymers with designed molecular functional
groups, like LC mesogens are important for various switchable
PhC and PnCs via mechanical instability as seen in Figure 25a
and discussed in section 4.3 on switchable phononic crystals.
Shape-Memory Polymers (SMPs): An SMP is deformable to a
pre-designed shape driven by various stimuli and is reversibly
recoverable to its original shape. Such materials could lead to
various active photonic and phononic applications. Compared
to shape-memory metallic alloys, SMPs have many advan-
tages including 100x larger extent of deformation (up to 800%
strain), several fold lighter weight (density ~ 1.0 g cm™), signifi-
cantly lower cost (~25x), and easier processing conditions.!'’]
Recently Liu et al. created interesting 2D periodic pat-
terns using SMPs. In their approach, an initially flat
SMP plate was heated and then evenly compressed and
cooled to a temporary shape. Then by local heating using
a focused pulsed laser beam, they could form a protru-
sion array. Alternatively, heating of a SMP plate followed by
local indentation, cooling and then polishing to a flat sur-
face, can form an array of uniform spherical caps upon
heating due to shape recovery.'®®l Although SMPs have not
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been used for photonic applications yet, the combination
of the SMPs and PhCs such as a flexible PhC on a SMP sub-
strate or a PhC made of a SMP is expected to enable multifunc-
tional opto-mechanical photonic devices.

Polyelectrolytes (PEs): PEs are polymers carrying ionic charges
along the polymer chain backbone, which usually makes the
polymer water-soluble, and such PE materials are essential
components for water purification, oil recovery, paper-making,
and various types of mineral processing.'*” Besides the tradi-
tional industrial applications, PEs have attracted attention for
photonic materials. Layer-by-layer (LBL) electrostatic assembly
of PEs was used to synthesize PhCs!'" and to enable dynamic
tunability of PhCs.l'71172l As the 1D assemblies are built up by
alternating a polycation layer with a polyanion layer by sequen-
tial adsorption from aqueous solutions, precise control over
layer thicknesses is possible by appropriate choice of charge
density and molecular weight.

BCPs with a PE block (BCP-PE) can self assemble into chem-
ically-tunable PhCs for colorimetric sensors?®”173l and electri-
cally-tunable PhCs for display applications.'7#17°] For BCPs
with a total molecular weight ~<100 kg mol™, the periodicity of
the dry self-assembled BCPs (~<100 nm) is insufficient to pro-
vide a PBG in the visible regime. However, for example, by qua-
ternization of the pyridine groups in the poly(2-vinyl pyridine)
(P2VP) block in a lamellar PS-b-QP2VP BCP, solvents can swell
the period up to 600%. Additionally, the selective swelling of
the PE block by the typically lower index solvents increases the
refractive index difference with respect to the glassy PS block
and the glassy PS block forces essentially 1D swelling normal
to the layers, giving a larger layer thickness change than for 3D
swelling as takes place in colloidal PhCs.

3. Polymer-Based Photonic Structures

In this section, we review polymer-based PhC structures for sen-
sors, energy, and display applications as well as highlight some
emerging ideas. Several simple polymer-based PhCs are now
commercial products due to their unique visual effects created
by structural colors. For example, films for decorative packaging
are made by multilayer polymer extrusion and provide a unique
appearance distinguished by multiple colors dependent upon
the viewing angle (Figure 8a). As these dramatic visual effects
can be created without any additives, such films could safely be
used in food packaging and bio-applications. The reflectivity of
the conventional multilayer film made of isotropic materials is
generally decreased at high incidence angles especially near the
Brewster angle for TM-polarization. Since certain polymers like
polyester and PMMA can exhibit large birefringence if oriented,
the introduction of well alighed PMMA and polyester layers
to the multilayer polymer film can provide high reflectivity of
multilayer dielectric mirrors over all angles (Figure 8b),I17°l
particularly useful for applications related to broad-band
and unpolarized light sources such as for sunlight and gen-
eral lighting. LCs having self-assembled periodic structures
have been recently introduced for temperature- and stretch-
responsive fabrics and have attracted a great deal of attention
from the textile and fashion industry.'””] Polymer-based PhCs
can help produce advanced textile applications in combination
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Figure 8. Structural colors from PhCs made of polymeric materials. (a) A
decorative bow made of multilayer polymer film. (b) Light transport tubes
made of giant birefringent multilayer polymer film are superior to those
made of aluminum and silver mirrors. Reproduced with permission.l7¢l
Copyright 2000, American Association for the Advancement of Science.

with traditional synthetic fiber materials. Moreover, in the cos-
metics industry, companies such as LOreal employ 3D peri-
odically structured microparticles, such as micelles comprising
ordered polymer or ordered metal oxide nano-spheres, with
other ingredients to create unique visual effects.'”®] These
applications of periodic polymer structures are just beginning
and the potential of periodic structures based
on polymers are enormous by virtue of the

www.advmat.de

predict the center position and width of the lowest PBG, and
the maximum reflectivity are available.'”>-'81] For light entering
a 1D PhC at off-normal incident angle, the wave vector is
expressed as k = k/, + k,z, where k/, is the tangential compo-
nent of k, parallel to the dielectric layers and k, is the compo-
nent perpendicular to the layers. A PBG diagram of a 1D PhC
in which the frequency of light is plotted as a function of k/,
is useful to demonstrate the optical response of a 1D PhC for
an arbitrary angle of incidence (Figure 9a). Since k,, must be
conserved inside and outside of the PhC, the light lines (red)
represent the wavevectors corresponding to the largest k;, of
photons entering the PhC from air. For frequencies within the
green areas, the band diagram shows no modes within the light
lines. This means that this particular 1D PhC having a large
refractive contrast can completely prohibit the transmission of
two frequency bands for light incoming from air regardless of
the incident angle and polarization. Because of the existence
of propagation modes outside of the light lines, however, the
propagation of light inside the PhC is still allowed if the light
source is inside of the PhC or the refractive index of the inci-
dent medium becomes significantly close to the average index
of the PhC. Although most band diagrams are calculated under
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the very high reflectivity without absorption.
The applications of 1D PhCs have recently
been extended to sensors, tunable optics, and
displays primarily by the use of soft matter,
particularly polymers. Since 1D polymer
PhCs can readily respond to various external
stimuli as generally depicted in Figure 1, the
dynamics of 1D polymer PhCs are still open
for research and advancement.l”:17]

For static optical properties of 1D PhCs
for normal incidence, simple formulae to
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Figure 9. (a) Projected photonic band structure of a 1D PhC made of PS (n; = 1.6) and tel-
lurium (n, = 4.6) layers with a thicknesses ratio of dy/d, = 2. The red lines are the light lines
having a slope corresponding to the speed of light in air. Reproduced with permission.['83 Copy-
right 1998, American Association for the Advancement of Science. (b) 2D plot of calculated
reflectance spectra of a PhC consisting of 10 pairs of PS and tellurium layers with thicknesses
of 1.0 um and 0.5 um, respectively for TE- and TM-polarizations as a function of the incident
angle from air. The grey scale indicates the value of the reflectivity (white = 100% reflection).
The relatively low reflectivity of TM-polarized light for incident angles ranging from 60 to 80°
is due to the Brewster angle effect. (c) Reflectance spectra of 20 pairs of dielectric layers cal-
culated by transfer matrix method as a function of refractive index ratios with a fixed thickness
of 100 nm for each layer. (d) The peak reflectivity vs. the ratio between high and low refractive
indices is plotted for several different numbers of pairs of high and low refractive index layers.

wileyonlinelibrary.com

543




544  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

periodic boundary conditions, corresponding to a PhC having
an infinite number of dielectric layers, the angle-dependent
reflectivity spectra of a 1D PhC with a finite number of layers
(Figure 9b) shows how the actual finite (<100%) reflectivity is
related to the photonic band diagram, where a higher incident
angle corresponds to larger k,, within the light lines of the
band diagram. Due to the finite number of unit cells in real-
world PhCs, the maximum reflectivity and the width of the
PBG are strongly influenced by the number of unit cells and
the contrast in refractive index between the layers. In Figure 9c,
reflectance spectra of a 1D PhC comprised of 20 pairs of two
dielectric materials having refractive indices, ny and ny, are cal-
culated by the transfer matrix method.l'®? With increasing 1,
the resulting smaller ratio between ny and ny causes a lower
reflection peak value and a narrower reflection band. In this
specific example for increasing ny, the peak position also shifts
toward longer wavelengths because an average refractive index
of ny and ny is increasing. Generally polymer based PhCs have
a limitation in the attainable contrast of the refractive indices
because most polymers have refractive index between 1.4 and
1.6 in the visible regime while the lowest refractive index is
fixed to 1.0 for air (vacuum) (see Table 1). Figure 9d shows that
the low reflectivity originating from the limited index contrast
can be relieved by using a larger number of layers. In contrast
to the conventional dielectric mirror fabrication approaches
which use vapor deposition, polymer-based PhCs made by self-
assembly and IL can achieve a sufficiently large number of
layers at very low cost.

Any 1D or 2D PhCs tends to show a complete PBG origi-
nating from Bragg diffraction near wa/2mc ~ 0.5 (which is also
called the fundamental PBG) when sufficiently high refractive
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index materials are introduced (see Figure 9a and Figure 3a2)
due to stronger light scattering by interfaces with the higher
refractive contrast. However, complete bandgaps for 3D PhCs
are more difficult to obtain. For example, a close-packed fcc
PhC (e.g., an opal PhC) (Figure 10a) and its inverse structure
(e.g., an inverse opal PhC), both of which belong to space group
Fm3m (Figure 10c), do not have a complete low frequency PBG
arising from Bragg diffraction for any combination of optical
materials because the 2nd and 3rd photonic bands cross each
other at the symmetric points, U and W regardless of refractive
index contrast.'818 This band crossing of the fcc PhC can
be lifted to open a fundamental PBG by changing to diamond
symmetry with space group Fd3m,'8 with the structure based
on connected cylinders on the diamond lattice currently exhib-
iting the best (largest) complete gap of any fabricated 3D PhC.
As seen in Figure 10e, the inverse-opal PhC does have a com-
plete PBG between 8th and 9th bands (wa/2mc ~ 0.8)[18>186]
for sufficiently high refractive index materials (n > 3.0),[18
however, this high-energy PBG is less favorable due to its very
narrow band width and therefore high susceptibility to struc-
tural imperfection.!'®”] Despite these limitations, the opal-based
PhCs have been very attractive for various applications that
will be discussed later because these PhCs can be fabricated by
colloidal self-assembly, and exhibit a strong PBG effect along
the [111] direction (along the surface normal) arising from a
partial gap at the symmetric point, L by Bragg diffraction (see
Figure 10d and 10e). From various examples in the following
sections, we will see that 1D-like applications of 3D PhCs are
very effective for various sensing and structural color applica-
tions. Moreover, as new fabrication approaches, such as shear-
induced ordering!'®®18 have been introduced, non-traditional
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Figure 10. (a) A 3D PhC comprised of close packed spheres (the opal structure). A cubic lattice is represented by a red box. (b) Wigner-Seitz cell of the
fcc latice showing the BZ boundaries. Two paths of wavevectors are represented in red and blue lines for the 3D band diagrams. (c) A 3D PhC made
by inversion of the close packed fcc structure (the inverse opal structure). (d) A 3D photonic band diagram of the opal structure made of silicon (n =
3.5). The partial gap along [111] direction (I'-L) is represented in a red gap. (e) A 3D photonic band diagram of the inverse opal structure made of
silicon (n = 3.5). A wider partial gap (a red gap) along [111] direction (I'-L) and a complete gap (a green gap) between 8th and 9th bands are shown.

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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PhCs departing from the opal-based PhCs have been demon-
strated and corresponding theoretical studies have been pre-
sented for these new PhCs.[*%

Aperiodically Ordered Structures: The origin of a PBG is usu-
ally explained by the Bragg scattering of photons by a peri-
odic optical potential given by the spatially varying refractive
index. This results in flat photonic band at the BZ boundary
as in Figure 3a2, and it is widely believed that the creation of
a PBG requires a periodic lattice structure. Interestingly, how-
ever, various aperiodic structures including quasicrystals!*1%2
and nearly amorphous structures having only short range
order31%4 have demonstrated PBGs as well.

