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ABSTRACT: The morphology of poly(styrene-b-ethylene-r-butylene) (SEB) and poly(styrene-b-ethylene-
r-butylene-b-styrene) (SEBS) thin films annealed both above (165 °C) and below (125 °C) the bulk
order—order transition temperatures (OOT) (~140 °C) was characterized with grazing incidence small-angle
X-ray scattering (GISAXS), dynamic secondary ion mass spectrometry (d-SIMS), and atomic force
microscopy (AFM). The SEBS thin film morphology is always spherical, regardless of film thickness or
annealing temperature, leading us to conclude that the OOT for films up to five layers of spheres is depressed
by at least 10 °C relative to the bulk. In contrast, the SEB film morphology at both 125 and 165 °C is always
cylindrical, except when the film thickness is less than .y, a monolayer of cylinders. For SEB film thicknesses,
1, less than 7. at 165 °C either a partial or full monolayer of spheres forms (thickness #,,) with coexistence of
patches of spheres and cylinders when t,, < ¢ < f.1. Thus, we conclude that the OOT for SEB film thickness
between 7.y and 57y is increased by at least 20 °C over that of the bulk. This complex phase behavior can be
understood qualitatively by considering two small contributions to the free energy f per block copolymer
chain in the films: (1) an increase in f'due to packing frustration and (2) a decrease in /' due to the entropy of
chain ends near the block copolymer film surfaces. The SEBS has no chain ends near the surface, and we
propose that the larger packing frustration of SEBS chains in the square Wigner—Seitz cells of the cylinder
monolayer, and the surface half-layers in thicker films, leads to the stabilization of the spherical morphology,
which has a smaller packing frustration in the monolayer and surface half-layers. The SEB cylinders and
sphere monolayers have the same packing frustration as those of the SEBS, but the contribution of the added
entropy of chain ends near the surface is larger for the cylinders than for the spheres, more than offsetting the
effect of packing frustration and thus stabilizing the cylindrical morphology at temperatures above the OOT.

Introduction

Thin films of block copolymers have been the focus of much
research because of the ability to control the placement of ordered
microdomains. Producing films with large areas of defect free
order is essential to realize the goal of using block copolymers in
memory storage applications. The self-assembly properties of
block copolymers allow them to be used as templates for struc-
tures smaller than the current limits of photolithography.'
Several different block copolymer morphologies have been
studied for this purpose, including spherical domains, lamellar
domains oriented perpendicular to the substrate, and c3yhnders
oriented both parallel and perpendicular to the substrate.”'° For
example, Stoykovich et al. have produced many of the block
copolymer structures that are required in integrated circuit
geometrles using chemically patterned substrates removing the
size constraints imposed by optical lithography.'!

There has been a great deal of research studying block
copolymers with an order—order transition (OOT), both in the
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bulk melt'>** and in solution.” %" These studies investigated
transitions induced by temperature, shear forces, and electric
fields. Sakurai et al. were the first to observe the transition
between spheres and cylinders as the temperature is changed.'
Sota et al. studied the kinetics of the transition from disordered
spheres to hexagonal cylinders in a poly(styrene-b-isoprene-b-
styrene) (SIS) triblock copolymer in bulk and found that,
depending on the quench temperature, the process will be either
one or two steps, with body-centered cubic (BCC) spheres
forming before cylinders when the quench temperature is not
far below the order—order transition temperature.”> Koppi et al.
determined that the transition from cylinders to spheres occurs
epitaxially, with the cylinder axes transformed into the (111)
direction of spheres in the BCC lattice,'* which is in agreement
with theoretlcal pred1ct10ns by Matsen'® and with more recent
experiments.'“** A limited amount of work has studied OOT’s in
thin films.?*2° Xu et al. used electric fields to cause poorly ordered
spheres of poly(styrene-hb-methyl methacrylate) diblock copoly-
mer to undergo a change from spheres to hexagonally ordered
cylinders oriented perpendicular to the substrate and parallel to
the electric field.*® Very recently, Shin and co-workers published
a careful grazing incidence X-ray scattering study of the OOTs in
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a poly(styrene-b-isoprene) diblock copolymer which underwent
thermal transitions from disordered to hexagonal cylinders to
gyroid to hexagonally perforated lamellae to lamellae on cool-
ing.* The films were rather thick (about 40 lamellar layers), and
the OOTs shifted to higher temperatures with the loss of the
hexagonal cylinder phase.

