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Block Copolymers as Photonic Bandgap Materials

Yoel Fink, Augustine M. Urbas, Moungi G. Bawendi, John D. Joannopoulos, and Edwin L. Thomas

Abstract—Block copolymers self-assemble into one-, two-, and needs to significantly enhance the dielectric contrast between
thre_e-_dimensic_:nal periodic equilibrium s_tructures, which can the microdomains. In this paper, we present the concept of
exhibit photonic bandgaps. This paper outlines a methodology for using block copolymers as photonic bandgap materials as well

producing photonic crystals at optical length scales from block : . .
copolymers. Techniques for enhancing the intrinsic dielectric as discuss the methods that are needed to achieve desirable

contrast between the block copolymer domains, as well as increas- Optical properties.

ing the characteristic microdomain distances, and controlling

defects are presented. To demonstrate the applicability of this

methodology, a self-assembled one-dimensional periodic structure  1l. SELF-ASSEMBLED BLOCK COPOLYMER STRUCTURES

has been fabricated that reflects visible light. The wealth of ) ; ; ;
structures into which block copolymers can assemble and the Block copolymers (BCP's) consist of chemically different

multiple degrees of freedom that can be built into these materials macromolecules, or blocks, joined at their endpoints to form

on the molecular level offer a large parameter space for tailoring @ chain. Due to the positive free energy of mixing of the
new types of photonic crystals at optical length scales. and B species, the respective blocks tend to segregate. Being

Index Terms—Block copolymers, confinement of light, defects, restricted_by the_ir conne(_:tivity, block copolymers microphase
enhanced refractive index, localization of light, mesoscopic, Separate into microdomains that are on the length-scales of the

nanocrystals, optical components, one-, two-, and three- respective blocks. Fig. 1(a) depicts ay B diblock copoly-
dimensional photonic bandgaps, photonic crystals, polymer mer which has microphase separated into a layered structure.
blends, polymers, reflectors, self-assembling. Each layer is composed of a different block. The interface
between the layers is called the intermaterial dividing surface
|. INTRODUCTION (IMDS) and is the location of the junctions that connect the
different blocks.

::E Selzﬂuﬁlli'g iInA{a ﬁaggogznc;g%mggsaslg I;%S,{?negm?;f/_ The morphology diagram for a lineat/ B diblock copoly-
mer is presented in Fig. 1(b). The regimes of the different

ers, complex topologically connected cubics, cylinders Orhases are mapped as a function of the volume fraction of
hexagonal lattices, and spheres on a body centered lattice PP

By controlling the composition and architecture of bIocIF< € two blocks— and the product of the segment-—segment

. . interaction parametey ap and the total number of segments
copolymer macromolecules, a rich repertoire of one-, two-

and three-dimensional periodic dielectric structures can tz)vﬁ“B' At a given value ofVpxaz. as the volume fraction is

accessed, many of which exhibit topologically connected fe%_anged, various perlo@c st.ructures are encountered: ;pheres
n a body centered cubic lattice, hexagonally packed cylinders,

tures. These materials self-assemble into periodic dieleCt?Cuble roid cubic. and lamellae. A arachic rendering of
structures typically on mesoscopic length scales (10-100 nﬁjl e gy I - A grap 9
different equilibrium phases at increasing volume fraction

depending on the overall molecular weight. f the minority component is presented in Fig. 1(c). Many

The small intrinsic dielectric contrast between typical blocgIOCk copolymer systems with additional structural degrees
copolymer microdomains precludes the formation of large phof freedom have been produced by adding more blocks, by

tonic bandgaps in such materials. The periodic structure givC Soosin different chemical monomers. and by varving the
rise to small photonic gaps around the edges of the Brillouin . 9 - o y ying
. ; . architecture of the chain; e.g., connecting a number of blocks

zone. To induce overlapping of the photonic bandgaps, ohe X . .
at a single junction to form a star molecule. For exam-

ple, an ABC terpolymer can have three chemically distinct
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Fig. 1. (a) Schematic of a diblock copolymer microphase separated into a lamellar structureABiaskV 4 connected repeat units of typg while block

