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In 1997, Park et al. reported that thin films of simple
polystyrene (PS)-polydiene block copolymers could be
manipulated by a combination of chemical degradation and
reactive ion etch (RIE) processes to generate nanoporous thin
film stencils useful for fabrication of large area arrays of
nanodots or nanopits on a SiN substrate.1 This report spurred
a flurry of activity in the area of block copolymer nano-
lithography, a technique that enables the patterning of large
areas by simple spin coating of the block copolymer as a
thin film combined with thermal, chemical, and/or irradiation
steps.2 The use of block copolymers as templates or template
precursors is extremely attractive for several reasons: block
copolymers inherently phase separate on a nanometer length
scale,3 various techniques are available for their synthesis,4

and the understanding of diblock copolymer thin film self-
assembly is well-established.5 The preparation of advanced
structures such as nanoscopic metal-oxide-semiconductor
capacitors as well as large area, metallic6 and magnetic7

nanodot arrays has been demonstrated.8 This area has been
recently reviewed, and the reader is referred to references 9
and 10 for comprehensive examinations of this field.

While the demonstrated and potential utility of AB diblock
copolymers in nanolithography is remarkable, there are only
a limited number of structures adopted by diblock copolymer
thin films.5 This renders AB diblock copolymers only
generally useful for the production of nanoscopic lines,
trenches, dots, and pits. Given this limitation, we reasoned
that the diversity of structures observed in ABC triblock
terpolymers11 would facilitate the fabrication of films useful
for templating structures with more complex two-dimensional

structures such as nanoscopic rings12 or “antirings”,13 struc-
tures that have generated considerable interest in nanomag-
netics.14 There have been several reports documenting the
self-assembly of ABC block terpolymer thin films; various
morphologies have been adopted depending on film thickness
and solvent annealing conditions.15 We envisioned that the
formation of a core-shell cylindrical morphology in a thin
film with the cylinders oriented normal to the substrate could
be used as a nanoring template provided either the shell
component (Scheme 1, top) or both the core and the matrix
components (Scheme 1, bottom) could be selectively re-
moved in a process related to that reported for AB diblock
copolymers by Thurn-Albrecht et al.16 This first requires the
synthesis of triblocks containing three chemically distinct
components, at least one of which can be selectively etched.
Second, the ABC triblocks should form the targeted core-
shell cylindrical morphology. Third, thin films of the material
must adopt the desired perpendicular orientation.17 Finally,
removal of either the shell component (or both the core and
the matrix components) must result in a stable nanostructured
thin film. In this communication, we report the formation
of the targeted nanostructure arrays shown in Scheme 1 from
ABC triblocks containing polystyrene (PS) and two chemi-
cally etchable blocks, polyisoprene (PI) and polylactide
(PLA).

We prepared a PS-PI-PLA triblock copolymer by
sequential anionic polymerization (PS-PI), end capping with
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Scheme 1. Schematic Representation of the Envisioned
Nanotemplates from Thin Films of ABC Triblock

Terpolymers
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ethylene oxide (PS-PI-OH), and subsequent aluminum
catalyzed polymerization of lactide (PS-PI-PLA) combin-
ing established procedures for the synthesis of PS-PLA18,19

