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The thickness dependence of the order-to-disorder transition (ODT), measured by in situ grazing-inci-
dence small-angle X-ray scattering (GISAXS), has been investigated in thin films of a symmetric poly-
styrene-b-poly(methyl methacrylate) (PS-b-PMMA) on a random copolymer (P(S--MMA)) grafted to the
substrate where the interfacial interactions are balanced. With decreasing film thickness less than 25Ly,
the ODT significantly decreases to 193 °C for film of 10Lg in thickness, because the interfacial interactions

by a random copolymer grafted to the substrate provide a surface-induced compatibilization toward two
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block components. However, a plateau of the ODT at ~213 °C for films thicker than 25Ly was observed
above the bulk value of 200 °C. The elevation of this ODT indicates a suppression of compositional
fluctuations normal to the film surface, more than likely because the dominant orientation of the
lamellar microdomains was found to be parallel to the film surface.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymer (BCP) self-assembly in thin films has recently
been the focus of increased research interest due to their potential
use as templates and scaffolds for the fabrication of nanostructured
materials [1-5]. These potential applications have stimulated
numerous studies on the influence of controlled interfacial inter-
actions, confinement structure, and morphology of BCPs in thin
films [6—23]. The Flory—Huggins interaction parameter (x)
between the two block components is inversely proportional to
temperature (x decreases with increasing temperature) and the
order-to-disorder transition (ODT) is governed by the product of
x-N, where N is the overall number of segments [24,25]. Hence,
a phase-mixed or disordered state can be observed when
x-N<10.495 in the weak segregation regime. In addition, the
phase behavior in a thin film geometry that confines polymer
chains to the interfaces will be influenced by the interfacial inter-
actions at substrate/polymer and polymer/air and the commensu-
rability between the equilibrium period (Lo) of the BCP and the total
film thickness [26—28].

Generally, the microdomains in BCP films of ~ Ly orient normal
to the film surface when the interfacial interactions are balanced
(or neutral toward the two block components) and film thickness is
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commensurate with Ly [10—14,29—35]. In contrast, the preferential
interactions of one block component with an interface and/or the
difference of surface tension between two block components will
lead to an orientation of the BCP microdomains parallel to the film
surface [6—8,17,36,37]. In developing neutral surfaces, random
copolymer (A-r-B) approaches to balancing interfacial interactions
have been successfully developed for surface modification using
either a chemical grafting or cross-linking strategy, enabling the
microdomains of block copolymer (A-b-B) to orient normal to the
film surface [10—13,15,19,33—35,38]. Simulation studies on BCPs
confined between two neutral walls indicate that the ODT in
consideration of the fluctuation effect is strongly suppressed for
Lo <1, but consistently increased up to 10% with respect to the
mean-field value of yN = 10.495, which is in agreement with the
analytical studies of confinement effects on the ODT in the BCP
melts [39,40].

Recently, the ODT and order-to-order transition (OOT) in thin
films of BCPs were investigated by in situ grazing-incidence small-
angle X-ray scattering (GISAXS) [41—44]. For films of a lamella-
forming polystyrene-b-polyisoprene (PS-b-PI) on PS grafted
substrates, the thickness dependence of the ODT showed a plateau
in the value of the ODT for films over 12Ly, which is still higher than
that observed in the bulk PS-b-PI. The ODT was found to increase
rapidly with decreasing film thickness. In contrast, the plateau
value of the ODT for films on bare Si wafers was nearly identical to
that found in the bulk, due to the weak interactions between the
BCP and substrate at the oxide/polymer interface [41]. For films of
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polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) on PS
grafted substrates, a gradual increase in ODT rather than a plateau
value of the ODT, was observed with decreasing film thickness,
which can be correlated to the weak temperature dependence of y
between PS and PMMA in comparison to that of PS and PI [42].
Moreover, the PS grafted substrates that favor the PS component of
BCP promote an orientation of the lamellar microdomains parallel
to the substrate interface, which may in turn be related to the
suppression of the compositional fluctuations in BCP films.

