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ABSTRACT: Directed self-assembly of cylinder forming block copolymer (c-
BCP) thin films via a dynamic thermal field on multidimensional symmetric
graphoepitaxy channels is reported. A synergy of dynamic thermal and static
boundary fields induces highly aligned c-BCP cylinders inside the channels
with a power law dependence of orientational order parameter f, on trench
width, f ~ d™*?, analogous to dual-field alignment of semiconducting metals
and liquid crystals on graphoepitaxy surfaces, f' ~ d~'. Static thermal
annealing of identical films in a vacuum oven for several days fails to produce
comparable results. Furthermore, we demonstrate global c-BCP cylinder
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alignment over mesas and trenches by tuning the synergy between the
dynamic thermal field and asymmetry of the graphoepitaxy static field.

he search for alternate routes toward smaller nanostruc-

tures to supplement the conventional photolithographic
process, which continues to encounter mounting challenges,
has turned the attention of industry and researchers alike
toward self-assembled block copolymer (BCP) thin films. BCPs
can self-assemble to form nanostructures as small as 5 nm;l_6
however, in the absence of an external driving force, these
nanostructures lack the long-range order necessary for most
applications. Several researchers have demonstrated that it is
indeed possible to precisely guide the self-assembly of BCPs via
various methods, such as electric fields,’ temperature
gradients,g_12 shear fields,'"*37!° faceted substrates,'®'”
etc,'® > to create large arrays of highly ordered nanostruc-
tures. Of these, graphoepitaxy”> > and chemoepitaxial®®~>’
field based directed self-assembly (DSA) methods have enjoyed
the most success in recent times.

Previously, fabricating graphoepitaxy surfaces was a tedious
and rate-limiting process involving complex processes such as e-
beam writing or photolithography, but presently®® step and
flash imprint lithography®' or nanoimprint lithography®> have
proven to be faster, easier, and robust routes toward large-scale
fabrication of graphoepitaxy surfaces, thus making graph-
oepitaxy a highly attractive large-scale BCP DSA method.
The fundamental challenge concerning BCP graphoepitaxy
however is the rate at which BCP self-assembles into highly
ordered arrays of nanostructures.®®** Current research
data®®***>3 indicate that BCP thin film graphoepitaxy leads
to highly ordered structures only when supplemented with
thermal annealing in a vacuum oven for extremely long time
periods & 12—72 h and at very high temperatures ~ 200—250
°C. Use of solvents to impart higher mobility to the BCP
phases in conjunction with graphoepitaxy and/or heat definitely
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facilitates rapid BCP self-assembly as has been recently
demonstrated.***” However, the use of solvents on an
industrial scale would require significant new infrastructure
for the semiconductor processing industry. Most solvents that
facilitate BCP DSA are volatile, toxic in nature, and can pose
significant health and environmental risks. Additionally, organic
solvents are not compatible with most flexible substrates that
might be needed for future flexible devices. However, it is true
that if solvent-based methods are proven to be indispensible
then the industry will not hesitate at scaling up these methods
irrespective of the potential high cost. With these challenges in
mind, recently there has been renewed interest in dynamic
thermal fields or zone annealing (ZA) as the BCP DSA method
of choice.*”'> The ZA method adopted from metallurgy®®
involves passing the BCP thin film through a temperature
gradient so as to controllably restrict the grain growth in a
narrow region followed by its propagation throughout the film.
The ZA process is performed at temperatures much lower than
the BCP order—disorder transition temperature, and thus the
process is referred to as cold zone annealing or “CZA”. BCP-
CZA has proven to be extremely useful to direct BCP self-
assembly for continuous fabrication of highly ordered
nanostructures over unlimited dimensions, with faster ordering
kinetics and orientation control as compared to the conven-
tional thermal vacuum oven annealing. Furthermore, CZA is
highly compatible to semiconductor processing. We recently
demonstrated a novel CZA method, termed as CZA-SS, to
couple a dynamic shear field to a dynamic thermal field for
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Figure 1. Schematic of the cold zone annealing process over the multidimensional graphoepitaxy channels. (A) Schematic of the cold zone annealing
platform. (B) Optical micrograph showing the topographical features used in this experiment. The patterned areas are constant pitch with line sizes
ranging from 400 nm (top) to 2 um (bottom). The scale bar represents 40 ym. The arrow indicates the direction of annealing for these experiments.

rapid fabrication (12 mm/min) of highly oriented hierarchical
nanostructures on rigid and flexible substrates."’ Furthermore,
CZA-SS can orient the BCP nanostructures independently of
the imprint mold pattern direction, which is extremely difficult
with conventional mold patterning methods.

