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T
he self-assembly of block copolymers
(BCPs) into ordered arrays of nano-
structures on surfaces with sparing

outside intervention has stimulated a great
deal of interest.1�8 Through careful polymer
design, the size, spacing andmorphology of
the resulting self-assembled BCP features
can be tuned to any size on the order of tens
of nanometers.9�14 For a given BCP, varying
the processing conditions (such as using
thermal or solvent annealing, initial thick-
nesses, etc.) will also allow for finer control of
the nanopattern size and morphology.15,16

Due toa combinationof thermodynamic and
kinetic factors involved in the self-assembly
process,17 there are, however, limitations for
a given neat BCP of composition A-B to form
assemblies with critical dimensions smaller
or larger than its “natural” value. With the
increasing focus on the production of
sub-20 nm features,10,13,18�20 approaches
to induce a given BCP system to form
smaller structures than would normally be

possible under standard equilibrium condi-
tions are valuable.
From an applications standpoint, BCPs

have many potential uses, including litho-
graphic templates for data storage and
memory,21�24 integrated circuits,25 contact
holes,26,27 and tissue interfacing.28,29 As has
been described within the International
Technology Roadmap for Semiconductors
(ITRS), BCPs have demonstrated the capa-
bility to form the palette of patterns re-
quired for integrated circuit production
within short periods of time.30�32 Highly
ordered, self-assembled BCP patterns that
differ from their typical equilibrium nano-
structures can also be produced through
ordered templates or directed self-assembly.
Many examples of directed self-assembly
to produce diverse, highly complex struc-
tures relevant to device manufacturing have
been demonstrated in the past decade. For
example, BCPs have been driven to self-
assemble into bends (acute and obtuse),33
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ABSTRACT Block copolymer (BCP) self-assembly is an effective and

versatile approach for the production of complex nanopatterned interfaces.

Monolayers of BCP films can be harnessed to produce a variety of different

patterns, including lines, with specific spacings and order. In this work, bilayers

of cylinder-forming polystyrene-block-polydimethylsiloxane block copolymer

(PS-b-PDMS) were transformed into arrays of silica lines with half the pitch

normally attained for conventional monolayers, with the PDMS acting as the source for the SiOx. The primary hurdle was ensuring the bilayer silica lines

were distinctly separate; to attain the control necessary to prevent overlap, a number of variables related to the materials and self-assembly process were

investigated in detail. Developing a detailed understanding of BCP film swelling during solvent annealing, blending of the PS-b-PDMS with PS

homopolymer, utilization of a surface brush layer, and adjustment of the plasma exposure conditions, distinct and separate silica lines were prepared. On

the microscale, the sample coverage of PS-b-PDMS bilayers was investigated and maximized to attain >95% bilayers under defined conditions. The bilayer

BCP structures were also amenable to graphoepitaxy, and thus, dense and highly ordered arrays of silica line patterns with tightly controlled width and

pitch were fabricated and distributed uniformly across a Si surface.

KEYWORDS: block copolymer . brush layer . graphoepitaxy . homopolymer blends . patterning . plasma . PS-b-PDMS . self-assembly .
solvent annealing
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jogs,34 isolated segments,34 T- and Y-junctions,35

checkerboards,36 and rectangular trimming patterns36

through chemical prepatterning of the substrate
surface. By utilizing graphoepitaxy and predefined
topographical features prepared via electron beam
lithography, selectively and locally complex linear
patterns37 or cross-hatched patterns38 can also be
formed. For future scale-up, reducing the spatial fre-
quency of the topographic features that assist in
directing the self-assembly is an attractive goal. One
of the most demanding metrics outlined in the ITRS
Roadmap, however, focuses on the size and spacing
of the self-assembled BCP features. Beautiful work to
reduce feature sizes has been accomplished by in-
creasing the Flory�Huggins separation parameter18,19

or by using cyclic copolymers with their small hydro-
dynamic radii.12

In this work, we show how self-assembled bilayers of
polystyrene-block-polydimethylsiloxane (PS-b-PDMS)
horizontal cylindrical structures can be harnessed to
generate closely spaced silica (SiOx) lines on surfaces,
as outlined in Figure 1. Monolayers and bilayers of self-
assembled PS-b-PDMS cylinders were converted into
silica lines with pitches of L and L/2, respectively.
Control over the dimensions of the resulting silica lines,
including line width and pitch, is demonstrated
through tailoring of surface brush layers, polymer
film composition, annealing conditions and plasma
etch parameters. In earlier work, we showed how
self-assembled bilayers of polystyrene-block-poly-
(2-vinylpyridine) (PS-b-P2VP) could be metallized and
then converted into density-doubled lines,39 but with
PS-b-PDMS, the metallization step is avoided since
the intrinsic PDMS block is directly converted into
SiOx. More importantly, we anticipated that the high
Flory�Huggins interaction parameter of PS-b-PDMS

(χPS‑b‑PDMS = 0.2740 compared to χPS‑b‑P2VP = 0.1841 at
room temperature) would enable the formation of
finer structures with lower line edge roughness.9,18

Because silica is a ubiquitous material to which a wide
range of molecules, nanoparticles and other function-
alities can be covalently connected,42�45 these SiOx

nanopatterns could provide a pathway for the genera-
tion of complex hierarchical assemblies.

