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ABSTRACT: Control over the orientation of a symmetric block copolymer lamellar morphology using a
striped, chemically heterogeneous surface has been established. Films of symmetric diblock copolymers
of poly(styrene-block-methyl methacrylate) solution cast onto silicon oxide substrates striped with periodic,
20 nm wide gold lines show lamellar microdomain orientation perpendicular to the substrate plane and
parallel to the striping. Commensurability of the block copolymer and substrate stripe period is found to
be essential to produce such a surface-directed morphology. A mismatch in length scale of only +10% is
sufficient to lose control over the microdomain orientation. This window of commensurability for thick
films is much smaller than that found previously for ultrathin films. Consequently, more stringent
conditions are met in unconfined films to direct the morphology with the surface. The distance over which
the orientation of the microdomains persists is found to depend on the ordering kinetics, scaling with
copolymer molecular weight, and is independent of the microdomain orientation at the surface.

Introduction

The use of block copolymers as templates for the
fabrication of novel nanostructured materials has flour-
ished due to the ease with which such templates can
be prepared, and functionalized,!~2 and to the variety
of distinct nanostructures that can be generated from
copolymer morphologies. Incorporation of these new
materials into devices, however, is significantly hin-
dered by the inability to control the self-assembly
process that is the foundation of copolymer-based nano-
structure synthesis. Microscopic grain sizes,* grain
boundaries, and other defect structures® reduce the
overall yield of the target nanostructure and prohibit
real-space characterization and serial addressing of the
nanoscopic domains. As a consequence, block copolymer
morphologies at surfaces have been investigated with
increasingly complex schemes in an effort to understand
the effect of interfacial energy and confinement on the
orientation of the microdomains. Such knowledge will
facilitate the preparation of defect-free, oriented nano-
scopic structures over large areas for use in future
devices.

A basis for the control over the orientation of copoly-
mer microdomains in thin films has already been
established. Preferential interfacial interactions have
been shown to impart an orientation of a lamellar
morphology parallel to a surface, even above the order-
ing temperature.®” Confinement of morphologies by film
thickness has shown that the competition between
enthalpy and entropy can be used to reorient the
lamellar microdomains in ultrathin films,8~1! produce
a controlled roughness via island and hole formation at
a thin film's free surface,’? or induce tension and
compression in copolymer morphology under one-
dimensional confinement.’® This understanding has
enabled the design of experiments with more stringent
control* in an effort to produce a desired morphology
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and orientation, and recent studies have established a
strong precedent for surface or interface templated
growth. Chemically’®> and topographically® patterned
surfaces and static’’” and moving interfaces or phase
boundaries!® have all been used to control the orienta-
tion of nanostructures over large areas. Theoretical
approaches!®~23 and simulations?#25 have also indicated
that, with the appropriate surface boundary conditions
and processing procedures, lateral control over nano-
structures may propagate microns away from a surface,
providing true three-dimensional control over self-
assembled nanostructures.2® Here, we show experimen-
tal results demonstrating control over the lamellar
morphology of a symmetric diblock copolymer, and
discuss the limits over which such control can be
achieved.

Previously, it was shown!® that when solution cast
on a chemically heterogeneous, flat surface comprised
of 30 nm alternating stripes of nonpolar gold (Au) and
polar silicon oxide (SiOx), a symmetric block copolymer
of poly(styrene-block-methyl methacrylate), denoted
P(S-b-MMA), ordered with the lamellar microdomains
oriented normal to the surface and along the stripe
direction. While confinement of the ultrathin films
contributed to the perpendicular orientation of the
lamellar microdomains, the strong coupling between the
polar PMMA and SiOx on the substrate and the non-
polar PS and Au on the substrate produced an ad-
ditional orientation of the domains parallel to the Au/
SiOx stripes. The interactions between the blocks of the
copolymer and the surface stripes were sufficiently
strong to orient the morphology when there was as
much as a 25% mismatch between the copolymer period
and the substrate stripe period.