Here, we demonstrate the ability to exploit the synergy
between the aligning forces of the static graphoepitaxy field
with the dynamic CZA field to fabricate highly oriented
horizontal BCP cylinders at a fraction of the time required to
orient the film if they were to be conventionally annealed in a
vacuum oven. Our focus here is on studying the DSA-CZA of
cylindrical BCP thin films on graphoepitaxy surfaces as a
function of increasing trench widths in the presence of a
dynamic thermal field as measured by its effect on long-range
order developed and enabling a mechanistic understanding of
the synergistic effects of this dual-field DSA method on BCP
self-assembly. To our knowledge, these are novel experiments
that lead to a new and comprehensive understanding of the
geometrical parameters affecting this dual-field approach.
Figure la shows the schematic of the CZA instrumental setup.
The horizontal temperature gradient is created by an actively
controlled hot stage with a cold block on each side. Figure 1b
shows optical micrographs of the silicon graphoepitaxy
substrates prepared using conventional photolithography and
plasma etching that were used for the CZA experiments. The
graphoepitaxy substrates have line patterns or channels with
constant trench depth of 40 nm and variable trench widths
from as narrow as 200 nm to as wide as 2 ym. The long-wave
line edge roughness (LER) of the graphoepitaxial patterns is ca.
10 nm. The experiments were therefore performed in a
combinatorial manner that ensured that processing conditions
were identical for all experiments. The CZA direction was
always the same as the graphoepitaxy pattern direction for all
experiments reported here. BCP thin film samples are CZA
annealed at the rate of 1 yum/s that is statistically equivalent to
~4 h of oven annealing at 165 °C. The concept of statistical
annealing time is reported in detail in the Supporting
Information S1. Topography of these films was imaged using
an Asylum MFP3D atomic force microscope (AFM) in tapping
mode.

Figure 2 shows the typical AFM phase images of the CZA-
annealed films on graphoepitaxy substrates in which repeating
trenches, “T”, are separated by the mesas, “M”. The BCP
nanostructures within the trench are oriented along the channel
direction, whereas BCP nanostructures on top of the mesas are
oriented perpendicular to the channel direction. These results
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Figure 2. Influence of graphoepitaxy channel geometry on BCP
morphology. AFM phase image of the asymmetric PS-PMMA zone
annealed at 1 pym/s. The cylinders within the trench are oriented
parallel to the channel as expected with few defects. The cylinders on
the mesas are oriented perpendicular to the channel. Resolution of the
cylinders on the mesas is poor as a result of the AFM scan direction.
Size of scale bar is 200 nm.

are in accordance with the classical observations of epitaxial
crystallization where it is found that epitaxial growth is
nucleated at the edges of the mesas.”>*” More importantly,
Figure 2 indicates that CZA coupled with graphoepitaxy causes
preferential parallel alignment of BCP thin films along the
graphoepitaxial pattern direction only within the trenches, and
the synergy between graphoepitaxy and CZA needs to be tuned
for global alignment of BCP nanostructures. We next discuss
the two regimes of CZA-induced graphoepitaxy ordering, (i)
symmetric and (ii) asymmetric with respect to T versus M.
First we discuss the (i) symmetric pattern (T = M). Here we
study the effect of trench width on the BCP long-range order.
Since the CZA process does not directly induce alignment on
the portion of the BCP thin film on top of the mesas, as seen in
Figure 2, only the BCP thin film sections within the trenches
are considered in quantifying the orientational order at the
surface of these samples. The local thickness of the BCP film
remains fairly constant on the mesas and the trenches for
symmetric patterns, i.e., ca. 65 nm and ca. 80 nm, respectively.
Figure 3 shows the typical false-color cylinder orientation maps
observed for samples that were thermally annealed in a vacuum
oven at 195 °C for 72 h (Figure 3A,B) and CZA annealed at
the rate of 1 um/s at 210 °C (Figure 3C,D). The procedure to
obtain false color maps was explained in detail in our previous
publication.” Also, the reason for comparing CZA at 1 um/s
and 210 °C with static thermal oven annealing at 195 °C for 72
h is explained in detail in the Supporting Information, S1. The
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Figure 3. False color image analysis of CZA-annealed thin films on
graphoepitaxy channels. (A) and (B) Director angle images for 400
and 2000 nm features, respectively, annealed for 72 h in a vacuum
oven at 195 °C. (C) and (D) Director angle images for 400 and 2000
nm features, respectively, cold zone-annealed at 1 gm/s. The mesas
have been masked to allow analysis to be performed on only those
cylinders within the channel. Size of scale bar is 1 pm.