Because of surface and interfacial effects, the thickness of the
film can cause a different morphology than the equilibrium bulk
morphology to have the lowest free energy, resulting in a
changing morphology as the film thickness increases. Several
studies, both experimental and theoretical, have shown that the
film thickness can induce changes in the thin film morphology
from the expected bulk morphology.®' 3 Anastasiadis et al. were
among the first to study the behavior of symmetric diblock
copolymer thin films in comparison with the bulk. This work
found that the preferential wetting of one of the two blocks at an
interface causes the lamellae to be oriented parallel to the inter-
face. Knoll et al. found that an ABA triblock copolymer with a
bulk cylindrical morphology forms a variety of morphologies in
thin films depending on thickness. As the film thickness increases,
they observed cylinders oriented perpendicular to the surface,
followed by parallel cylinders, perforated lamellae, parallel, and
then perpendicular cylinders. Dynamic density functional theory
(DDFT) calculations produce morghologies that are in agree-
ment with the experimental results.*****” Similar experimental
and theoretical work by Ludwigs et al. found that an ABC
triblock copolymer also shows a thickness-dependent morpho-
logy that deviates from what is seen in the bulk.***> Non-
equilibrium bulk structures including perforated lamellae are
also sometimes stabilized at certain film thicknesses.>**>

This paper focuses on block copolymer systems of poly-
(styrene-b-ethylene-r-butylene) (SEB) and poly(styrene-b-ethyl-
ene-r-butylene-b-styrene) (SEBS) with compositions close enough
to the transition between cylinders and spheres in the phase
diagram that the equilibrium morphology will change depending
on the annealing temperature.®® These systems have several
advantages over other often-studied block copolymer systems.
The ODT is accessible and is sufficiently far above the glass
transition temperature to allow for experiments over a range of
temperatures. The modulus difference between the blocks pro-
vides contrast in atomic force microscopy (AFM) phase images,
so that no destructive techniques are required in order to image
the surface of the sample. Using films with a gradient in film
thickness, the variations in sample preparation can be removed,
and the morphology as a function of film thickness can be
determined using a small number of samples. AFM will be used
to characterize the surface structure, while grazing incidence
small-angle X-ray scattering (GISAXS) will be used to character-
ize the structure throughout the thickness of the film. Dynamic
secondary ion mass spectrometry (d-SIMS) will be used to
determine the number of microdomain layers at each thickness
of the gradient thickness film. In contrast to the experiments
reported by Shin et al.,* the focus of our experiments reported
below is on the effects of film thickness on the structure of these
block copolymer films at two temperatures, one above and one
below the OOT.

Experimental Section

The polymers used in these experiments were extracted from
Kraton 1657, a commercial blend of SEB and SEBS, which has an
overall composition of 65wt % SEBS and 35 wt % SEB. The pro-
perties of the blend have been described elsewhere.'* The blend
was separated into the individual components (each ~95% pure)
by fractional precipitation using selective solvents.”

Silva et al. have characterized the order—order transition
(OOT) and order—disorder transition (ODT) temperatures for
both the blend and the fractionated SEB and SEBS.*® Table 1
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Table 1. OOT and ODT for the Blend, Diblock, and Triblock As
Determined by Silva et al.*¢

polymer OOT (°C) ODT (°C)
blend 138+3 196 £2
diblock 143+3 192+2
triblock 136 +£2 19942

“The ODT’s were determined by small-angle neutron scattering
(SANS), and the OOT’s were determined by linear viscoelastic measure-
ments using isochronal plots at a zero heating rate.

shows the OOT and ODT for all three polymers. Small-angle X-ray
scattering (SAXS) at UCSB measured the OOTs and showed that
they are in agreement with those of Silva et al.**-**

The polystyrene blocks of the separated block copolymers were
selectively deuterated using a method developed by Willenberg,
resulting in a 75% exchange of deuterium atoms for the aromatic
protons in the polystyrene block of the SEB and a greater than
95% exchange in the SEBS.*° The deuteration provides contrast
between the blocks, which is necessary for determining the
number of microdomain layers using d-SIMS. Size exclusion
chromatography before and after deuteration showed no change
in molecular weights.>

To prevent charging at the interface with the substrate during
d-SIMS experiments, all samples were prepared on a thick
thermal oxide. A PlasmaTherm PECVD system was used to
deposit 25 nm of silicon oxide onto a silicon wafer. The substrates
were then cleaned using a piranha solution (3:1 H,SO4:H,0, vol/
vol) to remove any organic material. Films were prepared
immediately after cleaning to ensure as little contamination as
possible.

