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ABSTRACT: Weinvestigated the dewetting, surface roughness, and ordering of cylindrical nanodomains in
polystyrene-block-poly(methyl methacrylate), P(S-b-MMA), ultrathin films of approximately monolayer
thickness on bare silicon substrates (SiO,/Si) and substrates coated with end-grafting PMMA (PMMA-SiO,/
Si) and PS (PS-SiO,/Si) homopolymers. For films with asymmetric wetting boundaries on SiO,/Si and
PMMA-SiO,/Si, annealing caused relief structures (holes and islands) locating on top of an underlying P(S-b-
MMA) wetting monolayer. The interfaces of the destabilized thin films on polar substrates have a smooth free
surface. In addition, a surface undulation in film thickness to achieve the commensurability of film thickness
with the nanodomain spacing facilitates the ordering of internal nanostructures. In contrast, for symmetric
wetting boundaries on PS-SiO,/Si, thin films that resisted dewetting on a PS brush have a rough free surface.
In the absence of undulations in thickness, a perturbation, as result of chain stretching, in the interdomain
spacing yielded small in-plane randomly oriented monograins on PS-SiO,/Si. Consequently, the free surface
roughening was allowable to occur due to preferential segregation of excluded polymer chains from
monograin boundaries onto the free surface. Finally, we demonstrate that the roughnesses between the

interfaces of the wetting monolayer are correlated.

Introduction

Because their various complicated morphologies order on a
nanometer scale, block copolymers (BCP) offer diverse and
versatile benefits as potential nanotechnological applications,
such as masks for lithography and templates for the fabrication
of metallized nanowire/nanodots.'™® Those nanotechnological
applications generally depend on thin films being used as the
nanostructured materials. To implement these applications, a
precise control over nanostructure, orientation, and order in thin
films is important, which requires the use of external fields, such
as electric fields,® graphoepitaxy,”'? crystallization,' ' controlled
interfacial interactions,!>!® chemically patterned substrates,>! 718
solvent evaporation, and annealing.” ' Modifying a substrate
with chemical or topographic patterns is widely used to tailor over
the nanodomains and their spatial and orientational order in thin
films, >-910-17.18

In addition, BCP thin films have more diverse morphologies
than bulk samples because of interfacial interactions (at BCP/
air and BCP/substrate interfaces) and thickness commen-
surability.”>~% Thin films of symmetric copolymers have been
intensively studied.**”2° In most cases of symmetric thin BCP
films on preferential surfaces having strong interactions with
either block, the lamellae preferentially align parallel to the
substrate surface with symmetric and asymmetric wetting. Asym-
metric versus symmetric wetting is controlled by favorable
interactions with both interfaces by each block, in which the
block with the smaller surface energy resides typically at the free
surface. If the initial thickness (/) of a thin film is incommensurate
with the natural length scale (L) of microphase-separated nano-
domains, the thin films are metastable. Upon annealing at
high temperatures or exposing with solvent vapors, the surface
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undulation in a thin film produces islands or holes with their
heights quantized as either (n + '/,) L for asymmetric wetting or as
nL for symmetric wetting, in which » is an integer.z“_26 In
contrast, BCP thin films on neutral surfaces have nanodomains
that orient normal to the substrate interface because of a lack of
preferential interactions with substrates by either block.'®>~3!

Spin-coating is widely used to prepare thin polymer films on
solid substrates. The rapid evaporation of a solvent during spin-
coating inevitably produces frozen-in nonequilibrated morpho-
logies of polymers.** To promote an equilibrium morphology,
thin films are commonly subjected to annealing. External dis-
turbances from thermally excited capillary waves inevitably lead,
however, to surface undulation in the thin films (i.e., rupture and
subsequent dewetting of thin films) as long-range intermolecular
forces become dominant when the thin films have a thickness of
order 1077 m .*** As a result, various morphologies resulting
from dewetting—discrete cylinder holes, droplets, and intercon-
nected patterns—are typically observed in the destabilized
films.**~® Such morphologies depend on the nature of long-
range van der Waals forces and short-range polar intermolecular
interactions between a polymer and a substrate.*”*® Much is
known about the dewetting behavior of homopolymers on solid
or liquid nonwetting substrates, as summarized in recent review
articles.***" In addition to a large-scale surface undulation of film
thickness (i.e., dewetting) upon heating, the roughness at both
interfaces of a thin film reveals variations on a short-scale order
with duration and temperature of annealing. Characterizing with
X-ray reflectivity and diffuse X-ray scattering, Miiller-Busch-
baum et al. found that the roughness at both interfaces of a spin-
coated film, of thickness of order a few nanometers, replicated the
substrate roughness, but heating caused a decay of the roughness
replication.*!*?