RESULTS AND DISCUSSION

A PS-b-PDMS BCP with Mn(PS) = 31.0 kg/mol and
Mn(PDMS) = 14.5 kg/mol was used for all the experi-
ments described here, and the as-cast PS-b-PDMS films
were solvent annealed in tetrahydrofuran (THF) vapor
to promote self-assembly into ordered cylinder arrays.
Generally, regionswithmonolayers (Figure 1a), bilayers
(Figure 1b), and under certain conditions, even trilayers
of cylinders were observed on each sample (quantifi-
cation vide infra). The regions with monolayers of
PDMS cylinders, when plasma-treated, were converted
into silica lines with pitch L and width w (Figure 1c�e).
After plasma treatment of the bilayer regions, silica
lines derived from the upper PDMS cylinders were
deposited onto the substrate between silica structures
from the lower layers. The resulting structure consisted
of silica lines with a pitch of L/2 (Figure 1f�h). As can
be seen in the scanning electron microscope (SEM)
images in Figure 1h, silica lines originating from the
upper PDMS cylinders had a rounder cross section.
Identification of the silica lines derived from upper and
lower PDMS cylinders was determined at sites of over-
lap and other defects (see Supporting Information,
Figure S1).
Without process optimization, bilayer regions of

PDMS cylinders generally produce SiOx line arrays
that have significant overlap between the lines that

Figure 1. (a and b) Schematics of self-assembled PS-b-PDMSmonolayer (a) andbilayer (b) films after solvent vapor annealing:
horizontal cylindrical PDMS structures (characteristic spacing L and cylinderwidth d) are surrounded by a PSmatrix and a thin
PDMS surface layer. After plasma treatment, these cylindrical structures become line patterns that are clearly visible in the
plan viewand cross section SEM images to the right. (c�e) Lines patterned frommonolayers of PDMS cylinders have line pitch
L and line width w. (f�h) Ideal lines patterned from PS-b-PDMS bilayers are separated and have line pitch L/2 and line width
w < L/2. (i�k) Lines are not neatly separated and may overlap when w > L/2.
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originate from the upper and lower layers of PDMS
cylinders, as shown schematically in Figure 1i and in
the SEM images in Figure 1j,k. To attain the necessary
control over line width to achieve sufficient separation
of the SiOx lines from the bilayer PS-b-PDMS system
and form structures similar to those in Figure 1f, each
of the processing parameters, including the solvent
anneal conditions, the polymer film composition, the
brush composition on the silicon surface, and the
plasma conditions, were individually investigated.
When these processing conditions were optimized,
distinct silica lines were formed from both the upper
and lower PDMS cylinders.
One important numerical parameter that describes

the fraction of surface occupied by silica line features
is the fill ratio F (i.e., the line width w divided by the
characteristic cylinder spacing L) as shown in Figure 2a.
A fill ratio of 0.50 describes lines separated by spaces
equal to the line width. If this fill ratio, F = 0.50, is
observed in a region of SiOx lines formed from a
monolayer of PDMS cylinders, then lines formed from
a bilayer of PDMS cylinders on the same sample will
consist of silica lines in contact with one another, with
no visible line separation and no overlap (Figure 2c).
A fill ratio F > 0.50 observed in a monolayer region
should correspond to bilayer regions where lines
originating from the upper PDMS cylinders overlap
with lines originating from the lower layer of PDMS
cylinders (Figure 2b). Finally, a fill ratio F < 0.50
observed in a monolayer region would correspond
to bilayer line patterns separated by distinct gaps
(Figure 2d). It should be noted that these calculations
apply to an ideal system, since it is assumed that silica
lines originating from bilayer regions have the same L

andw as those found inmonolayer regions. In practice,
while L remains the same, lines templated from the
lower layer of bilayer cylinders tend to be wider than

lines templated from the upper layer, and both tend
to be wider than lines templated from a monolayer.
In addition, as the fill ratio increased, line occlusion
or contact between adjacent lines became more pre-
valent. Because line width measurements require both
edges of a line to be visible, this occlusion and line
contact prevented reliable measurements for samples
with F g 0.50. Because of these challenges, initial
process optimization was carried out on monolayer
regions; the information learned from the monolayer
optimizationwas then applied to themore challenging
bilayer system. Unless otherwise stated, fill ratios,
pitches and line widths were measured exclusively
in regions of the substrate formed from monolayers
of BCP cylinders. Our goal was a monolayer fill ratio of
F e 0.25, which would then lead to bilayer lines
separated by gaps as wide as the lines themselves;
this goal may be overly ambitious, but was chosen to
provide a buffer to accommodate for line waviness,
differences in line widths, and other phenomena.
A comparison of line analysis metrics for lines derived
from both monolayers and bilayers of PS-b-PDMS is
included in the Supporting Information (Figure S2).
The first and most obvious place to start the optimi-

