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’ INTRODUCTION

Thin films of block copolymers are attractive as low-cost
templates for nanopatterning.1�3 Applications in semiconductor
manufacturing will require control over the size and shape,
position, and orientation of copolymer domains.2,3 Domain sizes
and shapes are determined by copolymer molecular weight and
composition,4 respectively, while positions can be controlled
with epitaxial or topographical templates.5�8 Domain orienta-
tions are largely determined by surface energetics and confine-
ment effects, and these factors are most thoroughly studied for
diblock (AB) copolymers.3,9 The objective of our current work is
to identify the factors that control domain orientations in thin
films of triblock (ABA) copolymers.

For most applications in nanopattering, a thin copolymer film
is prepared by spin-casting on a substrate, so domains are confined
between a hard surface and a “soft” air interface. Typically, each
interface favors wetting by one of the blocks, and this preference
drives a layering of the domains parallel to the substrate.9,10 For
example, consider a thin film of lamellar poly(styrene-b-methyl
methacrylate) (PS�PMMA) on a silicon substrate: PS has a slightly
lower surface energy than PMMA, while PMMA is strongly
preferred over PS at the substrate.11,12 These asymmetric boundary
conditions favor a parallel domain orientation that persists through
the film thickness.13�15 In these asymmetric systems, film thickness
is commensurate with the equilibrium domain size when t =
(n+ 1/2)L0, where L0 is the domain periodicity and n is an integer.

When film thickness is incommensurate with L0, entropic frustration
drives the formation of islands or holes at the free surface.12,15

The film then consists of regions with two distinct thicknesses
that are both commensurate with L0.

10

Domains that are oriented parallel to the substrate are not
useful for nanopatterning, so a variety of methods have been
developed to produce the desired perpendicular orientation.2,3

Examples include application of an electric field,16 rough sub-
strates,17,18 directional solvent evaporation,19,20 adding surfactants
or surface-active nanoparticles,21�23 blending with homopolymer,24

and preparing “neutral” substrates by tuning the polymer�substrate
interfacial energy.25�27 The latter approach is very popular because
the technique can be applied tomany copolymer systems and is easy
to integrate with standard manufacturing protocols.3 However,
perpendicular domains are only stable on neutral substrates through
a limited range of film thickness.28�33 The film thickness constraint
is understood by considering the interfacial energetics that control
domain orientations: Perpendicular orientations incur a gain in
surface energy. If the copolymer is comprised of segments with
similar surface energies, such as PS and PMMA, then this additional
enthalpic contribution can be offset by other factors. For example,
when film thickness is incommensurate with L0, either kinetic or
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ABSTRACT: Domain orientations in thin films of lamellar
copolymers are evaluated as a function of copolymer architec-
ture, film thickness, and processing conditions. Two copolymer
architectures are considered: An AB diblock of poly(styrene-b-
methyl methacrylate) and an ABA triblock of poly(methyl
methacrylate-b-styrene-b-methyl methacrylate). All films are
cast on substrates that are energetically neutral with respect to
the copolymer constituents. Film structures are evaluated with
optical microscopy, atomic force microscopy, and grazing-
incidence small-angle X-ray scattering. For AB diblock copolymers, the domain orientations are very sensitive to film thickness,
annealing temperature, and imperfections in the “neutral” substrate coating: Diblock domains are oriented perpendicular to the
substrate when annealing temperature is elevated (g220 �C) and defects in the substrate coating are minimized; otherwise, parallel
or mixed parallel/perpendicular domain orientations are detected for most film thicknesses. For ABA triblock copolymers, the
perpendicular domain orientation is stable for all the film thicknesses and processing conditions that were studied. The orientations
of diblock and triblock copolymers are consistent with recent works that consider architectural effects when calculating the
copolymer surface tension (Macromolecules 2006, 39, 9346 and Macromolecules 2010, 43, 1671). Significantly, the data
demonstrate that triblocks are easier to process for applications in nanopatterning—in particular, when high-aspect-ratio
nanostructures are required. However, both diblock and triblock films contain a high density of “tilted” or bent domains, and
these kinetically trapped defects should be minimized for most patterning applications.



