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Templating Three-Dimensional
Self-Assembled Structures
in Bilayer Block Copolymer Films
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The registration and alignment of a monolayer of microdomains in a self-assembled block
copolymer thin film can be controlled by chemical or physical templating methods. Although
planar patterns are useful for nanoscale device fabrication, three-dimensional multilevel structures
are required for some applications. We found that a bilayer film of a cylindrical-morphology block
copolymer, templated by an array of posts functionalized with a brush attractive to the majority
block, can form a rich variety of three-dimensional structures consisting of cylinder arrays with
controllable angles, bends, and junctions whose geometry is controlled by the template periodicity
and arrangement. This technique allows control of microdomain patterns and the ability to route

and connect microdomains in specific directions.

omplex nanoscale pattern formation on
‘ two-dimensional (2D) surfaces can be

achieved using template-assisted self-
assembly of block copolymer (BCP) thin films.
Approaches that depend on sparse patterns of
lithographically defined chemical templates (/—4)
or physical templates (5—10) have focused on
controlling a single layer of BCP microdomains.
This layer is then used as a mask, in combina-
tion with conventional planar processing tech-
niques such as liftoff and etching, to fabricate
devices including patterned magnetic recording
media, nanowire transistors, flash memory, and
gas sensors (1/-16).

The inherent 3D nature of self-assembled
BCPs suggests their possible use in fabricating
3D devices such as cross-point structures in a
single step, rather than building up the structure
sequentially. There have been reports of the fab-
rication of 3D structures by self-assembly of
thicker BCP films or by sequential stacking and
cross-linking of BCP films (/7-25), but stack-
ing methods have disadvantages for the fabrica-
tion of 3D structures because of the difficulty of
aligning multiple layers, the large number of pro-
cessing steps required, and the poor order of the
resulting patterns. In the absence of templating,
the achievable geometries of bilayer BCPs are
limited; for example, in a bilayer cylindrical-
morphology BCP thin film, the cylinders in each
layer share the same orientation, whereas in a
spherical-morphology BCP the spheres form
two offset close-packed layers (26).

Chemical templating of bilayers of spherical
microdomains (/7-19) and lamellae (20) has
been shown to yield square symmetry patterns
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and coupled perforated lamellae, respectively.
A wider range of 3D BCP structures can be
achieved by confinement of the BCP within par-
allel surfaces, narrow pores, or spherical cavities,
which produce structures such as helices, cylin-
drical shells, and stacked disks or tori not found
in bulk (24, 25, 27). However, these processes
do not enable the formation of interconnected
structures in which the microdomains can be
routed or connected arbitrarily over a large area.

Here, we show by experiment and self-
consistent field theory that simple periodic arrays
of posts can give control over the orientation of
each layer of cylinders in a bilayer BCP film,
enabling the orientation of each of the two layers
of cylinders to be controlled independently, simul-
taneously, and locally. This was accomplished
by functionalizing the posts with a majority-block
homopolymer brush, which rendered the posts
attractive to the majority-block matrix and repul-
sive to the minority-block cylindrical microdomains.
The resulting self-assembled structures are un-
derstood by considering the commensurability
between the post period and the equilibrium
BCP period, as well as the energy costs asso-
ciated with in-phase stacking of alternate layers
of cylindrical microdomains. Connections be-
tween cylinders in different layers can form a
cross-point-like architecture, and by locally con-
trolling the post periodicity and arrangement,
one can create specific defects, bends, and junc-
tions in the top and bottom layers independent-
ly. Moreover, noncylindrical structures such as
perforated lamellae, as well as periodic super-
structures with double the period of the template,
can be created. These results provide an approach
for making 3D structures useful in applications
(e.g., cross-point memory devices) that require
the precise placement of nanowires in three di-
mensions. As an additional advantage, this pro-
cess can produce rectangular or square-symmetric
structures, which are useful in applications such
as fabricating integrated circuit interconnects
or bit-patterned media (28).