zation is the annealing step, in which the self-assembly
of these monolayers and bilayers of cylinders takes
place. Thermal annealing could be used as a method
to promote the self-assembly of horizontal cylinders.
However, lines produced by this method had F =
0.64 ( 0.06 (see Supporting Information, Figure S3),
making them inferior to lines produced through sol-
vent annealing. Thus, the solvent annealing process
was used and monitored by in situ ellipsometry, with
accompanying SEM imaging of the plasma-treated
line structures. During a solvent anneal in THF vapor,
solvent is absorbed by the BCP film, leading to sig-
nificant increases in the film thickness. Figure 3a shows
a typical curve describing the degree of swelling
(D, calculated by dividing the measured in situ film
thickness by the initial film thickness) of a PS-b-PDMS
film at room temperature. As the solvent vapor infil-
trates the polymer, the films initially swell rapidly
before reaching a plateau. The rate at which the
film swells is related to the volume and surface area
of the solvent in the chamber, and also the ambient
temperature, via their combined influence on the THF
vapor pressure. Starting with an initial PS-b-PDMS film
thickness of ∼36 nm, the solvent vapor anneal was
terminated at target degrees of swelling by quickly
purging the chamber with air, which caused the
swelled film to rapidly relax to its initial thickness and
kinetically trap the self-assembled structures. Repre-
sentative SEM images of SiOx line structures obtained
by terminating solvent anneals at different predeter-
mined degrees of swelling are displayed in Figure 3b;
all samples were plasma treated to convert the
PDMS block to SiOx and remove the PS before SEM

Figure 2. (a) Schematic representation of lines derived from
a monolayer of cylinders. Fill ratio F is defined as the ratio
of line width w to line pitch L, as measured in a monolayer
region. (b�d) Assuming the simplest case where both top
and bottom line widths are the same for bilayer lines,
F > 0.50 results in bilayer lines that overlap (b); F = 0.50
results in lines that touch (c); and F<0.50 results in lines that
are separated (d).
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inspection. In the cases where the BCP films had
formed regions ofmono- and bilayers, two SEM images
are shown, with the top left showing a monolayer
region and the bottom right showing a bilayer region.
The widths, w, and pitches, L, of monolayer line struc-
tures resulting from terminating the anneal at different
degrees of swelling are plotted in Figure 3, panels c
and d, respectively. Both line widths and pitch were
observed to increase for D e 1.50, before slowly
decreasing as the film continued to swell to D = 2.63.
The initial increase in line width and pitch could be
attributed to a gradual shift of polymer structures
from their kinetically trapped as-cast state to a more
thermodynamically favored state. Because insufficient
solvent plasticizer was present early on, the initial
reorganization was slow and nonuniform, as sug-
gested by the large standard deviation in pitch and
line width in the D = 1.25 samples. As the solvent
content increased to D g 1.50, however, the mobility
of the polymer became sufficient for the complete
transition into organized parallel cylinders, and the
standard deviation in cylinder pitch and width

dropped markedly (Figure 3c,d). The steady decline
of line width and pitch observed in these graphs was
also observed by Jeong et al. in their solvent annealing
work on the polymer P2VP-b-PDMS,15 and was attrib-
uted to a solvent shielding effect, which lowers the
effective χ parameter of the system. From the data
shown in Figure 3, monolayer line widths varied during
the course of the solvent anneal from 12 ( 2 to 22 (
1 nm, and line pitch from 34 ( to 40 ( 2 nm. Despite
the tendency toward reduced line widths with greater
swelling, significant line overlapwas still observed in all
bilayer regions (monolayer F ranging from 0.54 ( 0.07
to 0.34 ( 0.07), and additional experimental refine-
ments were required to form distinctly separated lines.
It has previously been shown that the addition of a