In this study, we present the ODT behavior in thin films of PS-b-
PMMA on surfaces to which a random copolymer (P(S--MMA)) has
been grafted where the interfacial interactions are balanced. The
thickness dependence of ODT was probed by in situ GISAXS
measurements. With decreasing film thickness less than 25Lg,
arapid decrease in the ODT for the films on a neutral surface can be
attributed to a surface-induced compatibilization toward two block
components. This result is in contrast to an increase in the ODT for
the BCP films on surfaces having an affinity for one block compo-
nent. However, similar to these films, the ODT for films thicker than
25Lp exhibiting a majority orientation of the lamellar micro-
domains parallel to the film surface reached a plateau value above
that for the bulk.

2. Experimental

A nearly symmetric PS-b-PMMA was purchased from Polymer
Source with the number-average molecular weight (M;) and
polydispersity index (Mw/My), characterized by size-exclusion
chromatography (SEC), of 29,000 g/mol and 1.08, respectively. The
volume fraction of PS (®ps) in the BCP was determined to be 0.553
by 'H nuclear magnetic resonance ('H NMR) based on the mass
densities of two components (1.05 and 1.184 g/cm? for PS and
PMMA). A hydroxyl end-functionalized random copolymer
composed of styrene (S) and methyl methacrylate (MMA), denoted
as P(S--MMA), was synthesized by a nitroxide-mediated living free
radical polymerization [10]. The M;, and My,/M,, of P(S--MMA) are
approximately 10,000 g/mol and <1.30, respectively, where the
volume fraction of S was 0.59 (mole fraction of 0.55) to balance the
interfacial interactions with the substrate toward the PS and PMMA
block components of the lamellar forming BCP [13,19].

P(S--MMA) grafting to the substrate was done by thermally
annealing thin films of hydroxyl-terminated P(S-r-MMA) on cleaned
Si wafer under vacuum at 170 °C for 3 days, well above the glass
transition temperatures (Tg) of both PS (100 °C) and PMMA (115 °C).
During this process, end-functional hydroxyl groups of the random
copolymer can diffuse to the substrate and react with the native
oxide layer, resulting in polymer chains grafted on the substrate. The
thickness of the grafted P(S-r-MMA) was found tobe ~5 + 0.3 nm by
ellipsometry (SE MG-1000, Nano-view Co.) at an incidence angle of
70° after rinsing with toluene to remove unattached polymer chains.
BCP films of thicknesses ranging from 196 (10Lg) to 980 nm (50Lg)
were spin-coated from toluene solution onto the random copolymer
grafted substrate. Lo = 19.6 nm is consistent with the inter-lamellar
spacing by d=2mw/q", where the asterisk indicates a primary
maximum peak position of the scattering vector (q). The films were
annealed at 170 °C under vacuum for 3 days to allow for sufficient
chain mobility between T and the ODT.

Grazing-incidence small-angle X-ray scattering (GISAXS)
experiments were carried out at the 4C2 beam-line of the Pohang
Accelerator Laboratory (PAL), Pohang, Korea [45]. The operating
conditions were set to a wavelength of 1.38 A and the sample-to-
detector distance of 2.2 m. The film samples were mounted in
a heating cell under vacuum and incidence angle was in the range
of 0.165°—0.175°, well above the critical angle (0.156°) of PS-b-
PMMA films [46]. 2D GISAXS patterns were recorded using a CCD

detector positioned at the end of a vacuum guide tube when the X-
ray beam passes through BCP thin films. Small-angle X-ray scat-
tering (SAXS; 4C1 beam-line) was used to obtain the microdomain
morphologies of the block copolymers in the bulk. To minimize
sample degradation by the X-ray beam, a minimal exposure time of
10—60s was used [42]. All the heating experiments were auto-
matically controlled with a PID temperature controller from 140 to
235 °C at a constant heating rate of 0.9 °C/min.