Thickness gradient samples were prepared at the National
Institute for Standards and Technology Combinatorial Methods
Center using a previously described method.*!' Block copolymer
solutions of either 1.4 or 2 wt % were prepared, and 35 4L was
placed under the 18 mm blade and accelerated at either 2 or 4 mm/
s from an initial velocity of 0 mm/s to a maximum velocity of 15
mm/s. The total distance traveled was 50 mm. Films were
annealed under high vacuum (10~% Torr) at 205 °C (above the
ODT) for 12 h and then slowly cooled to either 125 or 165 °C
where they were held for 3 days. They were then quenched to
room temperature. The thickness at positions along the gradient
was determined using a Filmetrics F20 UV —vis interferometer in
reflectance mode with a spot size of 0.5 mm and an acquisition
time of a few seconds. Measurements were taken at 5 mm incre-
ments in the x and y directions on the sample using a translation
stage that rasters the film under the interferometer.

Tapping mode atomic force microscopy (AFM) measurements
were made using a Digital Instruments Dimension 3000 atomic
force microscope. Phase contrast images were collected over 2 um x
2 um regions to reveal the surface morphology. The hard PS
blocks appear light in a dark matrix of soft PEB blocks. Images
were collected using Applied Nanostructures long cantilevers
(ACL). Tapping was sufficiently hard to tap through the soft
surface layer of the ethylene—butylene block.

Dynamic secondary ion mass spectrometry (d-SIMS) was
performed at UCSB using the primary O, " ion beam of a Physical
Electronics 6650 d-SIMS. The primary beam was operated at a
beam voltage of 2 kV with a current of 40 nA. The beam was
rastered over a 300 um x 300 um region of the sample, and a
nonfocused, static 500 eV electron beam was used to provide
charge compensation. Secondary ions were collected from a
region within the area exposed to the primary ion beam, covering
120 gm x 120 um. The sample was etched down to the silicon
substrate, and the deuterium signal was tracked. Because of the
selective deuteration, the maxima of the deuterium signal denote
the layers of polystyrene domains. The sample stage was cooled
with liquid nitrogen to cool the sample below the glass transition
temperature of the ethylene—butylene matrix (7, gpg = —36 °C).#
This is necessary because molecular fragments created by the
primary beam are able to diffuse through a rubbery matrix.
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Table 2. Number of Microdomain Layers, As Determined by d-SIMS,
for Each Film Thickness of SEB Diblock Copolymer on Silicon Oxide
Annealed at 165 °C*

thickness (nm) no. of layers structure
31 1 1(S)
38 1 H (S)
43 1 H (S)
48 1 F (S/O)
51 2 1(S/C)
54 2 1(S/C)
57 2 1(S/C)
60 2 I(S/O)
64 2 1(S/C)
71 3 H (C)
76 3 F (O)
84 4 1(C)
87 4 H (C)
96 4 H (O)

“The structure column indicates whether there is a flat film (F),
islands (I), or holes (H) and also whether AFM shows spheres (S) or
cylinders (C).

Grazing incidence small-angle X-ray scattering (GISAXS)
measurements were performed at beamline 8-ID-E at the Ad-
vanced Photon Source of Argonne National Laboratory. The
incident X-ray energy was 7.35 keV, with a wavelength of 1 =
1.69 A. The specular reflected intensity along the z-axis was
blocked with a lead beam stop while the off-specular intensity
in the y—z plane outside the beam stop was recorded using a
MAR-CCD 2D detector with a resolution of 79 um/pixel. The
sample-to-detector distance was calibrated with a silver behemate
standard with a d-spacing of 58.376. The beam size was 100 ym in
the horizontal (y) direction by 50 um in the vertical (z) direction.
Images were collected for 5—30 s depending on the strength of
scattering and repeated five times. The data were stored as 2048 x
2048 tiff images. The incident angle was varied from oy =
0.05°—0.21° in order to characterize both the surface and the
entire film thickness. The critical angle for total external reflection
of the polymer is 0.16°, and that of the silicon substrate is 0.23°.
When the incident angle is below the critical angle of the polymer,
approximately only the surface layer of domains of the film is
being probed, but when the incident angle is between the critical
angles of the polymer and the silicon substrate, the entire film
thickness contributes to the scattered intensity. More details
regarding the GISAXS analysis have been published elsewhere.®

Results

SEB Diblock Copolymer. Dynamic secondary ion mass
spectrometry (d-SIMS) was used to determine the number of
microdomain layers at each film thickness by tracking the
deuterium signal, which is indicative of the polystyrene
domains. Table 2 shows the number of microdomain layers
as determined by d-SIMS as well as the morphology deter-
mined with AFM and GISAXS for each film thickness.