BCP grain orientation with respect to CZA direction can be
directly visualized from the orientation maps; green indicates
BCP orientation along the CZA direction, and violet/red
indicates BCP orientation orthogonal to the CZA direction.
The trench width of graphoepitaxy channels in Figure 3A and
Figure 3C is 400 nm and in Figure 3B and Figure 3D is 2000
nm. The presence of multiple colors in Figure 3A,B proves that
thermal annealing in a vacuum oven leads to polycrystalline
domains even when the BCP thin film is coated on a
graphoepitaxy substrate. As expected, the degree of poly-
crystallinity increases or orientational order decreases as trench

While qualitatively similar trends are seen for CZA-annealed
BCP thin films as well, the CZA annealing fares far better than
oven annealing: (i) Figure 3c shows a single crystal of BCP
domains oriented in CZA/channel direction, whereas the
corresponding oven annealing (Figure 3a) shows a large
number of randomly oriented crystals; (ii) Figure 3d shows a
mostly distinct green color with a blue phase indicating two
distinct but large crystals of BCP domains, whereas the
corresponding oven annealing (Figure 3b) again shows
multiple crystals which are randomly oriented; and (iii) the
time required for oven annealing these films was 220X more
than the time required for CZA annealing,

Similar analysis, as shown in Figure 3, was performed for the
CZA-annealed BCP thin films on graphoepitaxy substrates with
variable symmetric trench widths (false color images not
shown). The BCP thin film orientational order parameter was
calculated from these images using Herman’s orientation
function “f” (=1 for cylinders aligned parallel, —0.5 for
cylinders aligned perpendicular, and 0 for cylinders aligned
randomly to CZA/pattern direction, see Figure 4A). Figure 4B
is a plot of the calculated Herman’s orientation function for the
BCP thin films that were CZA annealed and oven annealed on
graphoepitaxy substrates with varying trench widths. Herman’s
orientation function approaches unity as the trench width
decreases to 400 nm for CZA-annealed samples and drops to f
~ 0.6 as the trench width increases to 2000 nm. In contrast, for
oven-annealed samples, f & 0.56 for a trench width of 400 nm,
reducing to f & 0.19 as the trench width increased to 2000 nm.
Excitingly, the lowest f achieved via CZA annealing of the BCP
thin films in a fraction of the time was comparable to the
maximum achieved f =~ 0.56 for 72 h static vacuum oven
annealing. The decay of Herman’s orientation order with
increasing pattern width follows a power law for both CZA and
oven annealing with an exponent, f ~ d™*° for CZA unlike f ~
d™*7 for oven annealing. These observations provide substantial
evidence that a dynamic thermal field coupled with a static
graphoepitaxy field leads to a considerable improvement in
long-range order, unidirectional orientation control, and rapid
ordering kinetics as compared to conventional static thermal
annealing coupled to the static graphoepitaxy field. Interest-
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Figure 4. Herman’s orientation function analysis of CZA-annealed films on graphoepitaxy channels. (A) Using Herman’s orientation function,
cylinders perfectly aligned with the channel will produce a value of 1, while cylinders perfectly oriented perpendicular to the channels will result in a
value of —0.5. Completely random orientation will produce a value of 0. (B) Plots of Herman’s orientation function (f) as a function of channel
width for CZA at 1 ym/s (O) and 72 h vacuum oven annealing (A). The combination of CZA with topographical templates produces a significant
increase in orientational order compared to traditional oven annealing. The lines are best fits using a power law. The resulting powers for the CZA
processed samples and the oven-annealed samples are —0.3 and —0.7, respectively.
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Figure S. Tuning the synergy of dynamic thermal field and static graphoepitaxy field. AFM phase image of asymmetric PS-PMMA thin film on a
graphoepitaxy substrate zone annealed at 1 pm/s and corresponding false-color cylinder-orientation map. Trench width and mesa width of the
graphoepitaxy channels are 200 and 600 nm, respectively. Size of scale bar is 800 nm.

ingly, prior work**~** on a similar dual-field approach for other

systems such as zone melting recrystallization of semi-
conducting metallic films, for example, silicon and germanium
on graphoepitaxy surfaces, and thermal annealing of liquid
crystals on graphoepitaxy surfaces exhibited an analogous
dependence of the driving force for orientation “f’” on the
graphoepitaxy trench width as f' ~ d™".

Next, we discuss the (ii) asymmetric pattern (T # M). Many
nanotechnology applications such as patterned media,
plasmonic wave-guides, or nanowire arrays require precise
global arrangement of nanostructures, and not just locally such
as seen here inside the trenches of the graphoepitaxy channels.
In Figure S, we demonstrate that the synergy between the
dynamic thermal field and static graphoepitaxy field can be
progressively enhanced to fabricate single-grain unidirectionally
aligned horizontal cylinders over the entire sample space (25
um?) and not just within the graphoepitaxy trenches as seen in
Figure 2.

