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The routine formation of nanometer-sized structures
remains a challenge that limits advances in many fields of
nanotechnology. Increasingly ªbottom±upº self-assembly approaches for the nanometer-scale patterning of surfaces are
competing with traditional ªtop±downº lithographic processes
such as scanned-probe lithography or high-resolution electron-beam (e-beam) lithography. Block copolymer thin films
(< 100 nm) are among the more promising materials being
examined as they offer ease of processing combined with
phase separation induced structure formation on the nanometer scale.
Recent work in block copolymer thin film pattern formation has included the use of poly(styrene-block-isoprene) to
form periodic structures combined with ozonolysis to remove
the isoprene phase, thereby creating arrays of holes in the
polymer thin film.[1] In another case, poly(styrene-blockmethyl methacrylate) has been processed in electric fields to
align a cylinder phase perpendicular to the film surface, and
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subsequently exposed to UV light to both mildly crosslink the
styrene phase and degrade the methyl methacrylate domains.[2] Similar strategies have been employed to process
other block copolymer systems that contain a variety of chemical structures and architectures.[3] Examples of desirable
target applications of such porous thin films include photonic
bandgap materials, structures to serve as molecular sieves, or
templates for magnetic structures.[4]
A typical means for improving the processing of bulk polymers is through the use of small-molecule additives.[5] While
such additives in bulk polymer structures are ubiquitous, their
application in block copolymer thin film processing has not
been substantially explored to date. Given the enormous
numbers of property variations possible this is surprising.
Here we will show several strategies for the use of additivedriven chemistries that take place in only one type of the
nanosized domains of block copolymer thin films. We then
use such an approach to examine the convergence of ªtop±
downº with ªbottom±upº fabrication through light-driven
processes.
In Figure 1, the structures of the three polymer systems and
their respective phase selective additives are introduced. They
are: (system 1) poly(a-methyl styrene-b-4-hydroxystyrene)
(P(aMS-b-HOST))
and
tetramethoxymethyl
glycuril
(TMMU) with photoacid generator; (system 2) poly(a-methyl
styrene-b-isoprene) (P(aMS-b-I)) and 2,4,6-trimethylbenzoyldiphenylphosphine oxide (TPO); and (system 3) poly(isoprene-b-ethylene oxide), (P(I-b-EO)) and 3-glycidoxypropyltrimethoxysilane/aluminum
sec-butoxide
(GLYMO)/
Al(OsBu)3. While the first two systems are all-organic, in the
case of P(I-b-EO) inorganic additives were used. All polymers
were produced using living anionic polymerization, because
of its excellent control of architecture and molecular weight
(Fig. 1). Films of various controlled thicknesses down to
monolayer (see below) were obtained by spin-coating from dilute solution onto silicon wafers.
Selection of the appropriate chemistry makes it possible to
tailor the role of each block. In the P(aMS-b-HOST) system
1, the 4-hydroxy styrene (HOST) is rendered insoluble by
photoacid-induced crosslinking with TMMU[6] and the aMS
block is removed through UV/vacuum treatment. The
P(aMS-b-HOST) polymer was combined with both TMMU
(4 wt.-%) and a photoacid generator, triphenylsulfonium trifluoromethyl sulfonate (1.6 wt.-%) and deposited from solution on a silicon wafer. Exposure to low levels of 248 nm UV
radiation (~ 10 mJ cm±2) leads to efficient crosslinking of the
HOST phase. UV light triggers the generation of acid by the
photoacid generator that in turn catalyzes the reaction of the
TMMU with the hydroxy group to crosslink the HOST block.
Regardless of the local distribution of the reactants, this
chemistry only takes place in the HOST phase. In the case of
the P(aMS-b-I) block copolymer (system 2) the isoprene
domain is radically crosslinked by the TPO[7] photoradical
generator while the aMS block is removed during subsequent
UV photolysis. Crosslinking under mild UV exposure
(~ 100 mJ cm±2) renders the continuous isoprene phase stable
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Figure 1. The three polymer systems examined in this study: (system 1) poly(a-methyl styrene-b-4-hydroxystyrene), P(aMS-b-HOST), contains a 4-hydroxystyrene matrix block which is photocrosslinked with TMMU and photoacid generator; (system 2) poly(a-methyl styrene-b-isoprene), P(aMS-b-I),
is photocrosslinked with TPO. Both systems 1 and 2 have removable a-methyl styrene blocks; in (system 3) poly(isoprene-b-ethylene oxide), P(I-bEO), the PEO block serves as the site for reaction with GLYMO/Al(OsBu)3 and is eventually removed with all other organic components. As shown in
the schematic, all systems share processing via spin-coating, which ultimately leads to pores penetrating from the top to the bottom of the films, see
Figure 2. Subsequent processing locks in the matrix and removal of the minority phase leads to porous thin films.