B hasNg repeat units of typeB. The two blocks are covalently connected at point c. The locus of the junction points is called the intermaterial dividing
surface. On the bottom is the chemical structure of the junction region for a styrene isoprene diblock. (b) Experimental morphology diagragtteepictin
periodic microphases observed in the polystyrene-polydiene (PS-PD) diblock copolymer systems disordered homogemoGsspheresd), hexagonally
packed cylinders4), double gyroid ¢), and lamellae[[l). The PS phase appears light, and the PD phase appears dark due to staining withy ©@sO

is the Flory—Huggins parametet™y g = (N4 + Np)—number of statistical segments in the copolymer [20]. (c) Graphic rendering of the equilibrium
phases in linear diblock copolymer at increasing volume fraction of minority phase.

-

Ill. BANDGAPS IN ONE-, TWO-, AND tion (i.e., k; = 0), one can identify a gap that shifts to
THREE-DIMENSIONAL BLOCk COPOLYMER MESOCRYSTALS  higher frequencies a, increases. To increase the overlap

An analysis of the band structures corresponding to the sdltween the gaps for this simple system, one needs to increase
assembled BCP morphologies shows that plurally directioR dielectric contrast between the layers. In fact, as was
photonic bandgaps exist in these structures. Because of the [§&Ntly demonstrated [2], an overlapping band can exist
inherent dielectric contrast that exists in BCP systems, the gd3at reaches the light line—thus forming an omnidirectional
are nonoverlapping. An example of the nonoverlapping natuiflector.
of the bandgaps is presented in Fig. 3. This figure representd he large number of block compositions and block ar-
the band structure for the two independent polarizations, Tngements leads to a wealth of periodic morphologies. These
and TE, for a layered system with equal optical thickness#s turn can provide a materials template for novel and yet
of each domain projected onto the invariant component ghobserved photonic bandgap structures. Providing that the
the wave vector-. The values of the refractive indexegndex contrast is enhanced above the characteristic values that
are 1.59 and 1.51 corresponding to the polystyrene (PS) aist in block copolymers, one can in fact obtain complete
polyisoprene (PI). The gray regions correspond to propagatiplgotonic bandgaps in two and three dimensions. For example,
states, while the white regions are evanescent. This structtire hexagonally packed cylinder structure will exhibit a com-
has small nonoverlapping gaps that vary considerably agplate gap in the plane providing that the contrast between the
function of kj;. For waves propagating in the normal direcmatrix and cylinders is relatively high.
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Fig. 2. Micrograph of knitting pattern in SEBM (PS-PEB-PMMA) triblock copolymer [1].
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Fig. 3. Band calculation for a lamellar system of PS-PI parameters, showing

the light line for TM and TE polarizations. Fig. 4. One-dimensional self-assembled dielectric lattice made of SI2VP
triblock with TOPO coated CdSe nanocrystals sequestered in the 2VP phase.

IV. THE CHALLENGES FOR BLOCK
COPOLYMER-BASED PHOTONIC BANDGAP constant materials into one or more of the block copolymer
MATERIALS AND HOW TO ADDRESS THEM microdomains [4]. The nanocrystals are tailored to have a

BCP mesocrystals need to be modified to achieve a s§ond affinity to one of the phases. This can be achieved,
stantial overlap in the photonic bandgap. To this end, t@" €xample, by grafting a surfactant molecule, which has a
following issues need to be addressed. First, the intringi@€mical structure similar to that of the target phase, onto
dielectric contrast between the phases in virtually all BCiie surface of the nanocrystal. The BCP PBG material is
systems is small, typically on the order of 1.1 (e.g., styren&en produced by adding the surfactant nanocrystals to a
isoprene 2.5281/2.2801). This contrast is sufficient only féelution of the block copolymer whereupon removal of the
narrow-band openings near the edges of the Brillouin zorf®lvent they sequester into the targeted microdomains. The
In order to achieve larger gaps, one needs to enhance ft@gult is a substantial increase in the dielectric constant of that
dielectric contrast, which can be done in a variety of waysicrophase.

