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ABSTRACT: The microdomain orientation in thin films of cylinder- and lamella-forming diblock copolymers,
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA), was investigated as a function of the film thickness
and the composition of random copolymers composed of styrene (S) and methyl methacrylate (MMA), denoted
as P(S--MMA), that were anchored to the substrate. Using scanning force microscopy (SFM) and grazing incidence
small-angle X-ray scattering (GISAXS), the dependence of the microdomain orientation on film thickness around
lattice period (or d-spacing, L), where the microdomain orientations normal to the film surface could be achieved,
showed that the optimal condition for the balanced interfacial interactions (the so-called neutrality in random
copolymer) was 0.64 of PS mole fraction (Xps) for the cylindrical microdomain having narrow compositional
range of P(S-r-MMA) from 0.52 to 0.72 of Xps, whereas for the lamella microdomain it was observed at

Xps = 0.55 ranging extensively from 0.48 to 0.78.

Introduction

Nanoscale periodic patterns derived from block copolymer
self-assembly have recently found both commercial and aca-
demic interest as precursors for nanolithographic templates,'~
vertical magnetic data storage,3 nanowire fabrication,* and
nanoporous membranes.” A driving force for this interest is the
high degree of control over microdomain structures of block
copolymers through changes in the molecular weight (N),
volume fraction (®) of the components, and segmental interac-
tion (y), resulting in lamellar, cylindrical, gyroid, and spherical
structures, tens of characteristic sizes.®”®

A significant challenge in diblock copolymer films is the
difference in behavior for thin films when interfacial interactions
can influence the orientation and ordering of the micro-
domains.”'® Especially for cylinder- or lamella-forming block
copolymers, a strong preferential interaction on the substrate
or a lower surface energy of one block component leads to an
orientation of microdomains parallel to the film suface."' ~'* It
has been also reported that the structure of self-assembled
monolayers (SAMs) of alkylsiloxanes on SiOx/Si substrate plays
an important role in determining the wetting behavior of block
copolymer thin films, which can be correlated to the interfacial
and surface energies.'®!”

For some commercial applications, the directed self-assembly
of block copolymers leading to an perpendicular microdomain
orientation in thin films is desired'*'8~?! since this enables the
use of the microdomain patterns as templates and scaffolds for
nanolithographic applications.?** This strategy has been achieved
by surface modification,***’ strong electric field,”>*’ and solvent
annealing.?®? Potentially the most robust of these strategies is
surface modification via a neutral or nonpreferential wetting of
the substrate, enabling A-b-B block copolymer to promote
microdomain orientation perpendicular to the film surface by
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the balanced interfacial interaction, which is precisely tunable
by the relative composition of A-r-B random copolymer on the
substrate.”>**"32 By varying the composition of the random
copolymers, surface properties ranging from PS to PMMA
characteristics were observed from the dewetting behaviors of
PS and PMMA, resulting that the interfacial energies on the
substrate were balanced at an approximate styrene fraction of
0.58 in the P(S-~-MMA). This corresponds to the surface
neutrality obtained from the dewetting experiments by ho-
mopolymers such as PS and PMMA, which has been believed
to allow both lamellar and cylindrical microdomains of PS-b-
PMMA to orient normal to the film surface.?**

Recent studies on accelerated strategies for producing surface
neutrality have shown that cross-linkable benzocyclobutene
(BCB)-functionalized random copolymers with S and MMA,
P(S-r-BCB-r-MMA)s, offer a number of advantages such as
rapid processability, resistance to solvents, and substrate
independence as a generalized approach to the balanced
interfacial interactions. The minimum effective thickness for
thermally cross-linkable thin film of P(S--BCB-r-MMA) was
observed to be ~5.5 nm, which prevents penetration of polymer
chains to the underlying substrate.?*>

Here, we investigated the microdomain orientations of
cylinder- and lamella-forming PS-b-PMMAs by tuning the
surface properties depending upon the relative compositions of
P(S--MMA) ranging from 0.34 of PS mole fraction to 0.85.
From the dependence of the microdomain orientation on film
thickness (hereafter denoted as thickness window) around Ly,
the equilibrium period of the microdomain morphology, and
the interfacially balanced compositions of the random copoly-
mers on the substrate, the so-called neutral compositions were
examined to quantitatively optimize the condition of neutrality
for both the lamellar and cylindrical microdomain morphologies
and to determine whether the optimal condition was the same
for both morphologies. This study suggests a simple and
informative guide to the thickness dependence of the perpen-
dicular microdomain orientation of PS-b-PMMA by controlling
the surface properties in addition to the prior efforts to control
over the microdomain orientation.
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Table 1. Characteristics of HO-Functionalized Random
Copolymers Composed of S and MMA Used in This Study

sample mole fraction

vol fraction

code” of PS” of PS¢ description?

