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Order-to-Order Transitions of Block Copolymer in Film Geometry
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ABSTRACT: The various mesophasic transitions for an asymmetric polystyrene-block-polyisoprene (PS-b-PI)
in film geometry, like the order-to-order transitions, were investigated by in sifu grazing incidence small-angle
X-ray scattering (GISAXS). Compared with the sequential phase transitions in bulk, lamella (LAM) to hexagonally
perforated layer (HPL) to gyroid (GYR) to hexagonally packed cylinder (HEX) to disorder (DIS) by thermal
energy, the only difference in geometry leads to the enhancement of LAM phase, the parallel shifts of transition
temperatures for HPL and GYR phases, and a little increase of order-to-disorder temperature (Zopr) as a
consequence of weak interfacial interactions. However, a short-range of HEX phase in bulk disappears. These
results may be correlated to the suppressed compositional fluctuation in film geometry due to the interactions of

polyisoprene block with the substrate and air.

Introduction

Periodic self-assembled morphologies of block copolymers
(BCPs) have recently attracted significant interest as fascinating
candidates in applications of nanoscopic patterns in thin film.'
When yN is sufficiently large where y and N are the segmental
interaction parameter and the total number of segments in the
BCP, in principle, the microphase separation occurs in tens of
nanometers depending on the volume fraction of each compo-
nent;° "> thereby producing lamellar (LAM), hexagonally
packed cylindrical (HEX), body centered cubic spherical (BCC),
and the complex phases such as gyroid (GYR) and hexagonally
perforated layers (HPL) which has been believed a metastable
phase.'®'>'¢ Hence, it is a key issue to control morphologies
in the BCP films, particularly in the directed microdomain
orientations.

Of the various BCPs, a polystyrene-block-polyisoprene (PS-
b-PI) has been used as a model system to illustrate the phase
behaviors consisting of a variety of ordered structures, which
provide us with the intriguing phase transitions by thermal
energy at specific composition regime within volume fraction
of 0.6—0.7 due to strong temperature dependence on y.'”~'°
These transitions of BCP, namely order-to-order transitions
(OOT), can be speculated by the mean field approach in a
relatively good agreement with the experimental results.?>*' In
addition, a new noncubic network (Fddd) phase for PS-b-PI
was recently found in a narrow range of the volume fraction
and yN.>

For the film geometry, interfacial interactions at the substrate/
polymer and polymer/air play a key role in understanding the
phase behaviors of BCP since they affect the relative stability
of mesophases as well as the microdomain orientations by the
preferential interaction.”>** Nevertheless, there has been no
straightforward report experimentally on mesophasic (or order-
to-order) transitions in BCP films, with them being an open
question. Grazing incidence small-angle X-ray scattering
(GISAXS) measurement has recently provided the detailed
analysis for the BCP films through the characteristic patterns
to the corresponding nanostructures, where the target depth of
films can be tuned by varying the incident angles.”> > As a
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part of regulating these interactions, we previously reported
through GISAXS measurement for symmetric PS-b-PI films that
the preferential interactions by PS brushes with one component
of the BCP can lead to enhanced orientation of the symmetric
lamellar microdomain parallel to the film surface and a shift of
the order-to-disorder temperature (Topr) as a consequence of
an amplification of the periodic composition.*

In this study, we report the phase transition behavior for a
PS-b-Pl in film geometry by in situ GISAXS in comparison to
the bulk phase behavior composed of LAM—HPL—GYR—
HEX—DIS, as a new approach to the confinement effect for
transition behavior of BCP. The only difference in geometry
with no significant surface modification could lead to the
changes and shifts of transition temperatures more than likely
because interfacial interactions in film geometry are key factors
in determining the phase stability. To the best of our knowledge,
there has been no report on OOT behaviors of BCP films by
thermal energy in comparison to those of bulk, even though
the structure analysis for complex morphologies of thick films
was well-described.?>?%3! Therefore, this report will stimulate
a new study regarding transition behavior in BCP films by
controlling the strength of the surface interactions as the next
study.