Figure 1 shows representative AFM phase images from
SEB annealed at 165 °C for 3 days and quenched to room
temperature. When the film is 31 nm thick, islands of spheres
are surrounded by an SEB brush. Increasing the thickness to
38—43 nm creates a layer of hexagonally packed spheres with
holes of SEB brush. A monolayer of mixed spheres and
cylinders is seen when the film is 48 nm thick. The morpho-
logy remains mixed up to 64 nm, with the film forming islands
to relieve the thickness frustration. At 71 nm, the morpho-
logy is mostly cylindrical, with spheres at the defects and at
the edges of the holes in the film. Cylinders are present at 76
nm, with no islands or holes present. In thicker films, the
dominant morphology remains cylindrical with relief struc-
tures of islands at 84 nm and holes from 87 to 96 nm. In all of
these cases, the cylindrical regions are ~2 nm thicker than the

Sohn et al.
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Figure 1. (A) AFM phase image of a 38 nm thick SEB film showing a
layer of spheres that has holes with only SEB brush. (B) AFM phase
image of a 60 nm thick SEB film showing a mixed morphology of
cylinders and spheres. The spherical regions are 2 nm thinner than the
cylindrical region, determined from AFM height images (not shown).
At this film thickness, the film has one layers of cylinders plus islands of
cylinders. (C) AFM phase image of a 71 nm thick SEB film showing a
cylindrical morphology with spheres at the cores of defects. The film has
three layers of microdomains with holes in the top layer (not shown)
that go down to the second layer.

spherical ones, as determined by line scans on AFM height
images.

Because AFM samples only square micrometers, grazing
incidence small-angle X-ray scattering (GISAXS) was per-
formed to improve the statistics and confirm that the mor-
phology seen in AFM is indeed the overall morphology.
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Figure 2. Two-dimensional scattering pattern at a; = 0.17° showing
higher order peaks in a 67 nm thick SEB film annealed at 165 °C for 3
days and quenched to room temperature. The blue horizontal lines
indicate the positions between which the line scan was extracted.

— 87nm
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— 48nm

Log(Intensity) (a.u.)
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Figure 3. Line profiles of in-plane scattering for SEB diblock on silicon
oxide annealed 3 days at 165 °C and quenched to room temperature.
The line profiles were extracted from scattering patterns at o; = 0.17°.
The ratio of the peaks changes from 1:+/3 for hexagonally packed
spheres to 1:2 for cylinders oriented parallel to the substrate.

GISAXS measurements cover square millimeters of the
sample and therefore have significantly better statistics than
AFM measurements in addition to being able to provide
more accurate lattice parameters. Analysis of the scattering
as a function of the incident angle has shown that the
morphology is constant throughout the depth of the film,
so in this paper the only data shown are for a; = 0.17°, which
provides data for the entire film thickness.*” The Supporting
Information shows the in-plane scattering for several values
of o, with values both above and below the critical angle of
the polymer.

Figure 2 shows the relevant portion of the 2d scattering
pattern for a 67 nm thick sample. In-plane scattering line
scans were extracted from the 2d scattering patterns to
determine the microdomain morphology. Figure 3 shows
the in-plane line scans, along 26, from several film thick-
nesses. In the films that show a spherical morphology by
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Figure 4. Position of ¢&; peak as a function of film thickness for SEB
diblock on silicon oxide annealed at 165 °C. The ¢&, value decreases
when the film is predominantly cylinders, indicating that the intercy-
linder spacing increases with film thickness.