6122 dx.doi.org/10.1021/ma2009222 |Macromolecules 2011, 44, 6121–6127

Macromolecules ARTICLE

thermodynamic barriers may prevent the formation of surface relief
structures, favoring perpendicular orientations to relieve entropic
frustration.10,32,34�36

Recently, it was demonstrated that copolymer architecture can
dramatically affect the free energy landscape in thin films.37,38

Specifically, in thin films of ABA triblock copolymers, perpendi-
cular domain orientations are stable at the air interface when the
B midblock has a slightly lower surface energy than the A end
blocks.37 The effects of architecture on domain orientation were
originally discussed by de Jeu et al.,39 where it was proposed that
a B-rich wetting layer would form at the air interface if the
entropic penalty for “looping” was less than the surface energy
gain for perpendicular domains. This description is consistent
with experimental observations and self-consistent field theory
(SCFT) calculations.37 Matsen recently clarified the effects of
copolymer architecture on surface energetics by noting that chain
ends have a broader distribution at the free surface, so the
stability of perpendicular domains largely results from increased
end-segment configurational entropy.38

In our present work, we compare domain orientations in thin
films of lamellar PS-b-PMMA and PMMA-b-PS-b-PMMA di-
block and triblock copolymers, respectively. The melt surface energy
of PS homopolymer is slightly lower than that of PMMA,11,12 but we
expect that end-segment entropy will mitigate the enthalpic pre-
ference for PS at the free surface and drive a perpendicular domain
orientation. All diblock and triblock films are prepared on neutral
(or near-neutral) substrates, so energetics at the air interface will
largely control domain orientations through the film thickness. Film
structure is characterized through optical microscopy, atomic force
microscopy, and grazing-incidence small-angle X-ray scattering. For
diblock copolymers, we find that domain orientations are highly
sensitive to substrate surface chemistry, consistent with numerous
other reports.28,29,31�33 Perpendicular domains are reliably obtained
on neutral substrates when film thickness is highly incommensurate
with asymmetric boundary conditions and/or annealing temperature
is elevated (g220 �C). For triblock copolymers, we find perpendi-
cular domain orientations in all film thicknesses considered. In
addition to the expanded thickness window, we find that domain
orientations in triblock films are insensitive to processing conditions
(temperature, time, and variations in substrate surface chemistry),
offering greater processingflexibilitywhen comparedwith thediblock

architecture. However, tilted domains are detected in the interior of
all diblock and triblock copolymer films. The scattering data suggest
that tilt defects are kinetically trapped, and their density could be
minimized by reducing the copolymer molecular weight.

’RESULTS AND DISCUSSION

Variables. Thin films of AB (PS-b-PMMA) diblock and ABA
(PMMA-b-PS-b-PMMA) triblock copolymers are prepared on
“neutral” polymer brushes as described in the Experimental
Procedures section and illustrated in Figure 1. Film thickness,
annealing temperature, annealing time, and brush quality are
systematically varied to evaluate the effects of sample preparation
on lamellar domain orientations. Brush quality is evaluated by
measurements of the static water contact angle on freshly
prepared substrates, where contact angles >80� are characteristic
of a good-quality brush. More details are provided in the
Experimental Procedures.
Microscopy. The surfaces of AB and ABA films are character-

ized with bright-field optical microscopy (OM) and atomic force
microscopy (AFM). OM detects surface relief structures that are
associated with parallel domain orientations, such as islands and
holes, while AFM directly resolves the domain orientations at the
air interface. Representative micrographs for ABA and AB films
are included in Figure 2 and Figure 3, respectively, where samples
were annealed on good-quality neutral brushes at 200 �C for 2
days. Significantly, ABA triblock copolymer domains are per-
pendicular to the air interface for all thicknesses considered:
Optical micrographs reveal flat surfaces, and AFM confirms the
presence of perpendicular domains. However, the structures in
AB diblock copolymer films are more complex. Domains are
perpendicular to the air interface when thickness t is nearly
commensurate with the equilibrium copolymer periodicity L0,
i.e., t/L0 e 1. When diblock film thicknesses are increased, the
optical micrographs reveal surface modulations with an approx-
imate wavelength of 1 μm, and AFMmeasurements demonstrate
that these modulations correspond with mixed parallel and
perpendicular domain orientations at the air interface. Parallel
domain orientations are dominant in the thickest films, although
perpendicular domains are often detected in regions of the film
that have a slightly different thickness (for example, the dark