The cross-sectional structure of PS-b-PMMA films was investi-
gated by transmission electron microscopy (TEM; S-7600, Hitachi)
operated at 100 kV. A thin carbon layer was first evaporated at
air/polymer interface, followed by embedding with epoxy resin kit
(Araldite 502, Polysicences). After curing the epoxy resin at 60 °C for
12 h, the epoxy-embedding film was peeled off from the substrate in
liquid nitrogen. The polymer/substrate interface was again treated
with thin carbon layer and epoxy resin kit in a similar manner. Thin
sections (~50 nm) from the epoxy-embedding film were obtained
using an ultramicrotome (Leica EM UC6) with a diamond knife. To
enhance the electron density contrast between two phases, the PS
block component was selectively stained with RuOy.

3. Results and discussion

Grazing-incidence small-angle X-ray scattering (GISAXS) was
used to determine the internal structure of the BCP films by probing
both the near surface and the entire film structure at an incidence
angle («;). This technique has recently provided the detailed anal-
ysis of the characteristic patterns for nanostructures due to overall
tracking of a large scattering volume [45,46]. Fig. 1a shows the
GISAXS patterns for a PS-b-PMMA film of 40Ly (784 nm) on
a random copolymer (P(S--MMA)) grafted substrate, which was
measured at room temperature after thermally annealing the film
at 170 °C for 3 days under vacuum. In the grazing-incidence scat-
tering geometry used, qyy is the scattering vector normal to the
incidence plane, which is related to d-spacing of the film by
d = 2TC/q;y at the primary peak position, and g is the scattering
vector normal to the sample surface, defined as q, = (4w/A) sin 6.
Incidence angle («;) was varied from 0.110 to 0.165°, i.e. through the
critical angle (a.=0.156°) of PS-b-PMMA in order to probe the
depth dependence of the morphology in the film [46,47].

GISAXS patterns measured at «;=0.125°, below the critical
angle of the BCP film, provides information on the near surface
structure (to ~6 nm) of film less than L. As incidence angle is
increased up to 0.145°, the intensities for the hidden scattering
peaks along g, near gy, = 0 (behind the beam stop) and the in-plane
scattering peaks along gy, at q;=0 are enhanced due to the
increased scattering volume underneath the film surface (to
~11 nm). GISAXS experiments were also performed at incidence
angles between the critical angles of the BCP and the silicon
substrate so as to obtain structural information for the entire films.
For o; = 0.165°, two intense hidden scattering peaks (marked with A
zone) along g, near gy, =0 can be attributed to the orientation of
the lamellar microdomains parallel to the film surface [48,49], as
presented by the TEM image in Fig. 2. The parallel microdomain
orientation to the film surface where the interfacial interactions are
balanced might not be surprising for the following reasons. Under
neutral conditions, either of block components can be located at the
substrate (or surface interface) with no energetic penalty. If there
are, however, a sufficient number of lamellae in the film, any
frustration effects arising from incommensurability between film
thickness and the period of the BCP would only require a minimal
perturbation to the BCP (compression or extension of the BCP
chains). These could easily be offset by even a slight difference in
surface energies that favors either of block components. Accord-
ingly, this orientation of the lamellar microdomains parallel to the
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Fig. 1. (a) GISAXS patterns for a PS-b-PMMA film of 40L, (784 nm) on a random
copolymer (P(S-r-MMA)) grafted substrate, which was measured at room temperature
after thermally annealing the film at 170 °C for 3 days under vacuum. Incidence angle
was varied from 0.110° to 0.165°, where the critical angle («c) of PS-b-PMMA films is
0.156°. Two intense hidden scattering peaks and symmetric in-plane scattering peaks
are marked with A and B zones. (b) Intensity ratio of the hidden scattering peak (at 2q;)
to the in-plane scattering peak (at q,*(y) as a function of incidence angle.

film surface, as a promising consequence of frustration, can be
distributed over all the lamellae.