Table 3. Number of Microdomain Layers, As Determined by d-SIMS,
for Each Film Thickness of SEB Diblock Copolymer on Silicon Oxide
Annealed at 125 °C*

thickness (nm) no. of layers structure
32 1 1(S/C)
35 1 H (S/C)
41 1 H (S/C)
43 1 F(S)
45 1 F (S/O)
50 1 F (S/O)
52 2 F (O)
53 2 1(O)
61 2 1(0O)
65 2 H (O)
67 2 F (O)
70 3 1(0O)
73 3 H (C)
76 3 H (C)
80 3 H (O)
82 3 H (C)

“The structure column indicates whether there is a flat film (F),
islands (I), or holes (H) and also whether AFM shows spheres (S) or
cylinders (C).

AFM, the peak positions are in a ¢/q* ratio of 1:4/3:2, which
is characteristic of hexagonal packing. The nearest-neighbor
spacing for the hexagonal spheres is @ = 30 nm and does not
change as the film thickness increases. Films that show
cylinders in the AFM show peak positions in a g/¢* ratio
of 1:2:3, corresponding to a layer of cylinders oriented
parallel to the substrate. At thicknesses where the morpho-
logy is a mixed monolayer of spheres and cylinders, there are
peaks corresponding to both ¢/¢* ratios. The peak position
of the g&; moves to lower values of ¢ when the film changes
from a mixture of spheres and cylinders to predominantly
cylinders. Figure 4 shows how the value of ¢&; changes with
increasing film thickness. Once the film consists of three
layers of cylinders, the value of ¢, remains nearly constant
as the film thickness increases. The cylinder spacing ranges
from 28.6 to 29.6 nm over this thickness range. These
numbers are in qualitative agreement with the values ob-
tained from AFM data, which is less accurate due to drift and
distortion of the AFM.

Films with the same thickness range were annealed at
125 °C, below the bulk OOT, and characterized in the same
method. Table 3 shows the number of microdomain layers at
each film thickness, as determined by d-SIMS. One of the
most noticeable differences between samples annealed at 125
and 165 °C is that the islands formed in films annealed at
125 °C have cylinders in the center of the island, surrounded
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Figure 5. Results from SEB films annealed at 125 °C. (a) AFM image of a 32 nm thick film showing an island with cylinders in the center, surrounded
by spheres. (b) AFM image of a 67 nm thick film showing the dominant cylindrical morphology. (c) In-plane GISAXS profiles showing the change in
morphology as a function of increasing film thickness. (d) Position of the ¢, peak as a function of increasing film thickness.

Table 4. Number of Polystyrene Microdomain Layers for Each Film
Thickness That Was Annealed at 125 °C, As Determined with
d-SIMS*“

thickness (nm) no. of layers structure

——EEmme T T mE

N
)
B N N NV R S S S S el

“The presence of islands or holes in the film is indicated in the right
column.

by spheres, instead of only spheres on the islands. Figure 5
shows a summary of the results when the films are annealed
below the bulk OOT. The results are in qualitative agreement
with those for films annealed above the bulk OOT.

SEBS Triblock Copolymer. Table 4 shows the number of
microdomain layers for each film thickness, determined by
d-SIMS, of SEBS triblock copolymer on silicon oxide annealed
at 125 °C. Atomic force microscopy (AFM) was used to
examine the surface morphology at each film thickness. In all
cases the morphology was spherical. Figure 6 shows an AFM
phase image of a 37 nm thick film annealed at 125 °C for

0.5um

Figure 6. AFM phase image showing the spherical morphology of a 37
nm thick SEBS film on silicon oxide annealed at 125 °C for 3 days and
quenched to room temperature.

3 days and quenched to room temperature. This is indicative
of the AFM data over the entire thickness range. Islands or
holes form when the film thickness does not match that for
an integral number of spherical layers in order to lower the
overall free energy.

GISAXS was also used to study the packing of the
spherical domains because AFM does not have sufficient
accuracy to distinguish between hexagonal or other packing
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Figure 7. Line profiles showing the in-plane scattering from SEBS
triblock on silicon oxide annealed at 125 °C showing the transition
from hexagonal to face-centered orthorhombic packing of the spherical
microdomains.

of spheres or to accurately determine the lattice parameters.
In-plane scattering profiles extracted from the 2-dimensional
scattering patterns are shown in Figure 7. The ¢/¢* ratio of
the peak positions changes from 1:4/3:2 for the hexagonal
lattice to approximately 1:1.109:1.655 for a face-centered
orthorhombic (FCO) lattice as the film thickness increases.
In films up through 48 nm, the system is hexagonal with a
nearest-neighbor spacing of ¢ = 30.3 nm. When the films are
61 and 75 nm thick, the packing is still hexagonal, but with a
slightly larger nearest-neighbor spacing of ¢ = 30.7 nm.
There is a stretching of the lattice as the film thickness
increases but the packing remains hexagonal. When the film
is 75 nm thick, the nearest-neighbor spacing is @ = 30.9 nm,
which corresponds to a stretching of just over 1%. At 82 nm,
there appears to be a coexistence of the hexagonal and FCO
phases, with the transition to FCO complete at 96 nm.

