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T
he ability of block copolymers to
autonomously assemble into regular
patterns with uniform, nanometer-

scale features, and their straightforward
integrationwith techniques of thin-film pro-
cessing and device fabrication, have ren-
dered them highly appealing as patterning
materials for information technology,1 and
other technological applications in energy,2

membranes,3 and fluidics.4 While the fea-
ture sizes of patterns formed by block co-
polymer thin films may be tuned through
either copolymer molecular weight5 or by
blending with homopolymers,6�9 the pat-
tern morphology generally exhibits a single
repeating structure (e.g., sphere, cylinder,
lamellae) within the thin film layer.
In this work, we quantitatively study the

phase morphology of thin films composed
of blended cylinder- and lamellar-forming
polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) block copolymers in order
to understand the conditions and require-
ments for generating patterns containing
both morphologies simultaneously. Here,
we focus on thin films with the nanoscale
morphology extending uniformly through
the entire film thickness, due to their rele-
vance for patterning applications. Previous
experimental investigations10�15 and calcu-
lations16,17 have shown that in the bulk,
blends of block copolymers can result in

either single-phase patterns or two coexist-
ing phases.
Controlling the self-assembled morphol-

ogy through blending facilitates application
of block copolymers as patterningmaterials.
A simple example is adjusting the pattern
feature sizes and density through mixing
block copolymerswithhomopolymers,7,9,18,19

such that a small library of materials is suffi-
cient for producing a broader array of sizes. In
addition, the templating patterns used to
guide block copolymer assembly in directed
assembly applications20�22 can, in principle,
similarly guide the spatialmakeup ofmultiple
pattern morphologies in a blended copo-
lymer film. Such a strategy has been used
for local control of the domain orientation
of a single-component block copolymer
films in order to create patterns with two
morphologies.8,23�25

RESULTS/DISCUSSION

First, we consider the patterns formed by
self-assembled thin films made from lamel-
lar PS-b-PMMA (with molecular weight
Mw(lam) = 74 kg/mol) blended with increas-
ing amounts of a similar Mw PS-b-PMMA
cylindrical material [Mw(cyl) = 67 kg/mol].
Some mixing ratios give rise to patterns
containing coexisting lamellar lines/spaces
andhexagonally arranged cylinder dot arrays
(Figure 1). The Mw ratio of the components
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ABSTRACT The patterns formed by self-assembled thin films of blended cylindrical and

lamellar polystyrene-b-poly(methyl methacrylate) block copolymers can be either a

spatially uniform, single type of nanostructure or separate, coexisting regions of cylinders

and lamellae, depending on fractional composition and molecular weight ratio of the blend

constituents. In blends of block copolymers with different molecular weights, the

morphology of the smaller molecular weight component more strongly dictates the

resulting pattern. Although molecular scale chain mixing distorts microdomain character-

istic length scales from those of the pure components, even coexisting morphologies exhibit

the same domain spacing. We quantitatively account for the phase behavior of thin-film

blends of cylinders and lamellae using a physical, thermodynamic model balancing the energy of chain distortions with the entropy of mixing.
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in this blend is Mw(cyl)/Mw(lam) = 0.9 ≈ N(cyl)/N(lam),
where N denotes the numbers of monomers in the
chains, with the last approximate equality holding
because of the similar formula weights of PS and
PMMA (∼100 g/mol). From Fourier transforms of the
scanning electron microscope (SEM) images, we mea-
sure characteristic domain spacings of the pure lamellar
and cylindrical phases of l 0(lam) = 41 nm and l 0(cyl) =
35 nm, where l 0(lam) is the lamellar repeat period and
l 0(cyl) is the spacing between adjacent cylinder rows
(Supporting Information). In these experiments, we
treat the surface with a PS-r-PMMA random copolymer
brush layer prior to forming the block copolymer blend
thin film, in order to promote perpendicular orienta-
tion of the block copolymer domains,26,27 and ther-
mally anneal at sufficiently high temperature (200 �C)
to equalize the surface tensions of PS and PMMA. We
use both top-down and cross-sectional scanning elec-
tron microscopy (SEM) to confirm the perpendicular
domain orientation for all thin films studied here,
including single-component cylindrical and lamellar
phases and all blend compositions. We spin-cast
blended block copolymers from solution, targeting
formation of films with domains running perpendicu-
larly through the entire 26( 2 nm thickness, measured
from SEM images (Figure 1). We facilitate self-assembly
by annealing in vacuum (<1 Torr) for at least 16 h,
verifying that this amount of time is sufficiently long
to establish patterns with unchanging fractional
areal coverage of lamellae and cylinders (Supporting
Information). Single component films of both lamellar
(Figure 1a) and cylindrical (Figure 1e) materials form
uniform patterns consistent with the two pure block
copolymer phases, while patterns formed by blends
with increasing cylinder content contain increas-
ing fractional areas of dots (cylinder morphology)
(Figures 1b�d), qualitatively similar to previous bulk
studies of blends of styrene-b-isoprene blends.13,15 The
mc/ml = 50/50 weight cylinder/lamellae blend (where
mc andml are themasses of the cylindrical and lamellar
copolymers in the blend) generates a pattern with
approximately equal parts cylinder and lamellae