On the other hand, two in-plane scattering peaks (marked with
B zone at o; = 0.165°) along gyy at ;=0 may be attributed to the
presence of lamellar microdomain aligned nonparallel but close to

carbon
layer
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Fig. 2. The cross-sectional TEM image for PS-b-PMMA film of 40L, (784 nm) on
a random copolymer (P(S--MMA)) grafted substrate. Three feature zones involve
a majority sub-surface layer (A zone) of lamellae aligned parallel to the film surface,
the surface layer (B zone), and the substrate interface where the interfacial interactions
are balanced (C zone) ~1Ly.

normal to the film surface presumably at both air/polymer and
polymer/substrate interfaces, because an increased intensity with
increasing incidence angle up to «;=0.145° indicates the near
surface structure (depth to ~11 nm) of film and the perpendicular
microdomain orientation is expected the near substrate (~Lgp)
where the interfacial interactions are balanced. In addition to the
latter, this is also to be expected due to the similar surface tensions
for two block components at no cost energetically, which allow no
strong preference for either of block components at the air surface.
Of particular note are the minimal ring patterns from the reflected
and transmitted X-ray beams with respect to the film at azimuthal
angles other than 0° or 90°. It demonstrates that only two
discernible orientations, parallel in major and perpendicular in
minor to the film at both air/polymer and polymer/substrate
interfaces, are observed at the entire film since any other orienta-
tion would require a stretching or compression of the BCP chains
and may result in an energetic penalty.

The intensity ratio of the hidden scattering peak (at 2q;) to the
in-plane scattering peak (at q;y) is shown in Fig. 1b as a function of
incidence angle. In this case, the second maximum of the hidden
scattering peaks was used since the diffraction peaks by the
reflected beam are usually less distorted due to the refraction effect,
although a similar result was observed for the intensity ratio of the
first maximum of the hidden scattering peaks at g, to the in-plane
scattering peak. As can be seen, below the critical angle
(ac=0.156°), i.e. probing only the near surface structure of the BCP
film, the ratio takes on a value that represents a certain number of
lamellae oriented parallel and perpendicular to the film surface.
However, as incidence angle is increased, this ratio stays relatively
constant up to the critical angle. Above the critical angle, the X-rays
penetrate into the entire film and the ratio is seen to increase
rapidly. Consequently, the number of lamellae aligned parallel to
the film surface at the entire film is much larger, on average, than
that at the near surface structure of the BCP film. As discussed
above, any perturbations from a balanced interfacial interaction
condition or stronger perturbation to the conformation of the BCP
chains (i.e. surface roughness) will favor a microdomain orientation
parallel to the film surface, as long as commensurability effects are
minimal. Fig. 2 shows the cross-sectional TEM image for PS-b-
PMMA film of 40Ly (784 nm) on a random copolymer (P(S--MMA))
grafted substrate. A majority sub-surface layer (A zone) distinctly
indicates the lamellae aligned parallel to the film surface, while the
surface layer (B zone) and substrate interface (C zone of ~1Lgp)
where the interfacial interactions are balanced are indiscernible
due to the lamellar distortion, which is presumably caused by the
presence of lamellar microdomain aligned nonparallel but in part
close to normal to the film surface.

Fig. 3 shows a series of in situ 2D GISAXS patterns for PS-b-
PMMA film of 50Ly (980 nm) on a random copolymer (P(S--MMA))
grafted substrate, at which the patterns were measured at each
temperature during heating from 140 to 235 °C at a rate of 0.9 °
C/min after thermally annealing the film at 170 °C for 3 days under
vacuum. Here, incidence angle was fixed at 0.175° above the critical
angle for PS-b-PMMA films to probe morphology across the entire
film thickness. At T= 160 °C, two intense hidden scattering peaks
are seen along with in-plane scattering peaks, which is consistent
with the results for film of 40Ly measured at room temperature
(Fig. 1a). Therefore, these characteristic patterns in the film
geometry correspond to a majority orientation of the lamellar
microdomains parallel to the film surface and a minority of
lamellae aligned normal to the surface at both air/polymer and
polymer/substrate interface layer. Similar GISAXS patterns are
observed up to ~210 °C, which is higher than the ODT (200 °C) of
the bulk PS-b-PMMA. With further increasing temperature to
T>212°C, the in-plane scattering peaks (along qxy) broaden and
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Fig. 3. A series of in situ 2D GISAXS patterns for PS-b-PMMA film of 50L, (980 nm) on
a random copolymer (P(S--MMA)) grafted substrate, which was measured at each
temperature during heating 130— 235°C at a rate of 0.9°C/min after thermally
annealing the film at 170 °C for 3 days under vacuum. Here, incidence angle was fixed
at 0.175° above the critical angle for PS-b-PMMA films.

the hidden scattering peaks (along q,) diminish significantly. At
T =235 °C, the scattering consists of two diffuse elliptical scattering
patterns since a superposition of the correlation hole scatterings
arising from a disordered (phase-mixed) state contribute to the
scattered intensity [42].

