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ABSTRACT: The effect of blending small weight fractions of low molecular weight majority block
homopolymer on the structure of multilayer films of spherical morphology poly(styrene-b-2vinylpyridine)
[PS—P2VP] has been studied. The structure of the films was characterized with grazing-incidence small-angle
X-ray scattering (GISAXS) and transmission electron microscopy (TEM). In multilayer films of PS—P2VP,
competition between hexagonal packing of the spherical domains preferred at the surfaces with the BCC (110)
packing preferred by the internal layers leads to a transition in the packing symmetry as the number of sphere
layers (1) is increased.' Neat PS—P2VP exhibits hexagonal close-packed (HCP) symmetry up through n = 4,
but at four layers coexistence of hexagonal and face-centered orthorhombic phasesis observed. Atn = n* = 5
the face-centered orthorhombic structure (FCO) is the stable phase. On increasing # further, the FCO phase
continuously distorts to approach the arrangement of the BCC (110) plane. We observe that blending a small
weight fraction of low molecular weight PS homopolymer with PS—P2VP suppresses this transition and
stabilizes the hexagonal close-packed arrangement beyond four layers. Moreover, n* increases with
increasing weight fraction of incorporated homopolymer for the small weight fractions of homopolymer
used in this study. Self-consistent-field theory simulations designed to mimic the experimental system
corroborate that n* is expected to increase and show that the PS homopolymer segregates to the interstices
of the HCP unit cell. This suggests that the homopolymer reduces the stretching of the PS block and the free
energy penalty of HCP relative to BCC inner layers. This result is consistent with the hypothesis that the
excessive stretching requirement in an HCP arrangement is the cause of its higher free energy as compared to

the BCC lattice.

Introduction

As a result of a large number of theoretical and experimental
studies, the bulk phase behavior for linear diblock copolymers
has been well mapped out.>”” However, newer technological
applications for block copolymers (as templates for nano-
patterning® """ or as nanoporous membranes'""'?) necessitate
using the polymer in “resist-like” thin films so that they can be
easily integrated into existing methods for fabrication. Confining
the block copolymer to a thin film adds another degree of
geometric frustration to the system as well as increases the relative
contribution of surface effects. As a result of this, the equilibrium
behavior of block copolymers in thin films can be very different
from the bulk. Barring a few cases,* ' however, the differences
have not been systematically studied. In order to draw any
universal conclusions relevant for all thin film cases, it will be
useful to first identify those contributions to the free energy that
arise in thin films that may lead to differences in equilibrium
behavior compared to the bulk case.

Spherical morphology diblock copolymers are an ideal system
for such an investi atlon It has been shown both experimentally’
and theoretically'® that sphere-forming diblock copolymer
adopts a hexagonal arrangement in the case of monolayers and
a BCC arrangement for bulk systems. Hence, as the film thickness
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is increased in a controlled manner, the equilibrium arrangement
of the spheres is expected to change. This transition has been
confirmed experimentally by Stein and co-workers for a system
that consists of poly(styrene-b-2-vinylpyridine) [PS—P2VP] di-
block copolymers that form spheres of P2VP in PS surround-
ings." In bulk the P2VP microdomains are arranged in a body-
centered cubic (BCC) lattice, as expected. However, on decreas-
ing the film thickness to below 15 sphere layers, the symmetry
transitions to a face-centered orthorhombic (FCO) phase, and
below four layers of spheres, the arrangement is hexagonal close-
packed (HCP). The preferred arrangement of the spheres is
driven by the tendency to minimize packing frustration while
maintaining constant monomer density. A major contribution to
the packing frustration comes from the stretching of the majority
block to fill the interstices.!”'® Theoretical work has shown that
in three dimensions, compared to a close-packed arrangement,
the BCC lattice requires less stretching of the majority block
to fill the interstitial space and maintain uniform monomer
density.'®!">? Although the lower stretching requirement may
be the reason the BCC is preferred in the bulk phase as opposed to
a close-packed arrangement, there has been no experimental test
of this theoretical prediction. The motivation behind our work
was to understand the driving force behind this transition and to
investigate whether the stretching penalty of the majority block is
indeed the cause for the symmetry transition.
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Our approach is to blend a small amount of short majority
block homopolymer (hPS) with the diblock copolymer and to
compare the equilibrium structure in these films with that of the
neat block copolymer. It has been suggested that thermal
fluctuations can dislodge some of the minority block from their
domains, and these chains can relieve the packing frustration of
the close-packed structure and stabilize it.>'>* In the self-
consistent mean-field phase diagram, for highly asymmetric
chains, a close-packed sphere ghase exists between the BCC
phase and the disordered phase.>!” The close-packed phase has
not been observed in the bulk, except under the influence of an
external field or in solution,”’ presumably because fluctua-
tion effects that are not accounted for in mean-field theory
stabilize the disordered phase. Nevertheless we expect that small
weight fractions of a short majority block homopolymer could
produce a similar effect as dislodged chains, without leading to a
disordered phase.