Figure 1. Overview of sample preparation and types of lamellar structures that are detected in experiments. (1) Thin film of random copolymer (RC) is
cast on an ultraclean silicon substrate. Polymer is grafted to the substrate, and ungrafted polymer is removed to reveal the “neutral” polymer brush. (2)
Thin film of PS-PMMA or PMMA-PS-PMMA copolymer (thickness t) is cast on top of the brush. (3) Heating above the glass transition promotes
ordering of the lamellar domains. Possible outcomes are as follows: (a) parallel domain orientation, which is illustrated for asymmetric boundary
conditions; (b) perfect perpendicular orientation; (c) mixed parallel and perpendicular orientations; (d) perpendicular phase with “tilt” defects, i.e.,
misoriented domains.
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spots marked by the arrow in Figure 3). Such mixed orientations
are common when PS�PMMA films are cast on nearly neutral
substrates, indicating that energetics at the substrate and free
surface are not perfectly balanced.28,29,31,32,40,41

The micrographs in Figures 2 and 3 illustrate the types of
surface structures that are detected in these experiments, but
these data correspond to a specific processing scheme. Figure 4
and Figure 5 summarize the effects of each independent
variable on domain orientations at the air interface for both
long (“equilibrium”) and short (“non-equilibrium”) annealing
processes, respectively. The quality of “neutral” brushes is
indicated by the contact angle of water, where the maximum
value of 83� corresponds with the highest grafting density. The
parameter fperp denotes the area fraction of each surface that
contains perpendicular domains, and these data are based on
analysis of AFM images as described in the Experimental
Procedures.
Figure 4 summarizes fperp as a function of copolymer archi-

tecture, film thickness, quality of the neutral brush (contact

angle), and annealing temperature. All samples were annealed for
a minimum of 1 day under low vacuum. The prolonged annealing
time was selected to bring these structures toward their equilibrium
conformations, and no degradation was detected at these moderate
annealing temperatures.Wefind thatABAdomains areperpendicular
to the air interface (fperp = 1) for all processing conditions and film
thicknesses considered, indicating that surface energetics are control-
ling the triblock domain orientations. However, the AB domain
orientations vary with film thickness: Lamellae are parallel to the air
interface when t = (n + 1/2)L0, a signature of asymmetric wetting at
the interfaces.9,10 Since the air interface is PS selective,11,42 these data
suggest that PMMAend-blocks are penetrating the neutral brush and
interacting with the silicon substrate,40 i.e., the substrate is slightly
selective towardPMMA.Diblock lamellae are perpendicular to the air
interface when film thickness is t = nL0, or highly incommensurate
with asymmetric boundary conditions. Incommensurability will
typically drive the formation of islands or holes.9,12,43 In this system,
either kinetic or thermodynamic barriers prevent the formation of

Figure 3. Bright-field optical micrographs and atomic force microscopy
phase images of AB film surfaces. All films were prepared on high-quality
neutral brushes (contact angle of 83�) and annealed for 2 days at 200 �C.
AB domains are perpendicular to the air interface when t/L0 e 1. Mixed
parallel and perpendicular orientations are detected when 1 < t/L0e 2, and
further increases in film thickness favor a parallel orientation.

Figure 4. Fraction of perpendicular lamellae calculated from AFM
images as a function of normalized film thickness. Data for “equilibrium”
annealing (more than 1 day under low vacuum). Legend explains the
copolymer architecture, annealing temperature, and contact angle of water
on the “neutral” polymer brush. For ABA triblock copolymers, the lamellae
are oriented perpendicular to the air interface in all film thicknesses studied.
However, for AB diblock copolymer thin films, the lamellae are largely
parallel to the surfaces when film thickness exceeds L0. The dashed line is a
guide to the eye for AB copolymer behavior.

Figure 2. Bright-field optical micrographs and atomic force microscopy
phase images of ABA film surfaces. All films were prepared on high-
quality neutral brushes (contact angle of 83�) and annealed for 2 days at
200 �C. ABA lamellae are perpendicular to the air interface in all film
thicknesses considered.

