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B
lock copolymer (BCP) thin films remain
heavily researched by academia and
industry due to their potential applica-

tions in future generations of high-tech
devices. The most exciting and sought-after
BCP property is their self-assembly into a
diversity of periodic nanostructures with
sizes in the range of 5�100 nm.1�8 These
periodic nanostructures have found use in a
wide spectrum of applications such as nano-
lithography,9�11 photonics,12,13 plasmonics,14

sensors,15,16 storagemedia,17 membranes,18

drug delivery,19 cell culture,20 mesoporous
carbons,21 etc.3�7 The critical requirement
for these applications is the fabrication of
well-ordered BCP nanostructures that are
oriented either horizontally or vertically with
respect to the substrate. After significant
effort over the past decade, several tech-
niques are now available to direct BCP self-
assembly for highly ordered nanostruc-
tures.8,22�32 The present BCP directed self-
assembly (DSA) efforts are focused toward
enhanced self-assembly kinetics and fabri-
cation of high aspect-ratio nanostructures.
In this regard, recently, solvent and “sol-
vothermal” based BCP-DSA techniques in
conjunction with graphoepitaxy are shown

to be effective.29,30,33,34 However, most BCP-
DSA methods are generically applicable
only over small areas and batch operations.
Additionally, solvent-based BCP-DSA meth-
ods are not the most attractive since they
may use hazardous solvents, require sophis-
ticated infrastructure and are incompatible
with many flexible substrates that are
generally organic in composition. On the
other hand, a dynamic thermal field based
technique known as zone annealing or zone
refining is a simple and universally appli-
cable continuous roll-to-roll (R2R) process
that has gained increasing importance
as a BCP-DSA method for rapidly tuning
the orientation of BCP nanostructures.34�40

The concept of zone annealing (ZA) origi-
nated in the metallurgy and semiconductor
industry41 with the essential idea to restrict
the crystal grain growth to a narrow melt
zone that acts like a crystal-refining region.
Lovinger et al.42 observed that ZA of semi-
crystalline polymers led to oriented single
crystals alongZAdirection overmacroscopic
scales. Depending on whether the maxi-
mumtemperature (TMAX) of the temperature
gradient (rT) curve is above or below the
BCP order�disorder transition temperature
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ABSTRACT Large-scale roll-to-roll (R2R) fabrication of vertically oriented

nanostructures via directed self-assembly of cylindrical block copolymer (c-BCP)

thin films is reported. Nearly 100% vertical orientation of cylinders in sub-100 nm

c-BCP films under optimized processing via a dynamic sharp temperature

gradient field termed Cold Zone Annealing-Sharp or `CZA-S' is achieved, with

successful scale-up on a prototype custom-built 70 ft� 1 ft R2R platform moving

at 25 μm/s, with 9 consecutive CZA units. Static thermal annealing of identical

films in a conventional vacuum oven fails to produce comparable results. As a potential for applications, we fabricate high-density silicon oxide nanodot

arrays from the CZA-S annealed BCP thin film template.
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`TODT', BCP-ZA is classified as hot zone annealing35,36

or cold zone annealing37�40,43 `CZA', respectively. Pre-
viously, we observed that a broad rT field strength
leads to long-range ordering of horizontally oriented
cylinders whereas a sharp rT field strength (referred
to as CZA-S) preferentially produces hexagonally
close-packed vertically oriented BCP cylinders in the
100�1000 nm thickness limit.39 Recently, we also
developed a novel modification of the CZA-S process
where we coupled the dynamic thermal field with an
induced soft-shear field that rapidly (12 mm/min)
yielded highly oriented and hierarchically patternable
horizontal BCP cylinders.40 Here we emphasize the
large-scale continuous fabrication of vertically oriented
sub-100 nm thick BCP thin films via a dynamic thermal
field process by exploiting synergy of processing dy-
namics with finite size effects of BCP thin film behavior.
Our focus here is to demonstrate the scalability of this
process up to industrial-scale, and for the first time we
display successful scale-up on a 70 ft � 1 ft (length �
width) custom-built R2R platform with 9 consecutive
cold-hot-cold zones. It is worthy to mention that there

are a few other reports44 of R2R processes for DSA of
BCPs that are highly specific to liquid crystal BCPs only.
Importantly, the R2R CZA-S process we develop here
is free of any physical or chemical templates, which
minimizes the number of processing steps that is
important from an industrial-scale application point-
of-view. To highlight the functional nature of these
films and potential for a range of applications as
discussed before, we demonstrate their etchability
and use as templates for fabricating high-density arrays
of silicon oxide nanodots.