The critical number of layers at which the transition from HCP
to FCO occurs (n*) can be estimated by eq 17

Si(BCC) —/1(HCP) A

= P~ (BCC) ~ A M)

where f] is the free energy per chain of a monolayer and f,, is the
free energy per chain in the bulk phase, f,(BCC) < f,(HCP) and
fi(BCC) > fi(HCP). The homopolymer addition is expected to
lower the entropic component of the free energy as the homo-
polymer can migrate to the highly stretched interstices and relieve
the energetic penalty of stretching of the majority block. If the
HCP is the more stretched phase, the homopolymer should cause
a larger decrease in the free energy per chain of the HCP arrange-
ment compared to the BCC. This would cause an increase in A,
and a decrease in Ay, hence leading to an increase in n*.

While some theoretical studies of block copolymer—
homopolymer blends have proposed that addition of homo-
polymer can stabilize frustrated morphologies, they have mostly
focused on bulk systems and where the homopolymer size is
comparable with the block copolymer'®* or when large volume
fractions of the homopolymer are added.** Our studies extend
these findings by focusing on asymmetric diblock copolymers
in thin film geometry and studying the effect of addition of a
small amount of short majority block homopolymer. The aim of
these experiments is to develop insight into the role of entropic
contributions to equilibrium geometry of thin films. This study
also reveals a novel technique for expanding the window of
close-packed spheres and other frustrated structures. To the
best of our knowledge, this is the first experimental test of
the prediction that the greater packing frustration of the HCP
lattice relative to the BCC geometry is the reason why it is
disfavored in bulk.

Experimental Procedure

The polymer used in these studies, spherical morphology
poly(styrene-b-2-vinylpyridine), was synthesized by sequential
anionic polymerization (M, = 65000 g/mol, N = 626, fpoyp =
0.12, PDI = 1.04). We chose a polystyrene homopolymer (hPS)
with M, = 13000 g/mol. This hPS is expected to be soluble in the
PS matrix and have a relatively high diffusion coefficient.>**
Multilayer films were prepared on silicon substrates by spin-
casting from dilute solutions of PS—P2VP and hPS in toluene.
Three homopolymer weight fractions were studied: 4.75, 8, and
12 wt %. The films were heated to above the bulk order disorder
temperature of the neat block copolymer (250 + 7 °C or y Nopt
~ 54) to fully disorder the lattice and then very slowly cooled to
the annealing temperature (200 °C or yN ~ 62) and held for 1.5
days. This results in spherical microdomains of the P2VP block
arranged in a well-ordered lattice with layering parallel to the
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Figure 1. Left: schematic of the GISAXS setup. The X-ray beam is
incident on the sample at an angle a;. A detector records the intensity of
the scattered wave in terms of the in-plane scattering angle 26 and the out-
of-plane scattering angle a; Right: a general basis for in-plane packing.

substrate. The sphere radius is 5 nm with the close-packed rows
separated by 22 nm. The difference in surface energies of the PS
and P2VP species causes the P2VP block to preferentially wet the
native oxide forming a brush layer of thickness about 18 nm and
the PS block to wet the film—air interface. A Physical Electronics
6650 dynamic secondary ion mass spectrometer (SIMS) was used
to identify the number of sphere layers in each film by tracking the
CN" signal, which is unique to P2VP. Film thickness was
measured by X-ray reflectivity using a Pananalytical XRD Pro
thin film diffractometer. Transmission electron microscopy
(TEM) was used to investigate the 3D structure of the film with
a FEI Tecnai G20 microscope operating at 200 kV. For TEM
measurements, the films were annealed on a silicon substrate with
a thick layer of silicon oxide. By immersing the substrate in an HF
bath, the oxide was etched away releasing the polymer film which
was then picked up on a TEM grid. Prior to imaging, the films were
stained with iodine for 4 h to enhance electron scattering by the
P2VP domains to obtain better contrast in the bright field images.