Figure 5. Fraction of perpendicular lamellae calculated from AFM
images as a function of normalized film thickness. Data for “non-
equilibrium” annealing (10 min in air). Legend explains the copolymer
architecture, annealing temperature, and contact angle of water on the
“neutral” polymer brush. For ABA triblock copolymers on brushes of
moderate to good quality, the lamellae are oriented perpendicular to the
air interface in all film thicknesses studied. When the brush quality is
poor (72�), the thinnest ABA films show a mixture of parallel and
perpendicular ordering. Thin films of AB diblock copolymers are far
more sensitive to brush quality and annealing temperature.
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surface relief structures, favoring perpendicular orientations to relieve
entropic frustration.10,32,34�36

Figure 5 summarizes fperp as a function of copolymer archi-
tecture, film thickness, quality of the neutral brush, and annealing
temperature. All samples were annealed for 10 min in air. The
short annealing times are relevant to applications in manufactur-
ing. Much like the “equilibrium” process, ABA domains are
oriented perpendicular to the air interface for nearly all proces-
sing conditions considered. An exception is an ultrathin film
(t/L0 e 1) prepared on a poor-quality neutral brush, where mixed
orientations are detected at the air interface. In this case, the
substrate is slightly selective toward PMMA, so competition
between the ordering preferred at each interface is likely respon-
sible for the mixed orientations. AB domain orientations are
more complex and depend on temperature, thickness, and brush
quality. When brush quality is poor (<80�), mixed parallel and
perpendicular domain orientations are detected, where the
former is dominant. However, perpendicular domain orienta-
tions are detected at the air interface when brush quality is
improved (g80�) and annealing temperatures are elevated
(g220 �C). These data suggest that the surface energies of PS
and PMMA are nearly equal at elevated temperatures, consistent
with prior reports,31,40 and demonstrate the well-documented
sensitivity to substrate surface chemistry.3

Optical microscopy and AFM offer simple routes to charac-
terize domain orientations at the air interface: Optical micro-
scopy can quickly screen for thickness modulations that are
characteristic of mixed domain orientations, while AFM mea-
surements can discern the relative quantities of parallel and
perpendicular domains at the free surface. However, it is im-
portant to note that surface microscopies cannot distiguish
between perpendicular and “tilted” domain orientations (see
illustration in Figure 1). Furthermore, these microscopies cannot
resolve the structures at the polymer�substrate interface. We
therefore evaluate AB and ABA domain orientations through the
film thickness with grazing-incidence small-angle X-ray scatter-
ing (GISAXS).44�46 In the subsequent section, we refer to a
“perpendicular phase” that contains a distribution of domain
orientations, and we quantify the range of tilt angles for mis-
oriented domains through analysis of GISAXS patterns.
GISAXS Analysis. To evaluate the buried domain structure of

AB and ABA thin films, GISAXS data were collected from four
types of samples: AB films annealed for 2 days at 200 �C, AB films
annealed for 10 min at 240 �C, ABA films annealed for 2 days
at 200 �C, and ABA films annealed for 10 min at 240 �C. The
brush quality was good for all samples (contact angle >80�), so
we expect that surface energetics will largely control the domain
orienations through the film thickness. Details regarding beam-
line configuration and data storage are provided in the Experi-
mental Procedures. It is important to note that incident angle
(Ri) was varied near the critical angle of the film (Rc≈ 0.17�) to
control the X-ray penetration depth. It is difficult to accurately
calculate a penetration depth from the incident angle, but the
top ∼10 nm is sampled when Ri < Rc, while the full film
thickness is sampled when Ri > Rc.

45 All GISAXS results are
consistent with the findings from microscopy: Perpendicular
diblock domains were detected with GISAXS when t = nL0
and/or annealing temperatures were elevated, while per-
pendicular triblock domains were detected for all processing
conditions considered. Diblock films that showed “mixed”
parallel and perpendicular orientations are not discussed in
this section.