RESULTS AND DISCUSSION

Figure 1 shows the schematic of the CZA-S process,
the temperature gradient curve, the residence glass
transition to glass transition `Tg to Tg' time of the
poly(styrene-block-methylmethacrylate) `PS-PMMA' thin
film at various annealing velocities, and morphol-
ogy of the PS-PMMA thin film, CZA-S annealed at
different velocities. Previously, we observed that
CZA-S annealing of the sub-100 nm BCP films formed
terraced structures or islands that led to either

Figure 1. CZA-S process dynamics and its effect on BCP morphology. (a) Schematic of the CZA-S apparatus. (b) Temperature
gradient curve. (c) Conversion of CZA-S annealing speed to the Tg to Tg residence time for PS-PMMA thin film. (d�h) AFM
morphology of PS-PMMA thin film annealed at 0.1, 0.5, 1, 5, and 15 μm/s, respectively. Insets also show the%vertical cylinder
population for corresponding images. (i) TEM image of PS-PMMA film CZA-S annealed at 15 μm/s at random location. Size of
scale bar is 200 nm.
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horizontally oriented cylinders or mixed morphology
of vertically and horizontally oriented cylinders.39 Here
we show that by tuning the CZA-S parameters to
restrict the island formation, we can induce ca. 95%
hexagonally close packed vertical cylinders in the
sub-100 nm (approximately 1.7 L0 or 75 nm, L0 is the
domain spacing) BCP film thickness regime.
As shown in Figure 1a, PS-PMMA thin film is flow-

coated45 on the quartz substrate that is translated
across a temperature gradient generated by the hot
wire surrounded with the cold blocks. As the sample is
translated across the cold-hot-cold region, the BCP thin
film experiences a temperature profile as shown in
Figure 1b. The maximum temperature (TMAX) and the
maximum temperature gradient (rTMAX) are 210 and
45 �C/mm, respectively. The BCP thin films are CZA-S
annealed at different velocities, which is inversely
correlated to their Tg to Tg residence time or effective
annealing time as shown in Figure 1c. Figure 1d�h
show the evolution of the PS-PMMA thin filmmorphol-
ogies imaged by an atomic force microscope (AFM),
that are CZA-S annealed at different velocities. AFM
images showing PS-PMMA morphology at higher
CZA-S velocities are shown in Supporting Information,
Figure S1. The PS-PMMA thin films annealed at 0.1, 0.5,
and 1 μm/s spend 1000, 200, and 100min, respectively,
above the BCP's Tg (Figure 1d�f). The insets of
Figure 1d�f shows arrows pointing toward the ter-
raced structures or islands that typically develop in
the cylindrical BCP thin films of incommensurate (nL0 <
h < (n þ 1/2)L0) film thickness.3 The phenomena of
terrace formation in cylinder forming block copolymer
thin films has already been studied in detail.3 For
the ease of understanding, here we provide a brief
summary of the phenomena. The as-cast BCP thin film
morphology exhibits disordered microstructure since
the fast solvent evaporation during flow coating does
not leave enough time for microphase separation. As
the BCP thin film is supplied with sufficient thermal
energy during CZA-S annealing, the BCP chains be-
come mobile and the PMMA phase tries to progres-
sively wet the substrate�film interface due to stronger
attraction of PMMA and SiO2 compared to PS and SiO2.
The PS block on the other hand progressively tries to
wet the air�film interface since the surface energy of
PS is slightly less than that of PMMA. As the initial film
thickness is incommensurate, the BCP chains have to
stretch and compress to accommodate these BCP
wetting characteristics. In order to avoid excessive
stretching/compression of the BCP chains, the BCP
thin film forms terraced structures as has been ob-
served by Kim et al.46 However, at shorter time intervals
(i.e. high CZA-S annealing velocity) where PMMA and
PS have not yet wetted the substrate surface and the
air surface, respectively, BCP thin film can avoid the
chain stretching and compression by adopting vertical
orientation that can “commensurably” accommodate