homopolymer to a block copolymer film can effectively
increase the pitch and the size of self-assembled
domains.46�48 In the present case, by adding PS homo-
polymer to form a PS/PS-b-PDMS blend, the ratio of PS:
PDMS would increase and could enlarge the PS matrix
interline spacing. Solutions of PS/PS-b-PDMS homopo-
lymer blends were prepared with the homopolymer PS
(10 kg/mol) content varying from 0 to 30 wt %. BCP
films of these compositions with initial thicknesses
of ∼36 nm were annealed in THF vapor to degrees of
swelling, D, of 1.75, 2.00, and 2.25, and purged and
plasma treated as described previously. SEM images of
the self-assembled structures formed after swelling
films to D = 2.25 are displayed in Figure 4a (see
Supporting Information, Figures S5 and S6 for SEM
images of D = 1.75 and 2.00). A slight tendency toward
thinner and more widely spaced lines with higher PS
homopolymer compositions can be observed; for ex-
ample, in the case of D = 2.25, line widths of 13( 1 nm
were reduced to 10 ( 1 nm (Figure 4b), and the pitch
increased from 35 ( 2 to 38 ( 2 nm (Figure 4c) when
a 25 wt % PS homopolymer blend was used. Both of
these trends contributed to a decrease in fill ratio (F)
from 0.38 ( 0.05 to 0.26 ( 0.04 (Figure 4d). In the
final panel of Figure 4a at a homopolymer fraction of
30 wt %, the structures change drastically from line
patterns to dot patterns, and this morphological
change delineates the upper limit for PS homopolymer
in the blend composition. Even at 25 wt %, the line
structures displayed numerous defects, such as inter-
ruptions with areas of hexagonal dots and discontinui-
ties. Similar trends were observed for D = 1.75 and
D = 2.00 with respect to the pitch (Figure 4c), although
the decrease in line width was not as pronounced and
within the measured standard deviations (Figure 4b).
It was concluded that a composition of 22.5 wt %
PS/PS-b-PDMS would be applied to the bilayer system
(vide infra) since it increased the pitch, reduced line
width, and avoided the high level of defects observed
at 25 wt % and 30 wt % PS.
As was noticed in the annealing experiments de-

scribed in Figure 3, the silica lines derived from the

Figure 3. (a) Plot showing swelling of a 36 nm-thick neat
PS-b-PDMS film throughout a typical 80 min solvent anneal
(with tetrahydrofuran). (b) Representative SEM images of
the plasma treated samples after stopping anneals at
different degrees of swelling. Images that are split in half
display monolayer regions in the top half, and bilayer
regions in the bottom half, and all scale bars are 100 nm.
(c, and d) Plots showing line width (c) and pitch (d) after
swelling to different D. The error bars represent the stan-
dard deviation of all line width or pitch measurements that
were made.
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lower level PDMS cylinders tended to be on average
2 to 3 nm wider than their upper level counterparts.
For instance, for D = 2.25, the widths of lines derived
from the upper and lower layer cylinders were 14 (
1 nm and 16 ( 1 nm respectively. While one possible
explanation was that these structures were exposed
to the plasma longer and thus were etched to a greater
extent, closer inspection from several cross-section
and tilted SEM images also revealed that lines originat-
ing from lower layer cylinders were flat and spread
over the wafer surface, suggesting possible interac-
tions with the surface. To confirm this conjecture, PS
and PDMS brush layers were grafted onto clean silicon
substrates before the polymer films were spin-coated
on the surface and solvent annealed. The addition of
brush layers modifies the interfacial energy at the
polymer-surface interface.49 A thick coat of either
hydroxy-terminated PS or PDMS was spin-coated on
the silicon and heated in a vacuum oven at 130 �C for 2
h. The excess polymer was then rinsed off the silicon
substrate with excess toluene, acetone, and isopropyl
alcohol. The resulting thicknesses of these PDMS and

PS brush layers were determined by ellipsometry and
were found to be 2 and 5 nm, respectively. Thus, a BCP
film normally 35 nm on the native silicon oxide was
measured to be 37 nm when spin coated on a PDMS
brush, or 40 nmwhen spin coated on a PS brush. A neat
BCP film was spin-coated on the PS brush-coated
surface and annealed in THF vapor to D = 2.00, and
after plasma treatment, the structures derived from the
monolayer and bilayer regions were compared to their
analogs with only native oxide. In the plot in Figure 5, a
very small reduction in line width was observed for the
both the monolayer and bilayer lines, suggesting that
the PS brush provided a small but measurable advan-
tage with respect to the line width. In contrast, the
PDMS brush yielded cylindrical lines that were always
wider than their equivalents on native oxide or PS
brushes. In the case where a PDMS brush was used, the
line structures were partially obscured by a haze, likely
of SiOx, originating from the brush (see Figure 5f).
After optimizing for the annealing conditions, the

film composition, and the interfacial properties with
the PS brush, the next parameter to investigate was the

Figure 4. (a) SEM images demonstrating the evolution of structures swelled to a uniform D = 2.25 as the fraction of PS
homopolymer in the films was increased. The top half of each image displays patterns found in monolayer regions, while the
bottom half shows patterns found in bilayer regions, and all scale bars are 100 nm. (b�d) Plots of line width (b), pitch (c), and
fill ratio (d) as the concentration of PS is increased up to 30 wt %. All samples have an initial film thickness of 36 nm. The error
bars represent the standard deviation of all the line width or pitch measurements that were made.