coverage (Figure 1c). Cross-sectional SEM images of
blend films show a uniform 2Dmorphology consistent
with a mixture of perpendicularly oriented cylindrical
and lamellar domains (Figure 1).
Changing the Mw ratio of the blend components

alters the nature by which the self-assembled pattern
evolves from being purely line/space (lamellar) to a
hexagonal dot array (cylindrical) with increasing
amount of the cylinder-forming component. For
example, blending the same Mw(lam) = 74 kg/mol
lamellarmaterial insteadwith a lowermolecular weight
cylindrical PS-b-PMMA [Mw(cyl) = 48 kg/mol] (Mw(cyl)/
Mw(lam) = 0.65) results in patterns that transition more
abruptly to pure dot arrays with increasing cylinder
content (Figure 2a�e, film thickness = 26( 2 nm); that
is, a surprisingly small mass fraction of the cylindrical
material (<50%) is sufficient to yield a nearly pure cy-
lindrical morphology. In particular, both the mc/ml =
50/50 (Figure 2c) and 75/25 (Figure 2d) cylinder/
lamellae mixtures form patterns with a largely single
morphology resembling that of a pure cylindrical ma-
terial (Figure 2e). In contrast, patterns formed by blend
mixtures of the Mw(lam) = 74 kg/mol lamellar PS-b-
PMMAwith a highermolecular weight cylindricalmate-
rial [Mw(cyl) = 99 kg/mol] (Mw(cyl)/Mw(lam) = 1.34)
(Figure 2f�j, film thickness = 25 ( 2 nm) retain
a significant fractional coverage of the line/space
(lamellar) pattern at a mc/ml = 50/50 ratio (Figure 2h).
Thus, contrary to expectations, the areal fractions of
coexistingmorphologies are not simply dictated by the
mass, or volume, fractions of the mixed copolymer
species.
In the two examples of blends with components

having dissimilar molecular weights, it is the phase of
the lower molecular weight component that more
heavily influences the overall pattern, generally con-
sistent with the pattern morphology being dictated by
the blend component contributing the larger number

of chains to the mixture. For example, amc/ml = 50/50
weight mixture of equal Mw cylinders and lamellae
contains the same number of cylindrical and lamellar
molecules, and yields a pattern with similar fractional

Figure 1. Top-down and 70� tilt SEM images of thin film blends of 67 kg/mol cylindrical phase and 74 kg/mol lamellar phase
PS-b-PMMA. The Mw ratio of the blend components is Mw(cyl)/Mw(lam) = 0.9. The weight ratios (mc/ml) of cylinder/lamellae
blends are (a) 0/100 (pure lamellar), (b) 25/75, (c) 50/50, (d) 75/25, and (e) 100/0 (pure cylindrical). We have cross-linked the PS
block and chemically removed the PMMA for improved SEM contrast using techniques described in the text.