For statistically representative structural data averaged over
large areas, grazing incidence small-angle X-ray scattering
(GISAXS) was used."* 2% In the GISAXS geometry, the
X-ray beam impinges the sample at a very small angle, giving
rise to an elongated footprint (~1.5 cm) that results in intense
scattering even from very thin films when a high-intensity syn-
chrotron X-ray sourceis used. GISAXS is suited for our studies as
it is a powerful tool for studying morphologies at the mesoscale,
being sensitive to even minor lattice variations. GISAXS experi-
ments were carried out at the Sector 8-IDE beamline at the
Advanced Photon Source at Argonne National Laboratory. A
transmission diamond monochromator provided intense radia-
tion of wavelength of 0.1686 nm, and the scattered intensity was
recorded by a MAR-2 CCD area detector and stored as a 2048 x
2048 16-bit tiff image. A lead beam stop was used to block the
specular beam. The resulting data set was converted to a map of
intensity /(20,0), where 20 is the in-plane diffraction angle and o
is the out-of-plane diffraction angle (shown in Figure 1). Depth
profiling of the structure of the films was carried out by control-
ling the penetration depth of the X-rays by varying the incident
angle of the beam from below the critical angle of the polymer up
to the critical angle of the substrate (o, ~ 0.14°, o ~ 0.24°).
Five 2D diffraction patterns were taken at each incident angle
while moving the sample 0.1 mm horizontally before each
measurement to prevent beam damage to the sample. Data from
both sides of the beam stop were collected and were corrected for
possible drift of the beam center. To assign an in-plane symmetry
to the films, line integrations of intensity at low values of a; were
obtained and plotted against ¢ and the peak positions were fit
using a general in-plane basis having the following form:

ay = (a sin ¢, a cos ¢, 0) (2)
ay = (0,&270) (3)

Here a, is the nearest-neighbor spacing, «; is the next-nearest
neighbor, and ¢ is the angle between the two. For HEX, a, = a;
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and ¢ = 60°, while for orthorhombic symmetry a; and a, are
unequal and ¢ < 60°. The in-plane scattering vector from the
(h,k) plane was written in terms of reciprocal space lattice vectors
by and b, as g(hk) = hb; + k b,. By fitting the peak positions in
the experimental line profiles to obtain the values of ay, a, and ¢,
it was ascertained whether the in-plane arrangement was hexa-
gonal or orthorhombic.

While the in-plane symmetry can be assigned by the technique
outlined above, there is no straightforward way to reconstruct the
stacking of layers from the experimental GISAXS data due to
contribution from scattering from the reflected beam. As the
penetration depth of the X-rays above the critical angle of the
polymer is more than the thickness of our samples, the trans-
mitted beam can also be reflected by the substrate, which leads to
multiple possibilities for scattering events.'>® However, there is
an indirect approach to reconstruct the stacking from both
GISAXS and TEM measurements. In the GISAXS approach, a
structure model of the sample is assumed and the diffraction
pattern is simulated, which is then compared with the experi-
mental image to find a match. In our case, the in-plane arrange-
ment was first determined by fitting the diffraction peak positions
to eqs 2 and 3. The diffracted intensity was then simulated
assuming different stacking arrangements (A—B—A type and
A—B—C type). For mmulatlng the scattered intensity, the kine-
matical scattering theory,’®*" which assumes that an X-ray
photon can be scattered onldy once, is no longer valid. Although
dynamic scattermg theory’*3? takes multiple scattering effects
into account, it is mathematically complex and suited only for
simple systems. We used a simplified treatment called the dis-
torted wave Born approximation (DWBA), which has been
extensively used to analyze data from grazing incidence techni-
ques on thin films.!**72%333* By assuming that the scattered
intensity is small compared to the incident intensity, we treated the
scattering centers (the P2VP spheres) as perturbations in a homo-
geneous matrix. The unperturbed system (the uniform film) is
treated using dynamic theory, while scattering from the perturba-
tion is treated kinematically (assuming that the density of the scat-
terers is too small for them to scatter more than once). The for-
malism and techniques used here are similar to the those discussed
in a previous paper by Stein et al.! The different homopolymer
percentages were represented by varying the scattering length
densities of the homogeneous matrix. The second approach was
to image the films at different tilts using TEM, which gave us a
projection of the lattice structure of the sample. Micrographs taken
at tilts of 32° and 35° were visually compared with calculated
projections of FCO and HCP lattices at those angles.

