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ABSTRACT: The phase transitions in block copolymers (BCPs), like the order-to-disorder transition, occur
when the enthalpic term of free energy of mixing is equal to the entropic term. In thin films, interactions at the
substrate/polymer and polymer/air interfaces influence this free energy balance, leading to a change in the transition
behavior. Here, we report on the transition behavior of BCP thin films on a substrate modified by polymer chains
that preferentially interact with one component of the BCP. The thickness dependence of the transition temperature
shows that interfacial interactions enhance the orientation of the lamellar microdomain parallel to the film surface
even in 40 L in thickness, where L is the equilibrium period of the BCP in the bulk. This phenomenon can
be attributed to the fact that, in a thin film geometry with a preferential interaction of one component with the
substrate, a high concentration of one component is pinned at the substrate leading to an amplification of a
periodic variation in the composition and a shift of transition temperature.

Introduction

Block copolymers (BCPs) have received significant attention
recently as templates and scaffolds for the fabrication of
nanostructured materials,"? for example, in pattern lithography,?
templates for storage devices,* optical materials,” nanowires,
and membranes.” BCPs consisting of chemically different
polymers covalently linked together at one end can self-assemble
in tens of nanometers into ordered arrays lamellar, cylindrical,
gyroid, and spherical microdomains depending on the volume
fraction of the blocks. In the bulk, the microphase separation
occurs provided the product yN is sufficiently large (yN > 10.5
in the case of symmetric BCPs), where y is the segmental
interaction parameter and N is the total number of segments in
the BCP.®'° When y is inversely proportional to temperature
(T), BCPs are phase-mixed at elevated temperature and mi-
crophase-separate upon cooling. The transition from the ordered
to the disorder state occurs at a temperature of Topr, where the
nonfavorable segmental interactions are sufficiently weakened
and entropy dominates.'! Several techniques have been used to
determine this transition due to the changes in the enthalpy,
rheology, optical properties, and morphology, including dif-
ferential scanning calorimetry (DSC),' rheological measure-
ments,'* birefringence,'* small-angle X-ray scattering (SAXS),
and small-angle neutron scattering (SANS)."”

In thin films, the behavior of BCPs differs appreciably from
the bulk due to the interfacial interactions.'®'” The phase
transition of BCP thin films on Si substrates was first evaluated
by ex-situ neutron reflectivity (NR), leading to the thickness
dependence on T, at which the decay length (&) reduces
discontinuously with increasing temperature.'® Unlike a Topr,
this transition temperature was defined as the order to a partially
disordered transition since the order parameter, characterized
by concentration or scattering length density, never achieved a
constant value equal to the average value of the copolymer.
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For thick films (>>§) even well-above Topr, strong periodic
variations in the concentrations of the components normal to
the interface are seen due to the pinning of a high concentration
of one component at the interface, while the middle of the film
still is disordered.'® Technically though, & approaches infinity
at the Topr, but the random nucleation of microphase separation
at distances far from the interface prohibits the propagation of
order through the entire film.

Near the substrate interface, an orientation of the micro-
domains parallel to the plane of the interface occurs when there
is a preferential interaction of one block with the substrate. This
orientation propagates into the films by an amount that is
dictated by the strength of the interfacial interactions.>® For
ultrathin BCP films, the interfacial interactions can also influence
the phase behavior of BCP because the interactions are more
effective and then enough to alter the phase behavior of thin
films, although the transition behavior in thin films of BCPs is
not well-defined.

In this study, the order-to-disorder transition for lamella-
forming PS-b-PI (hereafter denoted as SI) was investigated by
in situ grazing incidence small-angle X-ray scattering (GISAXS)
as a function of the film thickness ranging 2 L to thick 40 L,
in order to assess thickness dependence on the transition
temperature and compare with the bulk phase behavior mea-
sured.