Here, experimental results are presented on thick
copolymer films prepared on chemically heterogeneous
surfaces, where confinement effects due to film thick-
ness are removed. These experiments address the issue
of whether the chemical heterogeneities of the substrate
alone are sufficient to orient the block copolymer
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Table 1. Summary of the Poly(styrene-block-methyl

methacrylate) (S/MMA) Block Copolymers Used in

Experiments; One Sample Possessed a Deuterated
Methyl Methacrylate Block (dMMA)

Muw period? o for 42 nm
coplymer (kg/mol) L (nm) substrate
SIMMA 53 27.38 0.65
SIMMA 73 33.71 0.80
SIMMA 84 36.93 0.88
SIMMA 107.8 43.22 1.03
SIMMA 113 44.78 1.07
S/IAMMA 121.3 46.82 111
SIMMA 177 59.95 1.43
SIMMA 214 67.82 161

aThe copolymer period was calculated from an empirical
formula derived by Anastasiadis et al.?’ ¢ is the “degree of
commensurability”, a ratio of the copolymer bulk period to the
average substrate stripe periodicity of 42 nm.

morphology normal to the surface and in the stripe
direction and, if so, how far into the bulk of the film
such an oriented morphology will propagate. Addition-
ally, the commensurability of length scales between the
copolymer period and the substrate pattern is examined,
and the results are then compared to the case of
ultrathin confined films described previously.® Finally,
the role of ordering kinetics and its influence on the
propagation of a surface directed morphology into the
bulk region of the films are discussed.

Experimental Section

Symmetric diblock copolymers of P(S-b-MMA) were pur-
chased from Polymer Labs or synthesized in-house. All of the
copolymers were Soxhlet extracted in cyclohexane to remove
any residual polystyrene homopolymer. The molecular weights
of the copolymers, the calculated bulk copolymer period,?” and
degree of commensurability (6) for each copolymer are shown
in Table 1. § is the ratio of the bulk lamellar period of the
copolymer to the stripe period of the heterogeneous substrate,
42 nm. Solutions of 5 wt % polymer in HPLC grade toluene
were prepared.

Chemically heterogeneous substrates were prepared by
glancing angle metal evaporation on facetted Si substrates.
Si (113) substrates miscut 1.1° toward the (—1—10) pole were
resistively heated and cleaned under ultrahigh-vacuum (UHV)
conditions by cycling the surface temperature between 1000
and 1523 °C. Surfaces were then annealed for 100 s at 1180
°C to produce facets of 42 nm average periodicity, with an 8
nm standard deviation and less than 1 nm amplitude. The
general processing conditions are described elsewhere.? Figure
la shows an AFM height image of such a surface. These
surfaces were then mounted in a thermal evaporator with a
4° angle between the metal source normal and the surface
parallel, so that the evaporated metal atoms were incident only
on the facing edge of the facets. 1.5 nm of chromium was
evaporated initially as an adhesion layer, followed by 2.5 nm
of gold (Au), producing a striped, chemically heterogeneous
surface with 4.5 nm roughness, as shown in Figure 1b. A
simple calculation shows that this roughness is too small to
perturb the morphology of the block copolymer.?® Conse-
guently, the surface is essentially a flat, striped surface with
alternating polar oxide and nonpolar gold lines of slightly
asymmetric widths. The gold lines are narrower, of order 20
nm, but an exact width is not measurable due to the radius of
curvature limitations of the AFM tip. New substrates were
prepared for each experiment, as the destructive characteriza-
tion techniques prevented substrate reuse.