Self-Consistent-Field Theory Simulations

We have postulated that the addition of hPS can stabilize the
HCP lattice by migrating to the highly stretched interstices of the
HCP unit cell, which would reduce the entropic stretching penalty
of the HCP inner layers. In order to confirm that the free energy
“relief” brought about by the homopolymer is more for the HCP
arrangement compared to the FCO symmetry, we used self-
consistent-field theory**>*° to calculate the free energies of the
HCP and FCO lattices and track the distribution of homopoly-
mer in the film. Self-consistent-field theory has been extensively
used to predict equilibrium behavior of polymer melts in the
past®®?*% and has also been successfully adopted for thin
films.>**~*! Similar to the approach adopted by Stein et al. to
estimate n* for the neat diblock system,?” we used eq 1 to estimate
n* for different percentages of homopolymer using the free
energies obtained by SCFT calculations. Because of the approx-
imations involved in eq 1 and the SCFT treatment, the value of
n* estimated by this approach is qualitative; however, it captures
the driving force (namely A;/Ay) for the symmetry transition. As
the formalism adopted here is similar to that by Bosse et al.** and
Cochran et al.,> we outline the salient features here, but for
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complete details the reader is referred to those publications. We
utilized a “masking” technique detailed in an earlier paper™ to
confine the polymer to a thin film bound by planar interfaces by
imposing a “wall” density field p,,(r) that expels the polymer
from the interfaces. This approach is similar to that employed by
Matsen for thin film studies.*’ In the notation followed here, the
diblock is referred to as AB, where B is the majority block. The
homopolymer and wall are denoted by subscripts “hB” and “w”
respectively. The melt incompressibility condition takes the form

PA+ 0B+ Pt Py = Po 4)

where p represents the number densities of the various compo-
nents, and p is the average total segment density. This constraint
limits the polymer to be confined as a thin film in the normal
direction. In the canonical ensemble, the partition function can be
written as functional integrals over all polymer space curves

LB

/ H Dry H Drip,1[0(pa + Pp + Prp + Py

—po)] exp(—Uo[{re rup, 1}] = Url{re. rum,i3)) - (5)

where ngq and ny,g are the number of chains for the diblock and the
homopolymer, respectively, and r; and ry,p, are the space curves
denoting the configuration of the kth Gaussian chain of a
copolymer and the /th homopolymer chain, respectively. U,
and Uy are the harmonic stretching energy of the Gaussian chain
and the segment interaction energy, respectively, given by

Uo[rk,th /]

ng

4R2 Z

2
) dth,l(S)

MhB Nng/N
ds
; /0 ds

dl ](

Urlre. o] = pi / dr [ (1) (g (r) + pya(r))

(r) + xwaPw () (pp(r) + ppg ()] (7)

Here y, ywa, and ywg are the Flory-type segment—segment and
segment—wall interaction parameters, respectively. R, is the
unperturbed radius of gyration of the diblock, and V is the
system volume. Upon transformation of this model to a field
theoretic form, the relevant energy functional (Hamiltonian) can

be written as
_ 1 2 _
= C/de NW_(X) wp(x) W (x)

N (W (x )] (1~ )3V In QU

+xwaPw(r)pa

H[W. W_]

2xw

+ W_, LW+ _ W-] ¢/IB¢

In Quo[tW 4 =W-]  (8)
where C = pORg3/N, x = r/R,, W_isthe exchange potential field,
and W, is the pressure-like potential field. ¢(x) = p(x)/py is the
total polymer volume fraction, and ¢ is its spatial average, ¢pp 18
the homopolymer volume fraction, while ¢,, = py(X)/po is the
normalized wall density. Q and Qyp stand for the single chain
partition function for the diblock and homopolymer, respec-
tively, and o is Ny,g/N. The Hamiltonian was analyzed for saddle
points in the mean-field limit of the above field theory. All the
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Figure 2. GISAXS intensity patterns /(26,0,) at incident angle a; =
0.19° for films containing 8% hPS: (a) hexagonal symmetry in 5-layer
film; (b) lack of higher order peaks in 6-layer film; (c) coexistence of the
HEX and FCO structures in a 7-layer film; (d) FCO structure in 8-layer
films.