Experimental Section

A symmetric BCP composed of polystyrene and polyisoprene,
denoted as SI-23K, was synthesized by the sequential anionic
polymerization of styrene and isoprene in cyclohexane at 45 °C
under purified argon using sec-butyllithium as an initiator. Molec-
ular weight (M,) and polydispersity index (PDI), characterized by
size-exclusion chromatography (SEC) with the multiangle laser light
scattering (MALLS), were 23 000 and 1.04, respectively. PS volume
fraction (®ps) of BCP was determined to be 0.46 by 'H nuclear
magnetic resonance ('H NMR) with mass densities of two
components (1.05 and 0.90 g/cm?® for PS and PI). An hydroxyl-
terminated polystyrene (PS-OH) was synthesized via anionic
polymerization (Polymer Source), having M, = 10 000 and PDI =
1.09, to prepare a selectively preferential PS brush.
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PS was anchored to the Si substrate by spin coating a thin
film of PS-OH from toluene then annealing at 170 °C under
vacuum for 3 days. During annealing well-above the glass
transition temperatures (7,) of PS (<100 °C), end-functional
hydroxyl groups of PS-OH diffuse to and react with the native
oxide layer, hence producing a PS brush to the substrate. After
rinsing with toluene to remove the nonanchored chains, the
thickness of PS brush was measured to be 5.0 & 0.3 nm by
ellipsometry (SE MG-1000, Nanoview Co.). BCP films, having
thicknesses ranging from 35 nm (2 L) to 685 nm (40 L), were
spin coated from toluene solution onto the bare Si substrates
and the PS-modified substrate. Subsequently, the thin films were
annealed at 100 °C under vacuum for 24 h to allow the chain
mobility sufficiently between T, and Topr.

X-ray scattering experiments were carried out at 4C1 (SAXS)
and 4C2 (GISAXS) beam-lines at the Pohang Accelerator Labora-
tory (PAL), Korea. The operating conditions were set to a
wavelength of 1.54 A and the sample-to-detector distance of 2.5 m.
The samples were mounted on a heating cell under vacuum, and
the incident angle was set at 0.16 ° or 0.18 °, which are above the
critical angle (0.15°) of BCP thin films. ' Two-dimensional (2D)
GISAXS patterns were recorded using a CCD detector (Princeton
Instruments) positioned at the end of a vacuum guide tube when
the X-ray beam passes through the BCP thin films under vacuum
(5 x 107* torr). Small-angle X-ray scattering (SAXS; 4C1 beam-
line) was used to determine the bulk behavior of the BCP. All of
the heating experiments were controlled automatically with a PID
temperature controller from 40 to 160 °C at constant heating rate
0.9 °C/min and with the exposure time of 120 s.

Result and Discussion

SAXS intensity profiles for bulk SI-23K, measured at various
temperatures during heating at a heating rate of 0.9 °C/min from
70 to 160 °C, are shown in Figure la as a function of the
scattering vector (g), where ¢ = (4st/4) sin 0 and 20 and A are
the scattering angle and wavelength, respectively. At low
temperatures (7 < 100 °C), a sharp scattering peak and the
higher-order peaks (indicated by arrow) located at integral values
of g relative to the first order reflection are observed, charac-
teristic of the lamellar microdomain morphology. With increas-
ing temperature (7 > 122 °C), the primary peak weakens and
broadens abruptly and the second-order reflection disappears,
which is the classic correlation hole scattering of a phase-mixed
BCP. Consequently, a Topr = 122 £ 1 °C can readily be
determined for bulk SI-23K from the discontinuous changes of
the scattering parameters derived from the SAXS profiles, like
the inverse of the maximum intensity (1/I(gmax)), full width at
half-maximum (fwhm), and domain spacing (d) by d = 2x/
gmax as a function of inverse temperature (1/K), as plotted in
Figure 1b. This behavior is typical for BCPs undergoing a
transition from the ordered to disordered state.

2D GISAXS patterns for SI-23K film with thickness of 431
nm on the PS-modified substrate are shown in Figure 2 after
thermally annealing at 100 °C for 24 h. This thickness
corresponds to ~25 Ly, where Ly is the domain spacing (d =
27/Gmax) Oof 17.0 nm, taken at a temperature of 80 °C. All
patterns were obtained during heating thin film from 80 to 160
°C at a heating rate of 0.9 °C/min, followed by cooling to 100
°C. In the scattering geometry used, gy is the scattering vector
normal to the incident plane, and ¢, is the scattering vector
normal to the sample surface, defined as g, = (4s1/4) sin 0. The
d spacing is related to gy by d = 27/qy. The incidence angle
was set at 0.18° (greater than the critical angle of the BCP) to
probe the morphology of the entire film.