A quasicrystal has long-range orientational order but lacks
the translational lattice order characteristic of a crystal and was
first observed in an Al-Mn alloy by Shechtman et al.'°]

For photonic applications, because a quasicrystal can have
a higher point group than in ordinary PhCs, it is possible to
more closely approximate spherical symmetry of the BZ, which
is advantageous to the opening of complete PBGs especially at
low refractive index contrast. Due to the intermediate nature
of quasicrystals between ordered and random, they can have
multiple PBGs originating from different short-range (or amor-
phous-like) and long-range (or crystalline-like) interactions.[*°!

Some 1D aperiodic PhCs including 1D Fibonacci quasi-crys-
talline PhCs demonstrate PBGs which originate from short-
range interactions created by a localized resonance state which
decay via a power law relation, while the long range interac-
tion decays linearly.'”1%8 Quasicrystals have been realized in
several soft matter systems, such as organic dendrimers!'%’]
and self-assembled terpolymers (Figure 11a),%! as well as PS
colloidal particles directed by a 2D optical lattice,?*! photo-
crosslinkable polymers by 3D stereo lithography,'”! IL,[282
and 3D DW.®) For example, quasi-crystalline PhCs having
the Penrose lattice structure have demonstrated a wide variety
of lasing modes?*!l and low lasing threshold.?%2] Moreover, a
potentially more important application area can be quasicrys-
talline photovoltaic devices due to their more isotropic optical
response, since conventional PhC structures work only for
specific wavelength, angle, and polarization, and are there-
fore limited and inefficient for the broad, unpolarized solar
spectrum.?%] Despite challenges in understanding the aperi-
odic photonic systems, due to their complexity in numerical
simulations, their rich underlying physics and complementary
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functionalities to their periodic counterparts will enable novel
opportunities in future photonic devices.

A non-crystalline structure, consisting of a continuous-
random-network of diamond-like tetrahedral-bonded silicon
rods in air numerically exhibits a reasonably wide complete
PBG.[2% The origin of this PBG is strong light confinement at
defects,[194204206] which is an analog of Anderson localization
in an electronic system.?%! It is still challenging, however to
understand the exact mechanism of the PBG in the non-crystal-
line system as well as extract out structural design principles.[2®]
Since the above non-crystalline structure is based on silicon and
air, a polymer-based non-crystalline structure is not expected
to exhibit such a wide complete PBG due to a much smaller
refractive index contrast as discussed earlier. In nature, some
non-crystalline structures made of proteins exhibit strong struc-
tural colors with only short-range-orderingl?0429%.2101 despite
the low refractive indices of the proteins (n = 1.35~1.60)211:212]
similar to those of synthetic polymers. For example, the spongy
keratin structure with only short-range-order in the macaw
feather creates a vivid blue structural color (Figure 11b). The
spongy structure exhibits an isotropic pseudo-PBG having low
but non-zero photon density of states as shown by finite-differ-
ence time domain simulations.?** Therefore, polymer-based
non-crystalline structures should also suffice to create “iso-
tropic” structural colors. Building blocks such as tetrahedrally-
connected rods can be packed in arbitrary orientation or can be
dispersed in a matrix without losing the omni-directional struc-
tural color. Especially since the non-crystalline keratin struc-
ture is a result of self assembly induced phase separation of
B-keratin from the cellular cytoplasm,?%] researchers are trying
to create interconnected amorphous photonic structures via
self-assembly based on the phase-separation of polymers.[?!3l
Other systems include an aqueous solution of aggregated gel
particles?'¥ and disordered arrays of PS microspheres with
interstitial air.?’®! The PS/air system displays structural colors
with a very low angle dependence. IL can be used to fabricate
photonic particles similar to the tetrahedral motif as demon-
strated for multivalent micrometer-sized polymer particles
(Figure 11c).?®! Such non-crystalline photonic structures are
attractive for structural coloring for cosmetics (Figure 8c) or
angle-independent reflective displays.®)

Biological Polymer Photonic Structures: Many creatures have
body parts that exhibit vibrant visual effects often resulting

Figure 11.

(a) Bright-field TEM image of a phase-separated blend of polyisoprene (PI)-PS-P2VP star terpolymer and a PS homopolymer showing a 2D

quasi-crystalline structure. The red lines show the structure is comprised of a packing of equilateral triangles and squares. Reproduced with permis-
sion.I3] Copyright 2007, American Physical Society (b) SEM image of the spongy keratin structure of a scarlet macaw blue feather (inset). Reproduced
with permission.2% Copyright 2012, National Academy of Science of the USA. (c) 6-valent polymer particles created by IL and UV/ozonolysis. Repro-

duced with permission.2%] Copyright 2007, American Chemical Society.
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from extremely complex and hierarchical geometries including
the double gyroid,?'7?!®! as well as relatively simple struc-
tures such has fcc packing of micellar spheres,?'% hexagonally
packed cylinders,??") and lamellae.??!:?22] Coloration of bio-
logical structures is generally a combined result of interfer-
ence, diffraction, absorption and incoherent scattering.?22223]
Among many examples of structural colors, some aquatic spe-
cies like cephalopods exhibit actively-tunable structural colors
by controlling reflection and absorption as well as variation of
their body surface texture.?2:222] For example, the squid spe-
cies Loligo pealeii uses protein-based multilayer reflectors. The
optical response of the periodic protein structure of the squid
is controlled through secretion of chemical signals from the
sympathetic nervous system to change the layer spacing and
refractive index (Figure 12a). Such behavior inspired an elec-
trically tunable self-assembled block copoymer system, which
can mimic the tailored reflectivity of cephalopods.l'”>! Biophys-
ical??!l and self-assembling properties?!?l associated with the
evolutionally selected reflectin protein have also been studied
in many insects. Single gyroid structures found in certain but-
terfly species inspired the design of 3D periodic chiral structure
made of silicon having strong circular dichroism based on the
large circular polarization PBG with a gap width exceeding 30%
and suggested design principles for chiral photonic devices
(Figure 12b).12%%]

The finely spaced free-standing horizontal lamellae on more
widely spaced vertical stems (Figure 12c) create optical effects
in butterfly wings by both multilayer interference and diffrac-
tion. Because air serves as low refractive index medium, higher
refractive index contrast is possible than for other structures
consisting of two different polymers. Additionally, the hierar-
chical solid/air structure facilitates rapid vapor phase mass
transport and selective optical response to various vapors!??’ or
a superhydrophobic surface.??!] Research on optical biological
structures!??? based on natural occurring polymers continues to
create new ideas for photonic structures made from synthetic

polymers.

3.2. Light Emission

Dye-doped polymers are an attractive gain medium for laser
applications due to the usual advantages of polymers dis-
cussed in the introduction. For example, a 2D PhC laser in
Figure 13a can be simply fabricated by nanoimprinting of an
organic dye (Pyrromethene 597) doped thermoplastic polymer
film on a glass substrate. Such thin film lasers can be inte-
grated into lab-on-a-chip applications as their fabrication pro-
cesses are compatible with various soft lithography techniques.
Although optical pumping from the top of devices is simple
and convenient for lasing, the pumping process is quite inef-
ficient due to the limited interaction distance of the thin gain
medium along the film normal direction. While mirrorless
lasing occurs at the PBG edge arising from the lattice constant
a, the other lattice constant b can be optimized (Figure 13a) in
order to scatter some of the vertically oriented pumping light
along the in-plane direction to maximize the optical interaction
length. By this clever design, the lasing threshold drops over
10x.1230

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. (a) Protein-based multilayer reflector of Loligo pealeii squid
and the corresponding electrochemically tunable BCP lamellar struc-
ture using a voltage to create H* in a PS-b-P2VP system that triggers
large swelling of the P2VP domains. Inset al) TEM cross section of a
squid iridophore showing periodic layers, a2) electrically tunable BCP,
a3) TEM of 1D lamellar BCP layer.'”®! (b) Single gyroid chitin network and
a model constant mean curvature surface clipped to a truncated octahe-
dron shape and SEM images of a wing scale of Callophrys rubi butterfly.
The network’s single type of 3-coordinated vertices are at Wyckoff sites 8a
in space group 14,32 (no. 214 in ref.[?2%) Reproduced with permission.22’]
Copyright 2011, American Physical Society (c) Schematic of hierarchical
photonic structure of butterfly wing scales and their tunable reflectivity
corresponding to uptake of vapor.

A laser cavity structure was demonstrated with a gain
medium sandwiched by two 1D PhC fabricated by layer-by-layer
(LBL) alternating deposition of PMMA and TiO, nanoparti-
cles.?3 Contrast this top-down, multistep LBL fabrication of
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Figure 13. (a) Photograph of an operating PhC laser shown with the atomic force microscope (AFM) image of a surface of the PhC structure with
lattice constants, a and b. Reproduced with permission.[23% Copyright 2008, American Institute of Physics. (b) Photograph of the 410 nm lasing from
the BCP-based laser is shown with a schematic of its structure. A highly directional lasing output in the backward direction was observed. Reproduced
with permission.?3"l Copyright 2006, American Chemical Society. (c1) A photograph of the laser action of the all polymer film laser shows excellent
mechanical flexibility. (c2) A cross sectional SEM image shows the gain medium cavity confined by colloidal 3D PhCs. (c3) The emission spectra below
and above the lasing threshold. The inset represents the high-resolution spectrum of the laser emission. Reproduced with permission.?*? (d) Reflec-
tance spectrum of a 1D PhC comprised of 30 unit cells showing the electric field intensity profiles for four selected wavelengths within and outside the
PBG. Reproduced with permission.?*3l Copyright 2012, Optical Society of America.

the 1D PhC mirrors surrounding the cavity layer, to the single
step bottom-up self-assembly approach using high-molecular-
weight (~6 x 10° g mol™) PS-b-PI (Figure 13b).231 The 1D BCP
PhC consists of alternate layers of PS (nps = 1.59,dps = 72 nm)
and PI (np; = 1.51, dp; = 61 nm) to form mirrors surrounding
the organic chromophore doped PMMA cavity layer. Moreover,
since many laser dyes can be dissolved into most BCPs, it is
straightforward to create distributed feedback lasers where
the lasing medium is distributed within the photonic crystal
(mirror). A similar lasing device was demonstrated using the
[111] feedback of a fcc self-assembled PS spheres in a PDMS
matrix and although the refractive index contrast nps/nppms
was only ~1.59/1.43, it was still sufficient to exhibit Bragg feed-
back for pulsed lasing.?3?! Since the layered materials (PS and
PDMS), the gain medium (dye-doped poly(ethylene glycol)
diacrylate), and the substrate (poly(ethylene terephthalate)
(PET)) are all polymeric materials, a flexible laser is possible
(Figure 13c). Fine tuning of the PBG could also be achieved
via swelling of the PDMS matrix by adding PDMS oligomer.
The very narrow spectral width (full width at half maximum ~
0.17 nm) shows the possibility for single mode lasing (Figure
13¢c). Thus, the use of both colloidal and BCP self-assembly
in addition to the multiple spin coating techniquel®23 allows
facile creation of low cost, all-organic, flexible laser devices. Fur-
thermore, other highly tunable PhC lasers responsive to various
stimuli including solvent,”’] temperature (thermochromic),?*!
mechanical strain (mechanochromic),?*® and electric field
(electrochromic)'”! can be envisioned.

In contrast to lasing using an optical cavity, since the
photon group velocity decreases significantly due to band flat-
tening near a PBG (see the band diagrams in Figure 3a2),1?”]
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band-edge lasing (or cavity-less lasing) is also possible.2*823% In

recent numerical simulations, a phosphor-embedded 1D PhC is
expected to boost fluorescence efficiency up to 7 times because
of the slow group velocity at the edge of a PBG resulting in
high electric field intensity (A; in Figure 13d).?33 Taking into
account that a PBG of lamellar BCP PhC can be tuned via addi-
tion of homopolymer(s) to cover the entire visible regime,
self-assembly of phosphor-loaded BCPs and/or dye-doped BCPs
can be also considered for visible lasers.