fields were sampled on a discretized domain in three dimensions
with a spatial resolution of at least 0.125R, in the x, y, and z
direction and were seeded with a plane wave basis. For calculat-
ing the bulk phase behavior, we carried out 3D unit cell calcula-
tions where the dimensions of unit cell were relaxed using an
explicit scheme to minimize the local microscopic stress. A
monolayer geometry was obtained by imposing a masked area
in the normal direction. The unit cell parameters in the plane of
the film were relaxed to minimize stress, while the out-of-plane
lattice parameter was fixed by specifying the film thickness. The
optimum film thickness was determined up to an accuracy of
0.2R, by searching for the film thickness that minimized the
surface tension as described elsewhere.” Periodic boundary
conditions were imposed in the lateral direction. A prespecified
smooth tanh function was used for the wall density profile.*’ This
predetermined wall density enabled us to simulate an arbitrary
type of confinement geometry and also include any type of
surface—monomer interactions through choice of suitable wall
interaction parameters. For the normal direction, symmetric
boundary conditions were adopted by assuming that the walls
had a common affinity for the majority block. The pseudospec-
tral operator splitting algorithm,*** known to have second-
order accuracy in the chain contour step size and readily
implemented using fast Fourier transforms, was used with a step
size of 0.01 to solve the modified diffusion equation. A semi-
implicit Seidel (SIS) field relaxation scheme*® was used to update
the field configurations. Iterations were carried out until the
magnitude of the forces arising from the pressure and exchange
chemical potential fields were below 10~ kg T per chain.

Results and Discussion

Structure Assignment. We will denote n* as the lowest
number of layers at which the equilibrium structure of the
domains is FCO. For the neat copolymer films, n* = 5.!
GISAXS intensity patterns for films containing 8% hPS
clearly show a transition in the diffraction pattern as the
film thickness is increased (Figure 2). At n = 5, line integra-
tion evaluated at low values of o to extract the /(qyy) profile
shows peaks at ratios of 1:4/3:2, which is characteristic of in-
plane HEX arrangement (Figure 3). At n» = n* = § and
beyond, we see the split first order peaks characteristic of two
lattice vectors of unequal length in the in-plane structure,
which implies that the symmetry of the films is FCO. There is
a transition regime for n < n* (n = 6 and n = 7 in Figure 2)
where coexistence between HEX and FCO symmetry is
observed at this relatively short annealing time, indicating
that the free energies of the two symmetries are comparable
at these thicknesses. The second-order peaks atn = 6 for the
blend films are weak while the first-order peak appears to be
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Figure 3. Variation of intensity with ¢ for 5-, 6-, 7-, and 8-layer films
containing 8% hPS. The locations of the Bragg peaks show change in the
in-plane symmetry from HEX to FCO as the film thickness is increased.
The subscripts “h” and “o” refer to the HEX and FCO lattice, respectively.

an overlap of two peaks, indicating lack of well-defined large
grains. These results are similar to the results of Stein et al.
for the neat block copolymer system, where they observed
coexistence of HCP and FCO at n = 4 for similar annealing
times. At longer annealing times in that neat copolymer case
it became clear that HCP was the equilibrium phase atn = 4.
With increasing thickness beyond n*, the ratio of the peak
positions approaches that of the BCC (110) structure
(1:/*/3:4/%/3). As the penetration depth of X-rays can be
controlled by varying the incident angle,*® profiling of the
structure at different depths was carried out by varying the
incident angle from below the critical angle of the polymer up
to the critical angle of the substrate (o , 2 0.14°, o, s 2 0.24°)
to ensure that surface reconstruction was not occurring. For
all the films under study it was confirmed that there was no
difference in the in-plane arrangement at different depths,
thus confirming that the added homopolymer has stabilized
the unfavorable HEX arrangement for the internal layers.
The TEM results are in excellent agreement with the
GISAXS data. The micrographs of Figure 4 correspond to
samples whose GISAXS profiles are shown in Figure 3.
These TEM micrographs clearly show that a well-ordered
HCP arrangement transitions to a structure with FCO in-
plane symmetry as the number of sphere layers is increased.
For films that had very broad second-order peaks in the
scattering profiles (n = 6 in Figures 2 and 3), TEM images
showed coexistence of several small randomly oriented
grains of both FCO and HCP morphologies. This is con-
sistent with the theory of kinematical scattering, which states
that X-ray diffraction peaks broaden either when crystallites
become smaller than about a micrometer or if lattice defects
are present in large enough abundance.’' However, with the
exception of these transition thicknesses, TEM micrographs
show dramatically improved grain size (~10 wum?)
and ordering compared to the films of neat copolymer
(<2 um?)." This is a very large defect-free grain size for a
block copolymer film without any sort of imposed field or
physical or chemical patterning. The blended homopolymer
probably makes the kinetics of grain coarsening more facile,
which results in the improved ordering. Although it has been
suggested that low molecular weight homopolymers tend to
disorder a microstructure® similar to a neutral solvent by
reducing y,*” we find that by limiting the homopolymer to small
weight fractions we inhibit its tendency to distribute uniformly.
Simulation of scattering using the DWBA framework"+*2%27
assuming A—B—A stacking for the multilayer films showed
excellent agreement with the experimental intensity maps
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Figure 4. TEM micrographs for hPS = 8%. (a) n = 5: HCP symmetry; (b) n = 6: small grains of both FCO and HCP symmetries; (c) n = 7: large
grains of FCO interspersed with grains of HCP; (d) n = 8: very well ordered grains of FCO packing (grain size ~20 um?) are observed. Inset: Fourier