For T = 80 °C, the GISAXS pattern does not show any
in-plane scattering peak at gy = 0.370 nm™! (271/d) but, rather,
shows two distinct specular scattering peaks along ¢, near
qy = 0, as shown in Figure 2. This arises from the correlated
roughness at interfaces for the multilayered lamellar micro-
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Figure 1. (a) SAXS intensity for bulk SI-23K as a function of scattering
vector (g) at various temperatures ranging from 70 to 160 °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/I(gmax)), full width
at half-maximum (fwhm), and domain spacing by d = 27/qm.x are
plotted as a function of inverse temperature (1/K).

domains aligned parallel to the film surface.?'** The parallel
orientation of the lamellar microdomains is evident in the thin
film even at 129 °C which is higher than the Topr of bulk SI-
23K. With further increasing temperature, the in-plane scattering
peaks along gy at constant ¢, = 0.287 nm™! (corresponding to
g, of the reflected beam) begin to appear at 131 °C, intensify,
and reach the consistent maxima up to 160 °C. Two distinct
specular peaks along g, near g, = 0 (along the vertical
beamstop), however, decrease in intensity with increasing
temperature. In addition to these changes, two elliptical scat-
tering patterns are observed for 7 > 135 °C, which arise
from the correlation hole scattering from a disordered BCP in
the thin film. The ellipticity of the scattering patterns indicates
that even in the disordered state the interfaces are biasing the
fluctuations in the thin film. Upon cooling to 100 °C, the in-
plane scattering peaks disappear and the scattering peaks along
q, (near g, = 0) reappear although there is minor hysteresis, as
can be seen for the thin film at 130 °C in Figure 2. These results
confirm the thermo-reversibility for this transition.

GISAXS patterns for thin films of lamella-forming BCP have
been analyzed using the distorted-wave Born approximation
(DWBA),?! enabling an analytic calculation of the scattering
profiles in g, at gy = 0 for lamellar microdomains oriented
parallel to the film surface, by
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This assumes that the thin film is homogeneous across the
substrate with alternating lamellar layers composed of PS and
PI, which can be treated as a perturbation.”’ Where ; and 0.,
are the incident (0.18°) and critical angles (0.15°), respectively,
and m is a positive, odd integer for the symmetric lamellar
structure. From this simple calculation for the film of 25 Ly,
scattering peaks at two ¢, were obtained at 0.44 and 0.62 nm™!
(a; = 0.18° and m = 1), which are in good agreement with the
experimental results, as indicated by the arrows in Figure 2 and
3a. These corresponding peaks represent a multilayered lamellar
microdomain structure aligned parallel to the film surface at
lower temperatures.

For better statistics, the intensity profiles from the GISAXS
patterns in Figure 2 are scanned along ¢, direction at constant
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Figure 2. 2D GISAXS patterns for SI-23K film with thickness of 431
nm (25 Ly) on the PS-modified substrate at incident angle of 0.18°,
which is above the critical angles for SI copolymer (0.15°) and SiO»
(0.22°). All patterns were taken during heating at a heating rate of 0.9
°C/min and then cooling to 100 °C after thermally annealing at 100
°C under vacuum for 24 h. Arrows indicate two peak positions of the
specular scattering at ¢, = 0.44 and 0.62 nm™! (o; = 0.18° and m =
1) from the simple calculation by eq 1, which corresponds to two arrows
in Figure 3.
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Figure 3. Intensity profiles from GISAXS patterns in Figure 2 for SI-
23K film with thickness of 25 L at both (a) the specular scattering
scanned along ¢ direction near g, = 0 during heating thin film and (b)
the in-plane scattering scanned along g, direction at constant ¢, = 0.287
nm~! (corresponding to g, of the reflected beam), respectively. (c) the
maximum intensities of both peaks as a function of temperature. By
the clear discontinuity at 135 °C, the multilayered lamellar micro-
domains become to disordered state in thin film at greater than 135
°C. Interestingly, the same transition temperatures were observed for
SI-23K films with thicknesses of 40 Ly and 12 Ly on the PS-modified
substrate.

g. = 0.287 nm™! and along ¢, direction near the vertical
beamstop (gy = 0), as shown in Figure 3a,b, respectively. These
results support the structural changes of the entire film of 25
Lo during heating. It is worthwhile to note that the scattering
peaks along ¢, for T = 80 to 133 °C are even sharper than the
in-plane scattering peaks along ¢, in the disordered state at
higher temperatures from 7= 137 to 160 °C. The temperature
dependences of both peak intensities in Figure 3c exhibit a
distinct discontinuity at 135 °C, indicative of the order-to-
disorder transition. The identical transition temperature was
observed for SI-23K films with thicknesses of 205 nm (12 L)
and 685 nm (40 L) on the PS-modified substrate, which is still
higher than the Topr (122 °C) of bulk SI-23K. This can be
attributed to the pinned high concentration of one component
at the substrate, leading to the suppression of fluctuations and
a perfect multilayered lamellar microdomain parallel to the film
surface, as evidenced by the TEM image for SI-23K film with
thickness of 40 L in Figure 4.

