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In this report, we highlight the development of polymers as 1D photonic crystals and
subsequently place special emphasis on the activities in self-assembled block copoly-
mers as a promising platform material for new photonic crystals. We review recent
progress, including the use of plasticizer and homopolymer blends of diblock copolymers to increase periodicity
and the role of self-assembly in producing 2D and 3D photonic crystals. The employment of inorganic nanopar-
ticles to increase the dielectric contrast and the application of a biasing field during self-assembly to control the
long-range domain order and orientation are examined, as well as in-situ tunable materials via a mechanochromic
materials system. Finally, the inherent optical anisotropy of extruded polymer films and side-chain liquid-crystal-

C

line polymers is shown to provide greater degrees of freedom for further novel optical designs.

1. Introduction

Polymers are already important materials for photonic appli-
cations; some examples are plastic optical components such as
Fresnel lenses, light pipes, diffusers, and polarizers. Photonic
crystals are a new class of periodic dielectric media that can pro-
vide novel ways to manipulate and control light. Much of the
recent effort in construction of photonic crystals has focussed on
lithographic approaches,? colloidal self-assembly,”! and use of
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opals and inverse opal structures as templates.! Block copoly-
mers (BCPs) are an interesting platform material for photonic
crystal applications due to their ability to self-assemble into a
variety of 1D, 2D, and 3D periodic structures (Fig. 1) and the
ability to selectively incorporate additives.®! There are four
main challenges that need to be overcome in order to achieve
necessary photonic properties with BCPs. The primary chal-
lenge is to obtain the large domain sizes needed for the optical
frequencies of interest (e.g., in telecommunications, 1.55 um in
the near-infrared (near-IR) requires domain thicknesses of
about 250 nm).m Additional significant concerns for creating
useful BCP photonic crystals which should be addressed include
long-range domain order, control over domain orientation, as
well as production of sufficient dielectric contrast between
domains.[*7)

2. One-Dimensional Polymeric Photonic Crystals

The simplest example of a photonic crystal is the multilayer
stack. The wavelength of the reflected light from a multilayer
material depends on the optical thickness (n;d;) of each layer.
Each interface between layers reflects an amount of incident
light dependent on the index contrast between the layers, with
the first order reflected wavelength for layers of equivalent
optical thickness given by:®!

A’l = 2(n1d1 + l’lzdz) (1)
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Fig. 1. a) Top: Scanning electron microscopy (SEM) image of spherical domains produced in a PS-PI (194/
197 kg/mol) copolymer swollen with 50 % PS homopolymer. Bottom: Schematic of bee packed spheres predicted
for low minority block compositions. b) Top: Atomic force microscopy (AFM) image of cylindrical domains pro-
duced in a roll-cast PS-PI (320/680 kg/mol) copolymer. Bottom: Schematic of hexagonally packed cylinders pre-
dicted in BCPs for composition range indicated. c¢) Top: Transmission electron microscopy (TEM) image of
lamellae produced in a PS-PI (194/197 kg/mol) copolymer swollen with PS and PI homopolymer. Bottom: Sche-
matic of lamellar domains produced in BCPs with relatively balanced weight distribution. Note the length scales
of these materials are such that they act as photonic crystals in the visible part of the spectrum.

where 4, is the 1st order reflected wavelength; n; and d; are
the refractive index and width of the ith layer. The intensity of
the reflected light from the multilayer film is proportional to
the number of layers of equal thickness as well as to the index
contrast between the layers. For incident light normal to a uni-
form layer thickness AB multilayer film, the ideal reflectivity
for a material composed of N layers is given by:

2 7?2
1_(’12}
n
R=|—" 2)
1+(n2J
n

for n, < ny. Higher order reflections are also produced in
these multilayer materials and actually cannot be avoided in
two-component systems.

A convenient way to display the optical characteristics of a
periodic dielectric material is through the band diagram.[Q]
For this 1D case the normalized frequency of the allowed
modes is plotted over the Brillouin zone as a function of the
normalized component of the incident wave vector parallel to
the surface of the stack (k). Figure 2 is the calculated band
diagram for a quarter wave stack (A/4 = nd; and a = nid; +
nod,). At normal incidence (kj = 0), there is a narrow reflec-
tivity band with AA/A = 0.07 for ny = 1.59 and n, = 1.51. As
the incident beam is tilted with respect to the layer normal,
the reflectivity band shifts to higher frequencies depending
on the polarization of the beam. The polarization is defined
by the orientation of the electric field or magnetic field with
respect to the plane of incidence, defined by the plane con-
taining the incident wave vector and the normal to the film.
For transverse electric (TE) polarization the bandgap remains
open up to grazing incidence (the light line, shown in bold)
whereas for transverse magnetic (TM) polarization the band
narrows and closes at the Brewster angle.