Most white inorganic light-emitting diode (LED) solid-state
lighting typically uses only blue LED modules as the light
source with phosphors added to generate green and red hues
instead of using three primary color LEDs due to cost. Because
the photoluminescence (PL) efficiency of the phosphors directly
relates to the overall energy efficiency, enhanced PL is practi-
cally very important. In line with the recent trend to replace
inorganic phosphors with organic dyes due to cost and tox-
icity issues, PL enhancement in periodic polymers will be very
attractive to reduce the amount of active material. Dye-doped
LC blue phases!?*1*2l could be useful for this application, how-
ever, the approaches using periodic polymers such as BCP
would be advantageous for LED applications considering the
unfavorably large temperature dependency of the optical char-
acteristics of LCs.243]

3.3. Photovoltaic Applications

Polymer photovoltaic (PV) cells have been intensively investi-
gated due to their low cost and flexible mechanical properties
compared to inorganic (mostly silicon-based) PV cells. Since
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recent progress has improved power-conversion efficiencies
up to 9% and solution process fabrication reduces production
costs, the future of polymer PV cells is quite promising.[>*4
Due to the spectral broadness, time-varying incident angle,
and directional/diffusive nature of solar radiation, various strat-
egies have been developed to enhance the power-conversion
efficiency of PV cells. Some examples of the different aspects
of the PV device are illustrated in Figure 14. Since most PV
cells can work at a much higher photon flux without satura-
tion (due to a number density of atoms in a PV cell being sig-
nificantly larger than the number of photons falling on it), the
introduction of solar concentrators (Figure 14a) enables one
to reduce the size of PV cells without a loss of power genera-
tion. Moreover, the luminescent concentrators such as PL dye/
quantum dots within a transparent polymer matrix can make
PV cells much less sensitive to the solar illumination angle.
The periodic patterning of the air/anode interface can provide
a self-cleaning antireflection layer?#>24¢] for long-lasting higher
efficiency by virtue of structural hydrophobicity and TiO,
based degradation of deposited organic contamination. More-
over, the periodic structure at the anode/p-type interface can
enhance light-trapping via diffraction/?*”?*8] or plasmonic scat-
tering®**2%0] (if it is made of metals) (Figure 14b). The active
interface between the p- and n-type transport polymers can be
engineered to have a bi-continuous, bulk hetero-junction (BHJ)
morphology,?* at the scale of the exciton diffusion length
(~10 nm),»>%2 for enhanced exciton collection/®>>*4 or
to have a PhC structure to recycle light for improved photon
absorption.® (Figure 14c). Since such patterning of the
active interface also affects the electrical properties, numerical

(a)
Normal lnudenc\

(b)

AAA
0

(c)

d Transparent anode
(d) p-type

Figure 14. Schematic illustration of various strategies to enhance the
power-conversion efficiency of a single-junction PV cell. (a) Concentra-
tors (luminescent and geometric) (b) Anode patterning for antireflection
and self-cleaning and introduction of (metallic) gratings for enhanced
light trapping. (c) pn-junction interface engineering for efficient exciton
harvesting and for enhanced photon absorption via a PhC interface. (d)
Cathode patterning.

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

designs of periodic active layers in organic PV cells have been
carried out to enhance light harvesting to achieve broadband
and wide-angle range absorption enhancement without sac-
rificing electrical performance.?>®! The surface of the metallic
cathode can also be patterned to increase photon absorption via
surface plasmons?”l and photon trapping!?*®! (Figure 14d).

Besides these approaches, multi-junction PV cells have
been demonstrated to utilize low-energy photons below an
energy gap of a single-junction PV cell. For example, tandem
polymer PV cells having multiple junctions have demonstrated
a higher power-conversion efficiency (without using any pho-
tonic dispersion engineering).?>% Thus, the introduction of
PhCs is expected to create additional efficiency. Indeed, multi-
fold enhancement in photon absorption was demonstrated
by slow light at the PBG edge arising from the periodic pat-
terning of an photoactive polymer layer having bicontinuous
donor (deprotectable polythiophene derivative (TDPTD)) and
acceptor ([6,6]-penyl-C61-butyric acid methyl ester (PCBM))
phase (TDPTD:PCBM)2>>2%% (Figure 15a). Moreover, the PhC
topography generates more favorable free carrier transport for
TDPTD:PCBM by virtue of the 45% larger interfacial area and
a modified static internal electric field distribution in the photo-
active region, which induces the field-dependent dissociation
of excitons at the active region. Instead of directly patterning
the active materials, PET substrates have been 2D patterned
using IL, such that the subsequently solution coated PV cells
had improved light absorption via trapping and guiding, and
demonstrated up to 21% higher efficiency (Figure 15b).2¢ Such
photonic substrates are also possible via standard photolithog-
raphy, for example, SU8 pillars on a PET substrate, were top
coated with a transparent conductive polymer (Orgacon) to
form the anodic component.[261

Periodic structures are both angle-dependent and wave-
length-dependent and this is generally disadvantageous for
PV cells due to the broad solar spectrum and the time-varying
illumination directions (Figure 15). As previously discussed,
isotropic non-crystalline and near-isotropic quasicrystalline
structures (see Section 3.1) can help provide angle independent
performance. Recent calculations show that the PV cells

(a) Al
nc-ZnO
TDPTD:PCBM
PEDOT:PSS
ITO

Glass

Figure 15. (a) Cross sectional schematic of 2D PhC and SEM image
of hexagonal array of active polymer columns prior to backfilling with
nanocrystalline-ZnO. Reproduced with permission.[?53] Copyright 2009,
American Chemical Society. (b) AFM images of linearly and hexagonally
patterned PET substrate. Reproduced with permission.l
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employing quasicrystalline plasmonic structures demonstrate
constant light absorption efficiency during the course of a day
as well as over the course of a year.?%?] Therefore, quasicrystal-
line patterning of substrates and active polymers using various
techniques including I1I2%2%3 are attractive to explore.

A Dbicontinuous BHJ design has attracted great attention
because the two component interpenetrating network of elec-
tron and hole transport materials enables efficient collection
of the optically excited electron-hole pairs at low-cost.?33254
Recently Park et al. employing a blend of copolymer and
fullerene derivative, demonstrated an internal quantum effi-
ciency close to 100%, implying that all incoming photons
create electron-hole pairs.?Yl Therefore, self-assembled bicon-
tinuous interpenetrating hole transport/electron transport BCP
morphologies such as the double gyroid can be very attractive
for PV applications(?%52% gince their continuously connected
microphase-separated domains with widths on the order of
10 nm can allow the efficient dissociation and transport of
photo-generated excitons to the respective electrodes.l?”) Com-
pared to other PhCs in PV cells,?®! however, the structural
scale of the micro-phase separation in BCP materials will be too
small to achieve a PhC effect. In this direction, Zavala-Rivera et
al. demonstrated a novel hierarchical BCP structure via collec-
tive osmotic shock of a PS-b-PMMA BCP that can be applied to
improve PV efficiency via photonic dispersion engineering.26%]

3.4. Sensors

Sensor applications of PhCs are growing exponentially as seen
in Figure 2b and polymer PhCs have shown great potential
including the pioneering works in chemical sensing by Asher
and his students.''Yl Generally accurate and precise sensing
requires both specificity and sensitivity, reversibility (reproduc-
ibility), rapid to near-equilibrium response (low equilibration
time once the sensor is exposed to the analyte) as well as valid
calibration over the range for which the response occurs. Since
the basic idea of sensing is to induce a noticeable change in
the optical parameters of PhCs, mostly refractive index and
periodicity, detectable stimuli are not limited to just chemical
stimuli since polymer PhCs respond to a set of physical stimuli
as summarized in Table 3. PhCs can also be used to improve
the sensitivity of sensors via their PBG effects. For example, a
vapor sensor using the PL quenching by trinitrotoluene (I'NT)
vapor of an emissive conjugated polymer can have much better
sensitivity if a PhC is used for PL amplification!?’") or dispersive
PL quenching.?’!l Moreover, molecular IR absorption signals of
various gases can be amplified by the slow group velocity at the
edge of a PBG.?72

An 1D PhC having an initial maximum reflectance (Ruyax)
of 89% at Apeak = 600 nm is selected as an example. To illus-
trate the trend of the optical response caused by various cases
of solvent swelling, a small fixed change is applied to each
refractive index and layer thickness. Figure 16 demonstrates
the complexity in the optical responses of a 1D polymer PhC
corresponding to the swelling of one or both types of polymer
layers. While the solvent swelling of a polymer always increases
the physical thickness, the refractive index of the swollen
polymer depends on the refractive index of the solvent (ns) and
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Table 3. Periodic polymer systems developed for sensing various types
of analytes.

Analytes Structure || Materials Ref.
Humidity 1D lamellae||TiO,, PHEMA [273]
2D cylinders || poly(styrenesulfonate)-b- [96]
poly(methyl butylene)
3D inverse opal || PAAmM [274]
pH 1D etalon || PNIPAm-PAAc microgel [275]
3D opal || Hydrolyzed PAAm, PS spheres [276,277]
lon 1D lamellae || PS-b-P2VP [97]
3D inverse opal || PNIPAm-crown ether [278]
Sugar 3D opal || PAAm, PNIPAm-flavin, PS spheres [114,279]
1D lamellae || PBA functionalized PS-b-P2VP [280]
Strain 1D lamellae || PS-b-P2VP [236]
3D opal || PS-polybutadiene [2871]
Blast Wave 3D diamond-like || SU8 [30,31]
Temperature 1D lamellae || PS-b-PI [235]
1D lamellae || PS-b-MMA/LC [282]
3D inverse opal | PNIPAmM [283]
3D opal || (PNIPAm-co-PAAc)-ETPTA core-shell [284]

the relative selectivity of the solvent for each type of layer. For
example, when the solvent has its index between that of the high
and low index polymers, n; < ns < ny, the refractive index con-
trast is substantially reduced when a degree of swelling is large,
which always results in deterioration of Ruax (#5, #6, and #7)
and the deterioration becomes greatest for a neutral solvent
(swells both layers equally well) (#7). For the two other pos-
sible solvent conditions, (ns < ny < ny) and (ny < ny < ng),
either solvent preferentially swelling of the n; layer (#1) or of
nyu layer (#3) are advantageous for colorimetric sensing as this
condition increases the refractive index contrast and hence the
reflectivity. To induce a large wavelength shift in the peak posi-
tion (Alpear) to enable high sensitivity, the use of a neutral sol-
vent that swells both polymers is advantageous (#2 and #4) but
one or both of the blocks may need to be crosslinked to avoid
structural deterioration at high degrees of swelling. Since the
refractive index of water (n ~ 1.33) is lower than that of most
polymers (ns < ny < ny), either swelling the ny layer (#1) or
swelling both layers (#2) can be more favorable than swelling
the ny layer (#5). Case #4 shows the best performance in the
sensitivity without loss of reflectivity, but requires a solvent
with a high refractive index. Note that as this simplified dem-
onstration does not reflect any specific interaction parameters
between polymers and solvent, even for the co-swelling cases
(#2, #4, and #7), since the same amount of refractive index
change is assumed for both types of layer.