Neutron reflectivity (NR) results of Menelle et al.'® indicate
that the transition in the thin films, unlike that in the bulk, is
one where the BCP changes from being in the ordered state to
a partially disordered state, since, even at elevated temperatures,
the order parameter never reaches a constant value equal to the
average composition of the BCP. Interfacial interactions cause
a pinning of a high concentration of one component that leads
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Figure 4. TEM image for SI-23K film with thickness of 40 L, on the
PS-modified substrate, which was taken by quenching from 100 °C.
Polyisoprene block was selectively stained with OsOy to increase the
contrast.

to a damped oscillatory variation in the composition propagating
into the film. However, the discontinuous changes of intensity
observed in this study is quite similar to that seen in the bulk
and within the interior of the films, and a truly disordered state
was attained. The origin of the differences in these two studies
is, more than likely, the temperature dependence of y between
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and
SI, where the temperature dependence of y is quite small, almost
independent of temperature for PS-b-PMMA, whereas for SI,
the temperature dependence of y is quite strong, forcing the
BCP more deeply into the disordered state, or conversely,
significantly decreasing the decay length.

2D GISAXS patterns for SI-23K films with thickness of 103
nm (6 Lo) on the PS-modified substrate are shown in Figure
5a. All patterns were obtained during heating from 80 to 160
°C, followed by cooling to 100 °C. For T < 135 °C, two specular
scattering peaks (indicated by arrows from eq 1) are evident
along g, near ¢y = 0 due to the multilayered lamellar
microdomains oriented parallel to the film surface, although the
peak intensities are weaker in comparison to those seen for the
film of 25 Ly by the thickness difference. With increasing
temperature, the in-plane scattering peaks along gy at constant
q; = 0.287 nm™! as well as two elliptical scattering patterns
appear at T = 147 °C and remain this way up to 160 °C. These
results indicate a thermo-reversible transition temperature
between 135 and 147 °C. However, the GISAXS patterns for
the film of 68 nm (4 Ly) did not show the elliptical scattering
patterns, more than likely because of the thin film thickness. It
should be noted that the thinner the films, the more stretched
are the in-plane scattering patterns along g, due to a waveguide
resonances by the correlated interferences of the film.>?

For the very thin film (35 nm or 2 Ly) of SI-23K on the PS-
modified substrate, 2D GISAXS patterns are given in Figure
5b for each temperature. The scattering peaks along ¢, near gy
= 0 are very weak and the intensities of in-plane scattering
peaks appear along gy at constant ¢, = 0.254 nm™!, while weak
at T ~ 120 °C, then gradually increase in intensity for 7 =
139.5 to 160 °C with no discernible transition. Upon cooling
to 100 °C, the intensity decreases. This thermo-reversible
phenomenon corresponds to the fact that at higher temperature
the ordered microdomain layers remain at the interfaces for a
very thin film of 2 L although the scattering intensities change
in accordance with the degree of phase segregation, resulting
from the effective interfacial interactions by the PS-modified
substrate, as will be discussed later.

In contrast, Figure 6 shows the maximum intensities of
specular and in-plane scattering from GISAXS patterns for SI-
23K film with thickness of 25 L on the bare Si substrate. The
temperature dependences of both peak intensities exhibit a clear
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Figure 5. 2D GISAXS patterns for SI-23K films with (a) thickness of
103 nm (6 Lo) at incident angle of 0.18° and (b) thickness of 35 nm (2
Lo) at incident angle of 0.16° on the PS-modified substrate. All patterns
were taken during heating process at a heating rate of 0.9 °C/min and
then cooling to 100 °C after thermally annealing at 100 °C under
vacuum for 24 h. Arrows indicate two peak positions of specular
scattering at ¢, = 0.44 and 0.62 nm™! (o; = 0.18° and m = 1) from
the simple calculation by eq 1.
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Figure 6. The maximum intensities of specular and in-plane scattering
from GISAXS patterns for SI-23K film with thickness of 25 L, on the
bare Si substrate during heating thin film. The specular and in-plane
scattering were scanned along g. direction near g, = 0, and along ¢,
direction at constant ¢; = 0.287 nm~' (corresponding to g, of the
reflected beam), respectively. By the clear discontinuity at 123 °C the
lamellar microdomains become to disordered state in thin film.

discontinuity at 123 °C which is similar to that for bulk SI-
23K, indicating that the lamellar microdomains of SI-23K on
the bare Si substrate come to a disordered state in thin film.
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Figure 7. The maximum intensities of in-plane scattering, scanned along
qy direction at constant ¢,, as a function of temperature for SI-23K
films (a) on the PS-modified substrate and (b) on the bare Si substrate
during heating at a heating rate of 0.9 °C/min. The dotted line guides
Topr (122 °C) for bulk SI-23K.