A
RTIC

LE



YAGER ET AL. VOL. 8 ’ NO. 10 ’ 10582–10588 ’ 2014

www.acsnano.org

10584

coverage of each (Figure 1c). However, a 50/50 weight
mixture of higher Mw lamellae mixed with smaller
cylinders contains Mw(lam)/Mw(cyl) times more cylin-
der molecules compared to lamellar, and produces
a largely cylindrical pattern (Figure 2c). Similarly, an
equal weight mixture of higher Mw cylinder molecules
and smaller lamellae yields a predominantly lamellar
pattern (Figure 2h). The fractional number of cylindrical
(fcyl) and lamellar (flam) molecules in any blend ratio is

fcyl ¼ 1

1þMw(cyl)=Mw(lam)
mc=ml

(1a)

fcyl þ flam ¼ 1 (1b)

Through image analysis of the SEM measurements,
we quantify the progression of a purely lamellar pat-
tern to purely cylindrical one with increasing blend
fractions of cylinder forming material, for each of the
three blend component molecular weight ratios stud-
ied (Supporting Information). For blends of similar

cylinder and lamellae molecular weights [Mw(cyl)/
Mw(lam) = 0.9], the fraction of the pattern area covered
by cylinders loosely tracks cylinder mass fraction in the
blend, increasing smoothly to 15% at mc/ml = 25/75
blend composition, to 63% at 50/50, and 92% at 75/25
(Figure 3a, black circles). Patterns formed from blends
of cylinders and lamellaewith dissimilar totalmolecular
weights transition more abruptly. For example, while a
pattern formed from a mc/ml = 25/75 mixture with

Mw(cyl)/Mw(lam) = 0.65 contains 11% cylinder area
coverage, the fractional coverage increases to >85%
at 50/50 composition (Figure 3a, blue circles). Similarly,
a mc/ml = 75/25 mixture with Mw(cyl)/Mw(lam) = 1.34
forms patterns with >60% cylinders, but reduces to
<10% in a 50/50 blend (Figure 3a, red circles).
The differences between the pattern's fractional

coverage of cylindrical and lamellar domains and the
fractional composition of blend components imply
that the two materials are mixed at a molecular level.
However, two morphologies coexisting in a single
pattern suggests that the energy minimum sometimes
involves only partial mixing of the chains, with the two
distinct phases each having a different ratio of the two
blended chains. A consequence of the molecular mix-
ing is distortion in the characteristic domain spacings
(l ) of the lamellar [l (lam)] and cylindrical [l (cyl)] micro-
domains from those of the pure components (denoted
as l 0). We quantify the distortion by measuring
changes in average domain spacing within the cylind-
rical and lamellar pattern regions (Figure 3b). Both
l (lam) and l (cyl) vary continuously from their single
component values as the two materials are blended
together. Furthermore, the patterns formed by all
blend mixtures show a single characteristic domain
spacing, given approximately by l (lam) = l (cyl) =
l ∼ [fcyl � l 0(cyl) þ flam � l 0(lam)], irrespective of
whether the film has a single morphology (lamellae, or
cylinders) or separate regions of cylinders and lamellae
(Figure 3b). The well-matched domain spacings in

Figure 2. (a�e) Top-down and 70� tilt SEM images of thin film blends of 48 kg/mol cylindrical phase and 74 kg/mol lamellar
phase PS-b-PMMA. The Mw ratio of the blend components is Mw(cyl)/Mw(lam) = 0.65. The weight ratios (mc/ml) of cylinder/
lamellae blends are (a) 0/100 (pure lamellar), (b) 25/75, (c) 50/50, (d) 75/25, and (e) 100/0 (pure cylindrical). (f�j) Top-down
SEM images of thin film blends of 99 kg/mol cylindrical phase and 74 kg/mol lamellar phase PS-b-PMMA. TheMw ratio of the
blend components is Mw(cyl)/Mw(lam) = 1.34. The weight ratios (mc/ml) of cylinder/lamellae blends are (f) 0/100 (pure
lamellar), (g) 25/75, (h) 50/50, (i) 75/25, and (j) 100/0 (pure cylindrical). We have cross-linked the PS block and chemically
removed the PMMA for improved SEM contrast using techniques described in the text.
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separate cylindrical and lamellar regionswithin a single
film provide a lower energy penalty at the boundaries
between regions, because the two distinct morpholo-
gies can align with one another. We can observe this
registry between adjacent morphologies in the SEM
data. For example, the PMMA domains of the lamellar
phase align with the rows of PMMA cores in adjacent
cylinder phases (see, for example, Figure 1c), as re-
quired to maintain energetically favorable chain pack-
ing at the domain interfaces. Thus, a uniform l across
the different distinct phases necessarily arises from an
energy-minimum for a particular intermixing of chains
from the energy balance between chain distortions
and entropy.
We construct phase diagrams for blended cylinder/