Humidity Sensing: Relative humidity (RH) sensing schemes
are mostly based on intrinsic swelling behavior of hydrogel
materials. Certainly any vapors of good solvents for polymer
constituents of PhCs should be detectable. The well-known
hydrogels, polyacrylamide (PAAm) and poly(2-hydroxyethyl
methacrylate) (PHEMA), have been introduced into PhC struc-
tures and their RH-responsive behaviors have been studied for
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Figure 16. The simplified seven cases of solvent swelling for a 1D bilayer stack. Changes of reflectance peak wavelength, A,c., and maximum reflec-
tance, Rya. of a lamellar PhC structure corresponding to small variations of refractive index (£2%), and thickness (+5%). The initial lamellar PhC
consists of 40 pairs with high (1, =1.60) and low (n_=1.45) indices and with the layer thickness equal to a quarter-wave optical thickness (d = A/4n).
Depending on the refractive index of the solvent (ns) and the preference of the solvent for each type of polymer layer, a wide range of responses can

occur.

a decade.[?73274285.286] For example, a 1D PhC RH sensor con-
sisting of alternating layers of TiO, and PHEMA-co-PGMA was
fabricated by sequential spin coating.?8%) Although the Alpew
varied approximately 70 nm for viewing angle differences
between 30° and 60°, the PhC sensor exhibited several advan-
tages including a good repeatability over 100 times, a large
Alpeak of 150 nm for a change in water volumetric ratio of only
0.01 due to the highly non-linear coil to globule collapse transi-
tion that leads to a substantial change in layer thickness with
a relatively fast response time (<150 s). A different approach
using a cylinder forming PSS-b-PMB BCPP® provided RH
sensing (Figure 17a) due to the hygroscopic nature of the PSS
matrix. The range of the reflectivity peak shift could be con-
trolled by the PSS sulfonation level. For example, at a sulfona-
tion level of 76%, the sensor exhibited a shift AApeax of ~200 nm
for a change of RH from 20 to 90% with a response time less
than 5 s. Since these electrolytic RH sensors also exhibit sev-
eral orders of magnitude changes in electrical impedance
depending on the RH, these BCP PhCs can also be used as
opto-electrochemically responsive sensors.

pH Sensing: An example of the usefulness of pH sensing is to
monitor food product quality because pH is directly correlated
with elevated CO, gas levels, the prime indicator of bacterial
activities causing food spoilage in packed foods.?”! pH changes
are Dbasically detectable by the ability of the PE block to immo-
bilize counter ions with different hydration affinities, resulting
in osmotic swelling.l?>-277-28-293] For example, a poly(acrylic
acid) (PAAc) hydrogel PhC structure is highly sensitive to pH.
PAAc can be made by hydrolysis of PAAm or copolymerized
with PAAm. An opal PhC of PS spheres surrounded by a PAAc

© 2013 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hydrogel showed nearly 200 nm shift in reflective wavelength
for a pH change from 2 to 5.5.2921 A broader detection range of
pH was enabled by hydrolyzing PAAm copolymer?’®l covering
the visible regime from 550 nm to 800 nm, for pH from 2 to 10.

Sensing Ions: For ionic sensing, designing a polymer back-
bone with analyte-selective binding molecular recognition
groups (MRGs) is desirable. Some exemplary MRGs devel-
oped are 8-hydroxyquinoline for Cu?*,[?** an aptamer for
Hg?*2%] and crown ether for Db+ [114277-279296-298) Hg2+ jon
sensing occurs due to binding to aptamer units crosslinked
with PAAm which results in shrinkage of the hydrogel-col-
loidal PhC.[29%3%] The structure showed a wavelength shift of
150 nm for a change in Hg?* concentration from 0 to 1 uM.
Opal hydrogels of PS-co-PDMAA spheres could detect SCN™
ions in the concentration range from 10-10* nmol /g% Modi-
fied methods using the opal hydrogel PhCs were developed
for the detection of Hg*3%2l and ionic strength.?% Quater-
nized PS-b-P2VP (denoted PS-b-QP2VP) gels (Figure 17b)’]
have pyridnium rings, which makes the film water swellable
and ion exchangeable. The stronger the hydration energy
of an exchanged ion, the greater the degree of swelling by
water. For example, a low hydration energy ion SCN~ showed
a reflective peak at near 400 nm and a high hydration
energy ion, CH;COO™, showed a reflective peak near 650 nm
(Figure 17b).

Sugar Sensing: Real-time non-invasive, painless sensing
motifs that can monitor the glucose concentration in blood
or in a bodily fluid are of obvious importance and have been
extensively studied.14279:280.304-309 Agher’s group suggested
two sensing motifs, glucose oxidase based sensing!!'*?7%l and
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Figure 17. (a) Schematic illustration of the PSS-b-PMB BCP humidity
sensor at low and high RH and photographs of sensors at different RH.
Reproduced with permission.®®l Copyright 2012, American Chemical
Society. (b) Schematic representation of the mechanism for color change
in the PS-b-QP2VP photonic lamellar gels by a direct exchange of counter-
jons in the QP2VP layers and photographs of the films showing different
colors with increasing hydration energy of the counter-anions. Repro-
duced with permission.’”] Copyright 2012, American Chemical Society.

boronic acid based sensing.?*43%7] The reduced state of glucose
oxidase causes sensor swelling, whereas boronic acid forms bis-
bidentate complexes that shrink the hydrogel volume and pro-
duce reflective peak blue-shifts. Other physiologically important
sugars, such as fructose, galactose, and mannose, form only
mono-bidentate complexes to boronic acids, which are unable
to form crosslinks with boronic acids, resulting in differences
in swelling behavior according to the molecular structure of the
physiological sugars.

For fructose sensing, Ayyub et al. fabricated PS-b-P2VP PhC
films modified with BMPBA.?® Selective binding between
fructose and the boronic acid converts boronic acid to nega-
tively charged boronate and the induced charge swells the
P2VP layers. 1,3 diols of fructose have a stronger affinity to
boronic acid over 1,2 diols of other sugars, which is the origin
of the selectivity. Sucrose, a di-saccharide, has 1,3 diols, but
the affinity is much weaker than fructose, a monosaccharide,
due to steric hindrance. The structure showed a reflective red
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shift of almost 200 nm for the change in fructose concentration
from 500 UM to 50 mM.

Strain Sensing: Given the easy and extensive deformability of
polymer based materials, using polymers as strain or stress sen-
sors is straightforward. A useful recent review overviews mech-
anochromic photonic gels.}1% After the first report on the tun-
ablility of the optical response of an elastic polymer opal PhC by
Yoshino et al.,l?8! many research groups have intensively inves-
tigated mechanochromic materials based on the inverse opal
structures of hydrogel®'!312l and on layered elastomers.[313-31°]
For example, the static and dynamic PBG tuning characteristics
by coupling their hydrogel inverse opal PhC structure to a pie-
zoelectric actuator were investigated.?'?l The device exhibited
a 172 nm total PBG tuning range and could be modulated at
frequencies up to 200 Hz. Hard core (PS)-soft shell (PEA) parti-
cles were utilized to study the strain-responsive behavior of an
opal PhCB'0317]l while PS/PEA particles were used to fabricate
polymer opal PhC fibers by extrusion. Stretching the fiber alters
the sphere to sphere distances inducing a shift in the peak posi-
tion of the PBG.I'®] A 1D lamellar BCP PhC is well suited for
colorimetric detection of the degree of compressive strain.[23¢
Since BCP lamellar films can be conformally coated onto non-
planar and patterned substrates, these mechanochromic films
act like a “strain paint.” The strain induced peak shifts are sum-
marized in Table 4. The largest value for peak shift/strain was
achieved by the 1D lamellar system.

Blast and Shockwave Sensing: The structural colors of a glassy
or semicrystalline PhC can be permanently altered by plastic
deformation of a polymer/air structure due to shock waves,
including blast. Cullen et al. created a colorimetic blast injury
dosimeter utilizing 3D polymeric PhCs fabricated by multi-
beam IL and investigated blast-induced color change as shown
in Figure 18a.3% A mixture of hydrogen and oxygen gases was
exploded in a cylindrical shocktube and the blast was trans-
ferred along the tube to impact the sample. Sample color before
and after exposure to the blast at peak overpressures of 655 kPa
and 1090 kPa are shown in Figure 18a. The microstructure
undergoes various deformation modes resulting in a complex
deformation pattern with strong gradients. The prototype blast
injury dosimeter arrays were also affixed to animals and a cor-
respondence found between the blast injury dosimeter color
changes and brain pathologies, including neuronal degenera-
tion and reactive astrocytosis.’!] The power-free colorimetric
sensing motif may allow this type of blast injury dosimeter to
be deployed for use by warfighters.

Temperature Sensing: Thermal changes, the most ubiquitous
stimulus, affects almost all materials properties, including mate-
rial dimensions, solubility and phase behavior. In particular for
polymers, the temperature dependence of the Flory-Huggins
interaction parameter reflects the temperature-induced changes
in monomer-solvent, monomer-monomer and solvent-solvent
interactions, which can lead to chain expansion or contraction
and subsequent differences in average index of refraction of
each type of domain as well as domain thickness. Investigations
of temperature-responsive optical behavior of polymeric based
PhCs date from the study of Takeoka et al.l?83 using the strong
thermal response of poly(N-isopropylacrylamide) (PNIPAm) in
aqueous solutions. In this case, the detectable range of tem-
perature was limited because PNIPAm does not form a gel in
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Table 4. Summary of characteristics of polymer-based PhC systems for strain sensing. (Note: a negative sign in the sensitivity is because an applied
stress direction is perpendicular to a light propagation direction and these responses show relatively less sensitivity due to the Poisson’s ratio effect.)

PhC system Max. strain, A&yvax Peak shift [nm] Sensitivity AL/A&mav Ref.
[nm /%]
PMMA/air (3D inverse opal) +57% Tensile 545 — 475 -2.2 [313]
Silica spheres/ poly(acrylamide) (3D opal) —45% Compression 800 — 450 7.8 311]
PS spheres/poly(2-methoxyethyl acrylate) (3D opal) —15% Compression 610 — 517 6.2 [312]
PS spheres/PDMS (3D opal) +20% Tensile 590 — 560 -1.5 [315]
PS core/PMMA, PEA shells (3D opal) +13% Tensile 636 — 603 -2.5 [316]
PS spheres/PEA (3D opal) +30% Tensile 600 — 540 -2.0 [188]
PS-b-P2VP (1D lamellar) —20% Compression 760 — 520 12.0 [236]
PU/Pebax (1D lamellar) +125% Tensile 600 — 410 -1.5 [151]
PSPI/PDMS (1D concentric) +120% Tensile 800 — 550 -2.1 [318]
Poly(dodecylglyceryl itaconate) /PAAm (1D lamellar) —64% Compression 600 — 415 2.9 [319]
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Figure 18. (a) Photographs of blast injury dosimeters using 3D PhCs
made by IL before and after exposure to blast waves having peak over-
pressures of 655 and 1,090 kPa. The SEM images allow identification
of changes in the structural features of the blast injury dosimeter after
the shock. Reproduced with permission.% Copyright 2010, Elsevier Inc.
(b) Photograph of a transparent PhC shows colors at elevated temperature
and its temperature-dependent optical scattering spectra. Depending on
a viewing angle, different colors are observed from the PhC at 100 °C, as
shown by the spectra below. Reproduced with permission.32% Copyright
2009, American Institute of Physics.
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water below its lower critical solution temperature of 32 °C. For
a wider temperature range, alternating stacks of crosslinked
poly(para-methyl styrene) (PpMS) and PNIPAm-co-PAAc
were introduced.P?!) Covalent cross-linking of the PNIPAm
contributed structural stability and a wider detection range
from 20 to 50 °C with good sensitivity of AA /AT~ 10 nm/°C.
A PHEMA based 3D PhC fabricated from a template created
by IL was reported by Kang et al.3?2l The PHEMA-co-PMMA
hydrogel, swollen by humid air, showed a tunable PBG with
AA/AT~ 12 nm/°C from 25 to 50 °C.

Though the peak shift with temperature change is suffi-
ciently high for the above system, the practical detectable range
of temperature is limited to near room temperature. Thermo-
chromic polymer opal PhCs were fabricated that could operate
up to 150 °C,?2% with refractive index matched polymers by
assembly of core/shell spheres comprised of a PMMA core and
a composite shell of 70% PEA and 30% PBzMA (Figure 18b).
Due to the index matching at room temperature, the ther-
mochoromic behavior was caused entirely by the isotropic
lattice expansion, Ad(T) and the difference in temperature-
dependent refractive indices, An(T)of the spheres and the
polymer matrix. Although the device demonstrated relatively
small increase in scattering intensity (from 0 to 6%), the trans-
parency of the material at room temperature is very attractive
for visual applications like residential windows. In contrast to
other thermochromic spectra, the reflectivity peak is essentially
fixed due to the offsetting behavior of n(T) of each polymer
(decreased) and Ad(T) (increased) on the optical path.

On the other hand, thermochromic BCP gels can operate
over a much broader range of temperature with reasonable
equilibration times (~10 min). For PS-b-PI, thermal expansion
and variation in refractive index play a minor role while the
temperature dependent segregation strength (reflected through
the Flory-Huggins ) parameter) is chiefly responsible for the
change in thickness of the gel layers and a reflective peak shift
of 60 nm for at temperature change of 30 to 140 °C.?3 For
PS-b-P2VP, the P2VP domains become more hydrophobic
as temperature increases because the fraction of protonated
pyridine groups decreases as temperature increases with
AM/AT ~ 1.5 nm/°C for temperatures from 0 to 80 °C.