any thickness, as seen in Figure 1g,h. With progressing
time, PMMA wets the substrate surface whereas PS
wets the air surface that also leads to the formation of
terrace structures as seen in Figure 1d�f. The insets of
Figure 1d�f also show the %vertical cylinder popula-
tion that decays sharply with the decreasing CZA-S
annealing velocity or with the increasing Tg to Tg
residence time. In short, when the PS-PMMA thin films
are CZA-S annealed at velocities of 1 μm/s and less,
they develop terraced structures that lead to poor
cylinder orientation. The polymer mass flow, from the
lower thickness region to the higher thickness region,
associated with terracing of the thin film causes the
disruption of the BCP morphology.46 On the other
hand, the BCP thin films annealed at 5 and 15 μm/s
spend just 30 and 7 min, above the PS-PMMA Tg,
respectively, and the corresponding morphology de-
veloped in Figure 1g,h indicates that the terracing of
the BCP thin film is kinetically hindered with predomi-
nantly hexagonally close packed vertically oriented
cylinders. We have thus demonstrated that the CZA-S
parameters can be tuned for continuous fabrication of
hexagonally close packed vertically oriented cylinders
(Figure 1h) even in the nanotechnologically attractive
sub-100 nm film thickness regime. It is important to
note that previously,39 BCP films thicker than 100 nm
showeddisorderedmorphologywhenCZA-S annealed
at 15 μm/s. The transmission electron microscopy
(TEM) image, shown in Figure 1i, of the PS-PMMA thin
film that was CZA-S annealed at 15 μm/s reveals the
through-film morphology. TEM measurements were
taken on an average of 3 samples and at 3 different
locations for each sample (see Supporting Information
Figure S2 for additional TEM images of the CZA-S
annealed BCP thin films). The majority of the area
exhibit hexagonally close packed vertically oriented
cylinders, however at certain areas, underlying short
horizontal cylinders can be seen. It is important to
observe that the color-intensity of the horizontally
oriented cylinders in Figure 1i is lower than the color-
intensity of vertically oriented cylinders and the
horizontal cylinders seem to connect the vertically
oriented cylinders together. These observations con-
firm that the majority of the vertically oriented cylin-
ders persist through the film (also confirmedbyGISAXS
later), if not the entire film thickness, and the short
horizontal cylinders lie below the vertically oriented
cylinders.
Comparatively, Figure 2a�e shows the morphology

evolution of the 1.7 L0 thick PS-PMMA thin films that
are thermally annealed in a vacuum oven at 210 �C
for varying time periods (additional images showing
the thin film morphology at different times are in
Supporting Information, Figure S3). The inset values
in Figure 2a�e show the %vertical cylinder population
for the corresponding annealing time is nonmono-
tonic, peaking between very short time annealing
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and very long time annealing, respectively. Figure 2b�d
indicates that there exists a window of opportunity, i.e.,
an intermediate annealing time where the %vertical
population can be maximized (Figure 2c) even in oven
annealing without substrate modification, a result that
has not been significantly reported previously. This is
an important observation that is in agreement with our
previous result39 where we show randomly packed
vertically oriented cylinders (65% vertical population
for 10min annealing) at short oven annealing times for
250 nm thick PS-PMMA films. The physical phenomena
behind vertical orientation of cylinders in the optimal
range of relatively short time annealing is the normal
thermal expansion induced chain alignment of BCP
cylinders; whereas the isotropic relaxation and surface
(air and substrate) wetting of polymer chains in the
limit of long time annealing causes loss of vertical
orientation, while slow ordering kinetics at very
short annealing times does not lead to sufficient
ordering.39,47