Solution casting was done in a closed glass crystallization
dish in the presence of excess solvent, in an effort to control
the rate of solvent evaporation and promote an equilibrium
morphology.> Small substrates (0.25 cm?) were placed within
a 600 mL aluminum foil covered glass crystallization dish.
Inside the casting container was an additional small dish filled
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Figure 1. Tapping mode atomic force microscope height
images of the topography of 42 nm substrates (a) before and
(b) after metallization.

with toluene, to saturate the vapor pressure inside and
mediate solvent evaporation from the substrate. A small, 0.3
c¢m? hole in the foil covering allowed for the deposition of the
polymer solution on the substrate via syringe, as well as
controlled evaporation. The small substrates were covered
entirely with a 5 uL droplet, such that the surface was
completely wet but the solution did not spill over the substrate
edge. The solvent evaporated completely over the course of 30
min, producing a transparent film of nonunifom thickness. The
surface roughness of the films was found to increase with
increasing polymer molecular weight, indicating a kinetic
limitation in control over the free surface morphology upon
solvent evaporation.30:3t

Characterization of the solution cast polymer films was done
by field emission scanning electron microscopy (FESEM) on a
JEOL 6320. Cast films were first annealed at 190 °C for 2 days
to promote relaxation of the polymer film and improve adhe-
sion. This proved necessary to prevent film cracking and
delamination from the substrate during cryofracture. The
backside of the samples was then scored with a diamond scribe
either parallel or perpendicular to the surface striping and
submerged in liquid nitrogen for 45 s with knife-edged pliers
aligned with the scribe line. Gripping pressure on the pliers
would cause the substrate to cleave along the scribe line,
producing two facing cross sections. Sections were mounted
edge-up on an aluminum FESEM mount with carbon tape. To
enhance the topography of the fracture surface, tetrafluo-
romethane (CF,4) reactive ion etching (RIE) was used. The
inherent directionality and etch contrast between PS and
PMMA in CF, RIE allowed for the development of a material-
dependent topography on the fracture surfaces after a brief,
low-power etch (25 W, 10 sccm CF4, 15 mTorr, 2 min).32734
Finally, a 20 nm plasma deposited gold coating was applied
to the sample, and the FESEM produced crisp images of PS
lamellar microdomains in relief from the cross sections.

Results and Discussion

FESEM images of a 107K P(S-b-MMA) film solution
cast on homogeneous Au and SiOx surfaces are shown
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Figure 2. FESEM images of the fracture cross sections of
107K films solution cast on homogeneous surfaces: (a) gold
surface, (b) silicon oxide surface. The lamellar morphology of
the copolymer is clearly visible, oriented parallel to the
substrate. Scale bars are 0.2 um.

in Figure 2. The two substrates can be distinguished
by the appearance of the polymer/substrate interface.
The presence of the bright 50 nm thick line at the
polymer/Au/Si interface results from the uniform metal-
lization of the substrate by the Au. The dark gap
appearing at the polymer/Si interface of the homoge-
neous Si substrate is caused by electron beam damage.
PMMA is rapidly degraded in the electron beam, which
results in an adhesive failure at the interface and a
pulling of the film away from the surface. This delami-
nation was not seen at the polymer/Au interface due to
the presence of a more robust PS wetting layer. The
lamellar morphology, however, is seen to be oriented
parallel to the substrate regardless of surface chemistry.
For all molecular weights over 84K, a similar morphol-
ogy is observed. For the lower molecular weight copoly-
mers, the cryofracture/RIE imaging technique was
unsuccessful, due possibly to the broadness of interface
between the PS and PMMA microdomains and resulting
lack of RIE etch specificity.

The distance over which the surface directed parallel
orientation propagates into the bulk for samples cast
on homogeneous substrates is largest for the lower
molecular weight samples, averaging 0.5 um or 12
periods. The highest molecular weight samples show
only one or two lamellar layers parallel to the interface
before losing orientation. Additionally, the apparent
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grain size both parallel and perpendicular to the lamel-
lar stacking direction decreases with increasing molec-
ular weight in a similar fashion. In all cases the distance
over which the surface-directed morphology propagates
away from the surface is less than or equal to the
apparent bulk grain size. These results therefore indi-
cate that the generation of a surface-directed morphol-
ogy upon solution casting is a kinetically limited process.
The chain mobility is significantly reduced for the higher
molecular weight samples preventing coarsening of the
grains, producing shorter correlation lengths.