and PI-PLA20 diblock copolymers and using a protocol
related to that published by Bailey et al. for the synthesis of
PS-PI-PEO ABC triblocks.21 PS-PI-PLA had an overall
number-averaged molecular weight (Mn) of 65 kg mol-1, a
polydispersity index (PDI) of 1.09, and the following weight
fractions: PS 60%, PI 11%, and PLA 29%. By small-angle
X-ray scattering (SAXS) analysis, bulk samples of this
material formed a microphase separated structure, evidenced
by the appearance of a principal scattering peak (Figure S1,
Supporting Information). However, weak and broad higher
order reflections prohibited definitive identification of the
morphology. Remarkably, a thin (ca. 65 nm) film of PS-
PI-PLA spin cast on Si with a native oxide layer (ca. 100
nm thick) hydrophobically modified by hexamethyldisilazane
(HMDS), annealed at 150°C for 15 h and analyzed by
atomic force microscopy (AFM) in the tapping mode, gave
the image shown in Figure 1. Thicker films (100 and 170
nm) also provided similar AFM images. Given the three
distinct levels of contrast, hexagonally packed regions of a
core-shell cylindrical morphology are apparent from this
image. The mean center-to-center distance of these features
(as determined by fast Fourier transform (FFT) analysis on
AFM images) is 65 nm and compares favorably to the SAXS
data (63 nm) assuming hexagonally packed core-shell
cylinders (Figure S1, Supporting Information). Larger area
AFM images (4× 4 µm2) and several areas of the same
film showed a morphology similar to that in Figure 1. The
dark ring surrounding the light circular features suggests that

the softest and/or most hydrophobic material constitutes the
shells.22 Thus, we conclude that the hydrophobic, low glass
transition PI surrounds the stiff, least hydrophobic PLA
component and that PS constitutes the continuous matrix
phase (consistent with the connectivity and relative lengths
of the blocks in the terpolymer). Selective removal of the
PI would generate the desired nanoring templates (Scheme
1) with inner and outer diameters of approximately 37 and
63 nm, respectively.

We attempted to remove the PI component from the thin
films shown in Figure 1 by ozonolysis (treatment with O3 as
in reference 23). However, our attempts to selectively remove
the PI led to concomitant partial removal of the PLA com-
ponent (as determined by NMR analysis post O3 treatment),
and the nanoporous structures generated were reminiscent
of those generated from simple PS-PLA diblock copoly-
mers.24 In fact, the PLA component could be selectively
removed (by treatment with NaOH solutions) from the PS-
PI-PLA triblocks to generate nanoporous templates useful
for the fabrication of either pits in SiO2 by consecutive O2
and CF4 RIE steps or gold nanodot arrays by a combination
of O2 RIE, gold deposition, and mask lift off as established
for PS-PLA diblock copolymer templates (Figure S2,
Supporting Information).24 The necessity of an O2 RIE step
in both pattern transfer processes suggests that the surface
morphology depicted in Figure 1 does not span the entire
film thickness; instead, a layer of material (presumably PS)
coats the hydrophobically modified SiO2 surface as seen in
previous work with PS-PLA thin films on this substrate.25

Nonetheless, we showed that simple PLA degradation and
RIE processing enabled the use of these ABC materials as
nanolithogaphic templates. In addition, nanoporous films
obtained after PLA removal contain a reactive PI layer on
the interior pore surface, providing opportunities to further
manipulate the local pore environment.26