R34 0.33% 0.37°

R48 0.484 0.524

R52 0.524 0.56*

R55 0.552 0.59!

R57 0.57° 0.60° 59/41 (wt) of R52/R64
R59 0.58% 0.62° 37/73 (wt) of R52/R62
R61 0.613 0.65° 20/80 (wt) of R52/R64
R62 0.62! 0.658

Ro64 0.63° 0.67!

R66 0.657 0.692 50/50 (wt) of R62/R69
R69 0.693 0.72°6

R72 0.71° 0.74°

R78 0.780 0.80° 50/50 (wt) of R72/R85
R85 0.84° 0.86°

“ P(S--MMA)s were synthesized by living free radical polymerization,
having a number-average molecular weight (4£,) of approximately 10 000
and a polydispersity index (PDI) of less than 1.30 measured by size-
exclusion chromatography (SEC). ® Mole fractions of PS were measured
by 'H nuclear magnetic resonance (‘H NMR). ¢ Volume fractions of PS
were calculated with mass densities of two components (1.05 and 1.184
g/cm? for PS and PMMA, respectively). ¢ Samples were prepared by the
solution blending between two random copolymers.

Experimental Section

Random copolymers composed of styrene (S) and methyl
methacrylate (MMA), denoted as P(S-r-MMA), were synthesized
by nitroxide-mediated, living free radical polymerization.**-**
Number-average molecular weights (M,) and polydispersity (M,/
M,) of P(S--MMA)s were approximately 10 000 and less than 1.30,
respectively, as measured by size exclusion chromatography (SEC)
with PS standards. Two cylinder- and lamella-forming PS-b-PMMA
copolymers were synthesized by the sequential, anionic polymer-
ization of styrene and methyl methacrylate in tetrahydrofuran (THF)
at —78 °C in the presence of LiCl (high purity, Aldrich) under
purified argon using sec-butyllithium as an initiator. Molecular
weight (M) and polydispersity, characterized by size-exclusion
chromatography (SEC) with the multiangle laser light scattering
(MALLS), were 88 000 and 1.04 for a cylinder-forming PS-b-
PMMA with PS volume fraction (®ps) of 0.72 as well as 50 000
and 1.06 for a lamella-forming PS-6-PMMA with ®pg of 0.50,
respectively. Compositions of copolymers were determined by 'H
nuclear magnetic resonance (‘H NMR) with mass densities of two
components (1.05 and 1.184 g/cm? for PS and PMMA), as listed
in Table 1 for random copolymers.

Surface modification by random copolymers, ranging from 0.34
to 0.85 of PS mole fraction, was prepared by thermally annealing
thin films on the standard Si wafer under vacuum at 170 °C, well
above the glass transition temperatures (7,) of both PS (100 °C)
and PMMA (115 °C) for 3 days. During this process, end-functional
hydroxyl groups of the random copolymers can diffuse into the
substrate and react with the native oxide layer, resulting in polymer
chain brushes anchored on the substrate. The brush thickness of
P(S--MMA)s was measured to be ~4.6 £ 0.2 nm by ellipsometry
(SE MG-1000, Nanoview Co.) at an incidence angle of 70° after
rinsing with toluene to remove the unreacted polymer chains on
the substrate.

Scanning force microscopy (SFM; Dimension 3100, Digital
Instrument Co.) was operated at tapping mode to examine the
surface morphology of the block copolymer thin films, where
PMMA microdomains of PS-b-PMMA appear to be relatively bright
color due to viscoelastic contrast between two block components.