A drawback of most of the temperature sensors discussed up
to this point is that they inherently rely on liquid transport to
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expand and contract the system, principally due to the tempera-
ture dependent solvent-polymer interactions. Thus, continuous
contact with a liquid reservoir is necessary to avoid drying and
allow solvent adjustment as necessary.

Liquid Crystalline and Semicrystalline Polymer Temperature
Sensors: The development of dry (neat polymer) efficient tem-
perature sensors may be possible using liquid crystalline or
crystalline BCPs. Osuji et al.?® used a PS-methacrylic acid
(PS-b-MAA) BCP blended with H-bonding LC mesogens to
effectively increase the molecular weight and thus the scale of
the lamellar microdomains, resulting in a green reflector. By
increasing the temperature above the isotropic transition tem-
perature of the LC domains, the peak reflectivity shifted 40 nm
to produce an orange color. Dow Chemical Company®?3] devel-
oped self-assembled films of semicrystalline diblock copolymer
based on linear low density PE and ultra low density PE. These
films display a blue reflective color, but the color disappears
when the film is heated up to the melting temperature (~100 °C).
The color quickly returns as the films cool and crystallization
again drives microphase separation between the blocks.

3.5. Imaging and Display Applications

As the previous sections have shown, polymer PhCs are highly
responsive to a wide variety of stimuli. Thus, it is possible to
select an easily controlled stimulus and then be able to address
local regions of a PhC to create a specific reflective color, to
store that color state and then, by reversing the stimulus, to
reset to the original state/color. Depending on the form of the
actual device, the potential applications range from photonic
paper to video displays. Tunability for full color in a single
pixel will increase resolution and brightness, and decrease pro-
cessing/fabrication costs of displays. The choice of stimulus
is quite broad, but needs to be able to be applied locally to
induce the reflection change in a single pixel without crosstalk
— thus, heat, or light or electric or mechanical fields are all pos-
sible but vary greatly in their practicality. If after the stimulus
is stopped, the system relaxes, clearing the pixel, the stimulus
must be continually applied so as to maintain the “on” state.
For example, a thermal stimulus, while reversible, will need to
continuously use energy to stay in the on state, thus, a bi-stable
(hysteretic) system is desirable. Also if upon application of the
stimulus, the system is permanently changed, then there is no
ability to rewrite.

While a host of liquid containing photonic crystal systems
can be stimulated over the visible spectrum by changing tem-
perature, ionic strength, pH, solvent quality etc., in order for
future integration of polymer based PhC pixels into display
devices, a more direct driving stimulus and a faster response
time will be necessary. The current best opportunities for
polymer based PhC pixels appear to be for slower switching
and non-volatile, reflective color devices. The first realization
of a polymer PhC based multi-color pixel was accomplished by
Honda et al.3?Y employing an inverse opal matrix of PHEMA-
co-PAAc with PNIPAm spheres fabricated by double-tem-
plating. This system could express four reflective colors at cer-
tain combinations of pH and temperature, expressed as (pH,
temp): 700 nm at (7, 15 °C), 650 nm at (7, 40 °C), 560 nm at (2,
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15 °C), and 540 nm at (2, 40 °C). However, as pointed out above,
it is far from convenient to alter both the pH and temperature
conditions for a single pixel. Conventional display technology
uses indium-tin-oxide patterned transparent electrodes. By
placing a responsive polymer PhC between two electrodes, the
application of an electric field can either induce electrochem-
ical changes or if a soft polymer is employed, the resultant
capacitive forces can mechanically compress the PhC. Voltage
tunable pixels of PS-b-P2VP!'73l were made by using an elec-
trochemically switchable molecule as the swelling solvent. The
solvent, trifluoroethanol (CF; CH,0H) is oxidized to trifluoro-
ethoxide (CF; CH,0") under an applied field, which causes
reduction in the degree of swelling.'”’! By applying voltages
of up to 10 V, the film could be adjusted from its initial red
color to blue with a response time of seconds and good repeat-
ability over multiple cycles. Kang’s group has made further
progress using a voltage induced pH gradient for gel swelling
and deswelling.l'7432%] They also obtained a non-volatile pixel
(negligible deterioration in 25 hrs) by taking advantage of pH
hysteresis and optimized the pH trigger of the hysteresis loop
by pairing of appropriate anions and PS-b-QP2VP. Lu et al.13%¢]
also showed a tunable behavior of PS-b-P2VP photonic gels in
a water/ethanol 1:1 mixture. In their approach, the pyridine
groups in the P2VP layers became charged depending on the
applied electric potential and resulted in different degrees of
swelling. The full range of visible wavelengths was expressed
at low driving voltage (under 2.5 V) and repeatability was also
demonstrated in multiple cycles. Response time, however, was
very slow (~ 20 min) due to low conductivity of the water/eth-
anol mixture.

Ozin et al. fabricated multipixel electrochemical cells of a
silica-polyferrocenylsilane (PFS) PhC composite between elec-
trodes and controlled color by electrochemical swelling of the
PFS using an electrolyte solution!'™® as illustrated in Figure 19a.
They named their structure, “P-ink”, which combines a silica
bead PhC structure with an electrically active polymer matrix.
Under an oxidative potential, electrons are drawn out of iron
atoms in PFS and the resultant increased osmotic pressure
drives the influx of both ions and solvent into the polymer,
causing the polymer matrix to swell and increasing the spacing
between the silica beads. Applying a reducing potential runs
the system in reverse. The composite system showed a A ~
110 nm, repeatability over 100 cycles, a response time below
15 s, and non-volatility due to hysteresis over 80 min. By etching
out the silica spheres to form an inverse opal PES gel film, a much
broader tuning range (AApeak ~ 300 nm), faster response (~10 s),
and an enhanced stability at low driving voltage (under 3V)
due to the increased index contrast and enlarged contact area
between the electrolyte solution and the PFS was obtained.?”]
Further commercial development of this system has improved
the color range and speed (subsecond).

Xia et al. motivated by the capacitive actuation of elastomers,
fabricated a PhC of poly(2-methoxyethyl acrylate) (P2MEA) with
silica spheres.’?°l To enhance the electric-field-induced respon-
siveness, the permittivity was increased by in bandgap reduc-
tion of silver nitrate to metallic silver inside the films producing
a small 20 nm shift in the stop-band peak position for an
applied field of 25 V um™.. For faster response of tunable pixels,
Shim et al. suggested utilizing the electrophoretic movement of
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Figure 19. (a) Schematic of the electric field driven swelling of a silica-PFS
PhC composite. (b) Optical responses of the PS-b-QP2VP photonic gel film
(left) depending on UV irradiation dose and multicolor patterns created
using a photomask having gradient pattern density to control local crosslink
density (right). Reproduced with permission.? (c) Schematic of writing
and erasing of opal photonic paper by UV induced ring-opening and temper-
ature induced ring-closing reaction of RnBMA dye 3 (top) and optical images
of a patterned elastomeric opal film after activation of RhBMA-labeled beads
(right) and temperature-induced reversible erasing (left). Reproduced with
permission.B17l Copyright 2013, American Chemical Society.

highly charged PS particles.>3% The particles form a non-closed
packed fcc structure due to the high surface charge of the par-
ticles and the entire system of particles moves to the oppositely
charged electrode with a gradient by Coulombic attraction,
which also results in reflective peak blue shift. They showed a
Alpeak ~ 110 nm, a response time of 10 ms and demonstrated
stable color switching behavior for 40 min using 1.2 V, 5 Hz
AC field.

A lithographic scheme utilizing photocrosslinking of ion-
exchanged PS-b-P2VP film was developed (Figure 19b) using
the strength of UV exposure energy control the degree of blue
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shift in color of the photonic gels (a more densely crosslinked
gel leads to less swelling). The sensitivity of the polymer to UV
crosslinking can be retarded by radical-inhibiting anions with
the inhibition power proportional to the size of halogen anions.
It is possible to tailor the color of specific areas by ion-exchange
before photomasking and UV exposure leading to a periodic
pattern of red, green, and blue regions similar to a color filter
for emissive display devices.??®! Jiang et al. photopatterned a
polymerized opal PhC of PHEMA-co-PMOEA with PS spheres
by swelling with monomer followed by UV exposure and
observed color differences between the patterned and unpat-
terned areas due to differential uptake of solvent vapor.3!]

For rewritable photonic paper, one scheme is to add a solvent
to locally swell the structure, followed by removal of the solvent
in order to return the structure to its initial state. This approach
suffers from low resolution due to slow diffusion of the solvent
beyond the contact area as well as degradation due to evapo-
rative loss of volatile solvents. An opal PhC with cross-linked
PS spheres in a PDMS matrix demonstrated changes color by
contact with ink*32-334 such as silicone based volatile fluids
(M, ~ 200 g mol™) that swell the PDMS. The shift in the reflec-
tive peak was dependent on the molecular weight of ink, with
the maximum peak shift of 130 nm for the lowest molecular
weight ink. The writing process took place in 2 sec and the peak
position recovered in about 10 sec after removal of the ink via
evaporation. A different rewritable photonic paper was made of
an opal PhC of hard core-soft shell particles: crosslinked PS-
(EA-iBMA-HEMA) core-shell with a UV responsive fluorescent
dye (rhodamine B methacrylamide (RhBMA) 3) inside the
cores.3”) The opal PhC initially reflects blue light, but when
exposed to UV at 366 nm, the RhBMA 3 in the exposed regions
provides a strong yellow fluorescence emission due to the ring-
opening reaction and the complementary blue structural reflec-
tivity and yellow dye emission give a white appearance. How-
ever, to erase, the temperature must increased up to 130 °C
for 5 min and the exposed region goes back to the initial dark
(blue) state by ring-closing of RhBMA 3 as shown in Figure 19c.

3.6. Metamaterials

We next describe recent developments in the hot area of
“metamaterials.” Meta — literally Greek for beyond — holds the
promise for entirely new material behavior and properties quite
unlike those in any conventional materials in nature. Much
of the activities in metamaterials concern optical and acoustic
applications ranging from negative index materials to materials
that can cloak an object. The popularization of metamaterials
may be traced back to the seminal paper by Pendry,?*! who
introduced the concept of artificial magnetic resonance leading
to the creation of a negative index optical material; this led to
the birth of a vigorous field of work in electromagnetic, and
more recently, elastic and acoustic metamaterials. We next pre-
sent a section on optical metamaterials and acoustic metamate-
rials are treated in section 4.4.

Optical Metamaterials: In contrast to PhC where the period
is commensurate with the target range of wavelengths of light,
optical metamaterials are based on sub-wavelength scale struc-
tures, ranging from several times to several orders smaller than
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the targeted wavelength. The novel optical responses of meta-
materials are often achieved by sub-wavelength resonators, so
called “artificial atoms” comprised of metallic and dielectric
materials that induce collective motion of electrons in a specific
mode. Moreover, with nanostructural engineering, the local
permittivity e(r) and permeability u(r) of the artificial mate-
rial can be independently and nearly arbitrarily designed and
this unprecedented control enables material constructs that
can control the flow of light via what is known as “transforma-
tion optics”.13*¢3%] For example, using transformation optics,
one can distort the normal straight trajectory of light passing
through a certain region of free space in a desired manner to
effectively “hide” an object (Figure 20a). Any object within the
inner spherical region does not interact with external optical
waves and is thus, essentially invisible.3*® Due to the concep-
tual similarity with the motion of light in a distorted space-
time induced by a heavy celestial object, light trajectories
in metamaterials can be related to light dynamics in curved
space through the invariance of Maxwell's equations under
coordinate transformation.?*¥l Thus, the “black hole concept”
of astronomy can be practically applied as an omnidirectional
light absorber**! (Figure 20b).