When the full film thickness is sampled (Ri > Rc), nearly
all diblock and triblock copolymer films show partial Debye�
Scherrer (powder) rings.47 Such features are consistent with a
distribution of tilted domain orientations in the interior of these
films. The range of tilt angles is denoted by ( γ as illustrated in
Figure 1, where γ = 0 denotes a perfect perpendicular orienta-
tion. The parameter γ is determined for each data set by
comparing simulated and experimental Debye�Scherrer rings
in (2θ, R) space. Partial rings are simulated with a straightfor-
ward procedure: First, the scattering vector for lamellae tilted
through an angle(γ is defined as qBr = qB 3R, where qB = {qxy, qz} =
{2π/L0, 0} is the scattering vector for perpendicular lamellae and
R is a two-dimensional rotation matrix. Second, the contours for
partial Debye�Scherrer rings in (2θ, R) space are calculated
from eqs 1-2:44�46

R ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qz, r
k

� �2

+ sin2 Ri ( 2
qz, r
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1 + sin2 Ri

ps

ð1Þ

2θ ¼ arccos
cos2 R + cos2 Ri � ðqxy, r=kÞ2

2 cos R cos Ri

 !
ð2Þ

Note that parameters n and Ri are the refractive index of
PS�PMMA and GISAXS incident angle, respectively, while
k = 2π/λ. Tilt range( γwas refined for each sample by comparing
the predicted contour of partial Debye�Scherrer rings with
experimental data for Ri > Rc; simulated contours are truncated
where the intensity falls to 10% of the signal from perfectly
perpendicular domains (γ = 0). This procedure is illustrated in
Figure 6 for triblock and diblock films with thickness t/L0 = 3,
where calculated contours are superimposed over experimental
GISAXS data for a range of incident angles. The tilt ranges
calculated with this procedure are summarized in Figure 7 as a
function of copolymer architecture, film thickness, and thermal
history. Both diblock and triblock copolymers (ABA) form
lamellae that range in orientation from perpendicular to tilted,
where the maximum tilt angle γ roughly increases with film
thickness. Amaximum tilt angle of (45( 10)� is detected in films
that are approximately three times thicker than the equilibrium
periodicity (t = 3L0).
When we restrict the GISAXS measurements to the top

∼10 nm of the film (Ri < Rc), we find evidence that diblock
and triblock domain orientations are different at the free surface.
In diblock films, domains are perfectly perpendicular at the air
interface (γ = 0 ( 10�). In triblock films, the first-order
diffraction peak is asymmetric in all samples, and the peak shape
is consistent with the predicted profile for tilted domains. Such
characteristics are observed in Figure 6a when Ri = 0.11�.
However, it is very difficult to distinguish between tilted domains
and poorly ordered perpendicular domains when Ri < Rc, so it is
unclear if the tilt really persists at the near-surface region.
Tilted lamellae have been predicted and observed in AB copoly-

mers assembled on incommensurate chemical templates.48�52 In
such systems, the chemical patterns have a strong affinity for a
specific domain. When the pitch of chemical patterns is larger than
L0, the domains must either stretch to match the template or tilt to
minimize the stretching penalty. In the present system, there is no
periodic potential at the surfaces that could induce such frustration.
We speculate that misoriented domains are kinetically trapped: The
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molecular weights of our AB and ABA copolymers are approxi-
mately 100 kDa and 200 kDa, respectively, so entanglements and
slow diffusion could limit the rate of ordering.53,54 Further-
more, it is well-known that the energetic cost for bending
lamellar domains is very small, as evidenced by “finger-print”
patterns in thin films,25,52 curved domains and “T-junctions” on
epitaxial templates,55�57 and mixed domain orientations in
thick copolymer films.41,58,59 Considering our high molecular
weights and the small energetic penalty for lamellar curvature, it
is unlikely that further annealing would change the domain
orientations. This is confirmed with in situ GISAXS measure-
ments, where additional annealing for 1 day at 235 �C produces
no detectable change in domain orientations.
Our GISAXS data suggest that reducing the molecular weights

could improve the quality of AB and ABA thin films: Diblocks
have a narrower line shape than triblocks, indicating they possess
a higher degree of lateral order. Diblocks are also characterized by

a “split” first-order diffraction peak whenRi >Rc, where these two
peaks are associated with a “perfect” perpendicular phase and
tilted domains, respectively. The diffraction peak associated with
the “perfectly” oriented domains is noted by the arrow in
Figure 6b. In contrast, the higher molecular weight triblocks
assemble into an imperfect perpendicular phase, meaning the
film is characterized by a distribution of tilted domains with poor
lateral ordering.