enough that when further UV exposure (> 300 mJ cm±2) with
vacuum is used to degrade the aMS phase, matrix phase collapse does not occur. Via the appropriate selection of additive
chemistry, the isoprene block can serve as either the retained
block as in system 2 or a removable component as in
system 3. In the latter, the ethylene oxide microphase of the
P(I-b-EO) block copolymer is swollen by the inorganic precursors serving as host for the sol±gel-derived aluminosilicate
products.[8] Subsequent high-temperature oxidation removes
all organic components leaving a pure oxide film. Going from
all-organic systems 1 and 2 to a system with inorganic additives (system 3) opens additional opportunities such as hightemperature processing or extended etching capabilities
unavailable for all-organic thin films.
Thin film morphologies of these three systems as observed
by atomic force microscopy after processing is shown in Figures 2A±C (height mode images). In all cases a hexagonal
arrangement of pores can be observed. Please note that
although the chemistries in each case are quite different, we
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were able to achieve similar microstructures without special
surface treatment. Although not shown, the arrangement and
size of these pores corresponds very well to those of the asmade, unprocessed block copolymer thin film microstructures.
Figure 2D shows a cross-section of the same film depicted in
Figure 2C, system 3, but before high-temperature oxidation.
The cross section image shows the sample upside down, i.e.,
the silicon substrate is above the film and the surface revealed
in Figure 2C is pointing downwards (the hexagonal pore arrangement is thus not visible). Figure 2D clearly demonstrates
that monolayer control can be achieved in these thin films.
In order to test the thin film structures on macroscopic
length scales and to demonstrate that the atomic force microscopy (AFM) images of Figure 2 are representative, we
employed grazing-incidence small-angle X-ray scattering
(GISAXS)[9] on all samples. Measurements were performed
at the Cornell High Energy Synchrotron Source (CHESS)
D-line featuring a multilayer monochromator and an area detector. Here we will only discuss the results of system 3. In

http://www.advmat.de

Adv. Mater. 2004, 16, No. 12, June 17

COMMUNICATIONS

Figure 2. AFM height images of porous thin films produced from A) (system 1) P(aMS-b-HOST) + TMMU with photoacid generator, B) (system 2) P(aMS-b-I) + TPO, and C) (system 3) P(I-b-EO) + GLYMO/Al
(OsBu)3. In each system porous structures are produced using phasespecific chemistry. The pore dimensions are consistent with the size of
the starting film microstructures. D) A SEM image of system 3 shows
the arrangement of the microstructure prior to calcination demonstrating
monolayer control.

Figure 3, a GISAXS pattern is shown for the calcined state
(after removal of all volatile components). In these experiments, lateral correlations within the film plane and structural
information along the film normal are documented through
scattering intensity in the qx and qz directions of the two-dimensional scattering patterns, respectively. As expected the
scattering intensity is significant due to strong electron-density contrast between the pores and the inorganic phase. Scattering intensity along qx is observed up to higher orders. In
addition, the calcined film shows a distinct scattering intensity
modulation along the qz direction. Since the film is a monolayer, as evidenced by the scanning electron microscopy
(SEM) image in Figure 2D, this modulation can only be
attributed to the form factor of the scattering objects, i.e., the
pore geometry.
The 2D GISAXS results were simulated employing the software package IsGISAXS.[10] Simulation results for the calcined film for two different pore geometries, i.e., cylinder and
ellipsoid, are shown at the bottom of Figure 3. Overall the
observed intensity distribution in the 2D plane is very well
reproduced. For the ellipsoidal pore structure simulation, curvature towards the main beam reflection occurs, in particular
for the higher-order peaks. This is not observed in the experimental data. Since the effect is most pronounced for high
q-values, additional experiments were performed, in which
the low q-range was blocked and data only for the high
Adv. Mater. 2004, 16, No. 12, June 17

Figure 3. A) Experimental GISAXS scattering pattern from a monolayertype calcined film as shown in Figure 2. B) Comparison of experimental
(left) and simulated scattering patterns. q-values are in reciprocal nanometers, with qx parallel, and qz perpendicular to the plane of the polymer
film. Two scattering object geometries were employed in the simulation,
namely cylinders and ellipsoids as indicated below the respective images.
Input parameters for the simulations were: pore±pore spacing
(34.6 nm), film thickness (14 nm), and aspect ratio (height/radius = 1).
These values were consistent with those obtained from the other characterization techniques (AFM and SEM). A Gaussian probability distribution was applied to input parameters to better simulate experimental
conditions. X-rays of wavelength k = 0.155 nm incident at 0.2075 to the
film surface were used. The scattering objects (representing the pores)
were distributed on a regular hexagonal lattice. Application of cumulative
disorder, as described in the IsGISAXS simulation package, resulted in a
loss of long-range order, consistent with AFM data (see Fig. 2). The
IsGISAXS simulation package is available from ESRF [10].