Since the refractive index is given by n? = ey from Maxwell’'s
equations, a material can have a real value of n enabling a non-
decaying propagation of light when & and p are simultaneously
either positive or negative. Since a medium having all negative
e and p results in a negative angle of refraction, the sign of
n is determined to be negative. Such negative refractive index

0.0 r H N T

N P
Figure 20. (a) Ray trajectory of light entering the spherical transformation
space is guided smoothly around any object within the inner spherical region.
Reproduced with permission.33¢l Copyright 2006, American Association for
the Advancement of Science. (b) Calculated photon trapping by a photon
black hole created by designing a spatial varying silicon-silica composite.
Reproduced with permission.* Copyright 2009, American Institute of
Physics. (c) The photonic band diagram of a metallic double gyroid structure
enabling negative refraction of light. The local energy flux vectors (the inset)
of the negative refraction mode (thick red line in the band diagram) is in the
opposite direction to the wavevector. Reproduced with permission.?*% (d)
SEM image of BCP derived gold gyroid network with a = 35 nm and filling
fraction of 30%. Reproduced with permission.341]
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materials (NIMs) are one of the most intensively studied class
of optical metamaterials where the counterintuitive negative
refractive index arises as a result of the metamaterial artificial
molecules.?*? In contrast to a negative ¢ arising from an elec-
tric resonance in typical materials such as metals, a magnetic
resonance creating a negative u is comparatively more difficult
to achieve. In the NIMs, sub-wavelength metallic structures
having inductive and capacitive components are employed to
create the magnetic resonance at the frequencies where ¢ is
negative. There are two main challenges to the realization of
NIMs at optical frequencies. One is fabrication of very high
resolution constructs, as sub-100 nm features are required.
The other is the inherent optical losses caused by metallic con-
stituents, especially in the visible and near infrared regimes.
The losses dampen the electron oscillation that couples with
the light and limit optical NIM to applications requiring short
propagation paths. PhCs made of dielectrics (negligible optical
absorption) can also be used for the negative refraction#344l
because some of photonic bands can make the phase and group
velocities anti-parallel, leading to the same effect as the metallic
resonators but with much reduced loss. As the photonic band
engineering for NIMs could require less stringent refrac-
tive index contrast than that required for a complete PBG, a
polymer-based PhC can be utilized for NIMs,3*! as well as for
sacrificial fabrication templates discussed below.

Fabrication of metamaterials for optical applications has
mostly employed top-down lithography using extremely high
resolution patterning techniques such as e-beam lithography,#°l
focused ion beam milling,**”] nano-imprint lithography,?*®!
and laser DW.*! For the rapid expansion of metamaterials
research, low cost nano-scale fabrication is necessary. Self-
assembly or directed self-assembly of BCP is a very attractive
approach due to the inherently small length scales well below
50 nm and low cost. The double-gyroid phase of BCP is dis-
tinguishable from the other microdomain structures by its 3D
self-supporting, bicontinuous topology. NIMs based on a double-
gyroid BCP have been theoretically investigated. Figure 20c
shows the computed energy flux distribution in the structure
creating a NIM.B*) This type of structure was experimentally
obtained by etching one phase of a double-gyroid BCP followed
by inversion via electrodeposition of gold (Figure 20d). This suc-
cessful demonstration of a 30 nm gyroid-structured gold network
exhibited very promising characteristics with a relatively high
optical transmission of 20% for a 300 nm thick structure, indi-
cating efficient energy transport by plasmonic resonances.>*!]

One of the many advantages of polymers is their ability to
accommodate additives such as gain-media. For example, a dye
dispersed in an epoxy matrix can help overcome the inherent
losses in the metallic components by providing additional
photons. An extremely low-loss and active optical NIM was
thus demonstrated using Rhodamine 800 in the visible wave-
length range between 722 and 738 nm.")

Parity-Time Symmetric Materials: Most photonic structures
made of dielectrics are based on spatial modulation of a real
part of a complex refractive index, N(x) = ng(x) + in(x), with
the choice of material made to maximize the periodic variation
in the real part of the index while minimizing the imaginary part
ni(x) over the wavelength regime of interest to afford negligibly
small loss. A new idea is to create a periodic imaginary index
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profile, nj(x), with alternating loss and gain regions. These arti-
ficially structured materials are termed “PT-symmetric mate-
rials,” due to parity (P) and time (T)-reversal symmetry and
have been theoretically and experimentally studied and various
novel optical phenomena revealed. In contrast to a conventional
PhC incorporating a gain medium, the modulation amplitude
of ng(x) is required to be comparable to that of n;(x) for the
PT-symmetric materials. Since the magnitude of optical gain
is the practically most limiting factor, the modulation space for
PT-symmetric materials occupies a relatively small region in
the index modulation diagram, while plasmonic and metallo-
dielectric metamaterials occupy the widest region in the ng vs.
n; modulation space (Figure 21a).

The idea of PT-symmetric optical system is an ana-
logue of a PT-symmetric system in quantum mechanics.
In the Schrédinger equation (Equation 1, the Hamiltonian
p?/2m+ V(x) is generally a Hermitian operator, which
ensures real eigenvalues (or observable energies) and prob-
ability conservation because the potential V() is real,

ih

W) [ B P
- 2m 9x?

m ———+ V(x)] W(x, ) (1)

where p and m are momentum operator and mass. Inter-
estingly, a class of non-Hermitian Hamiltonians having a

N
(@) in,
Metallo-dielectric
LOSS Plasmonics
1 M
GAIN
PT-symmetric
Dielectric PhC + gain
Loss
dopant Gain
(b) Input 1-‘/-

e A

Figure 21. (a) Diagram of the modulation space of real index vs. imagi-
nary index for various photonic systems. (b) Schematic of a 1D periodic
material having PT-symmetry requiring even and odd functions of ng and
ny, respectively. The non-reciprocal behavior of the PT-symmetric system
for the two different input beams (solid and dashed arrows) is illustrated.
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complex potential can still have real eigenvalues if the poten-
tial obeys PT-symmetry.>>!] This requires the complex poten-
tial,  V(x) = W(x) +iVi(x) = V*(—x), where space and
time reversal operators, P and T are defined as x — —x and
t — —t. By this requirement, the real part of the complex
potential Vz(x) needs to be an even function of position x and
the imaginary part Vi(x) has to be an odd function. When the
amplitude of Vj(x) exceeds a certain threshold, the real values
of the non-Hermitian Hamiltonian become complex. A similar
transition also exists in the PT-symmetric optical system and
results in the disappearance of the stable propagation mode
(without decay or divergence of the light intensity), therefore
the optical feedback between gain and loss medium must be
carefully balanced.??

PT-symmetry can be created in an optical system
because some optical processes are formally identical to the
Schrodinger equation (Equation 1). For example, in the par-
axial equation of diffraction,?>3 the complex refractive index,
N(x) = ng(x) + ini(x) corresponds to the complex potential,
V(x), so the real part ng(x) needs to be an even function of
position ¥ and the imaginary part n;(x) has to be an odd func-
tion. The schematic in Figure 21b shows two dielectric media
having different refractive index ng(x) periodically arranged
with gain and loss molecules alternatively doped to the low
(or high) refractive index medium to additionally modulate
the imaginary refractive index n(x) to be an odd function.
Optical systems satisfying such PT-symmetric conditions with
balanced modulation in both ng and n; have demonstrated
unique and intriguing optical characteristics such as unidirec-
tional invisibility.}>#3%°] For example, the antisymmetric gain/
loss grating in Figure 21b exhibits negligible reflection of light
entering from the left (100% transmission) rendering it invis-
ible, whereas for light incoming from the right side, which
encounters gain medium first, strongly enhanced reflection
is observed with the reflected optical power exceeding unity
due to the stimulated emission from the optically-excited gain
medium. Thus, in contrast to PhCs where many applications
require high dielectric contrast, rendering it difficult/impos-
sible for polymers to provide the required optical properties,
for PT-symmetric materials on the other hand, polymers have
a good advantage since it is easily possible to provide the req-
uisite gain/loss modulation amplitudes that will enable fur-
ther novel optical functionalities. For this reason, while not yet
demonstrated in a polymeric system, we believe PT-symmetric
materials to be an exciting future frontier for the application
of optically active periodic polymers. PT-symmetry ideas may
also be extended to other areas such as plasmonics and meta-
materials to provide future routes to overcome the loss issue
discussed earlier.

4. Polymer-Based Phononic Structures

Phonons are quasi-particles representing quantized mechan-
ical vibrations that propagate through solids, liquids, or gases.
Phonons exist across a very wide range of technologically rel-
evant frequencies, ranging from seismic waves for detection
of underground oil deposits (sub Hz), to audible sound (Hz-
kHz) to ultrasound (MHz) (e.g., medical sonograms) to very
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high frequency thermal phonons (THz).
It is hence not surprising that the ability to
control and manipulate the flow of phonons
has captured the interest of the scientific
community. In recent years, 832116356382
it has been shown that the propagation of
acoustic energy may be efficiently and even
precisely controlled by novel sonic devices,
bringing exciting and promising opportuni-
ties for sound management. Initially coined
as PnCs, recent work aimed at manipulating
acoustic propagation with structures having
key components on the sub-wavelength
scale has led to the development of acoustic
metamaterials.

Phononic crystals typically have their
properties attributed to the effects of Bragg-
type scattering, hence the PnBG and bands
exhibiting negative refractive behavior
tend to lie at frequencies (wa/2mcer ~ 0.5),
where cef is a speed of sound for the effec-
tive medium corresponding to the particular
PnC. Acoustic metamaterials commonly
have their behavior attributed to artificial (c)
mechanical resonances present within the
unit cell design with the corresponding nega-
tive index flat bands and bandgaps occuring
in the sub-wavelength or low frequency
(wa/meer < 0.1 regime.
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Nelson*®"  first suggested considering a

binary composite as an artificial acoustic
material, made wusing two constituent
building blocks. Given a particular peri-
odic arrangement of these constituents,

Figure 22. Behavior of PnBGs (al) Transverse plane wave of a frequency (f,) inside the PnBG
propagates through a solid and is completely reflected by a solid/solid 2D PnC made of cylin-
ders arranged in a triangular lattice embedded in a matrix. (a2) The sound wave of a frequency
(f2) outside the PnBG is transmitted through the PnC to the other side solid. Adapted from.7%
(b1) An illustration of a 3D PnC consisting of lead spheres (r = 0.25a) arranged on a fcc lat-
tice embedded in epoxy matrix. (b2) A phononic band diagram of the 3D PnC shows a large
complete PnBG. Adapted with permission.l'® (c) A mechanically switchable phononic device.
The PnBG shifts due to the dramatic change in symmetry.

wave interference and/or resonant effects
occur to give rise to strong coherent
back-scattering, resulting in sound waves of certain fre-
quencies not being allowed to propagate within the peri-
odic structure (Figure 22al) while waves with frequencies
outside these gap regions are transmitted (Figure 22a2).
As previously noted, this range of forbidden frequencies is thus
called the PnBG. This property offers an efficient mechanism
to manipulate the propagation of sound waves,?>73¢17367] such
as to suppress various mechanical vibrations to sensitive equip-
ment or to reduce transmitted noise. Additionally, a purpose-
fully introduced defect placed into the periodic structure can
lead to useful PnC devices such as sound waveguides, resonant
acoustic cavities, or sonic filters just as in the case of designed-
in defects in PhCs.