Experiments have focused mainly on the dewetting of simple
polymeric liquid films**™*° or dewetting of symmetric BCP
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thin films.*~* Little is understood about dewetting and the
interfacial roughness of asymmetric BCP thin films. Further-
more, in most investigations of the surface topographies of thin
polymeric films on a substrate, only measurements by atomic
force microscopy (AFM) or optical microscopy (OM) were
performed; the structural study was thus limited to the polymer—
air interface.>*® Because polystyrene-block-poly(methyl
methacrylate) (P(S-b-MMA)) BCP are prospective materials
for nanolithography, much effort is devoted to control the
domain orientation in P(S---MMA) thin films with surface
fields,*2"*~! but little attention is paid to the influence of film
instability on nanostructures 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 induce 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 first
show the surface topographies of P(S-b-MMA) films of varied
thickness after nonisothermal annealing was imposed on films
spread on substrates of three kinds: a bare Si substrate and a
modified Si substrate by end-grafting PMMA and PS brushes,
respectively, denoted SiO,/Si, PMMA-SiO,/Si, and PS-SiO,/Si
for brevity. Next, we demonstrate the interfacial roughness,
nanodomain spacing, and ordering in the destabilized thin films
by means of X-ray reflectivity and diffuse scattering. Finally, we
discuss in detail the influence of film instability on the cylindrical
nanodomain spacing, the ordering, and the roughness correlation
at interfaces.

Experiments

Materials. Hydroxyl-terminated polystyrene (PS-OH, M, =
6 kg/mol, index of polydispersity 7, = 1.07), hydroxyl-terminated
poly(methyl methacrylate) (PMMA-OH), M, = 6 kg/mol, I, =
1.06), and polystyrene-block-poly(methyl methacrylate) (P(S-b-
MMA), M,, = 82 kg/mol, fos = 72% and fpmma = 28%, I, =
1.07) were purchased (Polymer Source, Inc.) and used as received.

Surface Modification of Substrate, Film Preparation, and
Annealing. Bare silicon wafers were cleaned in a piranha solution
(3:7 v/v 30% H,0,:H,S0O,) at ambient temperature for 40 min,
rinsed with deionized water, and dried under flowing N,. PS-OH
and PMMA-OH solutions (1 mass % in toluene) were spin-
coated (4000 rpm, 1 min) on silicon wafers. The irreversibly
grafted layers resulted from annealing (160 °C for 2 days) spin-
coated films on hydroxylated silicon wafers under vacuum.
Nongrafted materials were removed by sonication in toluene,
followed by drying the substrates under flowing N,. The PS and
PMMA layers grafted onto SiO,/Si possess high thermal stabi-
lity even after the process of nonisothermal annealing. (see
Figure S1 of the Supporting Information). P(S->-MMA) thin
films of varied thickness (%), 32.1, 36.4, and 38.3 nm, were
prepared via spin-coating (5000 rpm, 30 s) from toluene solu-
tions of varied concentrations (1.4, 1.5, and 1.6 mass % in
toluene). The P(S-b-MMA) films on SiO,/Si, PS-SiO,/Si, and
PMMA-SiO,/Si substrates were dewetted with post-slow heat-
ing (1 °C/min) the samples from 30 to 245 °Cin a closed hot stage
(HCS402 Instec) purged with N,. When the temperature
reached the target, 245 °C, the thin films in their thermally
induced morphologies were frozen on quenching into liquid N,.
As the temperature at which the samples were stored is much less
than the glass transition temperatures of the PS and PMMA
blocks, the morphologies resulting from dewetting showed no
change during protracted periods of sample storage.

Topographies of Thin Films by Optical Microscopy (OM) and
Atomic Force Microscopy (AFM). To determine the nanodo-
mains, surface roughness, and dewetting morphologies, we
investigated the surface of the thin films by AFM (SPA400
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Figure 1. (a) Schematic drawing of the experimental GISAXS setup
used at beamline BL23A. The sample is placed horizontally. Shown is a
3D AFM topographic image revealing a dewetting hole in the P(S-b-
MMA) film of thickness 34.3 nm. The angle of incidence is o, and the
exit angle is ay. Intensity dependence as a function of ¢, along one
horizontal line representing an in-plane scan cut (b). The vertical slice
represents an out-of-plane scan cut (c), showing a plot of the depen-
dence of intensity on ¢..