Grazing-incidence small-angle X-ray scattering (GISAXS) ex-
periments were carried out at 4C2 beamline at the Pohang
Accelerator Laboratory (PAL), Pohang, Korea. The operating
conditions were set to a wavelength of 1.38 A and the sample-to-
detector distance of 2.5 m. The samples were mounted in vacuum
chamber, and the incident angle was fixed at 0.16° or 0.18°, which
are above the critical angle (0.135°) of PS-b-PMMA copolymer

Macromolecules, Vol. 41, No. 17, 2008

thin films. The exposure times were 10—300 s depending on the
electron density contrast of thin films. 2D GISAXS patterns were
recorded using a CCD detector positioned at the end of a vacuum
guide tube when the X-ray beam pass through the block copolymer
thin films mounted on the sample chamber under vacuum (5 x
10~* Torr). To enhance the X-ray contrast, the PMMA component
of the PS-b-PMMA thin films was selectively removed with UV
exposure and acetic acid treatment. Small-angle X-ray scattering
(SAXS; 4C1 beamline) was used to obtain the microdomain
structures of block copolymers in the bulk state.

Results and Discussion

The free energy for thin films of diblock copolymers is
composed of two main terms in principle: both the elastic free
energy of the stretched block chains and the interfacial energy
at the various interfaces, Fejasic and Finerface, respectively. Free
energy can be expressed by

F=F,

elastic

+ Finterfa\ce (1)

assuming incompressibility in the strong segregation limit of
relatively larger Flory interaction parameter (yag) between two
block components.®> When a block copolymer is confined in a
thin film geometry, microdomain orientation is primarily
determined by the second term because the first term is the same
or insignificant between the perpendicular and parallel orienta-
tions of microdomains for cylinder- and lamella-forming block
copolymers. The interfacial energy is presented as a function
of four interfacial tension terms given by

Fiertace =SV aBs VA B2 VB Vsa) 2

where v is the interfacial tension between two components i
and j, namely block A, block B, the substrate (s), and air (a).
To control interfacial interactions yas and ygs can be tuned by
changing the composition of the random copolymers anchored
to the substrate. When Ay = lyas — ysd = 0, interfacial
interactions are balanced, and only the film thickness controls
the microdomain orientation of the block copolymers. In
contrast, when Ay is large, there is a preferential interaction of
a block component with the substrate and the microdomains
will orient parallel to the substrate. However, for nonzero values
of Ay close to zero when the film thickness is incommensurate
with Ly, the stretching imposed on the copolymer chains to
maintain an orientation parallel to the surface can be sufficiently
large to overcome the preferential interactions, resulting in an
orientation of the microdomains normal to the film surface.
Consequently, both the film thickness and Ay can be used to
control the microdomain orientation of block copolymers.*®

The strength of the interfacial interactions can be controlled
by varying the composition of the random copolymer, so as to
balance interfacial interactions which, for PS and PMMA, was
found to occur as a composition of 58/42 (PS/PMMA) in P(S-
r—MMA).33 With this surface modification, both cylindrical and
lamellar microdomains will orient normal to the surface over a
limited film thickness window near L thickness. However, it
is not evident that the optimal conditions for surface neutrality
are the same for the two different morphologies. To address
this, we investigated the thickness window as a function of the
composition of a random copolymer anchored to the substrate
where cylindrical and lamellar microdomains orient normal to
the film surface.

A library of hydroxy-functionalized random copolymers,
synthesized by living free radical polymerization, is listed in
Table 1 to design tunable surface properties depending on PS
compositions in the P(S---MMA). During thermally annealing
thin films at 170 °C, the thin films of the random copolymers
with chain brushes of ~4.6 & 0.2 nm thick were obtained on
the substrate after rinsing with toluene. The macroscopic surface
properties of the modified surfaces were assessed by water
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Figure 1. Water contact angle (WCA) for droplets on the substrates
modified by random copolymers. The value increases as a second-order
function with respect to the PS mole fraction (Xps) from 70.2° for
PMMA to 92.0° for PS substrates.

contact angle (WCA), as shown in Figure 1. The static WCA
characterizes the relative hydrophilicity (or hydrophobicity) on
the substrates since WCA for PS is higher than that of the
relatively hydrophilic PMMA substrate. WCA for substrates
modified by random copolymers gradually increased from 70.2°
t0 92.0° as the PS mole fraction (Xps) in P(S---MMA) increased,
indicating that the surface properties are well tuned by control-
ling the relative composition of P(S--MMA). The polynomial
fit to the WCA data yields

