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ABSTRACT Controlling the orientation and lateral ordering of the block copolymer microdomains is essential

to their use as templates and scaffolds for the fabrication of nanostructured materials. In addition, a process

must be robust, simple to implement, and rapid, and should not introduce disruptive processing steps that would

impede their use. Here, we describe thin films of poly(styrene-b-4-vinylpyridine) (PS-h-P4VP) diblock copolymers,

spin-coated from mixed solvents that show highly oriented, cylindrical microdomains with a high degree of

order on a wide range of substrates, including silicon oxide, polystyrene, germanium, polyimide, and

poly(butylene terephthalate). In addition, the preferential solvation of the P4VP block with an alcohol caused a

surface reconstruction that resulted in the formation of a nanoporous film upon drying. The evaporation of gold

onto the reconstructed films produced thermally stable and reactive ion etching resistant films.
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reactive ion etching

lock copolymers, self-assemble into

arrays of nanometer-sized domains,

making them attractive candidates
for the generation of high-density media
which is used for data storage,’ electron-
ics,> and molecular separation.® Block co-
polymers have gained increasing attention
as templates and scaffolds for the fabrica-
tion of high-density arrays of nanoscopic el-
ements because of the size and tunability
of the microdomains, the ease of process-
ing on flat and patterned surfaces without
introducing disruptive technologies, and
the ability to manipulate their
functionality.*™® For block copolymers hav-
ing cylindrical microdomains, it is necessary
to control the orientation and lateral order-
ing of the microdomains to optimize the
contrast in transfer applications and the
density of elements. In addition, it is highly
desirable that the process is independent of
the underlying substrate. Approaches to
control the orientation of the microdomains
of block copolymers include the use of sol-
vent fields,”~"2 electric fields,"® chemically
patterned substrates,'*'® graphoepitaxy,'®
epitaxial crystallization,"” controlled interfa-
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cial interactions,'®"? thermal gradients,?°
zone casting,”’ and shear.?

By removal of the minor component
forming the cylindrical microdomains a na-
noporous template is produced where the
aspect ratio of the pores is dictated by film
thickness. While one can rely on this aspect
ratio to provide a natural etching contrast,
other attempts have been made to enhance
the contrast. A common feature of these ap-
proaches is to use a block copolymer where
one block contains an inorganic element,
like Si or Fe, or to load one of the phases
with an etch-resistant inorganic
component.2>~” Park et al. for example,
used an OsO,-stained microphase-
separated thin film of poly(styrene-b-
butadiene), which has a reactive ion etch
(RIE) contrast of 2:1, and produced an array
of holes in the underlying silicon nitride
substrates.® Spatz et al. quarternized
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP)
with auric acid, and then deposited gold in
the P2VP microdomain, to generate masks
for nanolithography.®® Alternatively, Ti was
grown on top of the PS matrix to yield suffi-
cient contrast.?®

Here, we report that highly oriented cy-
lindrical microdomains with a long-range
lateral order in poly(styrene-b-4-
vinylpyridine) (PS-b-P4VP) copolymers thin
films are achieved by spin coating the co-
polymer from a mixed solvent (toluene/
THF). As shown in Scheme 1, cylindrical mi-
crodomains normal to the surface are ob-
tained directly after spin coating, and this
process is independent of underlying sub-
strate. By annealing these films by solvent,
arrays of cylindrical microdomains with a
high degree of lateral order can be achieved
with little change of the interdomain dis-
tance. After dipping the films into a prefer-
ential solvent for P4VP, which is ethanol in
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Scheme 1. Schematic representation of the fabrication of nanoporous templates:
(a) spin-coating of PS-b-P4VP on a variety of substrates; (b) preparation of highly
long-range ordered films via solvent annealing; (c) surface reconstruction of ordered
films; (d) gold evaporation of the reconstructed films; (e) fabrication of nanoporous

A hexagonal order of the as-
spun films is only in a short-
range, which is represented in
the Voronoi diagram in Figure
1b.2! The cylindrical micro-
domains having six nearest
neighbors are not colored, and
those with four, five, seven, and
eight nearest neighbors are
marked in blue, red, green, and
pink, respectively. There are
many defects in the Voronoi dia-
gram in the case of as-spun films
as shown in Figure 1b. After the
as-spun films were exposed to

templates via reactive ion etching.

this work, a nanoporous film can be produced by a
fully reversible reconstruction process that leaves

P4VP on the surface. Details of the experiment
phase behaviors of PS-b-P4VP films in a tolu-
ene/THF solvent mixture were reported previ-
ously.>®

Evaporation of Au (which interacts strongly
with P4VP) on the surface of the film at a glanc-
ing angle leaves a nanoporous Au film that is ideal
for RIE with high-etch contrast for transfer of the
pattern to the underlying substrate. The results
described here are obtained by solvents and
simple fabrication steps that are cost-effective
and fully compatible with current industrial
processes.