To determine the transition temperature in the BCP films, the
intensity profiles from the GISAXS patterns in Fig. 3 were scanned
along the g,-direction near gy, =0 (behind the beam stop) and
along the gyy-direction at constant g, =0 as a function of temper-
ature, as shown in Fig. 4a and b, respectively. The first and second
maxima of the hidden scattering intensity in Fig. 4a, caused by the
scattering by the transmitted and reflected beam to the films,
respectively, arise from the lamellar microdomains parallel to the
film surface. Over the temperature range to 235 °C, the hidden
scattering peaks in the ordered state for T< 212 °C in Fig. 4a are
much sharper than the in-plane scattering peaks in the disordered
state for T> 212 °C in Fig. 4b. The temperature dependence of both
the peak intensities and full-width at half-maximum (FWHM) of in-
plane scattering peaks enable us to determine the ODT in the BCP
film, as plotted in Fig. 4c. A sudden decrease in intensity of the
second maximum (at 2q,) for the hidden scattering peaks and
a noticeable decrease in intensity of in-plane scattering (at q;y) with
discontinuous change of FWHM reflect the structural change of the
entire film during heating, leading to an ODT of 213 + 3 °C for PS-b-
PMMA film of 50Ly. Transition temperature was also measured to
be analogous to that for films of 40Ly; and 25Ly on a random
copolymer (P(S-r-MMA)) grafted substrate, and these were still
above the ODT (200 °C) of the bulk PS-b-PMMA. It should be noted
that for the in-plane scattering at q;y the high intensity below the
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Fig. 4. Intensity profiles from the GISAXS patterns in Fig. 3 for PS-b-PMMA film of 50
(980 nm) on a random copolymer (P(S--MMA)) grafted substrate as a function of
temperature. (a) The hidden scattering intensity scanned along g.-direction near gy, =0
(behind the beam stop) and (b) the in-plane scattering scanned along qy,-direction at
constant g, = 0. The profiles were shifted by the factor of 6—7. (c) Peak intensities as
a function of temperature for both the hidden scattering at 2q, and the in-plane
scattering at q;y, and full-width at half-maximum (FWHM) of in-plane scattering
peaks. An ODT of 213 + 3 °C was determined for this film.

ODT can be attributed to a surface layer composed of a minority of
lamellae aligned normal to the surface.

The positions of the primary maximum peak (q*) are shown in
Fig. 5 as a function of temperature for bulk PS-b-PMMA and a thick
film of 50Lg, where q;y and 2q; indicate the peak positions of the first
maximum in the in-plane scattering and the second maximum in the
hidden scattering, respectively. With increasing temperature, a slight
increase in q* is seen for bulk PS-b-PMMA up to the ODT (200 °C) and
arapid increase over the ODT, indicating that d-spacing decreases in
the disordered state since the Flory—Huggins segmental interaction
parameter (x) between the two block components is inversely
proportional to temperature. For a PS-b-PMMA film of 50Ly, the
discontinuous changes in q;y and 2q, reflect the ODT for the film,
which parallel the temperature dependences of the peak intensities
shown in Fig. 4c. Above the ODT, q;y corresponding to the in-plane d-
spacing remains relatively constant, while 2q;, corresponding to the
out-of-plane d-spacing (perpendicular to the film surface) increases
slightly. Keeping in mind that the volume of the BCP films must
remain constant due to the incompressibility of polymers, and taking
in to account the thermal expansion coefficient, a significant
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first maximum in the in-plane scattering and the second maximum in the hidden
scattering, respectively.

decrease of q;y and a complementary increase of 2q, at the ODT
demonstrate that a major relaxation (or a decrease of the out-of-
plane d-spacing) of the block chains in the majority lamellar micro-
domains oriented parallel to the film surface compensates for an
increase of the in-plane d-spacing due to the random chain confor-
mation in the disordered film. This feature in the film geometry can
be a consequence of a majority orientation of the lamellar micro-
domains parallel to the film surface due to the greater degree of
stretching for block copolymer chains along the normal direction to
the film surface.