WCA =70.22 + 14.55Xpg + 7.48XPS2 (3)

Thin films of PS-b-PMMA copolymers having cylindrical
microdomains of PMMA were spin-coated onto the substrates
modified by various random copolymers where the thickness
of PS-b-PMMA was varied. The indices of random copolymers,
denoted as Rxy, define the PS mole fractions of random
copolymers. The scanning force microscopy (SFM) phase
images for thin films of block copolymer on R64, after thermally
annealing thin films at 170 °C for 24 h under vacuum, are shown
in Figure 2. When the film thickness of PS-b-PMMA is 10 nm
or thinner, the ordering of the cylindrical microdomains degrades
while a partial orientation of microdomains is seen, indicating
that the film thickness of PS-b-PMMA is insufficient to cover
the entire surface. For films with thicknesses from 13 to 42
nm, the cylindrical microdomains of the PS-b-PMMA orient
normal to the film surface due to the balanced interfacial
interactions by R64. However, as the film thickness increases
over 49 nm, the ordering and orientation of the cylindrical
microdomains at the free surface degrades and microdomains
oriented parallel to the surface are seen. This behavior can be
attributed to the frustration effects arising from a com-
mensurability between the film thickness and L. If the film
thicknesses are in a vicinity of Ly, the microdomains orient
normal to the film surface, but if the film is too thin, maintaining
an orientation normal to the surface places constraints on the
lateral packing of the block copolymer chains. For thicker films,
since the surface energies of PS and PMMA are essentially
identical at the annealing temperature, both orientations of the
microdomains are possible and orientation at the surface is lost.

Detailed structural characterization of thin films for cylinder-
forming PS-b-PMMA was conducted using grazing-incidence
small-angle X-ray scattering (GISAXS) to probe the entire
structure of thin films*’-*® under grazing incident angles since
this is an advantageous technique for thin films of nanostructures
and self-assemblies, allowing us to investigate the lateral and
transverse information. Figure 3 shows GISAXS patterns of thin
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Figure 2. SFM phase images for thin films of cylinder-forming PS-
b-PMMA on the substrate modified by R64 (having a PS mole fraction
of 0.64) at various film thicknesses of block copolymer after thermally
annealing thin films at 170 °C for 24 h.

films on R64, annealed at 170 °C for 24 h followed by UV
exposure and treatment with acetic acid to selectively remove
the PMMA block, leaving partially cross-linked nanoporous
films. The contrast for the GISAXS measurements is increased
significantly for the nanoporous film. All patterns are correlated
to SFM phase images (in Figure 2) for thin films on R64 with
the same thicknesses. In the scattering geometry, g, is the
scattering vector normal to the plane of incidence, where the
d-spacing is related to g, by d = 27/q,. q. is the scattering vector
normal to the sample surface, defined as ¢, = (471/4) sin 6, where
A is the wavelength of the X-rays and 26 is the scattering angle.
Incident angles were set at 0.16° or 0.18°, which are above the
critical angle (0.135°) of the films, and hence, the X-rays
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Figure 3. Two-dimensional GISAXS patterns at incident angles of 0.16°
(10 nm thickness) and 0.18° (the others) for thin films of cylinder-
forming PS-b-PMMA on the substrate modified by R64 at various film
thicknesses of block copolymer after thermally annealing thin films at
170 °C for 24 h. To increase the scattering contrast, PMMA micro-
domains were removed from all thin film samples by UV exposure
and subsequent rinsing with acetic acid.

penetrate the entire film probing the internal structures of the
thin film.