Even though 20 min of thermal annealing in a
vacuum oven can lead to 76% vertically oriented cylin-
ders (Figure 2c), the fast Fourier transform (FFT) of the
AFM image (Figure 3a) shows a single, broad and diffuse
ring indicative of early stage phase separation with
random orientation of the cylinders. On the other hand,
Figure 3b shows the FFT of the CZA-S annealed BCP thin
film AFM image (Figure 1h) that clearly displays a sharp
first order ring with surrounding secondary and tertiary
rings. The primary, secondary and tertiary rings are
spaced in reciprocal space ratio of 1:

√
3:2, respectively,

which is characteristic of the hexagonally well-packed
vertical cylinders. However, instead of sharp hexagonal
spots, a sharp ring is observed (Figure 3b) that indicates
a polygrain structure, as seen in Figure 1h. For a more
quantitative comparison between the dynamic CZA-S
annealing and the static thermal annealing in a vacuum
oven, in Figure 3c, we plot the %vertical population of
cylinders obtained via CZA-S annealing and uniform
thermal oven annealing versus the effective annealing
time. The TMAX during CZA-S process is chosen as the
effective temperature and the Tg to Tg residence time is
used as the comparative effective annealing time for the
uniform thermal annealed thin films.
At this point, it should be noted that the uniform

oven annealing conditions are controlled such that the

oven temperature T ∼ CZA-S TMAX, and the oven
annealing time t ∼ CZA Tg to Tg, are not statistically
equivalent conditions to the CZA-S process. But in fact,
these conditions provide uniform oven annealed BCP
thin films an undue advantage in terms of temperature
and annealing time because in CZA-S, the sample
spends only a fraction of total time at TMAX and the
CZA-S annealing time near Tg does not lead to any
effective ordering. As can be observed from Figure 3c,
both the CZA-S annealed and the oven annealed BCP
thin films exhibit a nonmonotonic trend. However,
CZA-S annealing samples fare significantly better than
uniform oven annealing ones for all comparative time
scales, and most importantly, the CZA-S annealed thin
films peak to as high as 95% vertically oriented cylinders.
This fraction isuniformthermal annealing,nor is it possible
to obtain hexagonally close packed vertically oriented
cylinders via uniform oven annealing. Interestingly, the
development of vertically oriented cylinders for CZA-S
annealing and uniform thermal annealing at extremely
short time-scales prior to peaking in %vertical cylinders

Figure 2. Effect of uniform thermal oven annealing on BCPmorphologywith time. (a�e) AFMmorphology of the 75 nm thick
PS-PMMA thin filmswhen thermally annealed in a conventional vacuumoven for 4 h, 30min, 20min, 10min, and 5min. Insets
also show the %vertical cylinder population for corresponding images. Size of scale bar is 200 nm.

Figure 3. Comparing the effect of dynamic CZA-S annealing
and static thermal annealing on BCP morphology. (a) Fast
Fourier transform of Figure 2c. (b) Fast Fourier transform of
Figure 1h. (c) Plot of %vertical cylinder population versus
annealing time. The fitted lines are visual aids and are
arbitrary in nature.
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differs significantly. The CZA-S annealed thin films
show a minimal value of 60% vertical cylinders at time
t = Tg to Tg < 2 min, whereas the uniform thermally
annealed thin films exhibit a minimal value of 20%
vertical cylinders at effective annealing time t = 5 min.
This indicates that the dynamics of the BCP ordering
are much more rapid for CZA-S annealing and differ
significantly from the usual uniform thermal annealing
process. Therefore, from Figure 3, we can conclude that
the CZA-S process is much more effective than the
conventional thermal oven annealing for fabricating
hexagonally well packed vertically oriented cylinders.
PS-PMMA BCPs inherently have a low effective
χ-parameter that limits the smallest size of nanostruc-
tures that can be fabricated via DSA of PS-PMMA BCP
thin films. For this reason, there is growing emphasis
on high effective χ-parameter BCPs so as to achieve
sub-15 nm nanostructures.31,48 One such example is
the poly(styrene-b-2-vinyl pyridine) (PS-P2VP) BCP
system. We observe that the CZA-S process does not
vertically orient cylindrical PS-P2VP BCP thin films
(see Supporting Information Figure S4). However, it is
important to note that this vertical orienting CZA-S
process critically depends on the strength of the
individual blocks interaction with the substrate. For a
BCP system such as PS-P2VP, the P2VP block exhibits
an extremely strong interaction with the quartz (silica)
substrate surface such that we do not observe verti-
cally oriented cylinders via CZA-S annealing. To give an
idea about the how strongly P2VP interacts with the
substrate in comparison to PMMA, we can look at how