The FESEM images of a selected molecular weight
range from 84K to 177K P(S-b-MMA) solution cast on
42 nm AuU/SiOx heterogeneous surfaces are shown in
Figure 3. The substrates were fractured perpendicular
to the surface striping. As molecular weight is increased,
the orientation of the lamellar morphology is seen to
change from parallel to perpendicular and back to
parallel to the surface. For the 107K copolymer, the
calculated period is nearly commensurate with the
surface pattern with a ¢ of 1.03. The surface-directed
ordering is almost perfect, with few defects seen. The
morphology propagates approximately 0.5 um into the
bulk, similar to the propagation length of the parallel
morphology on a homogeneous surface. These results
suggest that segregation of the copolymer chains to the
interface and templating by the striped surface occur
prior to the onset of microphase separation. With the
PMMA block adsorbed to the oxide and PS onto the gold,
the copolymer chains lay parallel to the surface and in
registry with the stripes. The segregation at the inter-
face drives the lamellar morphology normal to the
substrate into the bulk. For the incommensurate mo-
lecular weights, surface segregation does not occur in a
controlled, periodic fashion. The entropic penalty as-
sociated with straining the copolymer chains to alter
the period to match that of the substrate outweighs the
enthalpic gains arising from satisfying interfacial in-
teractions. Therefore, a preference develops at the
substrate for a single component, either PS or PMMA,
and a parallel morphology is driven into the bulk.
Tilting of the microdomains with respect to the surface
normal, a theoretically proposed intermediate morphol-
ogy for slightly incommensurate phases,?® was not
observed either. The surface-directed ordering, whether
initially parallel or perpendicular to the substrate,
propagates only far enough into the bulk to meet the
phase-separated grains formed there. There is no evi-
dence that either orientation has a stronger influence
on the propagation distance, indicating that Kinetics
limit the development of the surface-directed morphol-
ogies.

The sensitivity of surface-directed orientation to the
commensurability between the substrate and copolymer
periods in thick films is seen in the 113K P(S-b-MMA)
sample. In this case 6 = 1.07, and a perpendicular
lamellar ordering rich with defects is found. The pri-
mary defect mode is shown on the far right of the image
in Figure 3c. The light striping due to the metallization
of the PS lamellae appears to increase abruptly in
periodicity. This arises from a reorientation of the
lamellae such that they remain perpendicular to the
surface but are no longer aligned with the substrate
pattern. This “reoriented grain” defect structure was
also observed in ultrathin films,'> where it dominated
the morphology for incommensurate systems where
0 > 1. Reoriented perpendicular lamellar grain defects
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Figure 3. FESEM images of the fracture cross sections of films solution cast on 42 nm Au/SiOx heterogeneous surfaces. Substrates
were fractured transversely to the surface striping. (a) 84K (0.2 um scale bar), (b) 107K (0.5 um), (c) 113K (0.5 um), (d) 121K (0.5
um), (e) 177K (0.5 um). Parallel lamellar morphologies are evident at the interface for 84K, 121K, and 177K, while perpendicular

morphologies are evident for 107K and 113K.

were also seen in the calculations of Chen and Chakra-
barti?? and the simulations of Wang et al.?> In the
former work, defects were apparent when 6 = 0.667 at
a film thickness equivalent to the copolymer period,
while for the latter “|||™”, or transposed perpendicular
lamellae, were seen originating at the substrate for
0 =15-3.

