Film Instability Induced Hierarchical
Structures of Diblock Copolymer Thin Films

With optical microscopy and small-angle X-ray scatter-
ing at grazing incidence, we investigated, as a function of
film thickness, the dewetting, surface roughness, and or-
dering of nanodomains of cylindrical form in polystyrene-
block-poly(methyl methacrylate), P(S-b-MMA), as a thin
film on bare silicon substrates and substrates coated with
end-grafted PMMA and PS brushes. Upon heating, relief
structures (holes and islands) with a roughness correla-
tion at interfaces are present at a large density in thin
films that dewetted the underlying silicon substrates and
PMMA brushes. A surface undulation of the film thick-
ness to achieve the commensurability of the film thickness
with the nanodomain spacing facilitates the ordering of
internal nanostructures. In contrast, thin films that resist
dewetting on substrates coated with a PS brush reveal a
free surface with a rapid decay of roughness replication.
In the absence of an undulating thickness, the cylindrical
nanostructures within the films on top of a PS brush have
a large density of defects, producing small monograins of
nanocylinders.
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Because polystyrene-block-poly(methyl meth-
acrylate) (P(S-b-MMA)) diblock copolymers (BCPs) are
prospective materials for nanolithography, much effort
is devoted to control the domain orientation in P(S-b-
PMMA) thin films with surface fields, but little attention
is paid to the influence of film instability on nanostruc-
tures at interfaces and buried structures within the thin
films that dewet substrates. In this work, we investigated
thin destabilized films of asymmetric (P(S-b-MMA)) as
a model to understand both the surface roughness at
interfaces and the buried internal nanostructures and
nanodomain ordering in P(S-b-MMA) ultrathin films. To
accelerate the dewetting, non-isothermal annealing at a
heating rate 1 °C/min from 30 to 245 °C was imposed on
the thin films. In the following report, we demonstrate
the interfacial roughness, nanodomain spacing, and or-
dering in the destabilized thin films of varied thickness
after non-isothermal annealing was imposed on films
spread on substrates of three kinds - a bare Si substrate
and a modified Si substrate with the top surface coated
with end-grafted PMMA and PS brushes, respectively
(denoted SiO,/Si, PMMA-SiO,/Si and PS-SiO,/Si for brev-
ity) by means of grazing-incident small angle X-ray
scattering (GISAXS). Finally, we discuss in detail the cor-
relations of the roughness conformity at interfaces, the
cylindrical nanodomain spacing and the ordering with
the dewetting morphologies.

Topographical Features and Dewetting Mecha-
nisms: Islands and Holes Depending on the initial
thickness of the film, distinct dewetting morphologies
were observed after thin films on SiO,/Si, PMMA-SiO,/
Si and PS-SiO,/Si substrates were subjected to anneal-
ing, as shown in Figs. 1(a)-(c). Upon dewetting with
annealing, on the SiO,/Si and PMMA-SiO,/Si substrates
the P(S-b-MMA) films exhibited varied topographic
microstructures ranging from islands to holes. For the
initially thinnest film 32.1 nm as spun from a 1.4 mass %
solution, a polydispersive population of islands (drops) is
present on the SiO,/Si and PMMA-SiO,/Si substrates [Figs.
1(a) & (b)]. In addition to the larger drops, the surface of
the initially thinnest film was covered also with a high
density of small droplets, of which the dimensions were
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ﬂ in the range of tens of nanometer.

This observation indicates that
dewetting nucleates via formation
of a random distribution of droplets
rather than via formation of holes.
For the films of initial thickness
36.4 and 38.3 nm, holes were typi-
cally formed on SiO,/Si on dewet-
ting via a nucleation and growth
mechanism. The P(S-b-MMA) films
dewetted more quickly on PMMA-
SiO,/Si than on SiO,/Si. The P(S-b-
MMA) films that dewetted on SiO,/
Si had holes. For comparison, the
films with initially similar thickness
(36.4 and 38.3 nm) spread on top
of PMMA-SiO,/Si reveal that holes
grew with time to form a network,
and eventually a part of the network
broke into droplets. In contrast to
those films on SiO,/Si and PMMA-
SiO,/Si substrates, the P(S-b-MMA)
films on a dense PS brush showed a
small density of holes irrespective of
film thickness, as shown in Fig. 1 ().