In GISAXS patterns for thin films of block copolymer on R64,
as shown in Figure 3, the scattering peaks of the 10 nm thin
film show a lower intensity only for the first-order peak near
¢y =0.177 nm™! due to the degraded ordering of the cylindrical
microdomains. This intensity of the first-order reflection in-
creases, and higher-order peaks appear as the film thickness
increases. GISAXS patterns for thin films with thicknesses from
13 to 42 nm, however, show a sharp first-order peak at g, =
0.177 nm~! with higher-order peaks at a constant ¢, = 0.285
nm~! at scattering vector ratios of 1:4/3:4/4 relative to a first-
order peak. These correspond to the scattering from hexagonally
packed cylindrical microdomains oriented normal to the film
surface with a d-spacing of 35.4 nm (d = 2n/g,). In contrast,
for thin films with thicknesses of 49 and 54 nm, GISAXS
patterns reveal a ringlike scattering which arises from a random
orientation of the microdomains, and the intensity at first-order
reflection increases. Scattering profiles from the GISAXS
patterns, scanned along the g, direction at constant g, = 0.254
nm™~! for thin film with thicknesses of 10 nm and ¢, = 0.285
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Figure S. Thickness window for the perpendicular microdomain
orientation of cylinder-forming PS-b-PMMA on the substrates modified
by various random copolymers composed of S and MMA. The cross-
sectional SEM image was taken at a tilt angle of 55° for thin film with
the maximum thickness of 42 nm on R64 (having a PS mole fraction
of 0.64).

nm™~! for the others, are shown in Figure 4 which reflect the
structural changes in the entire films. Higher-order reflections
are not evident for films thinner than 18 nm, but two separate
shoulders at g, = 0.306 and 0.350 nm~! for films with
thicknesses up to 42 nm, can be seen, which corresponds to the
maximum thickness where a microdomain orientation normal
to the film surface is observed on the surface modified by R64.
In the case of thicknesses of 49 and 54 nm, the higher-order
peaks merge into a broader peak due to random orientations of
microdomains.

The maximum and minimum thicknesses for the perpendicu-
lar microdomain orientation of cylinder-forming PS-b-PMMA
were consequently determined as a thickness window for the
surfaces modified by the random copolymers with Xps ranging
from 0.34 to 0.85. The SFM results on the surface morphologies
and GISAXS results are summarized in Figure 5. When Xps <
0.48, the microdomains were always oriented parallel to the
film surface regardless of the film thicknesses. For R52 (Xps =
0.52), the microdomains orient normal to the film surface for a
very narrow thickness window of 32 £ 1 nm. With increasing
Xps, the thickness window increases and is largest when Xps =
0.64 where a microdomain orientation normal to the surface is
seen for film thicknesses from 13 to 42 nm (SEM image for
film thickness of 42 nm in the inset of Figure 5) and then
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Figure 6. SFM phase images for thin films of lamella-forming PS-b-
PMMA on the substrate modified by R55 (having a PS mole fraction
of 0.55) at various film thicknesses of block copolymer after thermally
annealing thin films at 170 °C for 24 h.

decreases up to Xps = 0.72 where the window is 33 £ 2.5 nm.
When Xps > 0.78, only a microdomain orientation parallel to
the surface is again seen, regardless of the film thicknesses as
is the case of the surface modified by R48. Consequently, for
cylinder-forming PS-b-PMMA, when Xps = 0.64 of random
copolymer, an optimal condition for the balanced interfacial
interactions is achieved.

A similar study was performed on PS-b-PMMA having
lamellar microdomains. Figure 6 shows SFM phase images for
thin films of block copolymer on R55 after thermally anneal-
ing thin films at 170 °C for 24 h under vacuum. When the film
thickness is ~10 nm (or thinner), typical hole/island structures
are seen while the microdomain orientation normal to the film
surface is relegated to the edge of the hole/islands.'' For film
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Figure 7. SFM phase images and two-dimensional GISAXS patterns
at incident angle of 0.16° for thin films of lamella-forming PS-6-PMMA
on the substrate modified by R64 at various film thicknesses of block
copolymer after thermally annealing thin films at 170 °C for 24 h. To
increase the scattering contrast, PMMA microdomains were removed
from all thin film samples by UV exposure and subsequent rinsing with
acetic acid.

thicknesses ranging from 13 to 39 nm on the surface modified
by R55, the lamellar microdomains orient normal to the film
surface. If the film thickness is greater than 42 nm, an hole/
island topography is seen, which is characteristic of an lamellar
microdomain orientation parallel to the film surface. This change
in orientation, when the interactions at both interfaces are
balanced, as discussed by Walton et al. arises from a frustration
of the lamellar microdomain morphology which gives rise to a
stretching or compression of the chains in the block copolymer.*