RESULTS AND DISCUSSION

High molecular weight PS-b-P4VP with num-
ber average molecular weights of PS and P4VP
blocks were 47.6 and 20.9 kDa (kilo Dalton), re-
spectively, and a total polydispersity of 1.14 was
used. Figure 1 shows scanning force microscopic
(SFM) images of as-spun, solvent-annealed, and
surface-reconstructed PS-b-P4VP films on a native
silicon substrate. The SFM image of the as-spun
film (Figure 1a) shows a surface covered with cir-
cular domains, having an average separation dis-
tance of 48.4 = 9.2 nm and an average diameter of
29.6 £ 5.9 nm (see Supporting Information, Fig-
ure S1a). These results suggest that the cylindri-
cal microdomains of the P4VP are oriented normal
to the surface. Independent TEM measurements
(see Supporting Information, Figure S2) of the as-
spun film, stained with iodine, confirm that the
P4VP microdomains are oriented normal to the
film surface. For TEM measurements, the PS-b-
P4VP film was floated off the silicon substrate in
a 5 wt % HF solution and colleted on a carbon-
coated grid (see Supporting Information,
Figure S2a).
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the toluene/THF mixtures under

nitrogen at room temperature for
6 h, a hexagonal array of the circular domains with a sig-
nificantly enhanced lateral order was obtained (Figure
1c). Figure 1d shows a perfect hexagonal order as
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Figure 1. SFM images of highly ordered PS-b-P4VP films to silicon substrates (2 um
X 2 pum size, height mode): (a) as-spun films; (c) well-developed hexagonal struc-
ture via solvent annealing; (e) surface reconstruction of the ordered films. Fourier
transform of panels c and e show the characteristic of the long-range order in the in-
set. Voronoi diagrams (b, d, and f) constructed from domain center locations show
the population of point defects.
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Figure 2. SFM images of surface reconstructed PS-b-P4VP films on a variety of substrates (2 um X 2 pum size, height mode):

(a) polystyrene, (b) germanium, (c) polyimide, (d) poly(butylene terephthalate). The impressive degree of order is reflected
in the Fourier transform as shown in the inset.
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Figure 3. Moiré patterns of highly ordered PS-b-P4VP films measured from SFM at four different scan angles (scale bar: 1
rm): (a) scan angle, 0°; (b) scan angle, 5°% (c) scan angle, 10°% and (d) scan angle, 20°. These results show the large grain size
and uniaxial direction of PS-b-P4VP cylindrical microdomains.
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shown in the Voronoi diagram. Independent TEM mea-
surements confirmed that the cylindrical microdomains
were oriented normal to the film surface. When the
well-developed films were immerged in ethanol, a good
solvent for P4VP and a nonsolvent for PS, a reconstruc-
tion of the film was observed with a highly ordered ar-
ray of nanoscopic pores (Figure 1e). The surface recon-
struction of the film keeps well-developed
microdomain structure of solvent annealed films, which
also having the perfect hexagonal order as shown in
the Voronoi diagram of Figure 1f. Here, P4VP block is
solubilized by ethanol and, upon drying, the P4VP rests
on top of the PS matrix, leaving pores at the positions
of the cylindrical P4VP microdomains. This is similar to
the result of surface reconstruction of PS-b-PMMA by
acetic acid, a preferential solvent for PMMA.2 Indepen-
dent X-ray photoelectron spectroscopy (XPS) measure-
ments showed the presence only of P4VP on the surface
with no trace of PS. The TEM image of reconstructed
films (see Supporting Information, Figure S2b) con-
firmed the nanoporous structure of the PS-b-P4VP (as
schematized in Scheme 1). The film thickness of as-spun
and reconstructed PS-b-P4VP samples were found to
be 24 and 27 nm, respectively, by X-ray reflectivity (see
Supporting Information, Figure S3). When we increased
the film thickness up to 60 nm, well-developed cylindri-
cal microdomains oriented normal to the surface could
be generated (not shown here). The solvent annealed and
reconstructed PS-b-P4VP films are characterized by a hex-
agonal array of cylindrical microdomains or nanopores
with an average nearest-neighbor distance of 45.3 = 2.3
nm and pore diameter of 25.0 = 1.7 nm (see Supporting
Information, Figure S1). The Fourier transforms of the
SFM images are shown in the insets of Figure 1ce,
where six-point patterns, with multiple higher-order re-
flections, are seen, which is characteristic of the long-
range order. This process for preparation of nanoporous
templates from PS-b-P4VP is general for a wide range
of substrates including polystyrene, germanium, poly-
imide, and poly(butylene terephthalate) as shown in
Figure 2.