Analogous to the PhC, the midgap frequency of the funda-
mental (the lowest) PnBG is inversely proportional to the perio-
dicity (Bragg scattering) or structural size (resonant scattering).
Initially, theoretical and experimental PnCs were primarily
studied at low frequencies (f < 1IMHz) where the required peri-
odicities (2 > 1 mm) can be easily obtained through manual
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fabrication of the structures.**'-3%l Thus, low-frequency PnC
structures were mostly fabricated from metal or semicon-
ductor material platforms. More recently, however, several dif-
ferent fabrication technologies have allowed for the significant
reduction in the feature size of the structures, providing new
means for an effective control of high frequency (f > 1 MHz)
phonons in small-form-factor PnCs.32116:3703771 In particular,
polymer-based PnCs with fine feature sizes have demonstrated
successful control of very high frequency (f ~ 1 GHz) hyper-
sonic phonons.B2116370375-377]

Hypersonic phonons in periodic structures were first experi-
mentally observed in a self-assembled lamellar phase PS-PI
BCP with sub-200nm period.’®#¥ Despite the relatively low
mechanical contrast between the two solvent swollen micro-
phases, non-acoustic modes corresponding to the band-folding
characteristic of periodic structures were observed utilizing
Brillouin light scattering (BLS). Subsequently, hypersonic
polymer-based 2D PnCs, made of an array of air holes in an
epoxy background material, were fabricated via ILP?% and a
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directional PnBG utilizing BLS was experimentally observed.
The 2D PnCs can of course be extended to 3D PnCs exhibiting
complete 3D PnBGs. For example, a 3D PnC consisting of lead
spheres in the fcc lattice in an epoxy matrix (Figure 22b1) dem-
onstrates a large complete PnBG prohibiting the propagation
of all elastic waves. Analogous to the 3D PhC band diagram
(Figure 10d,e), the 3D phononic band diagram (Figure 22b2)
clearly shows a complete 3D PnBG. A hypersonic version of
spheres on a fcc lattice was made using PS nanospheres fab-
ricated by colloidal self-assembly and provided the first experi-
mental observation of a GHz hypersonic PnBG using BLS.[!16]
More recently, experimental BLS observations of PnBGs were
also reported in one-dimensional periodic (SiO,/PMMA) multi-
layer films at GHz frequencies.’7>384

In addition, one-dimensional all polymer (PS/PI)i3%3 and
(poly(vinyl pyrrolidone)/PS)7”] PnCs have also been shown
to modify the propagation of GHz phonons, as elastic modes
injected through a picosecond laser pulse and detected via an
optical probe beam show typical folded dispersion curves. These
studies clearly demonstrate that polymer-based PnCs constitute
an attractive material platform for the development of high-fre-
quency sonic devices, given by the multitude of suitable fabrica-
tion techniques of polymers, such as self-assembly, spin-casting,
IL, etc. (see Section 2), which can be utilized for creating a wide
range of 1D, 2D, and 3D periodic sub-micrometer structures.
Polymer-based systems may also further enhance the richness
of possible acoustic propagation behavior, by virtue of their
inherently time-dependent dynamical behavior, such as their
viscoelasticity corresponding to very strong temperature and
strain-rate sensitivity of their mechanical properties. Polymeric
acoustic metamaterials thus have properties dependent on both
the geometric structure and the material constitutive relations;
the latter impacts the time-scale of their response, the non-
linearity of the response in terms of amplitude dependence,
etc. Propagating modes in phononic structures offer interesting
opportunities to probe the dynamics of confined polymeric sys-
temsB7>376 through the generation and study of interface and
spatially confined modes. Importantly, this interplay between
the time-scale response (hence frequency dependence) of the
constituent materials and the structural design has led to struc-
tures that demonstrate unique switching behavior3+385-3%] (see
Figure 22¢) driven by strain induced phase-transition® sug-
gesting further development of active devices for controlling
acoustic energy flow at the nanoscale.l®]

To explore how the detailed structure can influence the band
diagram, we now revisit the 2D square lattice with circular fea-
tures having p4mm plane symmetry (see Figure 3al) and vary
the structure of the inclusions. In the case of hard-cylinders
embedded in a softer polymer matrix (Figure 23al), we obtain
the dispersion relation (Figure 23a2), with a PnBG at about
wa/2mer ~ 0.6. In this design, the cylinder lattice structure serves
as a Bragg scatterer that gives rise to the fundamental PnBG in
a phononic crystal. The displacement eigenmodes along I'-X at
the X point (BZ boundary) (A and B in Figure 23a2), show the
characteristic field localization in the scatterer and the matrix
respectively. Now to enable an acoustic metamaterial, we add
an additional layer, softer than the polymer matrix around the
hard cylinder (Figure 23b1). This layer allows the hard cylinder
to become a mechanical resonator within each unit cell with
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the softest material acting as a weak coupling layer between the
internal cylinder and the outer matrix. This is the crucial design
component that gives the additional degree of freedom required
for a mechanical resonance. We see that the corresponding dis-
persion relation becomes significantly different (Figure 23b2) —
a distinctive feature being the flat low-frequency band located
at wa/2mwcr ~ 0.15 above which the PnBG now appears. The
displacement fields of the eigenmode C (Figure 23b2), show a
more distinctive localized nature characteristic of resonant type
behavior. Mode D (Figure 23b2), exhibits displacement fields
that propagate throughout the entire polymer matrix, with no
indication of scattering.

These two simple examples serve to point out the rich
behavior afforded using polymeric materials. Moreover, given
the large range of constitutive mechanical behavior available
for polymer rubbers, glasses, and semicrystalline materials, a
wealth of possibilities exist for controlling the propagation of
elastic waves in macro-, micro-, and nanostructured polymers.

4.2. Broadband Super Absorption

There have been numerous attempts to develop compact, deep
sub-wavelength acoustic metamaterials for the efficient absorp-
tion of low frequency sound and vibrations. As the wavelength
of audible sound, for example, is in the order of meters, con-
ventional Bragg based PnCs having a periodicity similar to
the wavelength are highly impractical. Hence, sub-wavelength
devices need to be designed in order to realize absorbers with
practical form factors for low frequency acoustic waves. Cen-
tral to this research is the desire to surpass the so-called “mass
density law”,?>”] which is a scaling law based on an effective
medium approach of estimating the transmission attenuation
of an effectively “homogeneous” material. The transmission
may be estimated by T ~ 1/wh, w being the frequency of the
acoustic wave or vibration, and h the thickness of the material.
As this gives rise to the limitation of the absorption efficiency
of a conventional material, attempts to surpass this mass den-
sity limit have focused on acoustic metamaterials. This devel-
opment was sparked by the conceptualization of the locally
resonant sonic crystal,*>’} and the experimental demonstration
of a ~ 20 dB improvement in transmission attenuation beyond
the mass density law by realization of a 3D construct similar
to the 2D structure shown in Figure 23bl. The underlying
mechanism is the introduction of an artificial resonance that
is matched to the targeted incident acoustic frequencies. This
mechanical resonance arises by using a dense, stiff metallic
sphere surrounded by a “soft” polymer layer within a stiffer
epoxy-based matrix (Figure 24a). By tailoring the impedance
contrast, one is able to design and tune the resonant frequency
to control the transmission attenuation (Figure 24b). It is
readily apparent that the wide range of polymeric material plat-
forms with widely different mechanical impedances will enable
the facile design of simple mechanical resonators and a locally-
resonant acoustic metamaterial with super absorption.

A simple variation of the resonant sphere concept was dem-
onstrated in an all polymeric-metascreen based on the classic
acoustic “bubbly” resonance,?*’l known as the Minneart reso-
nance.?*>3% The resonant frequency of a gas “bubble” in a
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Figure 23. (al) Two-component PnC comprised of a square lattice of hard cylinders embedded in a softer polymer matrix and (a2) its phononic band
structure with displacement fields corresponding to the two eigenmodes, A and B. A PnBG (Aw/w = 0.53) is created from Bragg scattering of the
impedance contrast Z,/Z, of 6. (b1) Three-component PnC having an additional concentric very soft layer that serves to weakly couple the cylinders
and the matrix and (b2) its band structure with displacement fields corresponding to the eigenmodes, C and D. A low frequency resonant PnBG
(Aw/w =0.7) is created by using a soft shell (Z;) with impedance contrasts of Z,/Z; of 50 and Z,/ Z; of 9. Adapted from.3°] The color map for each
mode indicates zero (blue) to a maximum displacement amplitude (red) with local directions and magnitudes of the displacements given by the arrows.

fluid medium is interestingly low, given by w = /3Bg.s/p/R,
where f, is the longitudinal modulus of the gas, p the mass
density of the liquid, and R the radius of the bubble. In this
work, by utilizing spherical air-void cavities as resonance ele-
ments within a soft PDMS matrix (Figure 24c), Leroy et al.?%
were able to obtain very efficient vibration isolation in the ultra-
sonic regime (0.7 MHz) for waves incident from air onto a
bubble meta-screen with only four-layers. This isolation may by
further controlled by tuning the crosslink density and thereby
the visco-elastic properties of the PDMS matrix. In this way
the required impedance matching between the surrounding
medium and the polymer matrix and the scattering cross section
for the “bubbly” resonance may be optimized, so as to achieve
very efficient absorption of incident acoustic waves (Figure 24d).

While the notion of impedance contrast is quite well-
known from transmission line concepts,’**! the details of the
impedance (mis-) matching depend strongly on the interac-
tion at the interface between the ambient medium and the
designed metamaterial. This fact was exploited in developing
ultra-thin low frequency (~200 Hz) absorbers consisting of
“floppy” polymeric membranes.’>% In this work, thin (~200 um
thick) rubber membranes (E = 1.9 MPa, v = 0.48) were loaded
with asymmetric iron platelets and designed to be resonant at
~200 Hz. The choice of a thin membrane provides good imped-
ance matching to the incident acoustic wave; the presence of
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the rigid iron platelets in the flexible membrane presents an
efficient absorption or dissipative mechanism vis-a-vis the “flap-
ping” of the membrane and the subsequent localization of
strains at the interfaces between the rigid platelets and the flex-
ible membrane. This gives rise to a dark, or non-radiative mode
at the frequency range of interest. The absorber is deeply sub-
wavelength (thickness < 4/1,000) and highly tunable through
varying the mechanical properties of the polymer membrane
and the additive rigid platelet geometries.

4.3. Tunable Phononic Structures and Tunable Materials

As mentioned, one advantage in utilizing polymeric plat-
forms for PnCs is in their dynamic tunability. Given that poly-
meric materials can provide sufficient impedance contrast (see
Table 1) to serve as the matrix material for solid-air based PnC
architectures, the ability to utilize the interplay between the
mechanical symmetry of the patterned polymeric nanostructure,
which determines its phononic properties, and the boundary
constraints to alter the phononic properties of the polymeric
structure,3>386.387.390.395.39] 4 ffords unique opportunities for
dynamic geometry phononic systems, such as for switching
applications. For example, stresses caused by swelling of a pat-
terned polymer constrained to a rigid substrate were able to
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Figure 24. Polymer based acoustic “super absorbers” and reflectors.
(a) Locally resonant 3D PnC comprised of rubber-coated lead spheres on
a simple cubic lattice in an epoxy matrix and (b) its measured transmis-
sion spectra with (solid circles) and without (open square) resonators.
Reproduced with permission.>”) Copyright 2000, American Association
for the Advancement of Science. (c) Bubble meta-screen made of air voids
(R =39 um) in a PDMS matrix and (d) transmission spectra of a one-
layer (circles) and four-layer crystals (squares) with lines of theoretical
predictions. Reproduced with permission.°d Copyright 2009, American
Institute of Physics.

induce an elastic instability in a PnC (Figure 25a).*! This recov-
erable instability actuated a discrete change in the polymer PnC,
from the original p6mm hexagonal symmetry of the cylinders
(Figure 25a left) to a herring-bone type pattern with elliptical
inclusions, a p2gg plane symmetry (Figure 25a right). This led
to the opening of a high-frequency PnBG, by virtue of this
discrete symmetry breaking associated with the displacement

(b) 0% strain |

% MM

fields (Figure 25a bottom). The ability for tuning the boundary
conditions as well as the utilization of solvent fields, pH,
mechanical forces, or other stimuli to induce an elastic insta-
bility offer many possibilities of tunable phonon engineering and
acoustic steering. This instability-driven switching of PnCs was
further developed by Bertoldi and co-workers (recall Figure 22c)
to achieve negative Poisson's ratio behavior initiated by insta-
bility in silicone-based elastomeric cellular foams.’3* Other
approaches of tuning the phononic behavior include the uti-
lization of magnetic as well as electro-rheological elements in
an otherwise connected polymeric matrix to tune the PnBGs
utilizing the respective magnetic and electric fields to alter the
mechanical impedance of the elements.[3¥3%1 In addition, pie-
zoelectric response has been demonstrated as an effective way to
tune the acoustic band structure by opening and manipulating
bands at electronically driven resonances.’*7-3%l

The concept of utilizing external fields to trigger a change in
the phononic behavior was also applied to a 3D PDMS micro-
truss.* The PDMS micro-frame having an R3m-like symmetry
was fabricated by IL and subsequently strained by up to 30% in
a uniaxial fashion along the [1010] direction (Figure 25b). BLS
measurements were done to track the evolution of the phononic
behavior, which showed a clear monotonic change in the propa-
gation modes as a function of the applied strain (Figure 25b).
By further tuning of the mechanical properties of the PDMS
PnC, the strain-dependence of the propagation velocity can be
tuned as needed.’4

Solid-fluid PnCs offer yet another route of dynamic tun-
ablity by tuning the material properties. In particular, Fytas
and co-workers have demonstrated utilizing self-assembled
microspheres!'% as well as AAO nano-templates,38>-3983% that
one can tune the PnBG and propagation behavior through a
change of the characteristics of the solvent/fluid. Changing the
colloid dimensions and the fluid type affected both frequency
shifts and PnBG sizes. Thus, one may utilize an ambient sol-
vent environment to tune the phononic properties of the PnC.
A variant of this was demonstrated by tuning the viscosity of
the polymer fluid as the disconnected cylinder phase in AAO-
based nanotemplates®®! to create hybridized PnBGs in the
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Figure 25. Tunable PnCs with polymer-based systems. (a) SEM images show the instability induced pattern transformation in hexagonal SU8 based
photo-patterned polymer with displacement fields for the modes near the tunable PnBG. Reproduced with permission.B3%l Copyright 2009, American
Chemical Society. (b) BLS spectra of PDMS microframe undergoing large strains (30%) along the [1010] direction, showing clear shifts in the peaks of
modes 1 and 3, indicating a change in the propagation modes. The corresponding AFM images and Fourier transformed images (insets) indicate the
breaking of the hexagonal symmetry due to the stretching. Reproduced with permission.¥l Copyright 2006, American Chemical Society. (c) Tilted SEM
image of AAO template without polymers (inset: top view). Experimental in-plane phononic dispersion relations of polyethylene glycol (PEG)- filled AAO
(black symbols) and PDMS-filled AAO (red symbols) for the longitudinal acoustic branch 1 (open circles) and the weak flat branch 2 (open triangles).
Reproduced with permission.B33 Copyright 2010, American Chemical Society.
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dispersion relation (Figure 25c), while leaving the rest of the
low frequency behavior unaffected, since these modes are dom-
inated by the solid AAO template.

