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ing the processed template into contact with a 2 cm × 2 cm silicon wafer piece (with native oxide) or a gold-coated silicon wafer piece,
placed on a hot plate and heated to 120 °C in both cases. The PDMS
template was pressed slightly onto the substrate until conformal contact was visibly established. Immediately after contact was achieved,
the template and substrate were removed from the hot plate, allowed
to cool down, and then separated.
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Thin Films of Block Copolymers as
Planar Optical Waveguides**
By Dong Ha Kim,* King Hang Aaron Lau,
Joseph W. F. Robertson, Ok-Joo Lee, Unyong Jeong,
Jeong In Lee, Craig J. Hawker, Thomas P. Russell,
Jin Kon Kim, and Wolfgang Knoll*
Block copolymers (BCPs) have attracted significant attention as nanostructured materials, since they self-assemble to
form well-defined, ordered, periodic nanoscale morphologies
depending on the relative volume fraction of the constituent
blocks.[1,2] The versatility of this unique class of polymers offers tremendous potential for their use as templates and scaffolds for applications in microelectronics, separation devices,
optics, and optoelectronics.[3–8] While polymer-based opticalwaveguide materials have been widely discussed,[9] little attention has been paid to BCP systems[10] in regard to their applications in the field of optical elements. Since the domain
size and chemical nature of BCPs can be tailored by controlling the molecular weight and by incorporating specific functionality, BCPs may be ideal candidates for waveguide materials with tunable periodic dielectric constants and optimized
physicochemical properties in integrated optical devices.
Here, we demonstrate that thin films of BCPs with controlled
microdomain orientation can be employed as planar optical
waveguides and we investigate their waveguiding properties
by optical waveguide spectroscopy (OWS).[11–13]
Resonance coupling between surface plasmons (or plasmon
surface polaritons) and incident photons can occur at a metal/
dielectric interface, especially in the experimental setup
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Figure 1. A) Schematic diagram of the OWS setup based on the Kretschmann configuration, and of the idealized field distributions of several
guided modes in the waveguiding layer. B) Schematic diagram of a thin
film of PS-b-PMMA/PMMA homopolymer mixture with PMMA microdomains aligned normal to the substrate surface fabricated onto glass
substrate (LaSFN9 glass/Cr/Ag/3-MPS/SiO2/PS-r-PMMA/BCP/air). PS:
polystyrene; PMMA: poly(methyl methacrylate); 3-MPS: 3-mercaptopropyl trimethoxysilane.