transform of the image.

(Figure 5). Prominent features such as the position of the
diffraction peaks at that incident angle and peaks due to
electric field enhancement were matched, which ensured that
the lattice parameters, film thickness, and space groups were
correct. TEM micrographs at different tilts also corroborated
the space group assignment (Figure 6).

From the GISAXS and TEM data, we can conclude that
n* = 6 for films containing 4.75% homopolymer, n* = 8
when the homopolymer addition was increased to 8%, and
n* = 9for 12wt %. Hence, n* increases continuously with an
increase in the percentage of homopolymer added (Figure 7).
However, we expect that this increase can occur only up to a
limit, until the majority block chains are completely relaxed,
beyond which matrix swelling and micelle movement may be
expected to occur. Itisalso interesting to note that in Figure 7
the region of coexistence in thickness grows wider for
increased vol % of hPS. One possible explanation for this
may be that the blend is a two-component system and
therefore there can be true coexistence of two phases with
different hPS compositions. For example, more hPS may
dissolve in the HEX phase than in the FCO phase at
equilibrium.

Self-Consistent-Field Theory Simulation Results. Using
self-consistent-field theory, the free energy per chain for
HEX and BCC arrangement of spheres for films containing
different homopolymer percentages was estimated. While
the addition of the homopolymer is expected to lower the free
energy by relieving the packing frustration, the swelling of
the block copolymer corona by the homopolymer may
increase the stretching energy. However, the SCFT simula-
tions show that addition of low weight fractions of homo-
polymer lowers the net free energy per chain in monolayer

a¢ (%)

0.4 0.6 0.4 0.4

0.4 0.6

q”(nm{) q“(nm_i) q”(nm—l)q”(nm'l)

Figure 5. Strong agreement between simulated scattering (S) assuming
ABA stacking and experimental out-of-plane GISAXS intensity pat-
terns (E) for films containing 8% homopolymer. Left: HCP lattice at
n = 5. Right: FCO symmetry at n = 8 layers.

and bulk geometries for both HEX and BCC symmetries as
compared to the neat case. The free energy difference
between the two symmetries is changed by addition of the
homopolymer, which alters their relative stabilities. The
estimated value of n* for homopolymer percentages ranging
from 0 to 11% is shown in Figure 8. The masking method
used for imposing the monolayer geometry generally limits
convergence due to the large pressure field values induced
near the wall—polymer interfaces; thus, the free energy value
of the monolayer was found to be sensitive to the initial
seeded configuration. Because of this, we had to accelerate
the search over the configurational space by seeding the
simulation with various initial conditions. The simulations
reveal that n* increases continuously with increasing hPS
percentage for low volume fractions of the homopolymer,
which is consistent with our experimental observations. The
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Figure 6. Confirmation of stacking by imaging a 9-layer film containing 8% hPS at 0° (LHS) and 30° (RHS) tilt angles and comparing with
simulations. (a) and (b) are simulated images of an FCO lattice with ABA stacking and (A) and (B) are the corresponding TEM micrographs taken

at the same angles.
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Figure 7. Experimental phase diagram for the different homopolymer percentages studied showing expansion of the window for close-packed spheres

by addition of homopolymer.
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Figure 8. n* for different homopolymer percentages, using free energy
values calculated by SCFT.