Experimental Section

An asymmetric BCP composed of styrene and isoprene, hereafter
denoted to as SI-42, was synthesized by the sequential anionic
polymerization in cyclohexane at 45 °C under purified argon using
sec-butyllithium as an initiator. The number-average molecular
weight (M,) and polydispersity index (PDI), characterized by size-
exclusion chromatography (SEC), was measured to be 42 400 g/mol
and 1.04, respectively. PS volume fraction (®Pps) of BCP was
determined to be 0.333 by 'H nuclear magnetic resonance ('H
NMR) based on the mass densities of two components (1.05 and
0.90 g/cm? for PS and PI). A given amount of SI-42 was dissolved
in toluene and spin-coated onto the standard Si substrate, where
the substrate was cleaned with toluene and dried with a stream of
nitrogen before use. Subsequently, the BCP films were annealed
at 90 °C under vacuum for 48 h to allow thermal equilibrium
between T, (75 °C) of PS block and the first OOT temperature
(Toor)- The film thickness measured by ellipsometry was set to be
approximately 960 nm, which is consistent with 40L, by d =
27/q*.

Synchrotron scattering experiments were conducted at 4C1
(SAXS) and 4C2 (GISAXS) beam-lines of the Pohang Accelerator
Laboratory (PAL), Korea.>* The operating conditions for GISAXS
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Figure 1. (a) SAXS intensity profiles for bulk SI-42 as a function of
scattering vector (g) at various temperatures ranging from 90 to 250
°C at a heating rate of 0.9 °C/min, and (b) the scattering parameters
derived from SAXS profiles. The inverse of the maximum intensity
(1/1(g*)), full-width at half-maximum (fwhm) at 2¢*, and d-spacing
(d) by d = 2m/q* are plotted as a function of inverse temperature
(1/K).

were set to a wavelength of 1.38 A and the sample-to-detector
distance of 2.3 m. The film samples were mounted on a heating
cell under vacuum and the incident angle was set at 0.18°, which
is above the critical angle (0.15°) of BCP thin films.? 2D GISAXS
patterns were recorded using a CCD detector (Princeton Instru-
ments) positioned at the end of a vacuum guide tube when the X-ray
beam pass through the BCP films under vacuum. SAXS was used
to determine the bulk behavior of the BCP. All the heating
experiments were automatically controlled with a PID temperature
controller from 80 to 250 °C at constant heating rate of 0.9 °C/min
and with an exposure time of 60—120 s.

Results and Discussion

Figure 1a shows SAXS intensity profiles as a function of the
scattering vector (g), reflecting the phase structures in bulk SI-
42, which were measured by 2D SAXS patterns at various
temperatures during heating, where ¢ = (4a/A)[sin 6], 26 and
A are the scattering angle and wavelength, respectively. The
ordered structure at lower temperatures (7 < 100 °C) corre-
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Figure 2. 2D GISAXS patterns for the film of 962 £ 11 nm (40L) on
Si substrate at incident angle of 0.18°, which is above the critical angle
for SI copolymer (0.15°). All patterns were taken during heating from
90 to 250 °C at a heating rate of 0.9 °C/min after thermally annealing
thin film at 90 °C for 48 h under vacuum. The dotted arrows indicate
the characteristic lines to determine HPL and GYR phases at constant
gy = 0219 nm ! and ¢, = 0.139 nm™", respectively.