To characterize the orientation, grain size, and dislo-
cation of cylindrical microdomains, Moiré pattern analy-
ses have been used.?*33 Moiré patterns are formed
from interference between a reference and a sample
grating. Under certain conditions, we can observe the
grain size, shape, orientation, and dislocation directly.
Figure 3 shows Moiré patterns of highly ordered PS-b-
P4VP films measured from SFM at four different scan
angles. These results show the large single grain size of
10 wm, the uniaxial direction of PS-b-P4VP cylindrical
microdomains, and a few dislocation points are shown
in Figure 3d.

As another characterization method, we used orien-
tational correlation function to calculate quantitatively
the orientational order of solvent annealed PS-b-P4VP

www.acsnano.org
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Figure 4. Representative orientational correlation function (Gg(r)) cal-
culated from solvent annealed PS-b-P4VP sample (Gg(r) vs distance

normalized by average interdomain spacing (a). This result shows very
little decay even at large area (r > 35a), which indicates the presence

of long-range orientational order.

films in Figure 1b. The orientational correlation func-
tion is defined as®’

Ge(n) = [d5(0)p5(n ] (1)
where
N
exp(6i0(r;)
Polr) =" 2

and ¢4(0) indicates the complex conjugate of the or-
der parameter of the cylindrical microdomains which

is designated as the origin, index j counts the nearest-
neighbors, NN, of cylinder i, and 0(r;) is the angle made
between the bond connecting cylinders i and j and an
arbitrarily chosen reference axis. Each cylinder is used as
the origin for one calculation, and the angular brackets
indicate an average over all cylinders. G¢(r) has a value
between 0 and 1 for all r. For a perfect hexagonal crys-
tal, a plot of G4(r) vs r will have a value of 1 and will only
exist when r = na, where n has a integer value. In a
real crystal, the maximum value of this graph will not
be 1.0 because of fluctuations in lattice positions even
for a well-ordered 2-D crystal.

Figure 4 shows the orientational correlation func-
tion calculated from an SFM image of solvent annealed
PS-b-P4VP in Figure 1b. The local bond orientational or-
der is 0.91, which is extremely close to 1, the value of a
perfect lattice. G4(r) decays very little over large dis-
tances, which implies the presence of long-range orien-
tational order.

A thin layer of gold was evaporated onto the sur-
face of the reconstructed films by orienting the film sur-
face at an angle of ~5° with respect to the path of the
gold atoms from the target in the evaporator. This pre-
vented the evaporation of gold on the walls of the

\NIC
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Figure 5. SFM and TEM images of highly ordered PS-b-P4VP films with small molecular weight. SFM image of surface re-
constructed films (2 pm X 2 um size, height mode): (a) TEM image of Au evaporated films after surface reconstruction (scale
bar: 100 nm); (b) the Fourier transform of Figure 3a shows the impressive degree of order as well those of high-molecular-

weight PS-b-P4VP.

pores in the films.>* The thickness of gold layer was
~0.7 nm, as determined by X-ray reflectivity (see Sup-
porting Information, Figure S3). The gold layer on the
surface of the film was investigated using grazing inci-
dence small-angle X-ray scattering (GISAXS). GISAXS
measurements were performed on the X22B beamline
(National Synchrotron Light Source, Brookhaven Na-

Figure 6. SEM images of highly ordered nanoporous tem-
plates fabricated on the silicon substrate via reactive ion
etching (scale bar: 100 nm): top view (a) and cross-sectional
view (b) were shown.

ACNT AN . ;
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tional Laboratory) using X-ray with a wavelength of A
= 1.525 A (see Supporting Information, Figure S4).
These results confirmed the existence of a ~1 nm thick
gold layer on the reconstructed films that had pores lo-
cated at the positions of the original pores in the films
and that the gold was kept to the surface of the film
without coating the pore walls. Measurements per-
formed as a function of temperature indicated that for
films without the gold on the surface the nanoporous
structure was lost at ~115 °C, while with gold on the
surface, the nanoporous structure was retained up

200 °C. Consequently, the presence of the gold re-
tarded the flow of the PVP back in to the nanopores in
the PS matrix.