can be observed.[11,12,15] In this communication, thin films of
mixtures of polystyrene-block-poly(methyl methacrylate) (PSb-PMMA) and PMMA homopolymers with the cylindrical
PMMA microdomains oriented normal to the film plane were
used to couple waveguide optical modes, and typical nanofabrication processes occurring inside the layer were monitored
by OWS. Here, the confinement of the PMMA homopolymer
to the microdomains markedly enhances the aspect ratio of
the microdomain orientation by ∼ 10 times the bulk period
(L0),[16] which makes the film appropriate as model BCP
waveguide layers.
The PS-b-PMMA/PMMA thin films were combined in the
Kretschmann prism coupling geometry as schematically depicted in Figures 1A,B. Thin chromium (∼ 2.6 nm) and silver
(∼ 43.6 nm) coupling gap layers were successively deposited
on glass substrates attached to the coupling prism with an index-matching oil. The glass prism and substrate thus form an
optically continuous medium. The BCP thin films were deposited and ordered on the glass substrate (described below),
with several coupling layers in between (Fig. 1B), before the
substrate was mounted onto the prism base.
A self-assembled monolayer of ∼ 2.2 nm thick 3-mercaptopropyl trimethoxysilane (3-MPS) was adsorbed onto the evaporated Ag layer to promote adhesion between the Ag and the
silicon dioxide (SiO2) layer. The Ag substrate was immersed
in 20 mM 3-MPS in dry ethanol for 2 h. The surfaces were
then rinsed with copious amounts of dry ethanol and deionized (Milli-Q) water. Hydrolysis and condensation of the
3-MPS layers was performed in 0.1 M HCl for 1 h. The Ag
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surfaces were removed from the HCl solution after 3-MPS
condensation steps and rinsed with water. SiO2 layers were
prepared by a sol–gel process according to a method reported
previously.[17,18] The hydrolyzed solution of the sol–gel precursors was delivered onto the 3-MPS-modified Ag surface, and
the sample was spun at ∼ 3400 rpm for 1 min, producing films
with a thickness of ∼ 33.1 nm. The Ag/3-MPS/SiO2 surface
was stored in a desiccator at room temperature for a minimum of 2 days to complete the condensation process, and to
remove any residual solvent.
An energetically neutral surface for PS-b-PMMA films
was prepared on the SiO2 layer using a hydroxy terminated
poly(styrene-co-methyl methacrylate) random copolymer (PSr-PMMA) via the covalent coupling between the hydroxyl
groups and the SiO2 surface.[19,20] PS-r-PMMA was anchored to
the SiO2 surface by spin-coating a 2 wt.-% toluene solution at
1000 rpm, followed by annealing under vacuum at 165 °C for
3 days. After rinsing with toluene a well-defined, thin layer of
PS-r-PMMA with a thickness of ∼ 4.2 nm remained.
Thin films composed of PS-b-PMMA and PMMA homopolymer mixture, containing 25 wt.-% PMMA homopolymers
with respect to the amount of PMMA block, were prepared
by spin-coating 5 wt.-% toluene solutions at 1000 rpm onto
the PS-r-PMMA surface. The films were annealed at 155 °C
for 2 days under vacuum, and then quenched to room temperature. Figure 2A illustrates the phase contrast atomic force
microscopy (AFM) image of the surface of a PS-b-PMMA/
PMMA film deposited onto a glass substrate as schematically
shown in Figure 1B. The darker and brighter areas are PS ma-
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known as the Kretschmann configuration (Fig. 1).[11,12,14,15] If
the thickness of the dielectric layer is further increased (in organic polymeric layers typically thicker than ∼ 200 nm), waveguide optical modes, in addition to surface plasmon resonance,

Figure 2. A) Phase contrast AFM image of the surface of PS-b-PMMA/
PMMA film. The image shows an area of 3 lm × 3 lm. B) Height contrast AFM image of the surface of the identical film in (A) after PMMA
microdomains were removed by UV exposure and acetic acid rinsing.
The image shows a 2 lm × 2 lm area on the surface.

trix and PMMA microdomains, respectively. Hexagonally
packed arrays of cylindrical PMMA microdomains oriented
normal to the substrate are seen over a wide area of the film.
The average center-to-center distance (kC–C) between PMMA
microdomains was ∼ 46 nm. Deep UV exposure of the films,
followed by acetic acid rinsing, was used to selectively remove
PMMA microdomains and produce an ordered, nanoporous
template. Figure 2B shows a height contrast AFM image of
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the arrays of nanopores (darker areas) in a crosslinked PS matrix after removal of the PMMA microdomains.
The waveguide patterns of the initial BCP film (blue full
curves) are displayed in Figures 3A,B for s- and p-polarization, respectively, where characteristic transverse electric
(TE) and transverse magnetic (TM) modes are observed. The
best fits (blue dotted curves) to the experimental curves were
obtained from Fresnel calculations to give the dielectric constants (e) and film thicknesses (h), respectively.