the thin film Tg changes for ultrathin films. The ultrathin
films of P2VP show an enhanced Tg as high as þ40 K
compared to its bulk Tg, whereas ultrathin films of
PMMA show approximately the same Tg compared
to its bulk Tg.

49 By comparison, a BCP system such as
poly(styrene-b-lactide) (PS-PLA)50 has a similar advan-
tage as the PS-P2VP system, i.e., a high effective
χ-parameter, yet experiments have demonstrated that
the vertical orientation is favored as both blocks have
similar surface energies but do not interact strongly
with the substrate surface (even lower interac-
tion with silica than the PS-PMMA system). Therefore,
we believe that the CZA-S process is not limited only
to the length scale of nanostructures that can be
obtained via DSA of PS-PMMA BCP thin films; in fact
it can be utilized to fabricate sub-15 nm nanostruc-
tures as well.
Next, toward establishing whether the CZA-S results

could be accomplished under realistic manufacturing
conditions, we zone annealed PS-PMMA thin films
using a unique custom-built roll-to-roll (R2R) machine
equipped with 9 sequential CZA units, although the
results presented in Figure 4 are for R2R conditions
utilizing only a single CZA unit. Figure 4a shows the
novel 70 ft � 1 ft custom-built R2R machine (named
EMP-1) that was utilized for the large-scale CZA-S
experiments.51 Figure 4b shows the flexible kapton
film flow-coated with the 75 nm thick PS-PMMA BCP
film placed on top of the 9 sequential CZA units. The
dimensions of the PS-PMMA film that was coated on
the kapton substratewas 12 in.� 3 in. (length�width).

Figure 4. Large-scale R2R fabrication of vertically oriented BCP thin films. (a and b) Images of the custom-built prototype R2R
machinewith 9 sequential cold-hot-cold zones. The substrate used for these experiments is kapton. (c) Temperature gradient
curve is shown. TMAX andrTMAX are 210 and 27 �C/mm, respectively. (d) AFMmorphology of the R2R CZA-S annealed 75 nm
thick PS-PMMA thin film at the velocity of 25 μm/s. Size of scale bar is 200 nm.
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The resulting temperature gradient profile is shown in
Figure 4c. The TMAX andrTMAX are 210 and 27 �C/mm,
respectively. The CZA-S annealing velocity is main-
tained at 25 μm/s with a Tg to Tg residence time of
ca. 10 min. We perform grazing incidence small-angle
X-ray scattering (GISAXS) measurements to determine
the through-film thickness structure over the entire
film-width (refer to Supporting Information Figure S5).52

The GISAXS measurement is taken at an incident angle
of 0.3� that is much larger than polymer critical angle
(ca. 0.11�0.12�). This ensures that the X-rays illuminate
the entire film and theGISAXS results indicate the through
film morphology. The absence of scattering peaks in the
qz-direction of the GISAXS image (Supporting Information
Figure S5) indicates that the nanostructure is uniform in
the film normal direction.
We are currently performing in situGISAXSmeasure-

ments where we measure the BCP thin film morphol-
ogy on smooth quartz substrates, while undergoing
CZA-S annealing. Due to the smooth surface, we
are able to observe out-of-plane oscillations (vertical
cylinder form-factor) that are inversely proportional
to the film thickness indicative of through film vertical
morphology. By comparison, the GISAXS of an identical
film processed differently that exhibitsmixedmorphol-
ogy of vertical and horizontal cylinders (by AFM) is very