Polymeric multilayer films have been manufactured via
three main methods: co-extrusion, spin coating, and self-
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assembly. Co-extruded films con-
taining large numbers of alternating
layers of different refractive indices
were produced over 30 years ago at
Dow, with first order reflectivities
approaching 100 %.51% A funda-
mental problem encountered with
co-extruded films is the occurrence
of undesired thickness variations,
which result in a broadening of the
reflection spectrum and also un-
wanted higher order reflections. The
addition of a third material of inter-
mediate index has been shown to be
successful in suppressing two or
more consecutive higher order re-
flections. Schrenk et al. coextruded
a multilayer material with a four
layer repeat (A/B/C/B) and a thick-
ness ratio of 2:1:2:1, successfully suppressing the second
through fourth order reflectivity peaks."!! There are several
applications for co-extruded multilayer films, including solar
films for automobiles and buildings."”! Nearly half of all solar
energy occurs in near infrared wavelengths (800-2000 nm)
and can be substantially reflected while allowing for excellent
transmission at visible wavelengths.

In polymers the refractive index mismatch is normally small
compared with other layered structures such as vacuum
deposited inorganic dielectrics, but this limitation can be com-
pensated for by employing a large number of layers.'"'?! The
refractive index of polymeric layers can also be adjusted
through copolymerizationm] or by the blending of miscible pairs
of polymers. Copolymerization can improve structural integrity
and resistance to ultraviolet (UV) light degradation, while the
possibility for index adjustment also allows for the tuning of one
or more of the high, intermediate, and low refractive index
polymers present in three-component optical films.
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Fig. 2. 1D band diagram (TE and TM modes) of lamellar structure (n; = 1.59;
n, = 1.51). The bandgap occurs in the white region between the n =2 and n =3
bands. Inset depicts incident light on a multilayer stack [12].
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By changing the refractive index of the layers one can modi-
fy the band structure; increasing the dielectric contrast will in
general lead to larger bandgaps. A careful choice of the re-
fractive indices of the multilayer stack has recently led to the
development of the 1D omnidirectional reflector that reflects
a band of frequencies for both TE and TM polarized light re-
gardless of angle of incidence."!

3. One-Dimensional Self-Assembled Multilayers

BCPs with compositions of 35-65 % self-assemble into a
periodic lamellar structure. The simplest BCPs are linear A/B
diblock copolymers comprised of two distinct, non-crystalline
polymer chains.'"*1%1 A/B diblock copolymers form microphase-
separated structures in which domains predominantly consisting
of one block are separated from domains consisting primarily of
the other block by a narrow interfacial region.'*! BCPs with
molecular weights in the 20-100 kg/mol range typically yield
periodicities in the 20-50 nm range. The period scales with the
two-thirds power of the molecular weight; however, ultrahigh
molecular weight (>1 Mg/mol) materials are extremely viscous
in the melt and do not easily self-assemble into well-ordered
structures due to their strongly entangled nature.

Alternatively, homopolymer—-BCP blends can be utilized to
obtain increased length scales via swelling of the block domains
by the respective homopolymers.''®! By using high molecular
weight diblocks (e.g., 400 kg/mol) and swelling with homopoly-
mer, domains have been produced which are sufficiently thick
(d ~ A/4n) to act as photonic materials in the visible regime.!'”!
An example of the cross sectional structure of a lamellar poly-
styrene—polyisoprene (PS-PI) BCP swollen with PS and PI ho-
mopolymer (nps =1.59; np; =1.51) is shown in Figure 1c. Self-as-
sembled PS—PI BCPs can produce narrow reflectivity peaks at
visible wavelengths (AA/A < 0.1) indicative of excellent layer or-
der, constant thickness and low defect content (Fig. 3). The
wavelength of peak reflectance of a particular AB diblock can
be conveniently tuned across a wide range of visible wave-
lengths in an approximately linear manner by simply adjusting
the amount of homopolymer.''”)
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Fig. 3. Relatively narrow, high reflectivity peak (AA/A = 0.08) for a styrene—eth-
ylene(propylene) copolymer (800 kg/mol) plasticized with dioctylphthalate.
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4. Two- and Three-Dimensional Self-Assembled
Structures

The co-extrusion and spin coating processes which can pro-
duce multilayered 1D optical films have proven unsuccessful
in producing 2D and 3D photonic crystals. However, self-
assembly from a pair of immiscible homopolymers and rela-
tively high molecular weight BCPs has produced 2D cylindrical
domains and 3D body-centered cubic (bcc) packed spherical
domains which reflect in the visible spectrum. The hexagonally
packed cylinders produced with 21-33 % minority block com-
position are a type of 2D photonic crystal.[g] With sufficient
refractive index contrast, hexagonally packed cylindrical sys-
tems are able to produce a complete photonic bandgap for
both TE and TM modes. This means that for light propagating
in the plane perpendicular to the cylinder axis, there is reflec-
tion for a band of frequencies for both polarizations at any
azimuthal angle. Cylindrical domains with relatively large pe-
riodicity (deylingers =~ 120 nm) and controlled orientation have
been produced through roll casting of a PS-PI (320/680 kg/
mol) BCP with molecular weight of 1.0 Mg/mol (see Fig. 1b).
In this case the self-assembly process takes place in an evapo-
rating solution undergoing orientation due to the action of the
rollers.”)