A further increase in molecular weight to 121K (6 =
1.11, Figure 3d) results in a parallel orientation of the

lamellae, with no evidence of surface-directed perpen-
dicular ordering. All of the higher molecular weight
copolymer films possess a parallel orientation at the
substrate as well. As parallel ordering is seen for the
lower molecular weight copolymer (84K) with ¢ = 0.88,
it is clear that for thick films a 10% mismatch between
copolymer period and surface pattern is sufficient to
disrupt a surface directed perpendicular lamellar phase.
This window of commensurability is much narrower
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than that seen for ultrathin films, where a lamellar
morphology oriented normal to the substrate and aligned
with the stripes was found when 0.75 < § < 1.25. For
the ultrathin films, however, confinement of the mor-
phology by the film thickness promotes an orientation
of the lamellae normal to the surface, even in the
incommensurate samples.113> Thus, the patterned sub-
strate chemistry need only direct the reoriented ul-
trathin film morphology in the slightly incommensurate
cases, producing an apparently wider window of com-
mensurability. With thick films, confinement effects
have been eliminated, and substrate patterning alone
is responsible for reorienting the copolymer morphology
at the interface.

Under no circumstances was the lamellar morphology
found to orient normal to the surface with a random,
lateral orientation of the grains. Such a structure would
be found if the substrate was effectively “neutral” with
respect to its interaction with the copolymer chains.36
This may arise when the substrate period is much
smaller than that of the copolymer, 6 > 1. The orienta-
tion of the lamellar microdomains found for the higher
molecular weight copolymers, however, indicates that
the heterogeneous substrates are not explicitly neutral
toward the copolymers despite the more rapidly alter-
nating chemistry. While limitations of the FESEM
characterization technique prohibit explicit identifica-
tion of a wetting layer at the substrate, the lack of
delamination arising from election beam degradation of
the PMMA microdomains in the higher molecular
weight copolymers indicates a PS wetting layer on all
heterogeneous substrates similar to that seen on the
homogeneous gold surface in Figure 2.

Confirmation of our description of the lamellar mor-
phologies in Figure 3b,c for 107K and 113K copolymers
can be obtained by cryofracturing the substrates parallel
to the striping. If the lamellar ordering at the surface
were truly perpendicular to the substrate and aligned
with the stripes, then the parallel fracture surface would
be devoid of any structure at the interface, yet in the
bulk show lamellar grains. Figure 4 shows a fracture
surface parallel to the stripe pattern for 107K and 113K.
For the 107K sample, no structure is evident at the
interface. In the bulk, however, microns from the
surface, different lamellar orientations are seen. For the
113K sample, evidence of lamellae oriented normal to
the surface aligned both parallel and perpendicular to
the fracture plane (stripe direction) is seen. This par-
ticular image was chosen to exemplify the mixed
perpendicular morhphology that can develop due to
reoriented grain defects. Increasing or decreasing mo-
lecular weight past the 10% commensurability window
yields a parallel lamellar morphology in this fracture
direction as well.

Conclusion

We have shown that, by patterning a substrate with
the appropriate chemistry and length scale, a template
to direct the ordering and orientation of block copolymer
lamellar morphologies into the film bulk can be made.
Striped surfaces of nonpolar gold and polar silicon oxide
with 42 nm periodicity guide the growth and ordering
of P(S-b-MMA). For films greater than 5 um thickness,
commensurability is found to be a key factor in generat-
ing surface-directed morphologies. Copolymer films with
a bulk lamellar period nearly equal to that of the
substrate follow the substrate pattern upon solution
casting and orient perpendicular to the interface. When
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Figure 4. FESEM images of the fracture cross sections of
films solution cast on 42 nm Au/SiOx heterogeneous surfaces.
Substrates were fractured parallel to surface striping. (a)
107K, (b) 113K. Scale bars are 1 um.

the mismatch is greater than only 10%, the lamellar
microdomains orient parallel to the surface. In all cases,
kinetics limit the distance over which the structure
propagates into the bulk. An increase in molecular
weight results in a reduction in mobility, grain size, and
the distance over which surface-directed morphologies
propagate into the bulk.
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