The partial success of our approach with PS-PI-PLA
materials suggested that related PI-PS-PLA materials could
lead to core-shell cylindrical materials with a robust PS shell
provided the appropriate composition was obtained. Degra-
dation of both the PI and the PLA would lead to the “anti-
ring” templates shown in Scheme 1. To that end, using a
similar synthetic procedure we prepared a PI-PS-PLA
triblock with an overallMn of 18 kg mol-1, a PDI of 1.11,
and the following weight fractions PI 32%, PS 38%, and
PLA 30%. SAXS analysis of this material at 160°C suggests
hexagonal symmetry (Figure S3, Supporting Information),
and thin films of PI-PS-PLA (ca. 60 nm on HMDS
modified SiO2) exhibited patches of hexagonally packed
features over large areas upon annealing under reduced
pressure at 120°C for 12 h (Figure 2).24,27 Films up to 210
nm thick showed similar AFM images but required higher
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Figure 1. Tapping mode AFM phase image acquired from a PS-PI-
PLA thin film on a HMDS modified Si substrate after annealing at 150°C
for 15 h under reduced pressure. The scale bar in the lower right is 200
nm. The inset in the upper right is 250× 250 nm.
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annealing temperatures (180°C). Larger area AFM images
(4 × 4 µm2) and several areas of the same film showed a
morphology similar to that in Figure 2. Unlike the AFM
image shown in Figure 1, only two levels of contrast were
observed in Figure 2, and, therefore, definitive assignment
of the morphology was more difficult, although the putative
cylindrical domains were likely softer and more hydrophobic
than the continuous matrix phase, given the observed AFM
contrast.22 By staining the sample with OsO4 (selective for
PI) and imaging the sample by Scanning electron microscopy
(SEM; Figure S4, Supporting Information), we were able to
demonstrate that the interior of the cylindrical domains was
composed of PI. Bright circular features in the SEM image
(consistent with high electron density associated with the
osmium stain) were smaller in diameter (ca. 15 nm) than
those observed in Figure 2 (ca. 25 nm). In further support
of cylindrical PI cores, an O3 etch of a PI-PS-PLA thin
film resulted in nanoscopic pits (Figure S5, Supporting
Information) that exhibited the same diameter and spacing
as the PI features identified by SEM (Figure S4, Supporting
Information). Unlike the PS-PI-PLA films, the O3 treat-
ment did not significantly remove the PLA phase (as
determined by NMR analysis). This may be due in part to
the physical separation of these two components in PI-PS-
PLA. Given these data, the connectivity of the blocks, and
the component molecular weights, we concluded that the spin
cast and annealed PI-PS-PLA thin films form core(PI)-

shell(PS) cylinders in a PLA matrix with the cylinder axis
oriented normal to the modified SiO2 substrate. Although
we are not entirely certain that these feature span the whole
film (i.e., from the free surface to the substrate), repeated
O2 RIE and AFM imaging suggests this is the case.

Sequential treatment of PI-PS-PLA thin films with O3

(2 min, -72 °C, in methanol) and then a 0.05 M NaOH
solution (water/methanol at 23°C for 45 min) led to near
complete removal of both the PI and PLA phases, respec-
tively, as determined by1H NMR spectroscopy. An AFM
height image suggested the formation of nanoscopic PS
pillars similar to those generated by Shin et al.;6 however, a
small hole was observed in the centers of nearly all of the
posts (Figure S6, Supporting Information). These features
were more prevalent and distinct in the corresponding AFM
phase image shown in Figure 3, and we conclude that
nanoscopic, hollow, cylindrical PS posts (nanobushings) were
generated by this degradation procedure (see Scheme 1).28

Therefore, in principle, these nanoporous thin films should
be effective templates for the generation of metal anti-ring
arrays upon deposition and template lift-off; we are currently
exploring this possibility. To our knowledge, this is the first
example of a nanoporous thin film template with discrete
two-dimensional objects.

Acknowledgment. This work was supported by the National
Science Foundation (DMR-0094144), by the David and Lucile
Packard Foundation, and in part by the MRSEC Program of
the National Science Foundation under Award No. DMR-
0212302.

Supporting Information Available: Experimental details and
Figures S1-S6 (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.

CM052694M

(27) An average center-to-center distance of the features in Figure 2 (as
determined by two-dimensional FFT) of 31 nm was in excellent
agreement with the value by SAXS analysis of 30 nm.

(28) The holes generated by the removal of the PI core in Figure 3 appear
smaller than the holes shown in Figure S5 (Supporting Information).
In Figure 3, the PLA has been removed whereas in Figure S5
(Supporting Information) the PLA has not been (significantly)
removed. Removal of the PLA phase may have enabled some
reconstruction of the PS phase, but at this stage we cannot be certain.

Figure 2. Tapping mode AFM phase image of a PI-PS-PLA thin film
on a HMDS modified Si substrate after annealing at 120°C for 12 h under
reduced pressure. The scale bar in the lower right is 200 nm.

Figure 3. Tapping mode AFM phase image of a PI-PS-PLA thin film
after sequential treatment with O3 and a 0.05 M NaOH solution (H2O/
MeOH, 23°C for 45 min). The scale bar in the lower right is 100 nm.
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