Figure 1A shows a diagram of the major
steps of the 3D templating process. In the first
step, hydrogen silsequioxane (HSQ) was spin-
coated at 40 + 2 nm thickness on Si (100) sub-
strates. The post array templates were fabricated
by means of electron-beam lithography of the
HSQ resist at an acceleration voltage of 30 kV,
beam current of 300 pA, and dot doses of 40 to
116 fC. After development and HSQ hardening
by use of an oxygen plasma asher, the final post
height was 33 + 2 nm. Next, the substrates and
posts were chemically functionalized with hydroxyl-
terminated polystyrene (1 kg mol ', 2 nm thick),
which corresponds to the majority block of the
BCP. A cylindrical-morphology poly(styrene-
b-dimethylsiloxane) (PS-b-PDMS) BCP (45.5
kg mol !, fraction of PDMS = 32%) was spin-
coated onto the substrates with the post tem-
plates to a thickness of 42 + 1 nm. Solvent vapor
annealing of the BCP thin film was done using
a 5:1 volume ratio mixture of toluene and hep-
tane, which resulted in swelling the BCP film to
101 £+ 3 nm (~3L,) and resulted in the formation
of a bilayer of in-plane PDMS cylinders in a PS
matrix with in-plane periodicity (Lg) of ~36 nm.
After the solvent vapor anneal, a rapid quench
was done within 1 s, which was believed to freeze
in the annealed morphology as the solvent vapor
leaves the film (29). Lastly, an oxygen reactive-
ion etch was used to remove the PS block, further
reducing the film thickness and revealing the
oxidized PDMS (0x-PDMS) patterns (30).

Both layers of cylinders are clearly visible in
scanning electron micrographs (SEMs) after etch-
ing (Fig. 1, B and C) and are oriented with re-
spect to the lattice vectors of the post lattice. The
PDMS cylinders typically lie between the PS-
coated posts (Fig. 1A, step 4) because of the PS
brush, unlike the case of PDMS-coated posts where
the PDMS cylinders lie atop rows of posts (37).
To describe the resulting morphologies system-
atically, we introduce a notation [(a b),(c d)] in
which (a b) refers to the top layer and (¢ d)
refers to the bottom layer of cylinders; (a ») and
(c d) are analogous to the 2D Miller indexing of
crystal lattice planes. For example, if @ = 2, then
for the top layer the spacing between cylinders
in the x direction is half the spacing between
the posts (here, the y direction is that with the
smaller periodicity). In cases where the cylinders
lie on top of the posts, a prime [e.g., (@ b)'] is
included in the notation. Some post lattices
generate noncylinder morphologies, which are
designated S, E, or B for spheres, ellipsoids, or
square-symmetry perforated lamellae, respective-
ly, in place of the Miller indices.

Figure 1B shows a bilayer film templated by
a rectangular array of PS-functionalized posts
21 nm in diameter and 33 nm in height, with x
direction periodicity of 100 nm and y direction
periodicity of 36 nm. Figure 1C shows mag-
nified and cross-sectional SEMs of regions in-
side and outside the templated region. Outside
the templated region, the top and bottom layers
of ox-PDMS cylinders shared local orientation,
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with the cylinders in the top layer lying in be-
tween those of the bottom layer without showing
long-range order. Inside the templated region,
the cylinders in the top and bottom layers did
not generally share local orientation between
the posts because of the energetic cost associated
with incommensurability. As a result, the top
cylinders instead self-assembled into a meshlike
array that covered the entire templated region
(see fig. S1 for an example in which the cyl-
inders formed a different angle between the two
layers, and fig. S2 for a cross-sectional image
from a different viewing angle). Figure 1, D and
E, shows another example of templated bilayer
films in which additional columns of square or

A

P,=129 nm, Py= 36 nm

parallelogram-shaped holes were generated be-
tween the posts. These results demonstrate the
ability to control the orientation of the individual
layers of microdomains within a bilayer.

By changing the post periodicities in the x
and y directions, we achieved a wide range of
orientations and morphologies of both the top
and bottom layers of microdomains. Figure 2
shows examples, including parallel top and bot-
tom PDMS cylinders (Fig. 2, A and B); meshlike
structures (Fig. 2, C to F); structures containing
a layer of ellipsoids, spheres, or square perfo-
rated lamellae (Fig. 2, G to I); and periodic su-
perstructures (Fig. 2, J and K). Each of these 3D
structures was observed within specific ranges

Step 1 Step 2 Step 3 Step 4 !