Seiko) in the tapping mode. AFM images with scan ranges
between 2 um x 2 um and 5 um x 5 um were recorded. We
used aluminum-coated silicon cantilevers of length 125 um,
width 30 um, and thickness 4 um. The force coefficient is ~42
N/m, and the resonant frequency is 330 kHz. Measurements by
OM (Olympus BX-BLA2) were performed in the reflection
mode.

X-ray Reflectivity (XR) and Grazing-Incidence Small-Angle
X-ray Scattering (GISAXS). Before XR and GISAXS charac-
terizations, we subjected all thin films to annealing as described
above. The reflectivity measurements were performed with a
X-ray source (A = 1.54 A), with samples placed horizontally.
The GISAXS experiments were performed at beamline BL23A
of the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu. The confi%uration of the GISAXS at
BL23A was detailed elsewhere.”> 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 scattering vector, ¢
(¢ = 4t/ sin 6), 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 (o rand o). Scattering
angles were corrected for the positions of X-ray beams reflected
from the silicon substrate interface with varied incidence angle
a;. 2D GISAXS patterns were typically collected for 180—300 s.
The experimental GISAXS geometry is depicted schematically
in Figure 1. We performed GISAXS measurements at an angle
of incidence greater than the critical angle of total reflection of
the P(S-)-MMA) films. As an example, Figure la 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 rodlike scattering typical of strongly textured
fiber films with cylindrical symmetry, indicating that the cylind-
rical 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 intensity are clearly
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Figure 2. 5 x 5 um> AFM height images for P(S->-MMA) films of initial thickness 32.1, 36.4, and 38.3 nm spread on substrates of three kinds:
(A) SiO,/Si, (B) PMMA-SIO,/Si, and (C) PS-SiO,/Si, after annealing. Insets show cross sections of the 2D images. The line scans were generated

by choosing a random scan line. Dotted lines were plotted for guiding eyes.

observed when the in-plane and out-of-plane scan cuts were
1mposed on the 2D GISAXS pattern to show the 1D proﬁles 54
An in-plane profile was obtained with intensity scanning on
varying g, ata given ¢. whereas an out-of-plane profile at g, = 0
was obtained with a vertical slice of intensity as a function of ¢..
Typical slices are indicated in Figure 1a with a horizontal line and
vertical one. The corresponding in-plane 1D GISAXS profile
shown in Figure 1b reveals a Bragg peak, of which the diffraction
position is associated with a periodic spacing of nanodomains.
Figure 1c shows the out-of-plane GISAXS profile with intensity
dependence along the line at ¢, = 0 A~!. The Yoneda and re-
flection peaks along the thickness direction at g, = 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).

Results and Discussion

Topographical Features and Dewetting Mechanisms: Islands
and Holes. Depending on the initial thickness of the film,
distinct dewetting morphologies were observed after thin
films on Si0,/Si, PMMA-SiO,/Si, and PS-SiO,/Si substrates
were subjected to annealing, as shown in Figure 2A—C (cf.
the OM images in Figure S2 for large-scale morphological
observations). 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, a
polydispersive population of islands (drops) is present on the
Si0,/Si and PMMA-SiO,/Si substrates (Figure 2A,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 in the range of tens
of nanometers. 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 typically formed on
Si0,/Si on dewetting via a nucleation and growth mecha-
nism. The cross sections of the AFM topographies demon-
strate that the height of relief structures (drops and flatten
areas between holes) is approximately 38—40 nm, which
length is very comparable to the intercylinder distance (D)
of a P(S->-MMA) bulk sample.’® Furthermore, 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
Si0,/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-
Si0O,/Si substrates, the P(S->-MMA) films on a dense PS
brush showed mild dewetting, as shown in Figure 2C.