Although the exact mechanism of the BCP ordering on the
asymmetric graphoepitaxy patterns is not known at present, we
analyze and correlate the results based on the geometry of the
graphoepitaxy patterns. Interestingly, Figure 2 reveals that the
cylinders can stretch and compress depending on the
confinement width of the trench and the mesa, in accordance
with previous results,* such that the same film can have two
distinct lattice constants. Therefore, we also correlate these
results to the local film thickness and local lattice constants. In
Figure 2a, Herman’s orientation parameter f = —0.4 exclusively
on the mesas where the asymmetry ratio (ASR) = M/T = 2,
whereas in Figure 2b, we observe mixed alignment where ASR
= 0.7. The orientation of horizontal cylinders ortho§onal to the
graphoepitaxy direction has been observed before™™* and is
attributed to the capillary flow induced alignment of the BCP
material from the mesa to the trench. Moreover, the amount of
capillary flow of the BCP material into the trenches depends on
the trench width and the mesa width. Therefore, depending on
the trench width/mesa width, the final local thickness of the
BCP film will be different on the trench and the mesa which
would then affect the commensurability conditions. It should be
noted however that although the ASR ratio indirectly takes into
account the effect of trench width and mesa width on the film
thickness a more direct comparison of local film thickness to
the BCP morphology is equally important. For Figure 2a, we
observed that the film thickness on the mesa, trench (M,T) =
(65 nm, 80 nm), whereas for Figure 2b, the film thickness on
(M,T) = (45 nm, 75 nm). Also, for Figure 2a, the lattice
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constant over (M,T) = (17 nm, 20 nm), whereas for Figure 2b,
the lattice constant over (M,T) = (20 nm, 25 nm). More
importantly, the trench width and mesa width can be adjusted
to achieve global alignment as shown in Figure S. The trench
width and mesa width that lead to global alignment (i.e., f ~ 1)
with CZA/line pattern direction in Figure S are 200 and 600
nm, respectively, quantified by ASR = 600/200 = 3, i.e., mesa
width much bigger than trench width. The critical observation
is that if the trench width is made to be very narrow, i.e., 200
nm, it not only influences BCP DSA within the trenches but
also stimulates BCP alignment over the mesas that leads to
global alignment of the BCP thin film. Previously™ it was
observed that prolonged thermal annealing of BCP thin films
eventually leads to nucleation of grains oriented along the
graphoepitaxial pattern direction on the mesas as well; ie,
prolonged uniform static thermal annealing also leads to global
alignment. Here we observe that by a judicious choice of
graphoepitaxy pattern dimensions global alignment can be
obtained in a small fraction of the annealing time, at the least at
an order of magnitude lower. These observations lead us to the
conclusion that although trench width is the primary alignment
parameter for this dual-field process ASR ratio plays an
important role in enhancing the synergy of this dual-field
process for the purpose of global BCP alignment. For Figure 5,
local film thickness over (M,T) = (65 nm, 84 nm), whereas the
lattice constant over (M,T) = (30 nm, 29 nm). Although
further studies are indeed required to map out the entire ASR
window as well as the local film thickness and lattice constants
with changing ASR that lead to global alignment, we strongly
believe that this strategy serves as a basis for designing future
graphoepitaxy surfaces where the trenches would need to be
narrow and are separated by mesas whose width can be several
times that of the trench width. Such a strategy would also save
the material, time, and energy required to fabricate the
graphoepitaxy surfaces, thus reducing the overall cost of BCP
DSA.

B EXPERIMENTAL SECTION

Thin film samples of poly(styrene-block-methylmethacrylate) (PS-
PMMA) diblock copolymer were used in these studies. PS-PMMA,
total molar mass of 47.5 kg/mol (35 kg/mol — 12.5 kg/mol, PDI ~
1.07), was bought from Polymer Source Inc. and used as obtained.
BCP thin films were coated on ultraviolet—ozone cleaned silicon
substrates with graphoepitaxy channels. The thickness of these thin
films was &71 nm as measured on a flat silicon substrate. The lattice
constant for this system in the bulk is ca. 26 nm. Graphoepitaxy
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substrates were prepared by photolithography and plasma etching, and
the depth of these channels was kept fixed at 40 nm. The long-wave
line edge roughness (LER) of these patterns was of the order of 10
nm. Prior to the annealing process, the BCP samples were dried at 60
°C for 24 h under vacuum. The procedure for CZA experiments is
explained in detail in our recent papers.”*® The dynamic thermal
gradient approach is based on the original hot-wire design concept by
Lovinger et al.”**® for directional crystallization of semicrystalline
polymers. The maximum temperature (Ty,x) of the temperature
gradient during zone annealing is 210 °C, and the maximum
temperature gradient (VT) thus developed is 15 C/mm.
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Explanation on the statistically equivalent annealing time for
CZA and static oven annealing. This material is available free of
charge via the Internet at http://pubs.acs.org.
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