Cc

P,=132 nm,

P,=39 nm

Fig. 1. Fabrication of 3D structures. (A) The major steps of the fabrication process for the 3D structures:
step 1, fabricating the post templates by electron-beam lithography; step 2, chemically functionalizing
posts with a PS brush; step 3, spin coating and solvent annealing of the BCP; step 4, removing the PS
matrix by an oxygen reactive-ion etch and leaving the ox-PDMS patterns on the substrate. (B) SEM of an
etched [(0 1),(2 0)] bilayer structure on a substrate. (C) Upper magnified SEMs (red and green borders
refer to Fig. 1B) and lower cross-sectional (lower inset) SEM of the regions inside and outside the
template. (D and E) SEMs of a [(0 1),(3 0)] perpendicular structure (D) and a [(1 1),(3 0)] angled mesh-
shaped structure (E) formed from two layers of ox-PDMS cylinder arrays. The bright dots and the light
gray linear features represent HSQ and ox-PDMS, respectively.
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of post periodicities in the x and y directions,
and the cylinders were oriented perpendicular to
the direction in which the post periodicity was
commensurate with the BCP period. In general,
the top layer of cylinders formed the more com-
mensurate arrangement. These structures are
consistent with the equilibrium morphologies
observed in the self-consistent field theory (SCFT)
simulations, which modeled the morphologies
present when the film was fully swollen (before
quenching).

Figure 2, A and B, shows cases where the
cylinders in both layers were oriented parallel
(in the y direction, Fig. 2A; in the diagonal di-
rection, Fig. 2B) and the cylinders in the top layer
were offset from those of the bottom layer, as
seen in the untemplated bilayer film. The offset
stabilizes the parallel arrangement, but it incurs
an energy penalty if there is contact between the
cylinders and posts. The top layer of cylinders
could overlay the posts (Fig. 2B), but in cases
where the bottom layer lay along a line of posts,
it was interrupted to form dash shapes (fig. S3).

In Fig. 2, C to F, the cylinders in the two
layers became oriented in two different direc-
tions and made a mesh-shaped structure. Mesh-
shaped structures occurred when the post period
in the y or diagonal direction was equal to the
BCP period, favoring alignment of one layer of
cylinders perpendicular to the y or diagonal di-
rection, but the period in the x direction was
slightly less than an integer multiple of the BCP
period. In this case, the parallel alignment seen
in Fig. 2, A and B, is less favorable than a mesh
structure. Depending on the commensurability
of the post lattice, the angle of the mesh was 90°
(Fig. 2, C and E) or more (Fig. 2, D and F).

The mesh structures of Fig. 2, C to F, can be
generalized to include larger numbers of cylin-
ders subdividing the x-axis period, as shown in
Fig. 1, D and E, where the post periods in the x
direction were less than 4 times the BCP period.
The dimensions of the square and parallelogram
holes in all the mesh-shaped patterns were 18 by
18 nm, and their periods in the y direction were
~36 nm, matching the BCP period. The resulting
parallelogram and square holes demonstrated
sharp corers relative to those fabricated using
conventional lithography, which suggests a role
for such structures in the generation of nanoscale
square or rhombic features or pits.

Figure 2, G to I, shows examples in which the
bottom layer of microdomains formed ellipsoids
(Fig. 2G) or spheres (Fig. 2H) between the posts,
and square perforated lamellae in which the holes
in the PDMS surrounded the posts (Fig. 2I). These
structures occurred when the BCP period was
not commensurate with either the x or y direction
spacing. We also observed periodic superstruc-
tures in which the structure alternated between
two morphologies between adjacent columns
of posts, resulting in twice the period of the post
lattice. Examples are shown in Fig. 2, J and K.

To analyze the experimental morphologies,
we constructed a phase diagram (Fig. 2L) in
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Fig. 2. Templating and modeling
3D self-assembled structures. (A
to K) SEMs of the ox-PDMS micro-
domains templated by post arrays.
White and light gray areas repre-
sent HSQ posts and ox-PDMS, re-
spectively. Ox-PDMS microdomains
were commensurate in the same
direction [(A) and (B)] or formed perpendicular
and angled mesh-shaped structures [(C) to (F)],
cylinders on top of ellipsoids (G), cylinders on top
of spheres (H), cylinders on top of perforated
lamellae (1), and periodic superstructures [(]) and
(K)]. See figs. S3 to S8 for larger and colorized
images. (L) Summary of the experimentally de-
termined morphologies. Circles denote cylinders
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oriented along x or y; triangles, stars, and squares denote cylinders oriented in a diagonal direction. (M to Q) SCFT simulation results for representative post
periods. Top images, isometric views; bottom images, top-down views. Surface contours of constant minority-block (PDMS) density ¢ are plotted; ¢ = 0.5
represents the boundary between the PS and PDMS blocks.