Figure 6. GISAXS data for (a) triblock and (b) diblock copolymer thin films (t/L0 = 2.9) annealed at 240 �C for 10 min. Incident angle (Ri) is varied
near the critical angle (0.17�) to produce controlled penetration depths. Contours for partial Debye�Scherrer rings are superimposed over experimental
data (solid black lines). The ranges of lamellar tilt angles areγ = (43( 10)� andγ = (35( 10)� for triblock and diblockmorphologies, respectively. Note
that AB domains are not tilted near the air interface (contours are included as a guide to the eye). The weak “streaks” extending along theR-axis at 2θ≈
0.2� are associated with the surface topography (PMMA protrusions illustrated in Figure 1), and these features are discussed in the Appendix.

Figure 7. Summary of maximum lamellar tilt angles ((γ) for all
samples measured with GISAXS. Thin films of diblock (AB) and triblock
(ABA) copolymers almost always contain some tilted lamellae, and the
degree of misorientation increases with film thickness.

Figure 8. In situ GISAXS from ABA triblock copolymer (t/L0 = 2.5).
Data were collected at an incident angle of Ri = 0.1�, i.e., below the
critical angle. (a) Sample prior to heating. (b) Sample heated to 85 �C.
Surface topography vanishes upon heating, and does not reappear when
cooled to room temperature (under vacuum).
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’CONCLUSIONS

Domain orientations in thin films of lamellar poly(styrene-b-
methylmethacrylate) (AB) and poly(methylmethacrylate-b-styrene-
b-methyl methacrylate) (ABA) copolymers were evaluated as a func-
tion of film thickness, annealing temperature, and annealing time.
The objective was to identify conditions that offer a perpendicular
domain orientation in thin films, emphasizing films that are thicker
than the equilibrium domain periodicity L0. Substrates were energe-
tically “neutral” (or nearly neutral) with respect to the copolymer
constituents, so domain orientations were largely controlled by
surface energetics. For AB diblocks, the perpendicular orientation
was reliably obtained for a broad range of film thickness when
annealing temperatures were elevated (>220 �C) and the substrates
had few imperfections. Reduced annealing temperatures and/or
damaged substrates produce a mixture of parallel and perpendicular
domain orientations. For ABA triblocks, the perpendicular domain
orientation was easily generated for a broad range of film thicknesses
and processing conditions, demonstrating the entropic preference for
A end blocks at the free surface. Significantly, the data demonstrate
that perpendicular domains are more easily achieved with triblocks
thandiblocks, particular in thickerfilms. Suchbehavior is beneficial for
lithographic applications that require high-aspect-ratio nanostructures
(such as plasma etching).60However, theperpendicular phase inboth
diblocks and triblocks contains a high density of kinetically trapped
defects such as “tilted” domains. Longer annealing times did not
reduce the defect density, but the data suggest that reducing the
molecular weight of these copolymers will improve both the domain
orientation and lateral ordering.

’EXPERIMENTAL PROCEDURES

Materials. All polymers were purchased from Polymer Source and
used as received. “Neutral” polymer brushes are prepared from a hydroxyl-
terminated poly(styrene-co-methyl methacrylate) random copolymer that is
59 mol % styrene with Mn = 8.9 kg/mol and PDI = 1.47. (The styrene
content is slightly higher than the reported “optimal” composition for lamellar
copolymers,28 but we find that substrates treated with this copolymer are
slightly selective toward methyl methacrylate.) The AB diblock copolymer is
poly(styrene-b-methylmethacrylate) (PS�PMMA), withMn = 100 kg/mol,
PDI = 1.12, and 50 mol % styrene. The ABA triblock is poly(methyl
methacrylate-b-styrene-b-methyl methacrylate) (PMMA-PS-PMMA), with
Mn = 198 kg/mol, PDI = 1.15, and 50 mol % styrene. Equilibrium lamellar
periodicity (L0) for AB and ABA copolymers are 46 and 50 nm, respectively,
as determined with X-ray scattering. Substrates are (100) oriented silicon
wafers withminimal bow (per themanufacturer). Substrates are cleanedwith
Piranha solution (3:1 H2SO4:30% H2O2, Caution! Highly Corrosive) to
destroy organic contamination and grow a thin oxide layer.
“Neutral” Substrates. Random copolymer is dissolved in toluene