Experiments were also performed on PS-b-P4VP
where the molecular weights of the PS and P4VP blocks
were 25.0 and 7.0 kDa, respectively, with M,/M,, =
1.09 (purchased from Polymer Source). Figure 5 shows
SFM and TEM images of PS-b-P4VP after spin coating
and solvent annealing with a toluene/THF mixture, fol-
lowed by swelling with alcohol and drying, to produce a
nanoporous template. The film thickness of solvent an-
nealed and reconstructed PS-b-P4VP samples were
found to be 20 and 22.5 nm, respectively, by ellipsome-
try. The Fourier transform of Figure 5a is shown in the
inset, where a six-point pattern, with multiple higher-
order reflections, is obtained, characteristic of the long-
range lateral order. Subsequently, a ~1 nm thick layer
of gold was evaporated onto the surface of the films at
a glancing angle, which yielded the TEM image in Fig-
ure 5b. Here, a hexagonal array of 15.2 = 1.3 nm diam-
eter pores and center-to-center distance of 25.1 + 1.2
nm in the gold film is seen (see Supporting Information,
Figure S5). A lower magnification SEM image (see Sup-
porting Information, Figure S6) showed that the lateral
order persisted over and area of 3 X 2 um? scale in the
low magnification TEM, though independent measure-

Wwww.acsnano.org



ments showed that such structures could be achieved
ata 10 X 10 um? area. The gold-coated films were ex-
posed to a CF, RIE at 65 W for 40 s.3° After etching the
silicon oxide, gold-coated films were removed with a 10
wt % KI/I, (4/1, v/v) solution followed by heating to
400 °C for 3 h.

Figure 6 shows SEM images of an array of holes that
were etched into the underlying silicon oxide, which are
identical to that seen in the original template. The top
view (Figure 6a) indicates a highly ordered nanoporous
structures with areal density of ~10"'/cm? holes, while
the cross-sectional view (Figure 6b) shows etching depth
with a high aspect ratio of ~3:1. It should be noted that
the fidelity of the transfer could not be achieved without
the use of the gold layer to enhance the etching contrast.
In addition, alternative lift-off procedures by chloroform
could be used as effectively.

EXPERIMENTAL SECION

Materials. Two poly(styrene-b-4-vinylpyridine) (PS-b-P4VP)
samples were purchased from Polymer Source and were
used without further purification (high molecular weight:
M, PS = 47.6 kDa, M,,,P4VP = 20.9 kDa, M,,/M,, = 1.14, and
low molecular weight: M,,,PS = 25.0 kDa, M,,,P4VP = 7.0 kDa,
M,,/M, = 1.07). PS-b-PVP copolymers were dissolved in tolu-
ene/THF solvent mixtures (75/25, v/v) at 70 °C for 2 h and
cooled to room temperature to yield a 0.5 wt % polymer so-
lution. Toluene and THF were of analysis grade (Fisher). PS-b-
PVP thin films were fabricated by spin coating typically at
2000 rpm and 60 s from a 0.5 wt % toluene/THF solution on
the silicon substrate (International Wafer Source, Inc.)
cleaned in sulfuric acid and an inorganic oxidizing bath.

Characterization of PS-b-P4VP Thin Films. As-spun films were im-
mersed into small vessel containing ethanol solvent for 20
min to prepare the nanoporous structure. Surface topogra-
phy of PS-b-P4VP thin films on silicon wafer was imaged us-
ing a scanning force microscope (Nanoscope lll, Digital In-
struments Co.) in tapping mode. For TEM in plain view, the
gold evaporated PS-b-P4VP film was floated off from the sili-
con substrate onto 5 wt % HF solution and colleted on a
carbon-coated grid. Bright-field TEM was performed on a
(JEOL-1200EX) TEM operating at an accelerating voltage of
100 kV. Grazing incidence small-angle X-ray scattering
(GISAXS) measurements were performed on the X22B beam-
line (National Synchrotron Light Source, Brookhaven National
Laboratory) using X-ray with a wavelength of A\ = 1.525 A,
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CONCLUSIONS

In conclusion, we have shown that using a com-
bination of solvent casting and annealing, highly ori-
ented and ordered arrays of cylindrical micro-
domains could be achieved in thin films. By cou-
pling this with the use of a preferential solvent for
the minor component, arrays of nanopores in the
thin films could easily be achieved with pore diam-
eters down to 15 nm or less. Upon a glancing angle
evaporation of a metal onto the surface of the recon-
structed film, an etching mask with very high etch-
ing contrast could be obtained that allowed the
transfer of the pattern produced by the block co-
polymer into the underlying substrate with excep-
tional fidelity. All of the processes described were
nondisruptive and, as such, can easily be transferred
to current microlithographic fabrication processes.
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