sponds to LAM phase, which is evidenced by a sharp scattering
peak and the higher-order peaks (indicated by arrows) at
scattering vector ratios of g/g* = 1:2:3 relative to a primary
peak located at ¢* (at maximum). As temperature increases
(T > 125 °C), the primary peak begins to change due to the
appearance of shoulders at both sides and all peaks divide into
eight different peaks at /g™ = 1:1.09:1.18:1.73:1.90:2.0:2.18:
3.27, as shown in the intensity profile at 160 °C, where g™
indicates the scattering vector at the first peak.'>'® This is in
good agreement with the HPL phase in the A—B—C stacking
pattern. With further increasing temperatures (7 > 165 °C),
through a transition at 165 °C, the intensity profile observed at
171 °C shows two sharp peaks at g/g* = +/3:/4 and the series
of higher-order peaks at ¢/g* = +/10:4/11:/12:4/13:4/15:/16:
V19:4/21:4/23:/ 25, which are characteristics of GYR
phase.”'""!> For the intensity profile at 212 °C, the next phase
structure upon heating corresponds to HEX phase, consistent
with the scattering vector ratios of g/g* = 1:4/3:3/4:4/7. At
higher temperature for 7> 225 °C, the primary peak weakens
and broadens abruptly and the higher-order peaks disappear,
indicating the correlation hole scattering of a phase-mixed (or
disordered) BCP in bulk.
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Figure 3. Out-of-plane scattering intensities scanned along ¢.-direction
from GISAXS patterns for SI-42 (a) at constant g, = 0.139 nm~ !, which
can provide information on the characteristic GYR phase at the peak
at (211)(112), and (b) at constant ¢, = 0.219 nm™! involving the two
distinct peaks at (102) and (101) from the reflected X-ray beam,
indicative of HPL phase.

For more accurate information, temperature dependences of
the scattering parameters such as the inverse of the maximum
intensity (1/1(q*)), full-width at half-maximum (fwhm) and
d-spacing (d) by d = 27t/g* are plotted in Figure 1b as a function
of inverse temperature (1/K). Especially for the first transition
from LAM to HPL (T < 164 °C), fwhm at 2¢g* was analyzed
because 1/1(¢*) is unmeaningful for this transition, consequently
leading to a broad transition of Toor = 118 £+ 6 °C. By the
sequentially discontinuous changes of 1/I(¢*), one can readily
determine further transition temperatures from HPL to GYR at
Toor = 165 £+ 3 °C, GYR to HEX at Toor = 211 °C, and
disordering (DIS) at Topr =~ 225 °C, respectively. The d-spacing
decreases gradually with increasing temperature although it
shows some weak variations at each transition. This behavior
is characteristic for BCPs undergoing the sequential phase
transitions, LAM-HPL-GYR-HEX-DIS by thermal energy,
which will be compared to that in the films presented in
Figure 4.

In comparison to the phase transitions for the bulk SI-42,
Figure 2 shows 2D GISAXS patterns for the film of 962 + 11
nm, which were taken at each temperature during heating after
thermally annealing thin film on Si substrate at 90 °C for 48 h
under vacuum. In order to avoid the film thickness dependence
on transitions under quasi-equilibrium which is responsible for
the influence of the surface interactions, this thickness was set
to ~ 40L, at which L, is consistent with d-spacing (L, or d =
27/g*) of 24.0 nm at a low temperature of 90 °C for lamella-
forming range. In the scattering geometry, g, is the scattering
vector normal to the incident plane where d-spacing is related
to g, by d = 27/q,, and ¢, is the scattering vector normal to the
sample surface, defined as g, = (47/A)[sin 6]. The incident angle
(o) was set at 0.18° to probe the internal structures of the entire
film when the X-rays pass through the thin film above the critical
angle (o, = 0.15°) of SI-42.

For T = 90—140 °C the GISAXS pattern shows two
intensified elliptical patterns arising from a superposition of the
two scatterings from the reflected and transmitted X-ray beams
by the difference of 2a;, which is caused by the random
orientation of LAM microdomains. It should be also mentioned
that in bulk a HPL phase was observed even at T = 140 °C,
indicating that a transition from LAM to HPL is shifted to higher
temperature in film on the native oxide layer of Si substrate.
The favorable random orientation at the extended temperature
range for LAM phase in film geometry can be attributed to the
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Figure 4. Maximum peak intensities at positions of (102) and
(211)(112), as indicated by the dotted lines in Figure 3 (or the blue
color in Figure 2). The transition temperatures in film geometry are
determined by the significant changes in intensities and confirmed by
the GISAXS patterns, leading to the order-to-order transition temper-
atures (Toor’s) divided by the dotted lines. On the top of figure,
transition temperature window in film geometry is compared with that
in bulk.

asymmetric composition for SI-42(®Ppg = 0.333) in addition to
the weak interactions between oxide layer and polyisoprene
block.