Film Thickness and Roughness. Prior to annealing, the P(S-
b-MMA) films show pronounced fringes with only one
period of oscillation, AQ. = 2x/h; h denotes the thickness
of a film (cf. Figure S3). Upon heating, the period of
oscillation alters. Figure 3 shows data for the X-ray reflec-
tivity of P(S-b-MMA) films of three initial thicknesses on
Si0,/Si (A), PMMA-SiO,/Si (B), and PS-SiO,/Si (C) sub-
strates after those films were subjected to annealing. A
decrease in the frequency of oscillation is observable for
the film that dewetted to form droplets. This decreasing
frequency implies that the film became “thinner” (ca. 21 nm)
than its initially as-spun thickness (32.1 nm). The reason is that
X-rays are “blind” to the thickness of the droplets because the
droplets that are in contact with the surrounding air show no
density contrast from air; however, X-rays can detect the
thickness of the P(S-b-MMA) monolayer that is anchored on
a solid surface with PMMA blocks at the solid-monolayer
surface and with PS blocks facing outward.*



Article Macromolecules, Vol. 43, No. 11, 2010 5019
4 : 41 : 4 :
3{(A) SiOySi |_3 (B PMMA-S10/Sik ~ 3 [(€) PS-Si0./Si
Z2n 52, Z2
E 1 A :::l : f.l o AQIZ
B <, 20
g 22 N\, =2
- 23 Wik ¥ 223
e =T @‘\,m% B ™~
-6 -5 ’ ‘)ﬁ@“‘w [ S
- ' . P LA VN %
0.1 0.2 0.3 04 0.1 0.2 0.3 04 0.1 0.2 03 04
gAA™) q:(A) gAY

Figure 3. X-ray reflectivity data vs ¢. for P(S-b-MMA) films of initial thickness 32.1 nm (bottom curves), 36.4 nm (middle curves), and 38.3 nm
(top curves), spread on substrates of three kinds: (A) SiO,/Si, (B) PMMA-SiO,/Si, and (C) PS-SiO,/Si, after annealing. For clarity, the curves are

shifted relative to each other by 1 decade.

6 A A/;\“ SiO/Si 6 _LB)/\V\PMMA-SiOx/Si 611G PS-SiO/Si
5 e e 3 W2 3s :
% OO g4 =4
o " 7] =
7] =] 53
‘é’ P L 2 §
= | 8 | 22
:olb & & %

0 =0 =1

-1 -1 0

0.01 0.1 0.01 0.1 0.01 0.1

g (A

qo(A)

g(A1)

Figure 4. 1D in-plane profiles of GISAXS for P(S->-MMA) films of initial thickness 32.1 nm (bottom curves), 36.4 nm (middle curves), and 38.3 nm
(top curves), spread on substrates of three kinds: (A) SiO,/Si, (B) PMMA-SiO,/Si, and (C) PS-SiO,/Si, after annealing. For clarity, the curves are

shifted relative to each other by 1 decade.

This result indicates that the droplets appear dispersed on
a sea of surface-induced ordered P(S->-MMA) monolayer
after the temperature was raised to 245 °C. A qualitatively
different trend, showing an increase in the frequency of
oscillation with thermal annealing, emerged from the films
in which nucleation and growth of holes occurred within the
layer matrix. We attribute the increasing frequency to in-
dicate an increased overall thickness of the films. The reason
is explained as follows: as the films dewetted to form holes,
on a basis of conservation of mass the film thickness between
the holes increased. In contrast, as spun on top of PS-SiO,/
Si, the annealed films reveal fringes in a series with two
periods of oscillation (Figure 3C). The low-frequency fringes
(AQ.") attributed to the thickness of a dense PS brush are
clearly observable, whereas the high-frequency fringes (AQ.%)
corresponding to the thickness of P(S-b-MMA) are rapidly
damped. Since the X-ray reflectivity detects the layer thick-
ness, the density contrast, and the interfacial roughness
thickness,® the damping of fringes is mainly attributed to
different roughness thicknesses at the film—air and film—
substrate interfaces. Thus, the rapid damping of the high-
frequency fringes indicates that the interfaces of the P(S-b-
MMA) films on top of PS-SiO,/Si have different surface
roughness thicknesses. By contrast, the underlying layer of
PS brush has identical interfacial roughnesses. Similarly,
identical interfacial roughnesses were also observed for the
destabilized P(S-b-MMA) films on SiO,/Si and PMMA-
SiO,/Si.

It should be noted that none of the oscillations, as shown
in Figure 3B, are due to the PMMA layer used for surface
modification. A strong affinity between the polar carboxyl
groups of PMMA chains and the hydroxyl surface of the
silicon wafer hindered the hydroxyl-terminated ends of
PMMA from completely grafting to the underlying substrates;

homogeneous grafting of PMMA-OH is hence not readily
achieved upon annealing at 160 °C in vacuum for 2 days.
After unbound PMMA-OH was removed by sonication in
toluene, a few hydroxyl sites (unbound by PMMA) re-
mained exposed on the surface of the SiO,/Si substrates.
As a result, the presence of the hydroxyl sites enabled a
further polar—polar interaction with the carboxyl groups of
PMMA, which is unfavorable for the formation of a brush
conformation of PMMA chains because of a low grafting
density. Therefore, the grafted PMMA layer is unstable
against penetration of the PMMA block of P(S-b-MMA) so
that a P(S-5-MMA) monolayer of ca. 22 nm is allowable to
contact and to anchor the substrate through the grafted
PMMA layer. As a result, the layer of grafted PMMA
homopolymer chains is nonuniform in thickness. This is
explained why fringes corresponding to the PMMA layer
are not discernible.