For example, it is possible to preferentially sequester opticallyFig. 4 is a bright field transmission electron microscope
transparent nanocrystals [3] of one or more high dielectf@EM) image of a layered self-assembled dielectric lattice
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with air channels in a high-index matrix [6].

made by selective addition of high-index CdSe nanocrys-
tals to the 2-viny| pyridine (2VP) microdomains of aFig. 6. Refle_ctivity of a self-assembled layered styrene isoprene diblock
poly(styrenefisoprene/2VP) triblock copolymer. The contrz;\%‘i?p"'ymer with 20 wi% thiol terminated homopolymer and 20 wt% Pl

! T B ; omopolymer. The structure has CdSe nanocrystallites, which enhance the
in this figure is due to the sequestration of the nanocrystalgiectric contrast between the layers.

into the 2VP phase. A solution of CdSe nanocrystals in THF

was prepared, then the triblock copolymer was added and the . . .
solution was roll cast [5] to form a highly oriented dielectridortion of the spectrum if the characteristic domain size is on

lattice. Another possible approach to enhance the dielectile order of or greater than 4P nm, wheren is the index

contrast involves the selective etching by ozonolysis of ok refr_action of the material in that domain. The domain sizes
of the microphases. of typical block copolymers are usually 10-50 nm, although

Fig. 5 shows a bright field TEM image of poly(pentagis_tances much Iarger than these are possiblg by employing
methyldisilyl-styrene)-b-polyisoprene, which forms the doui9id, extended chain blocks [9] and very high molecular
ble gyroid morphology in the bulk. The sample was cadt€ightflexible chain blocks as well as by swelling the domains
from toluene, annealed at 120C for two weeks, cryomi- by the addition of selective non-volatile solvents.
crotomed, and the polyisoprene preferentially stained withA Self-assembled block copolymer layered structure that
osmium tetroxide. As shown in Fig. 5(a), the PI channels affflects visible light has been recently fabricated [11]. Fig. 6
pear dark in a matrix of P(PMDSS). An unstained microtomed @ reflectivity spectra taken from a styrene isoprene diblock
section was also exposed to an atmosphere of 2 wt% oz&olymer (MW 194k:197k) where the domains have been
in oxygen for 45 min and then soaked in deionized watéWollen by the addition of an isoprene homopolymer (20% by
for 12 h. As seen in Fig. 5(b), the Pl has been preferentiafyeight, MW 13k) and a thiol terminated polystyrene (20% by
removed, leaving behind air channels, which results in ti¢eight, MW 1.3k). The refractive index contrast between the
inversion of the image contrast as compared to Fig. 5(&0mains was enhanced by the addition of CdSe nanoparticles.
In addition, upon exposure to oxidation, PMDSS converfshe sample was prepared by dissolving all of the components
to silicon oxycarbide. The contrast in the micrograph is due toluene and subsequent casting on a glass microscope cover
entirely to the difference in electron density between the dilide; the total film thickness is approximately p@n. The
and ceramic phases. The dielectric contrast in this mater@ticles sequester into the polystyrene domains because of
is approximately four [6]. The air channels could also b&eir affinity to the thiol group. The reflectivity was mea-
backfilled with a high-index material (such as tetrapropoxgured on a Cary spectrophotometer fitted with an integrating
titane, a TiQ precursor) and calcinated to achieve a high-indesphere. The maximal reflectivity peak is observed at 540 nm.
dielectric network [7]. The sample begins to reflect visible light after the solvent

Another aspect of BCP-based PBG materials that neegi@porates (which could take a few minutes if air is blown
to be considered is the competition between reflection afder the sample). The equilibrium structure for a symmetric
absorption of the materials for frequencies that are in the galiblock swollen with the respective homopolymers consists of
Since the achievable dielectric contrast for block copolymeiternating lamellae of polystyrene and polyisoprene with an
photonic structures in some cases will not be very large, va@proximate layer thickness of 85 nm.
would expect a deep penetration depth of the evanescent wavéhe rejection potential of a finite dielectric lattice depends
into the structures. For the material to be useful as a bandgapthe index contrast and on the number of lattice periods;
material, one would want it to be as lossless as possible. Theer contrast requires an increased number of periods for
practical short wavelength limit for the use of polymers ig given rejection value. In addition, since the wave pene-
probably around a wavelength of 300 nm due to their strotigaites deeply into the structure, imperfections become more
absorption in the ultraviolet regime. important. It is therefore essential to achieve a high degree