Thus far, there are three known types of microdomain
structures with cubic symmetry: spheres (Im3m), double
gyroid (Ia3d), and double diamond (Pn3m). The double
gyroid microdomain structure is comprised of two interpene-
trating, 3-coordinated labyrinthine networks of the minority
component and occurs in the composition regime between the
lamellar and cylindrical phases for BCPs. Theoretical calcula-
tions demonstrate that a complete bandgap can be produced
in the gyroid structure provided that sufficient index contrast
exists.””! Spherical domains of intermediate range order and a
unit cell size of about 140 nm have been produced via self-
assembly using a highly asymmetric blend comprised of 50 %
PS homopolymer in a high molecular weight PS-PI diblock
copolymer (Fig. 1a).

S. Intricate Block Polymer Structures

Other self-assembled structures can be produced with block
polymers through various synthesis techniques, for instance
through the production of linear multi-block polymers as well
as star and other molecular architectures (Fig. 4). In general,
the morphologies of ABC terblock polymers are much richer
than those displayed by AB diblocks. A linear polystyrene-
block-polybutadiene-block-poly(methyl methacrylate) poly-
mer formed a morphology in which both the A (PS) and C
(PMMA) blocks formed small and large diameter cylindrical
microdomains respectively with a unique hexagonal p6mm
symmetry.m] The novel “knitting pattern” structure of an-
other ABC polymer results in ¢2mm symmetry.”? A three
arm ABC star polymer forms yet another type of two-dimen-
sionally periodic, three-phase microdomain structure with
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Fig. 4. Schematics of novel 2D periodic ABC block terpolymer structures. a) i)
Linear ABC polymer with hexagonal p6mm symmetry. ii) ABC miktoarm star
three-phase microdomain structure with p6mm symmetry. iii) Linear ABC
“knitting” pattern, which displays a c2mm symmetry. b) A double gyroid with
3D cubic ({a3d) symmetry. A and C represent interpenetrating networks in a B
matrix.

pomm symmetry.m] A linear three component triblock can
also produce a double gyroid structure, with the two different
networks (A and C blocks) separated by a matrix (B).*"
Based on the large array of structures and compositions avail-
able and the ability to tailor the relative domain sizes through
control of molecular weight and through blending, the poten-
tial for self-assembled materials with photonic crystal geome-
tries not readily attainable by other synthetic/processing
approaches is apparent.

6. Polymers as Birefringent Multilayer Films and
Elastomeric Films

The systems described above are all materials with isotropic
indices of refraction. The refractive index of a polymer can
also be made strongly directional by orienting the chains. Op-
tically anisotropic multilayer A/B co-extruded polymer films
have recently been developed by 3M which have an index
mismatch in one direction (na; # ng;) while minimizing the
mismatch in the orthogonal direction (n5, >~ ng;). Such films
can retain or increase their reflectivity with increasing inci-
dence angle.[ZS] The broad band character of the reflectivity
arises from both the birefringence and by purposeful produc-
tion of a stack of different optical thicknesses chosen such that
the individual reflectivity bands overlap to give a composite
film which acts as a good mirror over essentially all of the visi-
ble spectrum.

Self-assembled polymeric photonic crystals can also be fab-
ricated to have novel optical properties. One example is a
mechanochromic film: a material which responds to deforma-
tion by changing color. In these materials, the wavelength
reflected changes reversibly with the applied strain due to the
change in optical thickness. Co-extruded AB multilayers com-
posed of elastomers can reflect in the visible through near-
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infrared regimes.""! Kimura et al.?® performed biaxial com-
pression on a hydrophobic/hydrophilic multilayers fabricated
by successive spin casting alternating layers of polystyrene
and polyvinyl alcohol and found a shift of 65 nm in the peak
reflectivity for an applied pressure of 18 MPa.

7. Future Outlook

Increasing the dielectric contrast between domains in a
BCP offers the ability to further tailor the optical properties.
One approach is to employ high index nanoparticle additives
which are coated with a surfactant layer and selectively incor-
porated into one of the domains. For example, we have
sequestered 4 nm diameter CdSe particles of high refractive
index into a poly(styrene/isoprene/2-vinyl pyridine) triblock
terpolymer using amine terminated polystyrene oligomers
attached to the CdSe surface® Another self-assembly
approach employs micelle formation in a solution of rod—coil
diblock copolymers that aggregate into micrometer-sized hol-
low spheres and cylinders.””! These materials show potential
for use as photonic bandgap structures due to good dielectric
contrast (Mai =1.0; Aegraiblock =~ 1.7), which has been further
enhanced with the incorporation of fullerenes (nc, = 2.1).[27]

Finally, the capability for polymeric materials to not only
display anisotropic dielectric properties but to be able to vary
the anisotropy by applied fields, for example in electric field
switchable side-chain liquid-crystalline block—coil BCPs,
points the way towards the use of self-assembled block poly-
meric materials in optical switches, couplers, and isolators.*®!
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