at a concentration of 1 wt %, and films that are approximately 30 nm thick
are prepared by spin-casting on ultraclean silicon substrates. Polymer chains
are grafted to the substrate by annealing under low vacuum (10 mTorr)
with the following temperature profile: 80 �C for 2 h, then 160 �C for 1 day,
followed by cooling to room temperature. Ungrafted polymer is extracted
by agitating the samples in toluene (using a sonication bath) or soaking in a
stationary toluene bath for 1 h. Samples are then dried with nitrogen. The
quality (density) of the brush is assessed by measuring the contact angle of
water, which is usually 72� after this process. Contact angle is increased to
80�83� by repeating all steps a second time (includes coating a new film,
annealing, and rinsing); these measured contact angles match the reported
values in the literature.28 Throughout this manuscript, the different brush
qualities are denoted by the contact angle of water at the surface.
AB and ABA Thin Films. Thin films of AB and ABA block copoly-

mers are prepared on the “neutral” brushes. Polymers are dissolved in

toluene at concentrations that range from 1 to 4 wt %; solutions are filtered
with a 0.2μmTeflonmesh. Films that range in thickness from40 to 200 nm
are prepared by spin-casting. Film thicknesses are measured with a JA
WollamM-2000 spectroscopic ellipsometer:Δ andΨ aremodeledwith the
Cauchy dispersion relation n(λ) = A + B/λ2, where A, B, and film thickness
are adjustable parameters for regression analysis (all positive values). Films
are annealed according to two different procedures: Samples prepared via a
“non-equilibrium” process are annealed in air for 10 min at 220 or 240 �C.
Samples prepared by an “equilibrium” process are annealed under low
vacuum (10mTorr) for 1�2 days at either 180 or 200 �C. The segregation
strength is approximately χN = 45 at temperatures in the range of 180 to
240 �C.61

Microscopy. The nanoscale and microscale structure of film
surfaces are characterized with atomic force microscopy (AFM) and
bright-field optical microscopy, respectively. AFM micrographs were col-
lected with a MultiMode 3 (Veeco) in tapping mode using silicon probes
with a spring constant of approximately 40 N/m. Typical parameters for
data acquisition are 1.7 Hz scan frequency, 5 μm � 5 μm scan area, and
512 � 512 image resolution. Each sample is measured from at least five
randomly selected regions, and the fraction of perpendicular lamellae per
micrograph is calculated with an algorithm implemented in ImageJ.
Optical micrographs can detect variations in sample thickness over micro-
scale areas that are associated with either parallel or mixed parallel/
perpendicular lamellar orientations.
Grazing-Incidence Small Angle X-ray Scattering (GISAXS).

GISAXS experiments (see Figure 8) were conducted at beamline 8-ID-E
at the Advanced Photon Source of Argonne National Laboratory.
Samples were placed in a vacuum chamber and illuminated with 7.35
keV radiation at incident angles in the range of 0.1�0.24�; the off-
specular scattering was recorded with one of the following configura-
tions: A MAR 165 ccd-based detector (pixel size = 79 μm) positioned
2019 mm from the sample, or a Pilatus 1MF pixel array detector (pixel
size = 172 μm) positioned 2175 mm from the sample. Acquisition times
were approximately 10 s per frame. Each data set is stored as a 2048 �
2048 16-bit tiff image (MAR) or as a 981 � 1043 32-bit tiff image
(Pilatus, with 20-bit dynamic range). Note that X-ray penetration depth
varies from approximately 10 nm up to the full film thickness as incident
angle is varied near the critical angle of the film (ca. 0.17�). All data are
displayed as intensity maps I(2θ, R), where 2θ and R denote in-plane
and out-of-plane diffraction angles, respectively.

’APPENDIX

A Comment on Surface Topography. Both diblock and
triblock thin films exhibit a very weak peak centered near 2θ ∼
0.2� that extends along the entire R-axis. This feature is asso-
ciated with the surface topography that is qualitatively illustrated
in Figure 1.45,62We speculate that PMMA is absorbingmoisture
from the ambient environment, which swells the PMMA
domains and generates protrusions at the free interface. (It is
well-documented that PMMA domains are “taller” in AFM
measurements; see, for example, a paper from Thurn-Albrecht
et al.63) This hypothesis is supported by in-situ GISAXS
measurements, where we observe that surface scattering dis-
appears upon heating at moderate temperature (85�C). Surface
scattering does not reappear when samples are cooled under
vacuum. Representative data are included in Figure 8 for a
triblock copolymer film.
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