Different from the thin film geometry with a preferential
interaction of one component with the substrate such as the PS-
modified substrate, weak interactions at the oxide/polymer
interfaces little influence the free energy balance, leading to a
consistency in the transition temperatures as are the cases for
SI-23K films with thicknesses of 209 nm (12 Ly) and 695 nm
(40 Ly) on the bare Si substrate.

An intensity of the maximum in the in-plane scattering peak
was plotted as a function of temperature at constant ¢, = 0.254
nm~! for SI-23K films of 2 L and 4 Ly, and at constant g, =
0.287 nm™! for the other thicknesses, up to 40 Ly in Figure 7
depending on the substrates. For the film of 40 Ly on the PS-
modified substrate as shown in Figure 7a, the low intensity of
in-plane scattering peak by the multilayered lamellar micro-
domains aligned parallel to the film surface increases rapidly
at 135 °C because of the correlation hole scattering from a
disordered state for the thin BCP film. These transition tem-
peratures at 135 °C, as confirmed by the discontinuous change
of intensity, are the same as those for the films of 25 L and 12
Lo, whereas for bulk SI-23K, Topr = 122 °C (guided by dotted
line) which is significantly lower than that seen in these thin
films. As the film thickness decreases from 10 Ly to 4 L, the
transition temperatures increase to 147 °C. A very thin film of
2 Lo thickness does not show any discernible transition.
However, the intensity gradually increases up to 160 °C,
confirming the ordered state of lamellar microdomains over the
experimentally accessible temperature range as described in
Figure 5b. However, for the films of 12 L, 25 Ly, and 40 L,
on the bare Si substrate in Figure 7b, the low intensity of in-
plane scattering peak also increases rapidly at 123 °C which is
nearly identical to that (122 °C) for bulk SI-23K within
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Figure 8. Transition temperatures as a function of film thickness for
SI-23K films on the PS-modified substrate and the bare Si substrate.
These transition temperatures by the discontinuous change of intensity
were determined in the middle points of temperature range. Error bars
indicate the initial and final points of transition temperatures and the
dotted line guides Topr (122 °C) for bulk SI-23K.

experimental error range of 1 °C possibly due to the change
from the random orientation of lamellar microdomain to a
disordered state for the thin BCP film. As the film thickness
decreases from 10 Ly to 8 Lo, the transition temperatures
discernible by the discontinuous change of intensity increase
to 126 °C with a broad range. Unfortunately, no discernible
transition is seen for SI-23K films thinner than 8 L.

A summary of the thickness dependence of transition tem-
perature is shown in Figure 8. First, for the films with
thicknesses less than 12 Ly on the PS-modified substrate, Topt
increases with decreasing thickness, while a little increase is
seen in thin films on the bare Si substrate. This ultimately leads
to the ordered state of lamellar microdomains for the ultrathin
film where no disordering transition is seen for thin film of 2
Ly on the PS-modified substrate. This thickness dependence of
the transition temperature on the substrates can be attributed to
the fact that in a thin film geometry with a preferential
interaction of one component with the substrate, the strength
of interfacial interactions inversely proportional to the film
thickness as would be expected. The second is that, for SI-23K
films with thicknesses greater than 12 L on the PS-modified
substrate, Topr (135 °C) is significantly shifted from the bulk
Topr (122 °C) by 13 °C. This difference, again, can be attributed
to the strength of the interactions between the PS-modified
substrate and PS block of SI-23K and the extent to which the
ordering and orientation of the lamellar microdomain morphol-
ogy propagates into the film. Therefore, the surface effect of
the transition temperature shows that the preferential interactions
with one component of the BCP can lead to a shift of transition
temperature, as a consequence of an amplification of a periodic
variation in the composition and the enhanced orientation of
the lamellar microdomain parallel to the film surface even for
the film of 40 L. In support of this, in the thin films where the
interfacial interactions are weakened, as is the case for a bare
Si substrate, the Topr of films (25 Ly) were nearly equal to that
seen in the bulk SI-23K.
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