lamellar block copolymer thin films by plotting theMw

ratio of the blend components (Ncyl/Nlam) versus the
cylinder weight percentage [mc/(mc þ ml)], with re-
gions color coded according to whether the resulting
pattern is a single phase (lamellar (green color), or
cylindrical (blue color)), or a two-component morphol-
ogy (gray color) (Figure 4a). Blend compositions coded
with mixtures of two colors are those that straddle our

condition defining a single phase (patterns containing
g90% of one morphology), and are assumed to be at
the phase boundary. The phase diagram makes clear
that the molecular weight ratio of the blended materi-
als strongly influences the final morphological compo-
sition of the film with, for example, higher weight
fractions of cylinder-material required to form a cylin-
drical morphology when mixing higher Mw cylinders
with smaller lamellae. The blend phase diagram pro-
vides a method for generating prescribed pattern
morphologies from a small library of block copolymers.
For example, it is possible to realize a particular phase
having a prescribed domain spacing by blending com-
peting morphologies with a carefully selected molec-
ular weight ratio. Moreover, the broad region of co-
existing phases provides exciting opportunities for
prescribing patterns with exact areal fractions of co-
existing morphologies and control over the domain
spacing. Established methods in directed self-assembly
could conceivably be used to localize such coexisting
morphologies.
Compared to mixing of homopolymers, in blends of

block copolymers the molecular architecture imposes
an additional constraint on chain mixing. While en-
thalpy effects continue to drive the blend system
toward microphase separation, copolymer chains of
different Mw and/or block weight ratio must incur an

Figure 4. (a) Phase diagram showing the observed pattern
morphology (green = lamellar, gray = mixed cylinders and
lamellae, blue = cylindrical) versus the cylinder weight
fraction in the blend. Plotted for three different blend
component molecular weight ratios. Squares with graded
shadings represent patterns that straddle the condition
defining a single phase (patterns with g90% of one
morphology). (b) Phase diagram calculated from free en-
ergies of chain distortions accompanying blending differ-
ent block copolymers (see Supporting Information). The
presented example mixes cylinder-forming and lamellae-
forming materials, for different molecular-weight ratios
(Ncyl/Nlam), and volumetric mixing fraction (φcyl). Regions
show either a single lamellar (green) or cylinder (blue)
morphology, or both phases simultaneously (gray).

Figure 3. (a) Percentage areal coverage of the cylindrical
phase pattern versusweight percentageof cylindrical phase
block copolymer in the cylinder/lamellae block copolymer
blend. The average total molecular weight ratio of cylind-
rical to lamellar is (blue) 0.65, (black) 0.9, and (red) 1.34.
Inset: Colorized SEM image showing cylinders (red) and
lamellae (green) coverage. (b) Measured average domain
spacing for cylinders (circles) and lamellae (squares) versus
the fraction of cylindrical phase block copolymermolecules
in the cylinder/lamellae block copolymer blends. Error bars
denote a (2% uncertainty in the average domain spacing,
from the standard deviation of fundamental peak positions
in the FFT of the SEM images. The average total molecular
weight ratio of cylindrical to lamellar is (blue) 0.65, (black)
0.9, and (red) 1.34.
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energy penalty upon mixing due to their competing
equilibrium morphologies. For example, in order to
uniformly distribute a small Mw chain within a larger
morphology, either the small chain must stretch, and/
or the larger chains must compress to compensate for
the inability of the small chain to uniformly access the
larger morphology. In either case, the chain distortions
incur an energy penalty, which must be considered in
assessing the final blend morphology. This chain dis-
tortion arises from the requirements of microphase
separation that the point along each copolymer chain
where chemical identity changes is necessarily pinned
at the morphological interfaces.
To illuminate the physical origins of our experimen-

tal results, we consider a highly simplified model com-
paring the relative energies of two idealized cases:
shorter chains (lower N) stretching to mix into a larger
morphology, and longer chains (larger N) compressing
to fit within a smallermorphology. For a Gaussian chain
of N repeat units (each of length a), the radius of
gyration is RG = a � (N/6)1/2. The free energy required
to stretch (Fstretch) or compress (Fcompress) the chain to a
distance R is28,29

βFstretch ¼ 1
4

R

RG

� �2

(2)