Figure 7 shows SFM phase images and GISAXS patterns
for thin films of lamella-forming PS-6-PMMA on R64, which
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Figure 9. Thickness window for the perpendicular microdomain
orientation of lamella-forming PS-b-PMMA on the substrates modified
by various random copolymers composed of S and MMA. The cross-
sectional SEM image was taken at a tilt angle of 55° for thin film with
the maximum thickness of 39 nm on R55 (having a PS mole fraction
of 0.55).

was found to be the optimal value of Xps to the balanced
interfacial interactions for cylinder-forming PS-b-PMMA. Sur-
face morphologies for thin films with thicknesses less than 9
nm and greater than 27 nm show an hole/island topography.
When Xps = 0.64, a narrower thickness window from 15 to 26
nm was found where the lamellar microdomains orient normal
to the films surface, as shown in Figure 9. The GISAXS patterns
for these thin films, as seen in Figure 7 for the film thicknesses
of 19 and 22 nm, show a sharp first-order peak at ¢, = 0.214
nm~! with higher-order peaks along constant g, = 0.254 nm™!
at scattering vector ratios of 1:2:3 relative to a first-order peak,
corresponding to a lamellar microdomain oriented normal to
the films surface.*’

The intensity profiles from GISAXS patterns, scanned along
gy direction at constant g, = 0.254 nm™', are shown in Figure
8. First- and higher-order reflections are seen in thin films with
thicknesses of 19 and 22 nm with a d-spacing of 29.4 nm,
characteristic of lamellar microdomains orientated normal to
the films surface. All the GISAXS patterns are in good
agreement with the SFM phase images for thin films on R64 in
terms of the size and orientations of the microdomains. It should
be noted in this study that the d-spacing by d = 27/q,™* in
bulk state measured by SAXS is identical to that seen in thin
films for cylinder-forming PS-b-PMMA, but d-spacing in bulk
state for lamella-forming PS-b-PMMA is larger than that
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observed in the thin films, as indicated in Figure 4 and Figure
8, respectively. The exact origin of this difference is not known,
although this is presumably attributed to the reduced entropic
penalty due to the perpendicular orientation of lamellar micro-
domains.

The thickness window for the perpendicular microdomain
orientation of lamella-forming PS-b-PMMA is given in Figure
9 as a function of Xpg of random copolymers anchored to the
substrate. From these data, Xps = 0.55 appears to be the optimal
value of Xps to the balanced interfacial interactions since the
perpendicular microdomain orientation persists over the broadest
range of thicknesses, from 13 to 39 nm (SEM image for film
thickness of 39 nm in the inset of Figure 9). The difference in
optimal values of Xps between cylinder- and lamella-forming
PS-b-PMMAs, 0.64 and 0.55, respectively, is noteworthy,
suggesting that the optimal conditions for the balanced interfacial
interactions depend on each microdomain structure of block
copolymers. In addition, different from the thickness window
for the perpendicular microdomain orientation of cylinder-
forming PS-b-PMMA, the thickness window for lamella-forming
PS-b-PMMA particularly shows the extensive range of Xps in
the random copolymers ranging from 0.48 (R48) to 0.78 (R78)
with each thickness dependence. This result indicates that the
perpendicular orientation of lamellar microdomains is more
entropically favorable by the equal sharing of microdomains
on the substrates than that of cylindrical microdomains.
Therefore, it is of great interest to investigate the composition
effect of block copolymers for the perpendicular microdomain
orientations, holding at the same microdomain structures, which
is under study as a further topic.

Summary

The microdomain orientation in thin films of cylinder- and
lamella-forming PS-b-PMMAs was investigated as a function
of the film thickness and the composition of P(S-r-MMA)
anchored to the substrate, ranging from 0.34 to 0.85 of Xps.
From the dependence of the perpendicular microdomain orienta-
tion on film thickness around lattice period (L), the optimal
values of Xps in the P(S-r-MMA) anchored to the substrate were
0.64 and 0.55 for PS-b-PMMA having cylindrical and lamellar
microdomains, respectively. In addition, the thickness window
over which the microdomain orientation normal to the film
surface persisted was larger for the lamellar microdomain
morphology, ranging extensively from 0.48 to 0.78 (in Figure
9). Taken together, these results clearly show that it is easier to
orient lamellar, as compared to cylindrical, microdomains
normal to the film surface. This study suggests a simple and
informative guide to the desired microdomain orientation of PS-
b-PMMA in fabrication of nanostructured thin films.
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