The results for thin films annealed above the bulk OOT, at
165 °C, are nearly the same as the results for films annealed at
125 °C and are summarized in Figures 8 and 9. The GISAXS
peaks are more narrow at 165 °C than at 125 °C due to the
smaller grain size and high dislocation density of the sphere
layers at 125 °C, as can be seen in the AFM micrograph of
Figure 6. The spherical morphology transitions from hexa-
gonal to FCO packing at four layers of spheres.

Discussion

At an annealing temperature of 165 °C that is well above the
bulk OOT, the triblock copolymer SEBS thin film morphology is
spherical. Surprisingly, however, at 125 °C, well below the OOT
of 140 °C, where the bulk morphology is cylindrical, the thin film
morphology is also spherical for all film thicknesses investigated.
We first try to understand the possible reasons for this apparent
suppression of the OOT in these triblock copolymer films in terms
of the packing frustration in the Wigner—Seitz (W—S) cells of the
spherical and cylindrical morphology.

Figure 10 shows schematic drawings of the free energy per
chain for a monolayer and the bulk for the spherical and
cylindrical phases. The free energy per chain for the spheres is
plotted as a function of the order parameter, , which is defined as
7 = ai/a,, where a, is the nearest-neighbor distance and ¢, is the
next-nearest-neighbor distance in the plane of the film. The free
energy per chain of the cylinders is plotted as a function of the
nearest-neighbor distance. In the case of the spheres, there is also
a local minimum in the bulk free energy per chain for the
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Figure 8. Top: AFM phase image of a 38 nm thick SEBS film annealed
at 165 °C. Bottom: AFM phase image of an 82 nm thick SEBS film
annealed at 165 °C.

hexagonal phase (3 = 1), but there is a global minimum that
corresponds to the BCC phase (3 = 1.154) because the BCC
structure requires less nonuniform stretching of the corona chains
to fill its interstices in the bulk than does the hexagonal close-
packed structure.**~** At the OOT, the free energies of the BCC
and the cylinder bulk morphologies are the same, but for both
morphologies, the free energies per chain of the monolayers are
higher than those of the bulk because chains are stretched more
nonuniformly in Wigner—Seitz (W—S) cells at the surface than in
the bulk in order to fill the interstices and provide a constant
polymer density. The optimum cell shape for cylinders for
example is a circular unit cell, which would eliminate any nonuni-
form chain stretching. However, circular unit cells cannot pack to
fill space. Any deviation from this circular unit cell results in
additional chain stretching (“packing frustration”).** The
Wigner—Seitz cell for the cylinder monolayer is a square cross-
section rod while that for the hexagonal array of spheres in the
sphere monolayer is a hexagonal prism, as seen in Figure 11.
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Figure 9. GISAXS in-plane scattering profiles as a function of film
thickness showing the transition from hexagonal to FCO packing at an
annealing temperature of 165 °C.
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Figure 10. Schematic diagram of the free energy per chain for the
spherical and cylindrical phases at the OOT. The bulk free energies per
chain of the two phases are equal, but the difference in free energies per
chain of the spherical and cylindrical monolayers is what dictates the
thin film behavior. This diagram does not contain any contribution to
the free energy per chain due to chain ends near the surface of the film.