Figure 3. Waveguide mode patterns of the initial BCP film and the
porous PS template by OWS along with the simulated curves in s-polarization (A) and in p-polarization (B), respectively. The blue and green
curves represent the waveguide patterns for the original films and those
after the removal of PMMA microdomains, respectively. The blue dotted
curves are the best fits to the waveguide patterns of the initial film. The
green dotted curves are hypothetical patterns obtained from the Fresnel
calculation using values derived from Equations 1,2, assuming that all
PMMA microdomains were completely removed by UV exposure and acetic acid rinsing (a S value of 2.58 was used for this crosslinked PS matrix).
Best fits to the waveguide patterns of the porous PS template were not
included. Shifts of the resonance coupling modes due to pore generation
are indicated by arrows.

and h = 349 nm.[11] The thicknesses of the underlying layers
(Cr, Ag, 3-MPS, SiO2, and PS-r-PMMA) were determined
separately by surface plasmon resonance (SPR) spectroscopy
with the refractive indexes of the 3-MPS, SiO2, and PS-rPMMA layers being 1.444, 1.460, and 1.549, respectively.
The pore generation by UV and acetic acid etching was detected via shifts of the mode coupling angles to lower values
(indicated by arrows) due to a decrease in eeff (note that
eair = 1.0 is much lower than ePMMA = 2.22), as shown in Figure 3 (green full curves). The degree of shift (D ) for the TM1
mode was measured to be 1.9° (from  = 38.9° to  = 37.0°) and
that for the TE1 mode was 1.1° (from  = 54.4° to  = 53.3°).
The TM2 mode was, however, convoluted with the critical angle ( c) due to total internal reflection, and is not used for the
analysis. Fresnel fitting (curves not shown) gives ex = ey = 2.377,
ez = 2.385, and h = 341 nm, for the porous template. From the
decrease in the refractive index compared with the initial film,
it is evident that sections of the PMMA chains were removed.
For comparison, the optical constants (W and D) of the films
were measured by variable angle spectroscopic ellipsometry
(VASE; J. A. Woollam Co., Inc.) at an incidence angle of 70°
and best fit to the experimental data using Wvase32 software.
The effective dielectric constants of the initial BCP film and
the porous template were calculated to be ∼ 2.40 and 1.85, respectively.
e values can also be calculated from the effective medium
theory, suitable for the present case, where the domain size is
much smaller than the wavelength of guided light, using the
following equations[21,22]
ex  ey  eS 

eS

eS fD eD eS b
1=2 fD eD eS b

ez  f D eD  f S eS

(1)

(2)

where f is the volume fraction,
Broadening of the coupling dip and the decrease in amplitude of the experimental data compared with the calculated
curves is attributed to the distribution in pore diameter and
to the surface roughness of the film, which may disrupt the
spatial coherence in the waveguide coupling conditions across
the measured areas (∼ 1 mm2), corresponding to the laserbeam size. The guided coupling modes of the BCP layer are
entirely dictated by its effective dielectric constant (eeff) and
its film thickness. The symmetry of the microdomain morphology: an array of cylinders with the axis aligned normal to
the substrate surface dictates that one of the principal axes of
the dielectric function, eeff= {ex, ey, ez}, is parallel to the cylinder axis and that the two other axes are parallel to the film
surface. As shown in Figure 2A, the distribution of the cylindrical domains is isotropic, so we assume ex = ey. Therefore,
three parameters, ex(= ey), ez, and h need to be determined
from the s- and p-polarized waveguide mode spectra.
The dielectric constants and the film thicknesses, obtained
from fitting the experimental data in Figure 3 and using the
Fresnel calculation, are as follows: ex = ey = 2.402, ez = 2.429,
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eS
eD  eS