A
RTIC

LE



WU ET AL. VOL. 7 ’ NO. 6 ’ 5595–5606 ’ 2013

www.acsnano.org

5600

plasma processing of annealed BCP films. Because the
block copolymer films are capped with a surface PDMS
layer at the BCP-air interface, an initial CF4 plasma
treatment to selectively etch the PDMS was required
to allow access to the underlying self-assembled
cylindrical structures.50 Fixing the duration of this
PDMS removal step at 10 s, the length of time of the
subsequent O2 plasma step to selectively etch the PS
and convert the PDMS structures to SiOx

24,51 was then
varied on identically prepared samples (∼36 nm of
the 22.5% PS blended film on a PS brush, swelled to
D = 2.00). As the O2 plasma exposure timewas increased
from 10 up to 30 s, the edges of the cylindrical struc-
tures, which were initially indistinct, became sharper
and more well-defined, as shown in the images in
Figure 6a. With increasing O2 plasma time, however,
these lines began to merge and by 50 s, the bilayer line
structures consisted of large agglomerations of silica.
Thus, after the initial 30 s of O2 plasma treatment, no
improvement in fill ratio was observed.
Another route to optimization of the plasma treat-

ment was to use a plasma that more aggressively
etched the PDMS cylinders to narrow the line widths,
while simultaneously removing the PS matrix. Since O2

and CF4 plasmas selectively etch different BCP blocks,
a plasma with tunable selectivity could be created
from a combination of the two gases. In an attempt
to find the ideal plasma composition and time, plasmas
incorporating 10%, 20%, and 30% CF4 were used,
and SEM images of the resulting structures obtained
from varying plasma exposure times are displayed
in Figures 6b�d. As observed in these SEM images,
an increase in plasma CF4 content led to a decrease in
line widths derived from both the upper and lower
layers of PDMS cylinders, and thus there was a notice-
able increase in the spacing between adjacent lines.

As the concentration of CF4 increased, however, the
line width differences between the upper and lower
lines also increased due to the fact that the upper lines

Figure 5. (a�f) SEM images of SiOx line structures produced from solvent annealed PS-b-PDMS BCPs on Si wafers with no
brush layer (a and d), PS brush layer (b and e), and PDMS brush layer (c and f). The measured initial thickness of these films
including their brush layers were 35, 40, and 37 nm, respectively. In (a�c), regions with single layer lines are shown in the top
left of each panel, and regionswith double layers are shown in the bottom right. Close-up SEM images of the single-layer films
tilted at 45� are displayed below for bare wafers (d), PS brush (e), and PDMS brush (f). (g) Graph of line widths measured from
all samples.

Figure 6. (a�d) The 22.5% PS blended samples swelled on
a PS brush layer to D = 2.00, treated with 10 s of CF4 plasma
to remove the surface PDMS layer, and then subsequently
subjected to 100%O2 (a) ormixedO2/CF4 plasmas (b�d) for
varying durations. The top halves of each image panel
displaymonolayer regions, while the bottom halves display
bilayer regions on the same sample. All scale bars are
100 nm.
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were exposed to the etchant for longer periods of time.
For example, a 20 s plasma exposure at 20% CF4
produced top and bottom line widths of 14 ( 1 and
17( 1 nm, respectively, while an identical exposure in
30% CF4 produced widths of 12( 1 and 16( 1 nm. As
the plasma exposure times increased to 50 s or longer,
individual lines began to deform and stick to adjacent
lines. Thus, the plasma parameters had to be tuned
such that enough CF4 was present to increase the
spacing without etching the top layers too quickly.
For the 22.5% PS blended films, a 10% CF4 plasma step
for 25�30 s (Figure 6b) or a 20% CF4 plasma step for
20�25 s gave optimum results (see Supporting Infor-
mation, Figures S10 and S11, for additional images).
In addition to tuning the line width and pitch, it was

also critical to control the percent coverage of mono-
layer and bilayer regions in the film on the microscale.
To investigate the effect of film swelling on the fraction
of monolayer and bilayer regions, neat BCP films of
∼36 nmwere spin coated on a PS brush-coated sample
and annealed to different degrees of swelling, similar
to the samples in Figure 3. Using optical microscopy,

postanneal images of the films were taken at multiple
locations on the sample. Because monolayer, bilayer,
and even trilayer regions in the film have different
thicknesses, these regions appeared in different colors
under the optical microscope due to interference
effects. The percent coverage of each of these regions
was then determined for each sample using image
processing (see Supporting Information for details)
and displayed in Figure 7. Neat BCP films swelled to
D = 1.25 showed some fluctuations in film thickness
(Figure 7a), but discrete terraces were not observed
until after D > 1.50 (Figure 7b). Upon closer inspection
by SEM of the edges of these discrete terraces
(Figure 7c), a clear transition frommonolayer to bilayer
lines was observed. As the films continued to swell,
monolayer regions, which covered 97.2 ( 0.4% of the
sample at D = 1.50, linearly gave way to bilayers until
D = 2.25, when the distribution became 0.0 ( 0.0%
monolayers, 92.4 ( 0.8% bilayers, and 6.6 ( 0.4%
trilayers (Figure 7d). After this point, if the anneal
was left to continue, bilayer regions began to convert
into trilayer regions. Experiments performed for