which the various morphologies are plotted as
a function of post period P, and P, in the x and
y directions, respectively. The periods are ex-
pressed as multiples of L, the equilibrium period
of cylinders in an untemplated film annealed
under the same conditions. Superposed on this
graph are vertical and horizontal colored bands
representing approximate commensurate condi-
tions (i.e., when P, and P, are within £9% of an
integer multiple of Lo). Curved colored bands
represent commensurate conditions for the diag-
onal spacing, for example, (Pﬁ + Pﬁ)l/ 2. Avalue
of 9% was chosen because BCP films have
been found to adjust their period in response to
a template by up to approximately this amount
31, 32).

Examination of Fig. 2L shows that the ob-
served morphologies correspond well with the

commensurate template conditions. The corre-
spondence indicates that commensurability in
both x and y directions plays a dominant role in
determining which morphology forms.

SCFT simulations were carried out to inves-
tigate the 3D structure of the features, as well as
the metastability of the structures observed. The
thickness of the unit cell was set to the swelled
BCP thickness observed during the solvent
annealing, which was ~3.00L; the post diameter
and height were 0.71L, and 1.64L,, respectively
(see supplementary text). The simulation results
showed the same general trends as the experi-
ments. Parallel cylinders were predicted by the
SCFT simulation for x direction post periods
equal to integer multiples of L, (Fig. 2M). Per-
pendicular mesh-shaped structures were predicted
for x direction periods less than an integer mul-

tiple of Ly (2L, 3Lo) and y direction periods
equal to Lo, as was seen in the experiments (Fig.
2, N and O). Different morphologies in the two
layers were predicted by SCFT, such as cylin-
ders over spheres (Fig. 2P) and cylinders over
perforated lamellae (Fig. 2Q). However, simu-
lations of two unit cells did not predict the ob-
served superstructures. Consideration of factors
not included in the SCFT, such as bending of the
posts or non-equilibrium formation during the
solvent vapor annealing, may be required to ex-
plain these structures. Recently, crossed cylinders
were also predicted in a BCP confined between
parallel surfaces with highly incommensurate
spacing (27).

In the simulations, the cylinders in the two lay-
ers were often connected (Fig. 2, N to P). These
connections between the two layers may be
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Fig. 3. Templated 3D
bends and junctions. (A)
SEM of a locally controlled
structure fabricated by
changing the post peri-
odicity in the x and y di-
rections. From left to right,
the structures changed
from [(0 1),(2 0)] to [(3
0),(2 0)] and then to [(1
1,2 0). (B) SEM of a
locally controlled structure
fabricated by changing
the post lattice orienta-
tion. Top to bottom, the
[(=1 1),(2 0)] structure
contained a mirror plane
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parallel to the [1 —1] di-
rection of the lower post
lattice. The x and y axes
make an angle of 107°.
White and light gray areas
represent HSQ and ox-
PDMS, respectively.

metastable defects. However, there is also experi-
mental evidence in the mesh-shaped structures
for these connections (fig. S9). By seeding the
simulation with a field configuration that repre-
sented a mesh-shaped structure without a connec-
tion, we found that the energies of the connected
versus unconnected systems were too close to
distinguish a lower-energy state (see supplemen-
tary text). Thus, local connections between cyl-
inders are likely to be present in the system and
should be considered in postprocessing applica-
tions for these patterns.

In addition to controlling the alignment and
morphology of the PDMS microdomains in two
different layers, we were also able to locally con-
trol the alignment of the microdomains to form
more complicated patterns with specific defects,
bends, and neighboring junctions. In particular,
junctions and bends were placed in either of the
layers of cylindrical microdomains. Two ap-
proaches were used, separately or in combina-
tion, to fabricate such aperiodic structures: (i) a
post array with a variation in the post periodicity
in one or both directions to fabricate bends and
junctions (T and angled junctions) in the top
layer; and (ii) a post lattice whose orientation
varied while the period was constant to fabricate
bends and junctions (T, angled, and Y junctions)
in the bottom layer. These types of bends and