different as shown in the Supporting Information
Figure S6. The R2R CZA-S annealed PS-PMMA thin film
was also imaged (Figure 4f) with AFM that revealed
ca. 88% hexagonally well packed vertical population,
in agreement with the CZA-S experiments of Figure 1.
In principle, we have thus successfully demonstrated
the rapid large-scale fabrication of vertically oriented
block copolymer thin films that could further be used
for a wide spectrum of applications. Another important
observation based on the similarity of the BCP-DSA
results on quartz versus kapton, Figure 1 and Figure 4,
respectively, is that the self-assembly process is largely
insensitive to the underlying substrate chemistry
(quartz has a substrate surface energy of 70 mJ/m2

where as kapton has a substrate surface energy of
42 mJ/m2) in the limit of optimum CZA-S annealing
velocities for PS-PMMA thin films.
Finally, we demonstrate that the vertically oriented

BCP thin films obtained via CZA-S annealing can be
used as functional templates.We observe good pattern
transfer only for PS-PMMA films that are annealed
at the optimized CZA-S conditions (see Supporting
Information Figure S7 for examples of imperfect pat-
tern transfer). For the purpose of demonstrating their
functional nature, we fabricate high-density arrays
of silicon oxide nanodots employing a well-known

Figure 5. Fabrication of high-density silicon oxide nanodots. (a) Height image of the etched PS-PMMA BCP thin film. The
PMMAphase is etched leavingbehind a porousmatrix. (b) Height imageof the high-density silicon oxide nanodots fabricated
from the etched PS-PMMA matrix. (c) X-ray photoelectron spectra (XPS) of PS-PMMA thin films after CZA-S annealing, after
etching and after fabrication of silicon oxide nanodots. Size of scale bar is 200 nm.
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block-copolymer templating method that has been
developed by Russell et al.53 The PS-PMMA thin films
that were CZA-S annealed at 15 μm/s are ultraviolet
(UV)-etched to selectively degrade and remove the
PMMA phase while cross-linking the PS phase. The
etched film morphology is shown in Figure 5a (height
image) and shows excellent correlation with the
pre-etched morphology (Figure 1h). The etched films
were then spin-coated with 0.1% w/w solution of
low molecular weight polydimethylsiloxane (PDMS)
oil (Thermal C10, Julabo USA, Inc.) in heptane followed
by thermal annealing at 90 �C for 2 h. The nanopores
exert a capillary force on the PDMS oil causing the
PDMS oil to be driven in to the pores. After the 2 h of
thermal annealing, the thin films are exposed to ozone
forming high energy UV light. This causes densification
of the PDMS oil, i.e., ozone causes dissociation of PDMS
methyl groups and formation of Si�O�Si bonds, and
at the same time also degrades the PS matrix.54

Figure 5b shows the AFM height image of the high-
density array silicon oxide nanodots (notice the con-
version of black holes in Figure 5a into white dots
in Figure 5b) with an areal density of 5.45 � 1010

nanodots/cm2. Figure 5c shows the X-ray photoelec-
tron spectroscopy (XPS) measurements of CZA-S an-
nealed PS-PMMA thin film, etched thin film and thin
film converted to silicon oxide nanodots arrays. The
transformation in chemical composition as the thin
film is etched and converted to silicon oxide nanodots
can be all clearly observed in the XPS data. The etching

process causes slight oxidation of the PS groups that
causes the increase in the oxygen content in the
etched film as compared to the pre-etched film. The
silicon oxide nanodot formation process leads to
almost complete removal of the carbon containing
groups as seen by the negligible carbon content. The
oxygen and silicon content on the other hand in-
creases dramatically as seen by the sharp O 1s, Si 2s
and Si 2p peaks in Figure 5 c. This proves that the block
copolymer template has been completely etched and
converted to silicon oxide nanodots array.

CONCLUSION

We have demonstrated that CZA-S is a novel dy-
namic thermal annealing technique that can be used
to continuously and rapidly fabricate vertically ori-
ented block copolymer thin films on rigid and flexible
substrates. These vertically oriented nanostructures
can further be used for a wide spectrum of applications
as demonstrated by the conversion of the vertical
cylinders into high-density (5.45 � 1010/cm2) silicon
oxide nanodots. We have, for the first time, quantita-
tively compared the advantages of the dynamic CZA-S
process over the static conventional oven thermal
annealing process. Most importantly, we also report,
for the first time, successful scale-up of the CZA-S
process on a prototype custom-built 70 ft � 1 ft R2R
machine with nine consecutive CZA units that is
important for commercializing oriented block copoly-
mer thin films.