q-range was acquired. No curvature could be observed in
these experiments either. Rather, the results are better represented through the cylindrical pore model for which the intensity distribution along qz is a straight line, consistent with the
data. Pore structure dimensions obtained from all simulations
are in good agreement with experimental results from AFM
and SEM.
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The preceding results show that additive-driven phase-selective chemistry can be used to create nanostructured thin
films. These films are interesting in their own right, but here
we would like to go one step further towards an application of
this concept that combines this ªbottom±upº approach with a
lithographic ªtop±downº approach. This combination enables
hierarchical structure formation in thin films from the macroscale down to the nanoscale. In order to explore the prospects
for the use of phase-selective chemistry in lithography, the
P(aMS-b-HOST) block copolymer was investigated as a
photoresist. Random copolymers based on PHOST are the
workhorse of the semiconductor industry and are the basis
for many chemically amplified, high-resolution resists. Figures 4A,B show both the chemistry of the lithographic process and an AFM of the surface of the polymer mixture before
(A) and after (B) exposure to UV radiation. A comparison of
the AFM images in Figure 4 shows that the microstructure of
the block copolymer thin film is not altered by the lithographic process. The same low levels of 248 nm UV radiation that
lead to crosslinking of the PHOST phase also permit patterning of this polymer as a very efficient negative resist system as
shown in Figure 4C. In the unexposed regions, the PHOST
block remains soluble in aqueous base (0.26 N tetramethylammonium hydroxide (TMAH)) whereas the exposed region
is crosslinked and insoluble. A range of exposure doses and
test patterns were examined and Figure 4C demonstrates that
this polymer system can produce patterns on the order of
400 nm making this material a high-resolution resist in its own
right. A subsequent, longer exposure to UV radiation in a
modest vacuum leads to removal of the PaMS phase with
formation of vacant pores that lie within the patterned regions
as in Figure 2A.

This report demonstrates that the use of additive-driven
thin-film phase-selective chemistry permits direct coupling of
a well-established ªtop±downº lithographic approach to ªbottom±upº self-assembly of block copolymers. These materials
are presently being explored as supported porous thin films to
separate proteins of selected molecular weight ranges. One
can also envisage such materials for template formation for a
variety of uses.

Experimental
Polymer Synthesis: (PaMS-b-HOST): Block copolymers of poly(amethylstyrene-b-4-tert-butoxystyrene), PaMS-b-PtBuOS, were synthesized by sequential anionic polymerization in tetrahydrofuran (THF)
at ±78 C with sec-butyl lithium as the initiator. The a-methylstyrene
monomer was polymerized first for 12 h and an aliquot of poly(amethyl styryl lithium) was isolated for analysis after termination with
degassed methanol. The 4-tert-butoxystyrene (tBuOS) monomer was
then introduced into the reactor and the reaction was terminated with
degassed methanol after 12 h. The PaMS-b-tBuOS was converted to
poly(a-methylstyrene-b-4-hydroxystyrene), PaMS-b-HOST, by a hydrolysis reaction. The block copolymer was first dissolved in dioxane,
and a ten-fold amount of hydrochloric acid was added. The reaction
continued at 80 C under an atmosphere of nitrogen overnight and then
precipitated into water. After neutralization with a 5 wt.-% NaOH solution to pH 6±7, the resulting polymer was filtered and dried under
vacuum at room temperature. The resulting polymer underwent a dissolution-precipitate cycle from a THF solution to methanol/water (v/
v = 1:1) mixture twice and finally freeze-dried from dioxane. Characterization by gel permeation chromatography (GPC) and 1H NMR revealed a composition of 28.5 % PaMS by weight and molecular weight
of 45 400 g mol±1 (polydispersity index (PDI) ~ 1.1).
P(aMS-b-I): The asymmetric diblock copolymer poly(a-methyl styrene-b-isoprene) was kindly provided by Lewis Fetters, then at Exxon.
Characterization by GPC and 1H NMR revealed a composition of 25 %
PaMS by weight and molecular weight of 64 000 g mol±1 (PDI ~ 1.1).