The usefulness of BCP PBG materials would be greateraf control over defect formation in block copolymer systems.
they exhibited bandgaps in the visible region of the spectruQuiescent casting leads to a small grain size with many grain
[8]. Structures will begin to exhibit bandgaps in the visibldoundary defects. Nearly single-crystal BCP’s can be formed
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Fig. 8. Effect on bandgap of varying the filling factor ratio for dielectric
cylinders in an air matrixs( = 13/1).

Fig. 7. Triangular array of PS cylinders in a Pl matrix showing near single N e J
crystal qualities [12]. o k\ \\\\

i) \\\ \\ . B
by having the disorder-to-order transition occur in the presenE 06 \\‘ \\
of a biasing force field. Fig. 7. is an example of cylinders ony L~ ~— \\\
an hexagonal array, where the excellent long-range order ig \ \\‘ J
this sample was achieved by the roll casting technique. In thi€. 04 - ”\ —— \
method, the polymer solution evaporates under the influence tif T ——
an extensional flow field created by a pair of counter-rotating 0.2 A
cylinders [12]. The disorder-to-order transition takes place in B S B
the presence of the flow field, leading to a global orientation ol b b e
of the microdomains. BCP’s can also be made to form single 2 4 8 8 10 12 “
crystals by application of other force fields such as electric Dielectric contrast

fields and substrate fields. For example, to achieve a particlgy 9. The TM gap as a function of dielectric contrast for rgtu value
orientation and location of the mesocrystal with respect too&0.3.

substrate, one can introduce a chemically patterned surface
that has an affinity to one of the microphases, which can lead

to epitaxial relations between the surface and the polymerThe effect of varying the-/a ratio of dielectric cylinders
crystal [13]. on the band structure is presented in Fig. 8, where the gap

for the TM modes is plotted as a function of the radius to
cylinder spacing ratio. One can tune the midgap, gap width,
and relative sizes of the different gaps by varying the
ratio and adjusting the dielectric contrast. One can tailor the
The case of a photonic crystal made of a 2-D array dlielectric contrast between the different phases by varying the
cylinders on a triangular lattice has been analyzed extensivelype of dopant and the relative dopant volume fraction in the
theoretically [14] as well as experimentally [15]. This structureargeted domains. In Fig. 9, the TM gap is shown as a function
has been shown to produce a complete 2-D gap for the Td,dielectric contrast for am/a value of 0.3. It is interesting
TM, or both polarizations. Hexagonal packed cylinders is orte note that the primary gap opens at a dielectric constant
of the most commonly found morphologies in BCP systemsontrast that is close to 2(!), which is realistically achievable
The simplest lineard/B block copolymer will self-assemble in BCP-based PBG materials using the enhancement methods
into this type of structure for minority component volumelescribed above.
fractions between 13-30%. The range of volume fractionsAs another example PBG material, we have fabricated a
that assemble into the hexagonal morphology allows one 2eD lattice of high-index cylinders in a low-index matrix by
vary the filling factor (the ratio of the area of the cylindesequestering CdSe nanocrystals into the cylinders of a SIS tri-
to the area of the unit cell) between 13-30% and thus tubkock copolymer. The CdSe nanocrystallites were sequestered
the cylinder radius to cylinder spacinga ratios from 0.19 into the PS phase by using an amine terminated PS group as
to 0.29. Note that by adding degrees of freedom to the BGPsurface modifier. Fig. 10(a) is a bright field TEM image of
system, for example, employing an ABC triblock, one cathe CdSe doped cylindrical structure. The dielectric contrast is
access other regimes of the parameter space since ABC bloggproximately 1.5, and the/a is 0.3. Fig. 10(b) is an SAXS
form concentric cylinders with an/a ratio outside this range pattern that demonstrates the existence of long-range order by
that is smaller than 0.3. the roll-casting technique.