(3)

and D and S represent cylindrical domain initially occupied
by PMMA and PS matrix, respectively. ePMMA and eS values
used in this study were 2.22 and 2.53, respectively, for the initial BCP film. The eS value of the crosslinked PS after UV exposure was ∼ 2.58 measured by VASE and used for the prediction of the PS template.
The predicted patterns (green dotted curves) thus obtained,
with the assumption that the PMMA microdomains were removed completely, are also shown in Figure 3. It was found
that the coupling angles appear at lower angles than those of
the experimentally observed patterns (green full curves), indicating that sections of the PMMA chains still remain after the
etching condition used in this study. Comparison between
the observed and predicted patterns reveals that pores of
∼ 14 vol.-% were generated in the resulting film,[23] which is
smaller than that of the initial PMMA domains, 34 vol.-%.
This large discrepancy may be attributed to several reasons:
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their functions as optical waveguiding layers were demonstrated. Pore generation and exchange of pore materials inside the BCP films were monitored by shifts in the coupling
mode angles. Similar experimental strategies applied to porous aluminum oxide templates demonstrated the subangstrom sensitivity of OWS for such processes.[27] Fresnel fitting to the observed waveguide patterns allowed for precise
evaluation of the dielectric constants and film thicknesses
independently. Based on the methodology established by
this work, fabrication of one-dimensional nanostructures
(e.g., nanowires or nanotubes) inside, or functionalization/
adsorption on top of BCP templates can be investigated by
static or in-situ kinetic-mode OWS. Moreover, organic
waveguide materials with controlled periodic nanostructures and tunable dielectric constants can be developed for
integrated optical devices. The porous BCP templates,
which were shown to be stable in PBS solution and ethanol,
also show promise for use as a versatile model platform by
which interactions with biological substances (e.g., proteins
or cells) can be probed. This work has discussed initial steps
towards the use of BCP templates in applications such as
optical sensing and biosensing.

COMMUNICATIONS

i) UV exposure was insufficient to induce complete degradation of the PMMA block chains;[24] ii) the effective medium
theory may describe composites possessing a lower contrast of
the two dielectric constants, e.g., PMMA/PS: 2.22:2.53, better,
but may not describe composites with higher contrast in dielectric constants, e.g., air/PS: 1:2.53 well;[22,25] iii) the number
of guided modes in the s- and p- mode patterns was not
enough to allow for precise evaluation; or iv) the beam spot
did not probe the same area during the ex-situ experiment.
The porous templates were immersed in liquid media, a
phosphate buffered saline (PBS) solution of pH 7.4, and ethanol (EtOH), in which most of the biological issues are explored. Filling of the pores with PBS followed by exchange
with ethanol was detected as shifts of the resonance coupling
modes to higher angles, illustrated in Figure 4.[26] The D for
TE1 and TM1 modes was 0.7° (from  = 56.3° to  = 57.0°) and
1.8° (from  = 48.8° to  = 50.6°), respectively. A large portion
of this shift was induced by a change in the surroundings

Experimental

above the template film (waveguide cladding), which was
independently detected as a change in the critical angle from
 c-PBS to  c-ethanol, as marked by arrows in Figure 4B.[27] This
change in cladding alone should produce shifts of TE1 and
TM1 modes to 56.7 and 50.4°, respectively, as predicted by the
Fresnel calculation. However, the final angles obtained in ethanol were 0.3 and 0.2°, higher than the changes due to cladding alone, for TE1 and TM1 modes, respectively. This verifies
the exchange between the PBS solution and the optically denser ethanol in the pores. Here one also sees a stronger shift in
p-polarization (Fig. 4B) than in s-polarization (Fig. 4A) when
the process occurs inside the film. However, the insufficient
number of guided modes did not allow for a precise calculation of the volume fraction of the pores filled by each liquid
media.
In summary, thin films of BCPs with cylindrical microdomains oriented normal to the substrate surface were successfully coupled in the Kretschmann configuration, and