<€
P,=92nm, P =36 nm

[(01),(20)] [(30),(20)]

junctions could potentially be used to fabricate
integrated-circuit elements (33). Figure 3A shows
a structure made by the first approach in which,
by increasing the post periodicity in the x direc-
tion, a [(0 1),(2 0)] structure joined with a [(3 0),
(2 0)] structure and, by increasing the post pe-
riodicity in the y direction and decreasing it in
the x direction, the [(3 0),(2 0)] structure joined
with a [(1 1),(2 0)] structure. Thus, the bottom
layer of cylinders had a fixed direction (y direc-
tion) and only the direction of the top cylinders
was varied; structures such as T junctions formed
where the different orientations met. Figure 3B
shows a structure made using the second ap-
proach in which, by changing the post arrange-
ment, the [(-1 1),(2 0)] structure contained a
mirror plane parallel to the [1 —1] direction of
the lower post lattice. The top layer of cylinders
had a fixed direction (x direction), and only the
direction of the bottom cylinders was varied.
Figure S14 shows an example of a Y junction in
which two cylinders merged into one cylinder,
and figs. S15 to S17 show additional images of
similarly fabricated structures.

The central result of this work is the indepen-
dent and simultaneous control of the morphology
and orientation of two layers of BCP micro-
domains guided by an array of functionalized
posts. This forms the basis for the creation of

><€

P,=102nm, P,=36 nm P,=92nm, P,=40 nm

[(11)(20)]

more complicated structures such as cylinders
with specific defects, bends, and junctions, as well
as noncylindrical morphologies, and connections
between the top and bottom layers of cylinders
can be made (fig. S18). The strategies demon-
strated here for the 3D routing of dense nanoscale
cylindrical features using a single self-assembly
step could facilitate new methods for nanoscale
device manufacturing when combined, for ex-
ample, with processes that convert microdomains
selectively into functional materials such as oxides
or metals (34).
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Titanium and Zinc Oxide
Nanoparticles Are Proton-Coupled
Electron Transfer Agents

Joel N. Schrauben, Rebecca Hayoun, Carolyn N. Valdez, Miles Braten, Lila Fridley, James M. Mayer*

Oxidation/reduction reactions at metal oxide surfaces are important to emerging solar energy
conversion processes, photocatalysis, and geochemical transformations. Here we show that

the usual description of these reactions as electron transfers is incomplete. Reduced TiO, and
Zn0 nanoparticles in solution can transfer an electron and a proton to phenoxyl and nitroxyl
radicals, indicating that e~ and H* are coupled in this interfacial reaction. These proton-coupled
electron transfer (PCET) reactions are rapid and quantitative. The identification of metal oxide
surfaces as PCET reagents has implications for the understanding and development of chemical
energy technologies, which will rely on e/H* coupling.

xidation/reduction reactions of metal ox-
ide materials (MO,) play a key role in
emerging energy technologies, as well

Fig. 1. Pictures of as- A
prepared and reduced (A)
Zn0 and (B) amorphous
TiO, nanoparticles in tol-
uene. UV-visible spectra of
solutions of (C) ZnO (20- hv
UM particles, 3.9-nm diam-
eter) and (D) amorphous
TiO, (51 uM, 3 nm) during
irradiation with a 200-W
Hg/Xe lamp. ‘BusArO°
titrations of (E) ZnO/e™

as other processes such as photocatalytic waste-
water remediation and self-cleaning surfaces (/)
and geochemical redox formation and dissolution

of minerals (2). These interfacial (solid/solution)
redox processes are generally described just in
terms of electron transfer (ET). For instance, the
extensive literature on photochemical and elec-
trochemical water splitting by MO, is focused on
the ET between surface-bound species and the
valence and conduction bands of the solid. In
dye-sensitized solar cells (DSSCs), the excited
state of a dye injects an ¢ into nanocrystalline
TiO, (3). All of these disparate processes are af-
fected by proton activity (the pH of aqueous
interfaces), indicating a role for H'". Here, we re-
port well-characterized examples of reduced TiO,
and ZnO nanoparticles (TiO,/e” and ZnO/e") re-
acting by proton-coupled electron transfer [PCET
(4)]. TiO, and ZnO have been extensively studied
from both fundamental and technological
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(0.51 mM, 3.9 nm) after
30 min of irradiation and

(F) Ti0 /" (51 uM, 3nm) | B
after 10 min of irradiation.
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