Olmstead and Milner*®*” estimate the ratio of the free energy per
chain for cylinders in a square Wigner—Seitz cell to that for
cylinders in a hexagonal one to be 1.063 and compared that to the
ratio they found (1.005) between these quantities for an FCC
versus a BCC W—S cell for spheres. As expected, the “roundest”
Wigner—Seitz cells have the least packing frustration and the
lowest free energy per chain. This result suggests that the increase
in the free energy, Af, per chain for the cylinder monolayer
relative to a cylinder layer in the bulk is likely to be larger than the
increase Af of a hexagonal monolayer of spheres over a (110)
BCC layer of spheres in the bulk. The hexagonal W—S cell of the
sphere monolayer has on average a significantly more rounded
form than the square W—S cell of the cylinder monolayer and
thus is expected to have a smaller free energy increase over the
bulk due to packing frustration. Note that for bilayers, trilayers,
and multilayers the W—S cell for the top half (and bottom half) of
the layers at the surfaces is identical in shape to that of the
monolayer, as first pointed out by Knoll et al. and as shown
schematically in Figure 12; therefore, the packing frustration
penalty for cylindrical surface layers over sphere surface layers
will persist, but its contribution to the free energy per block
copolymer chain will decrease approximately as 1/n where n is the
number of cylinder or sphere layers as estimated by Knoll et al.*®

Sohn et al.
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Cylinders

Figure 11. Schematic showing the Wigner—Seitz cells of a monolayer
of lamella, of cylinders, and of spheres as well as the differing fractions
of diblock copolymer chains that can have their chain ends at the surface
for each morphology. The free energy decrease due to the entropy of
these chain ends is largest for the lamellar morphology and smallest in
the spherical morphology.
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Figure 12. Schematic illustrating the Wigner—Seitz cells required for a
monolayer, bilayer, and trilayer of cylinders, leading to extra packing
frustfgtion if block copolymer domains near the surface (after Knoll
etal.™).

Eventually for large n, this will mean that the free energy per
chain, and the OOT of the film, must approach those of the bulk.
Evidently, this does not occur for n < 5 since we observe the
spherical morphology even at 125 °C for such films of the SEBS.
The transition observed in the spherical morphology of the
SEBS from hexagonal to face-centered orthorhombic (FCO) as n
increases is expected based on the results of both self-consistent-
field theory simulations and experiments for block copolymers
with aspherical morphology at all temperature (no OOT).*** As
illustrated schematically in Figure 10, as the number of layers
increases, a second minimum forms at a value of # intermediate
between 1 and 1.1545, corresponding to a FCO structure. This
minimum results from a competition between the free energy
versus 7 of the preferred morphology for the surface layers
(hexagonal) and that of the preferred morphology ((110) BCC)
for the inner layers of the film. Nevertheless, it is clear that the
difference in free energy between spheres and cylinders is very
small so that small changes in the free energy of the surface layers,
the layers with maximum packing frustration, may be sufficient
to cause cylinders to be more stable than spheres. We consider
next what subtle free energy changes there might be that would tip
the balance toward cylinders for the diblock copolymer SEB.
The free energy diagram shown schematically in Figure 10 is
the reason behind the OOT transition at a fixed number of layers.
Clearly, if spheres are not observed at these thicknesses for the
diblock copolymer, some factor other than those considered so
far for the triblock copolymer must decrease the free energy per
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chain of the diblock SEB cylinders to below that for the spheres.
The deviation of the SEB diblock copolymer thin film morpho-
logy from that of the SEBS triblock copolymer can be qualita-
tively understood by considering the difference in the chain
topology between the diblock and triblock that must occur in
order to populate the surface with the lower surface energy PEB
midblock. Light tapping in AFM shows no structure in the phase
image, indicating that there is a thin PEB block layer covering the
polystyrene domains, and this conclusion is verified by the
dynamic SIMS experiments. The segregation of the PEB block
to the surface is due to the lower surface energy of the EB
midblock (ypps = 17.6 mJ/m?) compared to the end blocks
(yps = 40 mJ/m?).* In the case of the diblock copolymer, the
matrix PEB end block will organize such that the ends of these
chains are near the free surface, but in addition to the packing
frustration already discussed, this organization may bias the free
energy in favor of cylinders. In the case of the triblock copolymer
surface layer no chain ends can be present near the surface. All the
midblocks must either loop back to the same domain or bridge to
an adjacent domain.