GISAXS Characterizations
of Destabilized P(S-b-MMA) Thin
Films Before GISAXS characteriza-
tions, we subjected all thin films
to annealing as described above.
The GISAXS experiments were per-
formed at beamline BL23A of the
NSRRC. A monochromatized X-ray
radiation source of energy 10 keV
(wavelength, A = 1.24 nm) and a
two-dimensional gas detector with
a pixel array 512 x 512 were used
to collect 2D GISAXS patterns. The
distance from the sample to the
detector was 2447.54 mm. The scat-
tering vector, g (g = 41/Asin®), with
scattering angle 6, in these patterns
was calibrated with silver behenate.
The films were mounted on a z-axis
goniometer. The angle of incidence
of each X-ray beam was a= 0.17°,
which is between the critical angles
of the P(S-b-MMA) films and the
silicon substrates (a.¢ and a.,). The
2D GISAXS diffraction patterns for

the destabilized films are shown
in Figs. 2 (a)-(c), which reveals rod-
like or spot-like scattering typical
for strongly fiber textured films. No
GISAXS patterns reveal a ring-like
scattering as a result from a random
orientation of the nanodomains.
The anisotropy in the GISAXS pat-
terns indicates that the nanodo-
mains of the P(S-b-MMA) films
spread on SiO,/Si, PMMA-SiO,/Si
and PS-SiO,/Si were highly oriented
with respect to the surface normal.

The experimental GISAXS ge-
ometry is depicted schematically
in Fig. 2(d). We performed GISAXS
measurements at an angle of in-
cidence greater than the critical
angle of total reflection of the P(S-
b-MMA) films. As an example, Fig.
2(d) shows the anisotropy of the
observed scattering pattern of a
P(S-b-MMA) film of initial thickness
34.3 nm on a PS-SiO,/Si substrate.
The pattern reveals rod-like scatter-
ing typical of strongly textured fiber
films with cylindrical symmetry, in-
dicating that the cylindrical PMMA
nanodomains aligned with a single
orientation on top of PS-SiO,/Si.
Typical characteristics (Bragg rods/
spots and Kiessig fringes) of one-
dimensional (1D) scattering inten-
sity are clearly observed when the
in-plane and out-of-plane scan cuts
were imposed on the 2D GISAXS
pattern to show the 1D profiles. An
in-plane profile was obtained with
intensity scanning on varying g,, at
a given g, whereas an out-of-plane
profile at g,, = 0 was obtained with
a vertical slice of intensity as a func-
tion of g,. Typical slices are indicat-
ed in Fig. 2(d) with a horizontal line
and vertical one. The corresponding
in-plane 1D GISAXS profile shown
in Fig. 2(e) reveals a Bragg peak, of
which the diffraction position is as-
sociated with a periodic spacing of
nanodomains. Figure 2(f) shows the



out-of-plane GISAXS profile with
intensity dependence along the
line at g,, = 0 A". The Yoneda and
reflection peaks along the thickness
directionatg,, =0 A" were shielded
with a beam stopper to prevent the
detector from radiation damage
due to an intense reflection beam;
both Yoneda and reflection peaks
are consequently absent from the
1D out-of-plane profile of GISAXS.
The only scattering feature shows
modulations of which the period
relates to the thickness of the P(S-b-
MMA) film (or the underlying PS-OH
brush).

Ordering of Cylindrical
Nanodomains To detect the forma-
tion of nanodomains, we imple-
mented the in-plane and out-of-
plane scan cuts on the 2D GISAXS
patterns to show the 1D scattering
profiles. Figure 3(a) (in-plane scan
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cuts) reveals the 1D GISAXS profiles
for the same P(S-b-MMA) films of
varied thickness on SiO,/Si, PMMA-
SiO,/Si and PS-SiO,/Si after anneal-
ing. As can be seen in Figs. 3(a-1) &
(a-2), the P(S-b-MMA) thin films on
Si0,/Si and PMMA-SiO,/Si reveal a
Bragg peak. Such a Bragg peak for
the P(S-b-MMA) films on SiO,/Si and
PMMA-SiO,/Si presents an invariant
in the g,, position irrespective of
the initial thickness. Based on the
reflection position, we speculate
that the nanostructures formed in
the P(S-b-MMA) films have a cylin-
drical structure with a good order.
In contrast, the P(S-b-MMA) thin
films on top of PS brush reveal the
in-plane diffraction peak with small
intensity and broadening, indica-
tive of a poor ordering of nanodo-
mains within the P(S-b-MMA) films
[Fig. 3 (a-3)]. The poor ordering
results from increased stretching of
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the polymer chains, made evident
by a shift in the diffraction position
to smaller g,,.