Figure 7. (a and b) Optical micrographs of neat BCP films swelled to D = 1.25 (a) and D = 1.75 (b). (c) SEM image showing the
interface between monolayer and bilayer regions for neat PS-b-PDMS films. (d) Plot of the evolution of monolayer/bilayer/
trilayer coverage with swelling, D, for neat PS-b-PDMS films with initial thickness of 36 nm (excluding the PS brush). (e) SEM
image of the monolayer/bilayer interface within the 22.5% PS/PS-b-PDMS blended films. (f) Plot of the evolution of
monolayer/bilayer/trilayer coverage with swelling, D, for 22.5% PS/PS-b-PDMS blended films with initial thickness of 36 nm.
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the 22.5% PS blended films in identical conditions
showed behavior similar to the neat BCP films with
two key exceptions. First, inspection by SEM revealed a
∼400�500 nm-wide strip of hexagonal PDMS dots at
the boundary of monolayer/bilayer regions with 22.5%
PS (Figure 7e). One possible explanation for the pres-
ence of the dot interface at the boundaries is that the
film thicknesses fall between that of the monolayer
and bilayer regions, and that these local film thick-
nesses favor the local formation of spherocylinders,52

which are converted into dot patterns upon exposure
to plasma. These dot patterns were not observed in
the neat films likely because this phase does not exist
at the higher PDMS volume fraction (fPDMS ∼ 0.34 for
neat films,∼ 0.26 for 22.5% PS blended films). Second,
unlike the swelling of neat BCP films, the monolayer
regions did not begin to transform into bilayers until
afterD= 1.75 (Figure 7f). AfterD= 1.75, themonolayers
continued to convert into bilayer regions until at
D = 2.36, where the bilayer fraction peaked at 93.2 (
2.1%,with5.6(1.6%monolayers and0.0(0.0% trilayers.
Although the degree of swelling, D, clearly had an

effect on the percent coverage of these layered struc-
tures in the film, it was not a useful parameter to tune
the coverage of bilayer regions, as it also had great
influence over line widths and pitch. An alternative
parameter was the initial film thickness. As shown in
Figure 8, neat BCP films were deposited at various
thicknesses (from 32 to 48 nm) onto a PS brush coated
sample and annealed to a fixed degree of swelling of
D = 2.00. The resulting terrace structures displayed in
Figure 8a clearly demonstrate that the monolayer,
bilayer, and trilayer fractions of a film can be tuned
by varying the initial film thickness. As shown in
Figure 8b, an initial thickness of ∼41 nm produced
monolayer, bilayer, and trilayer area fractions of

1.3 ( 0.9%, 96.7 ( 0.8%, and 1.7 ( 0.4%, respectively.
Thus, near-uniform bilayers can be attained across
the entire sample if a film of ∼41 nm is swelled to a
degree of swelling of D = 2.00. When these films
were subjected to identical and optimized (10% CF4
for 25 s in the second step) plasma conditions, no
obvious relationship between the initial film thickness
and the width or pitch of these lines was observed
(Figure 8c); the decoupling of these parameters is
important, since it means that initial film thickness
can be independently varied to optimize for bilayer
formation, without affecting line width and pitch. As
shown in the optical micrographs in Figure 8d, 22.5%
PS blended films behaved quite differently than their
neat BCP counterparts. Trilayer regions started appear-
ing and growing before all themonolayer regionswere
eliminated (Figure 8d). One consequence of this early
onset of trilayers is that although 22.5% PS blended
films can produce line arrays at lower F than neat BCP
films, it is impossible to have highpercentage coverage
of bilayer regions. SEM images of these films (Figure 8e)
also showed that the initial film thickness had no
obvious effect on line width or pitch.
The optimized processing conditions can also be

utilized for graphoepitaxy applications in which mor-
phological features assist in guiding the self-assembly
of polymers to produce patterns with long-range
order, as demonstrated in Figure 9 (and Supporting
Information Figures S14 and S15). The guiding features
were formed through electron beam lithography
with the negative photoresist HSQ. Graphoepitaxy
was found to be effective in directing the alignment
of the densely packed silica lines for both neat BCP
films and also 22.5% PS blended films on a PS brush
layer. As shown in Figure 9, a 22.5% PS/PS-b-PDMS
blend was swelled to D = 2.00 and subjected to a 10%