The effects of forced looping back of midblock chains on the
surface energy have been previously discussed in terms of a free
energy penalty for looping.**>'~>* A very recent theoretical paper
by Matsen,> however, casts this problem in a very different light.
He shows for lamellar block copolymers that the chain ends of
diblock copolymer near the surface have an extra entropy that
leads to a decrease in surface tension —Ay whose value is given by

1.51wskpTp
Ay = (1)

where py is the block copolymer segment density, N is the degree
of polymerization of the block copolymer, and wy is the thickness
of the region at the surface over which the polymer density falls to
zero. In his theory it is this extra entropy of the chain ends at the
surface, not an entropy penalty for looping, that is important. In
applying Matsen’s ideas to our problem, we note that it is the free
energy per chain in the cylinder or sphere structure that deter-
mines which structure is stable near the OOT. Since py/N is a
polymer number density, the contribution of the entropy of chain
ends near the surface to the free energy per chain f; of the lamellar
diblock copolymer film is

_ —1.52wskgT
N t

fe (2)
where ¢ is the thickness of the block copolymer layer. In the case
of a lamellar AB diblock copolymer in an orientation parallel to
the surface, all the chains that emerge from the AB interface have
their ends near the surface. In the cylindrical morphology,
however, only about one-half the chains that emerge from the
top half of the cylinder can have their ends near the surface, as
shown schematically in Figure 11. If all ends of the chains from
the top half of the cylinder were to be positioned near the surface,
the packing frustration would be extreme. Therefore, the con-
tribution of the entropy of chain ends near the surface to the free
energy per chain f; cyiingers Of the cylindrical diblock copolymer
should be

—0.72wskp T
t

fe, cylinders = (3)
In the sphere morphology the fraction of chains emerging from
the top half of a sphere that can have their ends near the surface is
even less; only those within a hexagonal base pyramid with its
apex in the sphere center can locate their ends near the surface.
From the geometry only a fraction ~' /5 of the chains that emerge
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from the top half of the sphere have their ends near the surface, as
shown schematically in Figure 11. Thus, the contribution of the
entropy of chain ends near the surface to the free energy per chain
Jespheres Of the spherical diblock copolymer should be

0.51WskBT
t

fé,sphcres = = (4)
Thus, the free energy per chain of a layer of diblock block
copolymer cylinders will be lower than that of diblock copolymer
spheres by 0.21wgkgT/t. This contribution is apparently decisive
in favoring the SEB cylinders over SEB spheres at temperatures
between 125 and 165 °C. However, in the triblock SEBS copo-
lymer this entropic contribution favoring the cylinders is missing,
and evidently that increase in the free energy per chain of the
cylinder phase relative to the spheres is enough to stabilize the
spheres over the range of temperature between 125 and 165 °C.

As the number of layers of SEB diblock copolymer cylinders
increases, the nearest-neighbor distance increases but at a de-
creasing rate with film thickness, and thus #, as shown by Knoll
et al.*® The bulk cylinder—cylinder spacing for this diblock copo-
lymer is 32 nm at this temperature, which is larger than any of the
cylinder—cylinder spacings seen in our thin films. Our results are
in qualitative agreement with the experiments of Knoll et al., who
systematically measured the cylinder—cylinder spacing change as
a function of increasing film thickness using AFM and found that
as the number of layers increases, the cylinder—cylinder spacing
approaches the bulk value.* They used the strong-stretching
theory of Olmsted and Milner to estimate the equilibrium W—S
cell widths for each film thickness (see Figure 12).**" Their
estimates show that the width of the square unit cell of the
monolayer is 6% less than that of the hexagonal unit cell of the
bulk cylinders. Our results for the changes in the cylinder spacing
are in qualitative agreement with both their experiments and their
estimates, bearing in mind that our GISAXS results at thick-
nesses that have islands or holes are an area-weighted average
whereas they could measure local values of cylinder spacing with
an AFM.

Conclusions

Thin films of SEBS triblock copolymer have a spherical
morphology even at a temperature significantly below the bulk
order—order transition where a cylinder morphology would be
seen in the bulk. The larger packing frustration of block co-
polymer chains in the surface layers of the cylindrical morphology
apparently increases its free energy relative to that of the spherical
morphology. Thin films of the complementary SEB diblock
copolymer show almost the opposite behavior. In these diblock
films cylinders are formed even well above the OOT of the bulk,
except under the following conditions: when the film thickness is
below the ideal thickness of a layer of cylinders or when the
thickness requires the formation of islands or holes. In the latter
case the spherical morphology appears at the edges of islands and
holes. We hypothesize that the larger free energy of the diblock
copolymer chains in cylinders due to their larger packing frustra-
tion in the surface Wigner—Seitz cells is more than offset by a
larger entropy due to their chain ends at the surface relative to
these quantities for the spherical morphology. Detailed self-
consistent field or other simulations that can detect the subtle
changes in free energy due to the surfaces are needed to test this
hypothesis rigorously.
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