METHODS
Thin film samples of poly(styrene-block-methylmethacrylate)

(PS-PMMA) di-block copolymer were used in these studies.
PS-PMMA, totalmolarmass 82 kg/mol (57�25 kg/mol, PDI∼ 1.07)
was purchased from Polymer Source, Inc. and used as obtained.
The BCP thin film morphology is sensitive to PDI; we have
obtained reproducible results up to PDI of 1.2. The %PS
residual homopolymer in the block copolymers from Polymer
Source was less than 5% w/w. BCP thin films were coated
on ultraviolet, ozone cleaned quartz substrates that were
obtained from G.M. Associates, Inc. Thickness of these thin
films was ≈75 nm as measured by a UV�vis interferometer
(F-20 UV by Filmetrics, Inc.). The BCP samples were dried at
60 �C for 24 h under vacuum before the annealing process. The
detailed procedure for the CZA-S experiments is explained in
detail in our recent papers.38�40 The dynamic thermal gradient
approach is based on the original hot-wire design concept by
Lovinger et al. for directional crystallization of semi-crystalline
polymers.42 The width of the hot wire with ceramic encapsula-
tion that is used for lab-scale CZA-S experiments is 3 mm. The
maximum temperature (TMAX) of the temperature gradient
during zone annealing is 210 �C and themaximum temperature
gradient (rT) thus developed is 45 �C/mm. For TEM character-
ization, the quartz substrates were precoated with a thin layer
(<10 nm) of poly(4-styrenesulfonic acid) (PSS, Sigma Aldrich)
and heated at 160 �C for 12 h.55 PSS coated quartz substrates
were then UVO treated for 30 min to make them hydrophilic.
These substrates were then coated with PS-PMMA thin films and
CZA-S annealed, followed by which they were immersed in
distilled water to dissolve the PSS layer causing the CZA-S
annealed PS-PMMA thin films to float in water. The floating

PS-PMMA films were then transferred onto copper TEM grids,
dried and imaged using a JEOL JEM-1230 Transmission Electron
Microscope (TEM) operated at 200 kV. The image analysis
procedure for calculating the %vertical cylinder population is
given in the Supporting Information Figure S8. For R2R CZA-S
experiments, the substrate used was the low thermal conduc-
tivity flexible Kapton (Type VN, Dupont) film, with a thickness of
125 μm. The width of the hot zone for R2R CZA-S experiments
was 10 mm. The BCP thin films were subjected to a TMAX of
210 �C with a rTMAX of about 27 �C/mm. The sample transla-
tion rate was set at 25 μm/s, which led to a Tg to Tg residence
time of ca. 10 min. GISAXS measurements were performed at
the X9 beamline of the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. An incident X-ray
beam of 13.5 keV (wavelength = 0.0918 nm) energy was used
and samples were measured under vacuum (∼40 Pa). GISAXS
experiments were performed at incidence angles above
the film-vacuum critical angle, with data collected using a
charged-coupled device (CCD) detector. Data conversion to
q-space was accomplished using Silver Behenate powder as a
standard. The process for converting the etched BCP template
to silicon oxide nanodots arrays is adopted from Russell et al.
and is explained in detail in their recent publication.48 X-ray
photoelectron spectroscopy (XPS) survey scans were obtained
using a PHI 5000 VersaProbe II Scanning XPS Microprobe with
a monochromatic Al KR source (1486.6 eV) operating at 25 W.
The pass energy and the step size were 117.4 and 0.5 eV,
respectively. Pressure was maintained below 10�6 Pa during
XPS analysis.
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Supporting Information Available: AFM images of the PS-
PMMA thin films that CZA-S annealed and thermally annealed in
a vacuum oven for different time periods, the image analysis
method to analyze the %vertical cylinder population, GISAXS
measurement of R2R CZA-S annealed and oven annealed
PS-PMMA thin films, imperfect pattern transfer of silicon oxide
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