βFcompress ¼ π2 RG
R

� �2

(3)

where β� 1/(kBT) with kB the Boltzmann constant and
T the temperature. Including more realistic conditions
such as self-avoidance, solvent effects, and strong
confinement will modify the prefactors and exponents
in eqs 2 and 3 without changing the essential
physics.29�33 The case of chain compression is closely
related to the concept of a “reflected random walk” for
polymer chains near interfaces.34�37 Thus, a long block
copolymer chain confined within a smaller morphol-
ogy is effectively meandering through a confinement
volume, with a random-walk configuration reflecting
off the morphology interfaces. Crucially, these free
energies are per chain, which emphasizes the energy
penalty for the blend species present in larger number

fraction (rather than weight fraction). Thus, when
computing the total free energy of mixing of copoly-
mer chains of different N (Supporting Information), we
find that at 50/50 weight (or volume) fraction, the
minimum free energy configuration compresses larger
chains into the smaller morphology, because this
arrangement requires distortion of a smaller number

of chains. Heuristically, the lower-Mw copolymer chains
more heavily dictate the blendmorphology, consistent
with our experimental results.
For blends of sufficiently different copolymer chains

(i.e., disparate N), the two components may not mix
and will instead phase separate. Although the entropy

of mixing always drives the system toward chain
mixing, in some cases this gain may not exceed the
cumulative energy penalty due to chain distortions.We
elaborated our simple model to next consider chain
distortions frommixing two block copolymer chains of
different molecular weights (N1 and N2), and volume
fractions (f1 and f2). The model balances distortion
energies arising within both of the chemically distinct
domains of the twomorphologies, against the entropy
of mixing (see Supporting Information for complete
derivation). We thus explicitly consider: (1) block co-
polymer 1 mixing into the morphology of block co-
polymer 2; (2) the inverse mixing; (3) the blend com-
ponents do not mix and two distinct morphologies are
observed. For simplicity, we omit consideration of
other possible scenarios, including the partial mixing
of block copolymer chains into chemically incompati-
ble domains, or the appearance of new morphologies.
The general form of the energy balance in our model is

β
Ftotal
Ntotal

¼ β
FA

NA;tot
φA þ β

FB
NB;tot

φB þ β
Fmix

Ntotal
(4)

β
Fmix

Ntotal
¼ φ1

N1
lnφA1 þ

φ2

N2
lnφA2 þ

φ1

N1
lnφB1 þ

φ2

N2
lnφB2

(5)

where 1 and 2 denote the two different copolymers in
the blend, φ1,2 are their volume fractions, and A and B
denote the two chemically distinct parts of each
copolymer chain. The free energy contributions, FA
and FB, include chain distortion effects (eqs 2 and 3),
whose exact form depends on the relative chain
lengths (i.e., Mw and block ratios). We calculate these
energies relative to the case where copolymer chains
do not intermix (i.e., βFnomix/Ntotal = 0), and have
omitted enthalpy-of-mixing contributions because
they are identical in all cases. The resulting computed
phase diagram for blends of cylinder-forming and
lamellae-forming block copolymers with different Mw

ratios (Figure 4b) displays similar behavior to experiment
(Figure 4a), with regions of predicted lamellar (green)
and cylindrical (blue) morphologies asymmetric about
φ = 0.5 and the morphology of the lower-Mw species
over-represented (e.g., a predominance of lamellae for
Ncyl/Nlam > 1). The central region of the diagram (gray)
denotes the region where our model predicts that
mixing is energetically unfavorable, and we experimen-
tally observe two coexisting morphologies.
Although our simplified model neglects several im-

portant considerations required for a full quantitative
simulation of the blended block copolymer system, it
nevertheless provides an instructive guide for under-
standing the phase behavior, explaining the coexis-
tence of morphologies as well as the relative areal
fractions of observed phases. In particular, the overall
energy balance suggested by our model is evidently
borne out by the experimental data: there is a central
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region where the energetic cost of fully mixing is too
great, and the system instead partially segregates the
chains, giving rise to two distinct morphologies. On
either side, we observe a singlemorphology that arises
due to complete mixing of the copolymer blend
components. Our model ignores the effect that block
copolymer chain mixing changes copolymer volume
fractions within the two phases, and can thereby alter
the morphology, although the experimental data
clearly indicate that this is taking place: the domains
spacings of the observed blended morphologies are
distorted due to the chains mixed into them. In fact,
even patterns exhibiting two distinct morphologies
(which our model naively terms “no mixing”) exhibit
distortions resulting from substantial mixing of chains.
Our model also assumes monodisperse blend compo-
nents; however, chain polydispersity has previously
been observed to play a role.38 We have omitted
contributions from interfacial energies and aspects of
block copolymer commensurability, because our ex-
perimental system consists of perpendicular morphol-
ogies that span the entire film thickness. The model
neglects the overall interfacial curvature of copolymer
domains, which is a crucial piece for predicting the

possible appearance of new morphologies resulting
from blending.