Roughness Correlation be-
tween Interfaces To acquire further
insight into the roughness replica-
tion of thin films, we performed
data analyses of diffuse X-ray scat-
tering along the normal direction
of the substrate. One-dimensional
GISAXS intensity profiles as a func-
tion of g,, extracted from 2D X-ray
scattering patterns with an out-
of-plane scan cut, are shown in
Fig. 3(b). Several modulations due
to resonant diffuse scattering are
observable for the films on SiO,/Si
and PMMA-SiO,/Si [Figs. 3(b-1)
and (b-2)]. The wavelength of the
modulations intrinsically depends
on the spacing between both cor-
related interfaces. According to
the wavelength of the observed
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oscillations, the estimated length of
ca. 22 nmi is attributed to the thick-
ness of the anchored P(S-b-MMA)
monolayer. Thus, the presence of
the modulations indicates that, on
SiO,/Si and PMMA-SiO,/Si, the an-
chored P(S-b-MMA) monolayer has
an interfacial roughness correlation.
The amplitude of modulations can
be regarded as an indication of the
extent of interfacial roughness cor-
relation since the mean electron
density of the anchored monolayer
remains unchanged. A comparison
of the amplitude of the observed
modulations for the films on polar
substrates demonstrates that the
extent of roughness correlation for
the anchored P(S-b-MMA) monolay-
er covered by droplets is relatively
small.

To compare the decay of
roughness correlation in the P(S-b-
MMA) thin films on the PS-SiO,/Si
substrates, we also performed out-
of-plane cuts on their 2D GISAXS
patterns. As shown in Fig. 3(b-3),
the low-frequency fringes attrib-
uted to the layer thickness of PS
brushes are observable, whereas
the high-frequency fringes are
strongly damped. This damping is
taken to indicate the absence of an
interfacial correlation at the both
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interfaces of P(S-b-MMA) films. In
contrast, the correlated roughness
of PS brushes is preserved after
heating, indicating retardation of
the coating of P(S-b-MMA) on the
conformal roughness of the under-
lying PS sublayer.

In summary, we demonstrated
that commensurability effects play
an important role in not only the or-
dering of cylindrical nanodomains
but also the replication of rough-
ness at interfaces. At the stage of
spin coating, P(5-b-MMA) thin films
effectively wet SiO,/Si, PMMA-SIO,/
Si and PS-SiO,/Si substrates. On
substrates with hydrophilic groups,
upon annealing the films of which
the initial thickness is incommen-
surate with the spacing of nanodo-
mains become metastable and
dewet to form relief microstructures
(holes and islands) on a monolayer
of autophobically induced P(S-b-
MMA) brush. As the commensura-
bility is achieved with an undulation
of the surface thickness, the holes
and islands are expected to have
a correlated roughness at the free
surface and ordered cylindrical
nanodomains within the destabi-
lized films. In contrast, the films on
PS-SiO,/Si reveal distinct morpholo-
gies. As the initial thickness is close-

1D in-plane profiles a
profiles of GISAXS for
of initial thickness 32.1
36.4(middle curves) a
curves), spread on su
kinds: (a-1 & b-1) SiO,/S
MA-SiO,/Si, (a-3 & b-3) P,
nealing. For clarity, the
relative to each other by

ly commensurate for symmetric
segregating of the PS block on both
interfaces, a large density of holes is
present because the energy barrier
to form the relied microstructures
is large. The films with mild dewet-
ting on PS-SiO,/Si consequently re-
veal a free surface with an absence
of in-plane roughness correlation,
for which roughness replication is
lost upon heating. The rapid decay
of roughness replication is due to
low retardation of the less ordered
nanodomains within the films that
resist deformation on PS-SiO,/Si.
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