Figure 8. (a) Optical micrographs of neat PS-b-PDMS films on a PS brush with varying initial thicknesses swelled to D = 2.00.
(b) Plot of the percent coverageofmonolayer, bilayer, and trilayer regions in the sameneat PS-b-PDMS samples. (c) Plot of line
width andpitch ofmonolayers in these sameneat PS-b-PDMS samples after a plasma treatment of 10%CF4 for 25 s. (d) Optical
micrographs of 22.5%PS/PS-b-PDMSblended films swelled toD= 2.00. (e) Plot of the percent coverage ofmonolayer, bilayer,
and trilayer regions in the same 22.5% PS/PS-b-PDMS blended films. (f) Plot of line width and pitch of monolayers in these
same PS blended samples after a plasma treatment of 10% CF4 for 25 s.
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CF4 plasma step for 25 s. The resulting densely packed
lines had a bilayer pitch of 19 ( 2 nm, and widths
of 10 ( 1 and 14 ( 1 nm for the silica lines derived
from the upper and lower layer cylinders, respectively.
While the goal, as stated early on, had been F = 0.25,
optimization of the experimental conditions resulted
in, in this case, F = 0.27 ( 0.05.
There is considerable room for improvement with

respect to control over the resulting lines produced
through the use of bilayer-based BCP films, particularly
with regards to line edge roughness (LER) and related
parameters. As can be seen from the SEM images in
Figure 1, the monolayer cylinders are smoother, and
have obvious lower peristaltic line edge roughness.
The silica lines derived from the bilayer PS-b-PDMS
structures present considerable undulations, and
will require careful optimization to improve the LER.53

One possible source of the observed undulations
includes the melting or flowing of PDMS cylinders
(melting point∼�50 �C)54 if the supporting PS under-
layer degrades during the plasma treatment before the
PDMS fully converts into silica. Solutions to this pro-
blem could include adding groups to cross-link the
PDMS prior to plasma treatment, or using anisotropic
plasma etching conditions to prevent the underlying
PS from degrading from underneath the cylinders
before they become silica.55 The relaxation step, where
solvent vapor is rapidly removed from the sample
chamber, may also play a role in kinetically trapping
or even resulting in undulations; a possible solution
could be a gentle secondary thermal anneal.56 In
addition, placement accuracy will also need to be

thoroughly investigated with respect to graphoepitaxy
and the use of registration marks, as has recently been
carried out by Doerk and co-workers.57 One particularly
promising direction to improving LER is to reduce the
interfacial tension between the two blocks through
the addition of a third nonvolatile component as
a `compatibilizer' to lower the surface energy at the
interfaces in these nanoscale phase segregated
phases.58 The second direction for attention is the
plasma conversion step;the transformation of flex-
ible PDMS into a brittle and fragile metal oxide (in
this case, silica) locks in the resulting specific shape
under these low temperature conditions. Thus, silica
precursors may not be the ideal material to produce
lines with low LER when compared with flexible
organic, and possibly even metallic precursors that
are more readily annealed. These aspects will be the
focus of upcoming work.

CONCLUSIONS

Utilizing films of bilayer PS-b-PDMS cylindrical as-
semblies as templates, it was possible to generate
closely spaced SiOx line patterns on a silicon substrate.
By tuning the degree of swelling and/or blending the
BCP film with PS homopolymer, it was possible to
reduce the width and tune the pitch of these silica
lines. The line widths of these structures could then be
more finely tuned by adjusting a number of other
parameters, including the brush layer and the dura-
tion/composition of the plasma treatment. If 22.5% PS
blended films are used, the monolayer fill ratio could
be reduced to F = 0.27 ( 0.05. The coverage of bilayer
regions across a sample, on the multimicrometer scale,
could then be tuned by adjusting the initial thickness
of the BCP film prior to swelling. Thus, a PS-b-PDMS
polymer that normally produces monolayer silica lines
with apitchof∼36nmcanbeused to createdenser line
arrays at a pitch of 18 nmwith bilayer coverage as high
as 96.7 ( 0.8%. The system is not yet fully optimized
with respect to line edge roughness, control over
relative line heights, and other factors, but there remain
other parameters for optimization, including additives
to the PS-b-PDMS BCP and BCP blends, further optimi-
zation of plasma conditions, and different anneals.