3-MPS was purchased from Lancaster Synthesis GmbH. Tetramethoxysilane (TMOS), Fluka GmbH, was used as the sol–gel precursor
for the silicon dioxide layers. A typical solution for the precursors was
composed of a mixture of 163 lL H2O, 55 lL methanol, 81 lL 0.1 M
HCl, and 20 lL TMOS. A commercial grade glass (n = 1.85; LaSFN9,
Schott Glass GmbH) was used as a substrate onto which block copolymer thin films were fabricated.
PS-b-PMMA was prepared by using atom transfer radical polymerization as reported previously [28]. The volume fraction of the PMMA
block was 0.30, and the weight-average molecular weight (Mw) was
55 500 with a polydispersity index of 1.19. Atatic PMMA homopolymers with Mw = 23 600 were purchased from Polymer Sources, Inc. A
hydroxy end-functionalized random copolymer of styrene and methyl
methacrylate, denoted PS-r-PMMA, with a styrene fraction of 0.6, was
synthesized in bulk via a TEMPO (2,2,6,6-tetramethylpiperidinyloxy)
“living” free radical polymerization [19,20]. The molecular weight was
determined to be Mw = 9600 with Mw/Mn = 1.80 (Mn = number-average
molecular weight) determined by size exclusion chromatography.
AFM images were obtained using a Digital Instruments Dimension
3100 scanning force microscope in the tapping mode. Etched silicon
tips on a cantilever (Nanoprobe) with spring constants ranging between 40.0 to 66.0 N m–1 were used.
A He–Ne laser with k = 632.8 nm and 5 mW power was used to
excite plasmon surface polaritons at the metal/dielectric interface. A
polarizer for either s- or p-polarization was used for OWS. Both transverse electric (TE) and transverse magnetic (TM) modes (corresponding to s- and p-polarizations, respectively) were excited in the waveguide layers. To observe optical waveguide modes, reflectivity (R) was
measured as a function of the incidence angle ( ). The chopped beam
was reflected off the gold-coated sample, which was mounted on a
 /2 goniometer, and the reflected intensity was then monitored by
a photodiode that was read out by a lock-in amplifier.
Fresnel calculation was performed using the WINSPALL software
(version 2.20) developed in the Max Planck Institute for Polymer Research in Mainz, Germany.
The block copolymer thin films were irradiated by deep UV light
with a wavelength of 254 nm at a dose of 25 J cm–2 (XX-15S; UVP,
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Figure 4. Waveguide mode patterns of the porous PS template filled
with a pH 7.4 PBS solution (gray lines) and in ethanol (black lines) under
s-polarization (A) and p-polarization (B), respectively. The critical angles
under PBS and ethanol environments are marked by arrows.
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Inc.) under vacuum for 30 min to selectively degrade the PMMA and
crosslink PS, leaving behind the porous PS template.
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Self-Organization of FePt
Nanoparticles on Photochemically
Modified Diblock Copolymer
Templates**
By Seth B. Darling, Nataliya A. Yufa,
Amadou L. Cisse, Samuel D. Bader,
and Steven J. Sibener*
Phase-segregated block copolymers have received significant attention in the last decade as enabling materials for
future technologies.[1–6] Their value to nanotechnology derives
from the expedient tunability of the size, shape, and periodicity of the self-assembled domains by means of manipulating
molecular characteristics. Recently, the potential opportunities for block copolymer applications have been bolstered
by new methods, which give fine control over long-range
ordering of the microdomain structures.[4,5,7,9] Thin polymer
films, by themselves, have limited device applications, but
myriad functions can be addressed with hybrid hard/soft matter systems in which the organic layer is used as a scaffold for
nanoscale organization of inorganic materials. Of specific
interest is the interaction of surfactant-mediated colloidal
nanoparticles and diblock copolymer films because the nanocrystal capping molecules can be tailored to exhibit preference for one of the polymer blocks.[10–13] This hierarchical
approach to create ordered nanostructures removes the linear
correlation of size and patterning time associated with traditional lithographic techniques by self-assembling the entire
surface in parallel. Also, the spatial limits of lithography can
be transcended and the approach can potentially be adapted
to industrial-scale processing. An alternative approach to the
colloidal nanocrystal methodology is to use spherical- or cy-
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