4.4. Phononic Metamaterials

As mentioned in section 3.6, metamaterial concepts can be
applied to both electromagnetic and elastic waves, the heart
of the concept is the artificial building block, or “meta-atom”,
resonant at frequencies much lower than those accessible
from natural materials and strongly influencing the disper-
sion relation at low frequencies. Acoustic metamaterials can
manipulate and control acoustic energy in surprising and
non-intuitive ways. Some of these already mentioned include
low frequency sound absorbers consisting of “floppy” mem-
branes,?>®l as well as locally resonant elastic materials!®”! that
greatly surpass the conventional mass density limit, realizing
deep subwavelength (hence thin) yet very efficient absorbers
of low frequency sound. Instead of using an elastic solids as
resonating entities, the concept of an acoustic Helmholtz reso-
nator utilizing the elasticity of a compressive fluid, typically
enclosed in a rigid cavity with a small opening port,?*! has
also been employed in an underwater environment for nega-
tive refraction of acoustic wavesl®l and fabrication of broadband
acoustic cloaks.l’! Moreover, 2D composite structures made of

10l

Sound wave
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solid/liquid®®% or solid/solid phases(*®!l can also demonstrate
acoustic cloaking.

As was the case for electromagnetic waves in optical meta-
materials, cloaks can be designed for sound waves in mechan-
ical metamaterials. Such “acoustic cloaks” can render arbi-
trary objects essentially invisible to sound waves by guiding
the incoming sound wave around the object to be concealed
(Figure 26a). This is done by extending the concept of elec-
tromagnetic cloaking through the electromagnetic conformal
transformations336490401 15 sound waves using the acoustic
scalar wave equation instead of Maxwell's equations. By fol-
lowing the coordinate transformation approach, 2D and 3D the-
oretical acoustic cloaking shells were designed to hide objects
from sound waves in fluids.>*3783794921 The shells surrounding
the objects were designed to have anisotropic and inhomoge-
neous effective elastic properties. Due to the difficulty associated
with obtaining fluid based metamaterial shells, cloaking effects
were subsequently obtained using solid/fluid metamaterial
shells,P38 which are experimentally easily accessible. One
prominent example was an underwater acoustic cloak made
of an aluminum plate having an array of cavities and channels
designed and fabricated to operate for ultrasound (40-80 kHz)
waves in water.l’!

An important point is that, contrary to electromagnetic/
optical cloaks, acoustic cloaks can inherently be made broad-
band by virtue of the range and tunability of the constitutive

Without cloak

i

With cloak

Pressure
amplitude

incident | IR

beam

Figure 26. (a) Calculated pressure map for a planar longitudinal wave incident on a rigid cylindrical scatterer surrounded by a multilayered acoustic
shell made up of 200 layers (see inset). Reproduced with permission.’8 Copyright 2008, IOP Publishing Ltd. (b) Oblique-view photograph of a cloaking
device made of PVC before filling with PDMS and experimentally measured displacement fields passing by a solid disk with and without the cloak
device at 200 Hz. Reproduced with permission.38"] Copyright 2012, American Physical Society. (c) Photographs of a ground cloaking cover consisting of
perforated plates are shown with the unit cell and simulated acoustic signatures of a triangular object with and without the cloaking cover. Reproduced

with permission.?¥2 Copyright 2011, American Physical Society.
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material parameters of the materials available. In the above
case of the underwater acoustic cloak, the broadband response
was enabled by the fact that the phase velocities of the propa-
gating fluid modes could be manipulated by the cavities and
channels fashioned out of the aluminum plate. However, it is
also possible to fabricate this cloak out of a stiff polymer plat-
form, as provided the impedance contrast in the scalar acoustic
field (see Table 1) of glassy polymers and air or even water is
large enough (Zyolymer/ Zwater ~ 2). In this case, the key concept
lies in tuning the effective phases of the acoustic waves as they
propagate through the structured medium, which can be met
with a very wide range of material choices making polymers
attractive vis-a-vis their low density, easy fabrication, good envi-
ronmental resistance, and sufficient mechanical impedance.

As mentioned earlier, the coordinate transformation
methods work for scalar acoustic waves analogously to elec-
tromagnetic waves. However, it is not generally possible to
design an exact cloak for bulk elastic waves due to the tenso-
rial mechanical properties of solids. But, the situation is better
for plate waves.*#02 Plate waves are also known as Lamb
waves and propagate in materials having a thicknesses of a
few wavelengths, leading to confined propagation of the out-
of-plane mode. The displacement field has components along
the normal to the plate and along the direction of propagation.
Recently, the design, fabrication, and characterization of a thin
polymer metamaterial elastic cloak for plate waves was demon-
strated at acoustic frequencies (Figure 26b).381 The plate itself
consists of 20 homogeneous and locally isotropic concentric
rings made of glassy poly(vinyl chloride) (PVC) and rubbery
PDMS - materials that possess a three order of magnitude
difference between their Young’s modulus (Epyc = 2.4 GPa,
Eppms = 2.0 MPa), providing sufficient mechanical impedance
contrast for broad band cloaking operation. The metamaterial
cloak was fabricated by drilling slots in a 1 mm thick PVC plate
and the slots were then subsequently filled with PDMS. Elastic
plane waves (f ~ 200-400 Hz) were directed toward the polymer
plate and the displacement fields from interactions among the
incoming elastic wave, the polymer plate, and the object (26 mm
diameter) were experimentally measured (Figure 26b). As evi-
dent for frequencies f ~ 200 Hz, the shell directs the elastic
waves around the object with negligible reflections, rendering
the object nearly invisible.

Acoustic metamaterial theory and concepts have also been
recently applied to develop a new class of acoustic cloaking
devices known as “carpet cloaks” or “ground cloaks” to hide
objects located on reflecting surfaces, 3403404 an extension of
the idea of electromagnetic ground cloaks to acoustic waves.*82!
The basic principle behind a ground cloak is that the cloak redi-
rects incoming acoustic waves such that reflections from the
flat surface by itself and the surface with the cloaked object are
basically the same.

One of the first acoustic ground cloaks was built to hide
objects from audible waves (frequencies f~ 2—4 kHz in air) and
was fabricated using an acrylic polymer.8?l A triangular object
(to be concealed) is placed on a ground plane and the object
is then covered with a triangular shaped metamaterial whose
effective material properties are derived by the coordinate trans-
formation acoustic theory. The particular metamaterial system
is made of regularly perforated planar plastic plates (Figure 26c).
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The size and shape of the perforations in the plastic sheets, as
well as the specific separation between the sheets, result in the
required mechanical response of the structure to the incoming
sound waves. Simulated scattering field patterns for the object
by itself and the object covered with the metamaterial cloak
are shown in Figure 26c. Theoretical and experimental results
show that acoustic scattering from the object is significantly
reduced by the presence of the cloaking device, providing a
novel mechanism to hide objects on flat surfaces from sound
waves in air.

These recent demonstrations of metamaterials and cloaking
devices offer enormous opportunities to manage acoustic
waves in ways inconceivable with common natural materials.
Potential applications include making ships invisible to sonar,
improved designs of concert halls, and soundproof rooms.

5. Outlook and Summary

This review focused on ordered photonic and phononic struc-
tures made primarily from polymers. We presented the basic
ideas of band structures, design principles, selected fabrication
techniques, research trends as well as promising material sys-
tems for experimentally accessing the many emerging ideas in
these rapidly growing fields. The further elaboration of polymeric
materials for PhC/PnC will enable progress in engineering of
photons and phonons in both fundamental and applied aspects
by virtue of a number of advantages of polymers including their
wide range of mechanical properties, ease of functionalization,
ability to host optical and mechanical additives and to be rela-
tively inexpensively fabricated into nano- and micro-structure
materials. In particular, polymeric based PhC/PnC structures
are dynamically reconfigurable, both as switchable geomet-
rical structures and as continuously tunable materials that can
respond to a very wide range of physical and chemical stimuli.
The field of PhC research remains vibrant and is growing
in new application areas for sensors and renewable energy.
Entirely new photonic concepts are being explored in the area
of optical metamaterials, including PT-symmetric materials.
3D PhC fabricated by colloidal self-assembly and 1D PhCs
fabricated by BCP self-assembly lead in many sensor and dis-
play applications. In addition to self-assembly approaches,
the introduction of non-conventional top-down techniques
including IL, soft imprinting, and DW, and hybrid techniques
overcome the tendency for inadvertent defect formation
during self-assembly as well as the ability to precisely design
a particular geometry and composition. The prominent char-
acteristic of many of the PhCs fabricated to date focuses on
structural color, yet there is much scope for the systematic and
quantitative investigation of chemical and physical phenomena
behind the dynamic responses of polymer based PhCs. With
such efforts, PhC research will attract more attention from the
industrial sector. The trend for engineering-oriented research
to become more of a major player in PhC research is evi-
dent (Figure 2a). Indeed, research efforts on the engineering
aspects of PhCs such as production yield, fabrication time,
response time, and packaging, need more attention. This shift
towards engineering can be a great opportunity to sustain and
to further expand PhC research by encouraging the exchange
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of knowledge between the traditional physical/optical and
engineering communities.

PnCs are a more recent field of research and show strong
growth similar to that of PhC research in the early 1990s. Poly-
mers are more competitive for PnC applications due to their
sufficiently high mechanical impedance to be able to open a
complete phononic bandgap, compared to their relatively low
refractive indices that leads to only partial optical bandgaps.
In the current early stage of PnC research (Figure 2c), many
developments for PnCs are following a similar track as for PhC;
however, there are evidently exclusive aspects of PnC such as
the more complex tensorial nature of elastic constants and the
fundamental locality of phonons. With respect to fabrication, in
contrast to the enormous efforts in the scale-down of PhC to
achieve a complete PBG in the visible and telecommunication
regimes, current fabrication techniques can readily create PnCs
for nearly all regimes of elastic waves. Although PnCs for the
audible regime will be mainly fabricated at the deep sub-wave-
length scale in order to have a practical form factor, the volume
of many PnCs (order of cm?), will be significantly larger than
those of PhCs, so that polymers will likely be a major constit-
uent material due to their lightweight and low cost. For fre-
quencies below 1000 Hz, we envision that polymers would be
particularly valuable since it is possible to modify their mechan-
ical properties to engineer propagating acoustic waves in real
time by use of the piezoelectric effect and an external driving
signal. Therefore, we foresee that future PnCs especially for the
audible frequencies will be device-like rather than material-like.
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