METHODS
Materials and Cleaning Procedures. Concentrated HCl (aq), NH4OH

(aq) and tetramethylammonium hydroxide (TMAH) were ob-
tained from J. T. Baker; H2O2 was obtained from Fisher Scientific;
heptane, tetrahydrofuran (THF), and toluene were obtained from
Caledon Laboratories Ltd.; PS-b-PDMS, OH-terminated PS and
PDMS homopolymers were obtained from Polymer Source, Inc.;
methyl isobutyl ketone (MIBK) was obtained from MicroChem;
hydrogen silsesquioxane (HSQ) was obtained fromDowCorning;
and silicon wafers were obtained from University Wafer. Prime
grade 100 mm n-type silicon (100) wafers were diced into

1 cm � 1 cm squares using a Disco DAD 321 dicing saw. These
silicon squares were degreased in an ultrasonic bath withmetha-
nol for 15 min and dried in a stream of nitrogen gas. Following
RCA cleaning procedures,59 the silicon squares were first im-
mersed in an RCA I cleaning solution [1:1:6 solution of 30%
NH4OH (aq), 30% H2O2 (aq), and 18 Ω 3 cm deionized water] at
80 �C for 15 min, and then an RCA II cleaning solution [1:1:5
solution of 38%HCl (aq), 30% H2O2 (aq), and 18Ω 3 cm deionized
water] at 80 �C for 15 min before being thoroughly rinsed with
water and dried in a nitrogen stream.

Fabrication of Wall Features for Graphoepitaxy. A 6% solution of
HSQ in MIBK (XR-1541) was diluted in a 1:5 volume ratio with

Figure 9. (a) SEM image of ordered double-layer structures
along graphoepitaxial features that are spaced approxi-
mately 1 μm apart and patterned by electron beam litho-
graphy. A 22.5% PS/PS-b-PDMS blend was swelled to
D = 2.00 on a PS brush and subject to a 25 s 10% CF4 plasma
step. (b) Close-up of the top right corner of the SEM
image (a).
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MIBK to create a 1% HSQ solution. The diluted solution was spin
coated at 3000 rpm for 30 s and then baked on a hot plate at
100 �C for 15 min. The samples were then loaded into a RAITH
150-2 electron beam lithography system to write wall features
for directed self-assembly. After exposure, the patterns were
developed by immersion in a 25%aqueous solution of TMAH for
30 s, followed by a rinse with distilled water.

Brush Layers. To deposit PS brushes, 15 μL of a 2 wt %
solution of hydroxyl-terminated polystyrene (PS�OH, Mn =
10 000 g/mol) in toluene was spin-coated on a clean silicon
square at 2000 rpm for 40 s. The resulting thin film sample was
then placed inside a vacuum oven and heated at 130 �C for 2 h.
The unreacted PS was then removed from the sample with a
rinse of acetone followed by isopropyl alcohol. For PDMS
brushes, the same procedurewas used except a 2wt% heptane
solution of hydroxyl-terminated polydimethylsiloxane (PDMS�
OH, Mn = 5000 g/mol) was substituted. Contact angles with
deionized water were 4� for freshly cleaned samples, 90� for
samples with grafted PS brushes, and 104� for samples with
grafted PDMS brushes.

Block Copolymer Self-Assembly. The 1.2 wt % solutions of the
PS-b-PDMS block copolymer (Mn,PS = 31 000 g/mol, Mn,PDMS =
14 500 g/mol) in toluene were spin-coated onto clean or
brush-coated Si substrates at 4000 rpm for 40 s. For the BCP-
homopolymer blends, a 1.2 wt % solution of the brush
polystyrene homopolymer35 in toluene was mixed with the
PS-b-PDMS solution at the ratios noted. The resulting films were
then placed in a custom solvent anneal chamber to allow
monitoring of the film swelling using an L116S ellipsometer
from Gaertner Scientific during the annealing process. One
milliliter of THFwas then deposited in awell inside the chamber,
and the chamber was sealed. Once the desired swelling ratio
was reached, the chamber was opened and immediately
purged with air to rapidly relax the swelled film to its original
thickness (<1 s). The kinetically trapped film was then trans-
ferred to a Plasmalab μEtch reactive ion etcher for two steps
of plasma etching. Unless otherwise noted, the first step used
100 mTorr of CF4 at 50 W RF power for 10 s, and this was
immediately followed by the second step using 100mTorr of O2

at 30 W RF power for 30 s. Scanning electron microscope (SEM)
images of all samples were acquired using a Hitachi S-4800 SEM.

Image Analysis. SEM images taken of line structures using
the Hitachi S-4800 were analyzed using a Quartz PCI Imaging
program. Line widths were measured manually 20�30 times at
different positions in each image by dragging the line tool from
one edge of the line to other. Similarly, the pitch was measured
by dragging the cursor from the left edge of one line to the
left edge of an adjacent line. This process was repeated for
2 to 3 images in different locations on each sample at 100 000�
magnification.

The bilayer coverage of a sample was measured by taking
200� optical microscopy images from 5 distinct regions in each
sample. The images were then converted to grayscale images
and analyzed in ImageJ.60 Through multiple uses of the thresh-
old function, each pixel was mapped according to the number
of BCP layers the film incorporates at that position. The fraction
of pixels with each BCP layer count was then calculated,
and by averaging the pixel counts from multiple areas, the
BCP layer coverage of each sample was determined. For a more
detailed procedure, please see the Supporting Information
(Figure S13).
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