As temperature increases over 7 = 150 °C, a characteristic
A—B—C stacking HPL pattern appear periodically at the out-
of-plane scattering peaks along the ¢.-direction (as indicated at
gy = 0.219 nm™") at the expense of the elliptical patterns from
LAM phase. According to the peak indexes for HPL
phase,*%2° a number of periodic scattering peaks from the
reflected and transmitted X-ray beams indicate that most lattice
layers are oriented parallel to the film surface, which is contrast
to the random orientation of LAM microdomains. These
scattering patterns and peaks enhance up to T = 174 °C but
weakens at 7= 181 °C, maintaining the same morphology. For
T = 191 °C, the new out-of-plane scattering peaks begin to
appear along g -direction (as indicated at ¢, = 0.139 nm™') and
the marked scattering peaks at {121} plane remain arranged
distinctly at 7= 203—220 °C, which correspond to GYR phase
having a little preferential orientation in film geometry.” 2’
However, HEX phase in bulk for 7 = 212—220 °C was not
observed in thin film. Finally for T > 234 °C with further
increasing temperature, all characteristic peaks disappear and
two broader elliptical scattering patterns appear, which should
be attributed to the correlation hole scattering from a disordered
BCP in film geometry.

For better statistics, we analyzed two out-of-plane scattering
intensities involving the characteristic peaks for HPL and GYR
phases, as highlighted by a square in Figure 3, where the
intensities were scanned along the g.-direction at constant g, =
0.139 and 0.219 nm™! from the GISAXS patterns in Figure 2.
Figure 3a shows the intensity profiles at ¢, = 0.139 nm™', which
can provide information on the characteristic GYR phase at the
peak at (211)(112). However, for g, = 0.219 nm™" in Figure
3b, the intensity profiles include the intensity changes involving
the two distinct peaks at (102) and (101) from the reflected X-ray
beam, which are indicative of the HPL phase. Hence, these
results allow us to follow the structural changes in film geometry
of 40L, during heating, which are reasonably consistent with
the direct analysis of the GISAXS patterns.

Figure 4 shows a summary of scattering intensities at positions
of (102) for HPL and (211)(112) for GYR phase, as indicated
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by the dotted lines in Figure 3 (or the blue color in Figure 2).
The order-to-order transition temperatures (7oor’s) in film
geometry are determined by the significant changes in intensities
and confirmed by the GISAXS patterns, resulting in LAM to
HPL at Toor = 148 &+ 3 °C, HPL to GYR at Toor = 193 £ 2
°C, and disordering (DIS) transition at Topr = 232 °C with no
evidence for HEX phase, respectively. Moreover, the maxima
of intensities by thermal energy in Figure 4 represent that the
transition behaviors in film are slower than those in bulk. The
sequential phase transitions in bulk, LAM—HPL—GYR—
HEX—DIS, are plotted on top of Figure 4 for comparison. For
the film geometry, the only weak interfacial interactions from
two interfaces at the native oxide/polyisoprene block and
polyisoprene block /air lead to the enhancement of LAM phase,
the parallel shifts of transition temperatures (Toor’s) for HPL
and GYR phases, and a little increase of Topr. These results
may be correlated to the suppressed compositional fluctuation
due to the interactions of polyisoprene block with the substrate
and air. A short-range of HEX phase in bulk, however,
disappears in film, representing that the phase stability in film
geometry can also be readily influenced by the interfacial
interactions. Therefore, it is of great interest to investigate the
surface field effects on OOT of BCP in film as a further study.
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