V. THE 2-D TRIANGULAR ARRAY
OF CYLINDERS—A CASE STUuDY
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Fig. 10. (a) Bright field TEM image of a hexagonal array of CdSe doped
PS cylinders in a Pl matrix. (b) SAXS pattern of the above structure.

VI. THE ROLE OF DEFECTS

Defects play a crucial role in photonic crystals. Certain

types of imperfections in a photonic band structure could

; ; 11. Defects in a lamellar PS-PnBMA diblock copolymer system. A
lead to localized electromagnetic states, such that a p(il:%ht field TEM image of a PS-poly:-butylmethacrylate (140k 50:50

defect could act as a microcavity and a line defect like \@jume fraction) stained with osmium tetroxide and melt pressed and annealed
waveguide [16]. Depending on the microdomain geometrst, 180°C [18].

various point, line, and surface defects can occur during
the transformation from the homogeneous disordered state
to the microphase separated state. For example, in spher®BA triblock (12.5%/75%/12.5% volume) when roll cast will
microdomain block copolymers, planar stacking faults oierm aligned cylinders of A in a matrix of B. This structure
{110} planes are commonplace, as well as high angle grafh anisotropic and can be stretched in the plane of periodicity
boundaries. In cylindrical microdomain block copolymers, twt9 produce strains in excess of 100%. Upon removal of the
types of edge dislocations are common. It is quite likelfprce, the structure fully recovers its original dimensions—a
that some of these imperfections will have interesting photénechanically tunable PBG with a wide range of stop bands.
transport and localization properties. By tuning the shap®pother example would be to incorporate a liquid crystalline
size, and topology of the defects, control over the symmetjock in order to permit electrical control of transparency or
properties of the electromagnetic modes is possible [1Tgflectivity. Last, the nanocrystallites that are used to enhance
An example of a grain boundary surface imperfection ithe dielectric contrast are photoluminescent [19], so that a
a cylindrical microdomain sample is shown in Fig. 7. AR-D structure containing the nanocrystallites with a bandgap
imperfection in a lamellar morphology is presented in Fig. 1Torresponding to the luminescence frequency will result in an
This imperfection resembles a microdisk cavity. inhibition of the emission in the plane of periodicity resulting
The challenge that remains is tailoring the dimensionaliif directional emission.
and position of the defects. One possible way to control the po-
sitions and structure of the defects is by creating heterogeneous
nucleation sites such as by patterning a substrate to include ) )
ridges or elevated posts [13]. The self-assembly process thed he authors would like to thank L. Fetters, M. Xenidou, and
leads to the formation of defects at such predetermined sifésHadjichristidis for polymers. They also wish to thank J. N.
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self-assembled reflectors [2]. In addition, the self-assembling
properties of block copolymers allow for the formation of thesq1] u. Breiner, U. Krappe, E. L. Thomas, and R. Stadler, “Structural
structures on arbitrarily shaped surfaces. One can envision characterization of the ‘knitting pattern’ in SEBM triblock copolymers,”
. : : Macromoleculesyol. 31, pp. 135-141, 1998.

the forma_tlon of self-assembled optical components by havm% Y. Fink, J. N. Winn, S. Fan, C. Chen, J. Michel, J. D. Joannopoulos,
the ordering event occur on a patterned surface. One could and E. L. Thomas, “A dielectric omnidirectional reflectoStience,
choose particular block constituents that will impart novel  Vvol. 282, pp. 1679-1682, 1998. . ,

hanical electrical. or optical properties unattainable frc"{]3] C. B. Murray, D. J. Norris, and M. G. Bawendi, “Synthesis and char-
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rigid, monolithic photonic materials. For example, a rubbery nanocrystallites,”. Amer. Chem. Socvol. 115, p. 8706, 1993.

REFERENCES



FINK et al. BLOCK COPOLYMERS AS PBG MATERIALS

1969

[4] D. E. Fogg, L. H. Radzilowski, B. O. Dabbousi, R. R. Schrock, E[17] P.R. Villeneuve, S. Fan, J. D. Joannopoulos, “Microcavities in photonic

(5]

(6]

(7]

(8]

(9]

[20]

(11]

[12]

(23]

[14]

(18]

[16]

L. Thomas, and M. G. Bawendi, “Fabrication of quantum dot-polymer
composites: Semiconductor nanoclusters in dual function polymer ma-
trices with electron-transporting and cluster-passivating propertied18]
Macromoleculesyol. 30, pp. 8433-8439, 1997. [1
R. J. Albalak and E. L. Thomas, “Microphase separation of block
copolymer solutions in a flow field,J. Poly. Sci.,vol. 31, pp. 37-46,
1993.