CONCLUSIONS

We have explored the landscape of morphologies
arising from thin film blends of block copolymers with
different intrinsic morphologies and disparate molec-
ular weights. While the chemical compatibility of the
corresponding blocks facilitatesmixing, themixing can
be incomplete due to the energy penalty of distorting
copolymer chains to fit within foreign morphologies.
This results in a broad range of blend mixtures where
multiple morphologies coexist, with matched domain
spacings driven by molecular chain intermixing. In
regimes with complete mixing, the ultimate morphol-
ogy is preferentially dictated by the lower molecular
weight blend component. Our results suggest that the
observed behaviors will occur generally in thin films of
blended copolymers, including those with high de-
grees of immiscibility and/or smaller characteristic
length scales. Thus, this detailed understanding and
control of morphology may facilitate new and more
complex applications of self-assembling block copoly-
mer thin films as patterning materials.

EXPERIMENTAL SECTION
Block Copolymer Thin Film Preparation. For these experiments,

we used 500 μm-thick, boron-doped Æ100æ oriented silicon
wafers. Prior to use, substrates were plasma cleaned for 5 min
(March CS-1701) (100 mT of oxygen, and 20 W RF power). We
coated substrates with hydroxy-terminated PS-r-PMMA random
copolymer brush (Mw = 13 kg/mol, PS/PMMA 0.6:0.4, PDI = 1.5;
0.5% wt in toluene) via spin-casting (600 rpm, 45 s) in order to
neutralize the surface and facilitate domain-ordering perpendi-
cular to the wafer surface. Samples were baked in vacuum
(<1 Torr, 200 �C) for at least 1 h and rinsed in toluene prior to
coating with the block copolymer. Block copolymer thin films
(Polymer Source, Inc.) were then applied by spin-casting the
blended PS-b-PMMA solutions (all 1%wt in toluene) for 45 s at a
rotation speed (between 1600�6000 rpm) selected to yield
layers with a morphology extending uniformly through the
entire film thickness. The film thicknesses studied in this work
span a narrow range of thicknesses between ∼26 ( 2 nm
(Figures 1 and 2). The block copolymer materials used in these
experiments have the following characteristics. Cylindrical
phase: Mw = 48 kg/mol, PS/PMMA 0.7:0.3, PDI = 1.1; Mw =
67 kg/mol, PS/PMMA 0.7:0.3, PDI = 1.1; Mw = 99 kg/mol,
PS/PMMA 0.7:0.3, PDI = 1.1. Lamellar phase: Mw = 75 kg/mol,
PS/PMMA 0.5:0.5, PDI = 1.1. We annealed block copolymer films
in vacuum (<1 Torr, 200 �C) for 15 h. To improve contrast for SEM
imaging, we cross-linked the PS block and removed the PMMA
block from annealed copolymer films by exposure to ultraviolet
light and rinsing in acetic acid (3 min) and deionized water
(3 min). We imaged the samples by scanning electron micro-
scopy (Hitachi S-4800), both top-down and at a 70� tilt angle.

Image Analysis. We computationally analyzed the self-
assembled pattern morphology from SEM images using the
Python programming language, and exploiting libraries for
image manipulation (Python Image Library), numerical compu-
tations (numpy39), and plotting (matplotlib40).

To evaluate the relative fractional areal coverage of lamellar
versus cylindrical morphologies for blended block copolymer
thin films exhibiting both phases, we used image thresholding
and particle-counting to isolate image structures, identifying

lines (lamellae) and dots (cylinders) using a size cutoff. These
characteristic structures were grownusing a flood-fillmethod to
segment the entire image into regions expressing the two
morphologies. The resulting image was then overlaid atop the
original to isolate one of the two morphologies for further
analysis.

We determined the average domain spacing by applying a
Fast Fourier Transform (FFT) to the image and fitting the funda-
mental peak position in the one-dimensional, circularly averaged
spectrum. The average grain size for vertical lamellar morpholo-
gies (line patterns) was estimated using established methods.41
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