Figure 4. The process for patterning the P(aMS-b-HOST) block copolymer involves photochemical crosslinking with TMMU in combination with
photoacid generator. Prior to crosslinking (A) the block microstructure shows hexagonal order as revealed by phase contrast AFM. After photocrosslinking (B) further AFM studies show the microstructure and its orientation are retained. By development in aqueous base, the unexposed regions
can be easily dissolved to form patterned sub-micrometer images. The upper portion of (C) shows a test pattern in which pores have been formed during subsequent processing. A more detailed image of a nanoporous film is shown in Figure 2A. The lower portion of C shows a lithographic image with
features as small as 450 nm.
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P(I-b-EO): The block copolymer P(I-b-EO) was synthesized using
anionic polymerization as described in [11]. Characterization by GPC
and 1H NMR revealed a composition of 32 % poly(ethylene oxide)
(PEO) by weight and molecular weight of 38 700 g mol±1 (PDI < 1.1).
Nanofabrication: (PaMS-b-HOST): A sample of the PaMS-bHOST block copolymer was dissolved with a small amount of tetramethoxymethyl glycouril (4 wt.-%) as a crosslinker (CL) and triphenylsulfonium trifluorosulfonate (1.6 wt.-%) as a photoacid generator
(PAG) in propylene glycol methyl ether acetate (PGMEA). Spincoating of the mixture onto a silicon substrate produced vertically
aligned cylinder nanodomains over the entire substrate. By irradiation
through conventional photomasks and subsequent mixed solvent development, a high resolution photopattern was generated. Subsequent
strong UV irradiation on the developed pattern activated the depolymerization process of the PaMS building block, forming nanosized
holes in spatially controlled micrometer-sized patterns. Photoimaging
experiments were performed using a Nikon 248 nm stepper (numerical aperture (NA) = 0.42 and r = 0.5) equipped with a KrF excimer
laser (Cymer CX-2LS) in the Cornell Nanofabrication Facility for the
first exposure. Subsequent exposure with a JBA 1000 DUV Resist
Cure Ramp (450 mJ cm±2 at 250 nm) followed by heating (115 C for
60 s) was used to crosslink the PHOST matrix. A mixed solvent (cyclohexanone/isopropanol = 1:2 in volume) was used as a developer to
form the negative-tone photoresist patterns. The thickness of the polymer films was examined with a P-10 profilometer. A second irradiation step (70 J cm±2 at 365 nm) was carried out to remove the PaMS
block at 80 C under high vacuum (~ 9  10±5 torr).
(PaMS-b-I): Poly(a-methyl styrene-b-isoprene) was mixed with
3 wt.-% photoinitiator 2,4,6-trimethylbenzoyldiphenylphosphine
oxide, provided by BASF (Product name: Lucirin TPO) to crosslink
the poly(isoprene) matrix before the degradation of the cylindrical
a-methyl styrene phase. This phosphine oxide is ideal because it has
two main advantages over other types of photoinitiators: high light
absorbance and fast photobleaching. A UV source (model SCU 110B
from UVEX corporation) was used to crosslink the isoprene block
using a peak intensity of k = 365 nm during exposure of 3 min. A film
of the polymer was spin-coated from a solution of block copolymer
and TPO in PGMEA. Subsequent strong UV irradiation on the polymer film activated the depolymerization process of the PaMS building
block, forming nanometer-sized holes in spatially controlled micrometer-sized patterns.
P(I-b-EO): Samples were prepared by spin-coating (CEE Model
100CB, velocity: 2000 rpm, duration: 53 s) onto silicon wafers from a
0.5 wt.-% PI-b-PEO polymer solution of equal weight THF/chloroform
with a specific amount of added inorganic species (GLYMO/Al(OsBu)3).
Crosslinking of the film was achieved in a vacuum oven at 130 C for 1 h.
Subsequent calcination was carried out in a furnace at 500 C (temperature ramp: 5 C min±1) to remove the organic components.
Characterization: AFM data for Figures 2A,B were captured using
a Veeco Dimension 3100 Scanning Probe Microscope operated in tapping mode with Olympus TappingMode Etched Silicon probes (resonant frequency = 300 kHz, force constant = 42 N m±1, tip radius of
curvature = 10 nm; all values nominal) under ambient conditions.
AFM data for Figure 2C was captured using a Veeco Nanoscope III
MultiMode Scanning Probe Microscope operated in tapping mode
with TappingMode Etched Silicon probes (resonant frequency = 325 kHz, force constant = 37 N m±1, tip radius of curvature = 10 nm; all values nominal) under ambient conditions. SEM data
for Figure 2D was captured using a Hitachi S4500 Field Emission
Scanning Electron Microscope with an acceleration voltage of 5 kV
and working distance of 10 mm. GISAXS data of system 3 samples
were collected with a 2D area detector (X-ray energy: 8 keV, sampleto-detector distance: 106 cm, angle: ~ 0.2, exposure time: 1±10 s).
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The increasing demand for hygienic living conditions leads
to a great need of antimicrobial materials that do not allow
microbes to attach, survive, or at least proliferate on material
surfaces. Such materials lower the risk of transmitting diseases, poisoning the environment, or biofouling materials.
Three main approaches have been applied to render materials
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