increase in the calculated »* is smaller than that observed
experimentally, however. Because of approximations both in
the eq 1 and in the SCFT treatment, and the sensitivity of n* to
the error in the estimated free energy, the value of n* is not
expected to be quantitative. The n* values reported in Figure 8
were obtained using the minimum free energies per chain f;
from the limited set of initial configurations we studied, while
the error bars refer to the deviation from the average value.
While a more exact estimate may be obtained by computa-
tionally expensive SCFT simulations for multilayer films or by
sampling several other initial configurations, this semipheno-
menological treatment is sufficient for obtaining a qualitative
guide to the behavior of the real system.

The distribution of homopolymer as calculated by self-
consistent mean-field theory for a unit cell of a monolayer

Color f

0.108

0.106

0.101

111

0.090

Figure 9. Top view of the unit cell for a film containing 8% hPS,
showing the distribution of the homopolymer at yN = 72. Isosurfaces
demarcating the areas corresponding to certain volume fractions of the
homopolymer have been shown. The figure shows that the homopoly-
mer is concentrated at the interstices that would otherwise have to be
filled by highly stretched majority block chains.

film with HEX symmetry is shown in Figure 9. It is clearly
seen that the homopolymer is concentrated at the interstices
of the Wigner—Seitz cell where the majority block would
have to stretch the most. The concentration of the homo-
polymer decreases away from the interstices.

Comparison between the majority block arrangement
in the neat and blend films shown in Figure 10 shows the
relaxation brought about by addition of the homopoly-
mer. The homopolymer preferentially migrates to the
regions which would otherwise have to be filled by highly
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Figure 10. Comparison of distribution of the majority block in neat films (left) and blend films (right). The local volume fraction fis normalized by its
maximum value in the matrix fg. Note that the maximum concentration of the majority block (color coded by green) in the neat case is at the interstices
of the Wigner—Seitz cell, while in the blend case it is arranged in a more relaxed manner, with less localization at the interstices. Images shown are top

views of the respective unit cells.

stretched majority block chains and allows the majority
block to relax to a state with more uniform curvature. The
packing frustration of the lattice is reduced as the chains are
no longer required to stretch unequally to reach the inter-
stices. This lowers the free energy penalty of the hexagonal
arrangement significantly and makes it the favored arrange-
ment for an increased number of layers as compared to the
neat state.

Conclusion

Self-assembly of block copolymers in thin films can yield
templates for nanolithographic patterning of substrates on very
small length scales as well as ordered multilayer structures for
membrane and electronic applications. On a fundamental level
these thin block copolymer films raise many interesting questions
about self-assembly in 2D and how the transition from 2D to 3D
occurs as the film is increased in thickness. We have highlighted
one such set of questions, how the packing of spherical block
copolymer domains confined to a thin film changes as the
thickness of the film is increased layer by layer of spheres, with
small weight fraction additions of low molecular weight homo-
polymer that can fill interstices between spheres. In multilayer
thin films of spherical morphology block copolymers, the surface
layers prefer hexagonal symmetry while the inner layers prefer
BCC. Competition between the preferred arrangement for the
internal layers versus that of the surface layers leads to a
symmetry transition in films of spherical morphology PS—P2VP
as the film thickness is increased. We have shown that addition of
majority block homopolymer can stabilize the HCP arrangement
to an increased number of layers. SCFT simulations are in good
agreement with the experimental trend and also show that the
homopolymer is preferentially segregated at the interstices of the
unit cell. As the interstices are the regions where the majority
block needs to stretch the most, this shows that the effect of
adding the homopolymer is to reduce the amount of stretching of
the polymer majority block in the matrix. Since this leads to a
stabilization of the HCP phase, it strongly suggests that the
excessive stretching penalty of the HCP arrangement was the
reason for its destabilization, which is consistent with SCFT
predictions. Besides gaining a better understanding of the physics
of multilayer films, this study is also technologically relevant as it
shows that homopolymer can be used to stabilize frustrated
morphologies in thin films, improve grain size by speeding up
grain coarsening, and suppress undesirable thickness-dependent
symmetry transitions.
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