V. Z.-H. Chan, J. Hoffman, V. Y. Lee, H. latrou, A. Avgeropoulos, N.
Hadijichristidis, R. D. Miller, and E. L. Thomas, “Ordered bicontinuoug20]
nanoporous and nanorelief ceramic films from self assmebling polymer
precursors,”Scienceto be published.

J. Wijnhoven and W. L. Voss, “Preparation of photonic crystals made
of air spheres in titania,Scienceyol. 281, p. 802, 1998.

S. A. Jenekhe and X. L. Chen, “Self-assembly of ordered microporous
materials from rod-coil block copolymers,Science,vol. 283, pp.
372-375, 1999.

J. T. Chen, E. L. Thomas, C. K. Ober, and G.-P. Mao,
smectic phases in rod-coil block copolymer§tience,vol. 273, pp.
343-346, 1996.

E. Prasman and E. L. Thomas, “High strain tensile deformation of a
sphere forming triblock copolymer/mineral oil blend,”Poly. Sci.yol.
42, pp. 1625-1636, 1998.

crystals: Mode symmetry, tunability, and coupling efficienciPhys.
Rev. B,vol. 54, pp. 7837-7842, 1996.
A.-V. Ruzette, Ph.D. dissertation.

9] B. O. Dabbousi, J. Rodriguez-Viejo, F. V. Mikulec, J. R. Heine, H.

Mattoussi, R. Ober, K. F. Jensen, and M. G. Bawendi, “(CdSe)ZnS
core-shell guantum dots: Synthesis and characterization of a size series
of highly luminescent nanocrystallites]! Phys. Chem. Bjol. 101, no.

46, pp. 9463-9475, 1997.

E. L. Thomas and R. L. Lescanec, “Phase morphology in block
copolymer systems,Philos. Trans. R. Soc. London Aopl. 348, pp.
149-166, 1994.

| Fink, ph h h ilabl h f | .
“Self assembleé)e ink, photograph and biography not available at the time of publication

Augustine M. Urbas, photograph and biography not available at the time of

A. M. Urbas, Y. Fink, and E. L. Thomas, “Self assembled ondublication.

dimensionally periodic dielectric reflectors from block copoly-
mer/homopolymer blends,Macromoleculesyol. 32, pp. 4748-4750,
1999.

C. C. Honeker and E. L. Thomas, “Impact of morphological orientation

in determining mechanical properties in triblock copolymer systemsNoungi G. Bawendi, photograph and biography not available at the time of

Chem. Mater.vol. 8, pp. 1702-1714, 1996.
M. Fasolka, D. J. Harris, A. M. Mayes M. Yoon, and S. G. J. Mochrie,
“Observed substrate topography-mediated lateral patterning of diblock
copolymer films,”Phys. Rev. Lettyol. 79, pp. 3018-3021, 1997.

R. Meade, K. Brommer, A. Rappe, and J. D. Joannopoulos, “Existence
of a photonic band gap in two dimension&ppl. Phys. Lett.yvol. 61,
pp. 495-497, 1992.

publication.

John D. Joannopoulos photograph and biography not available at the time

W. M. Robertson, G. Arjavalingam, R. D. Meade, K. D. Brommer, A°f publication.

M. Rappe, and J. D. Joannopoulos, “Measurement of photonic band
structure in a two-dimensional periodic dielectric arrafphys. Rev.
Lett., vol. 68, pp. 2023-2026, 1992.

A. Mekis, J. C. Chen, I. Kurland, S. Fan, P. R. Villeneuve, and J.

D. Joannopoulos, “High transmission through sharp bends in photoriidwin L. Thomas, photograph and biography not available at the time of

crystal waveguides,Phys. Rev. Lettyol. 77, pp. 3787-3790, 1996.

publication.