Fig. 6 shows a series of in situ 2D GISAXS patterns at a fixed
exposure time of 20 s for the PS-b-PMMA film of 12Ly (235 nm) at
an incidence angle at 0.160° on P(S--MMA) grafted substrate. At
T=160°C for film of 12Ly, two hidden scattering peaks can be
correlated to the lamellar microdomains aligned parallel to the film
surface. These are analogous to those for films of 40Lg, 25Lg, and the
others, although the peak intensities in the in-plane scattering
along gy, are weaker due to the thickness effect. With further
increasing temperature to 220 °C, the in-plane scattering peaks
(along qyy) broaden significantly with two diffuse elliptical scat-
tering patterns at the cost of the hidden scattering peaks (along q).
The intensity changes in the hidden and in-plane scattering peaks
lead to an ODT ~202 °C, which is much lower than the ODT
(213 °C) for film of 50Ly. The GISAXS pattern for the disordered BCP
film at T= 220 °C corresponds well to the TEM image of samples in
the inset, indicating the compositional fluctuations in the BCP films.

The peak intensities for the hidden scattering (at 2q;) and the in-
plane scattering (at q:y) are plotted in Fig. 7 as a function of
temperature and film thickness. It was found that the discontin-
uous change in the intensity of the hidden scattering (at 2qj)
coincides with a noticeable decrease (or discontinuous change) in
the in-plane scattering, as described in Fig. 4. This behavior also
reflects the structural change of the entire BCP films undergoing
a transition from the ordered to disordered state, leading to
a thickness dependent ODT behavior for the PS-b-PMMA films.
When film thickness is 10Lg, the ODT is observed to significantly
decrease to 193 °C. For the in-plane scattering, the intensity below
the ODT is somewhat higher for films of 40Ly and 50Ly due to
a surface layer composed of a plausible minority of lamellae aligned
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Fig. 7. Peak intensities for (a) the hidden scattering and (b) the in-plane scattering as

a function of temperature and film thickness. The first maximum (at q;y) for the in-
plane scattering and the second maximum (at 2q;) for the hidden scattering were used.
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Fig. 8. ODT for PS-b-PMMA films on a random copolymer (P(S--MMA)) grafted
substrate as a function of film thickness. A dotted line indicates the ODT (200 °C) of the
bulk PS-b-PMMA.

normal to the air surface, while it decreases for the other films due
to the dominant orientation of the lamellar microdomains parallel
to the film surface.

4. Summary

The thickness dependence of ODT for PS-b-PMMA films on
surface having a grafted random copolymer (P(S--MMA)) is
summarized in Fig. 8. Above all, decreasing film thickness to 10Lg
leads to a decrease in the ODT to 193 °C, indicating that in PS-b-
PMMA films less than 25L the interfacial interactions by a random
copolymer (P(S--MMA)) grafted substrate provide a surface-
induced compatibilization toward two block components. It was
found that the thinner the films, the more effectively the surface
field propagates into the film by making them more compatible at
the substrate surface. For films of 25Lg, 40Lg, and 50Lg, the ODT is
consistently observed at an elevated temperature of ~213 °C, well
above the ODT (200 °C) for bulk PS-b-PMMA (indicated by a dotted
line). A similar plateau in the ODT for films on a PS grafted substrate
was observed, where the grafting PS chains preferentially interact
with the PS block of PS-b-PMMA [42]. Therefore, for the films having
a thickness greater than 25L, the elevation of the ODT also indicates
a suppression of compositional fluctuations normal to the film
surface, more than likely because the dominant orientation of the
lamellar microdomains was found to be parallel to the film surface.
In the case of a sufficient number of lamellae in the film, this
orientation in the film geometry may be regarded as any frustration
effects arising from incommensurability between film thickness and
the period of the BCP. This result illustrates the importance of the
interfacial interactions in the transition behavior of the BCP films for
further experimental and theoretical consideration.
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