Ordering of Cylindrical Nanodomains. To detect the for-
mation of nanodomains, we implemented the in-plane
scan cuts on the 2D GISAXS patterns (cf. Figure S4) to
show the 1D scattering profiles. Figure 4 reveals the 1D in-
plane GISAXS profiles for the same P(S-b-MMA) films of
varied thickness on SiO,/Si, PMMA-SiO,/Si, and PS-SiO,/
Si after annealing. As can be seen in Figure 4, the P(S-b-
MMA) thin films on SiO,/Si and PMMA-SiO,/Si reveal a
Bragg peak. Since only a monolayer thickness of P(S-b-
MMA) was spin-coated on substrates, the absence of high-
order Bragg peaks implies that the formation of perpendi-
cular-oriented PMMA cylinders with a hexagonal packing
on the substrates is excluded. Only one layer of the parallel-
oriented PMMA nanocylinders formed within the P(S-b-
MMA) films contributes to the principal Bragg peak.
Therefore, the diffraction position is associated with an
intercylinder spacing.
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As shown in Figure 4A,B, such a Bragg peak for the P(S-b-
MMA) films on SiO,/Si and PMMA-SiO,/Si presents
an invariant in the ¢, position (¢,* = 0.0142 A~ ") irres-
pective of the initial thickness. In contrast, the P(S->-MMA)
thin films on top of PS brush reveal the in-plane diffraction
peak with small intensity and broadening, indicative of a
poor ordering of nanodomains within the P(S->-MMA)
films (Figure 4C). The poor ordering results from increased
stretching of the polymer chains made evident by a shift in
the diffraction position to smaller ¢.,.

In thin films of block copolymers, of which the initial
thickness is incommensurate with the long periods of nano-
domains, dewetting creates holes and islands that reflect
variations in the film thickness. Once the holes and islands
develop from the surface undulations, the films split into two
regions, with each bemg commensurate with the long periods
of the nanodomains.’” As a result, the ordering of nano-
domains within the film became improved. If barriers to
formislands and holes are so great that the film rupture is less
likely, it is more favorable to perturb the nanodomain
periodicity so as to form in-plane randomly oriented mono-
grains with a short average domain length than to form
islands or holes.?’~2%-3%:%

A comparison between the presented “X-ray reflectivity”
(Figure 3) and “in-plane 1D GISAXS profiles” (Figure 4)
indicates a direct relation between surface roughness and
ordered nanodomains. Accordingly, we suggest the follow-
ing scenario. The PS block of P(S-b-MMA) segregates pre-
ferably to a PS brush whereas the PMMA block segregates
to a PMMA layer and a hydrophilic surface of a SiO,/Si
substrate.®® The block with smaller surface tension, PS,
segregates to the vacuum interface. As the PMMA block is
minor (fppma = 0.28%), the preferred wetting of PMMA
blocks on the entire flat surface of SiO,/Si or PMMA-SiO,/
Si substrates incurs a large entropic penalty. This penalty
results from an autophobic effect according to which a
monolayer of P(S-»-MMA) anchoring on SiO,/Si or
PMMA-SiO,/Si adopts a brush conformation.** Upon heat-
ing, the entropic penalty causes the undulation of the film
thickness. The initial thickness of a thin spin-coated film is
comparable with the intercylinder period of a P(S->-MMA)
bulk sample. Thus, for the surface-modified substrates
grafted with a PS monolayer, thin P(S->-MMA) films might
remain stable because of the preferential wetting of PS blocks
with both interfaces (symmetric wetting). We speculate that
barriers to form islands or holes are great, which explains
why a low density of holes is present in the thin films on the
PS-SiO,/Si substrates. In contrast, mild dewetting of thin
films on a PS brush was obtained on the same time scale
of annealing, for which severe dewetting of thin films on
the SiO,/Si and PMMA-SiO,/Si substrates was obtained.
Although a brush conformation of the underlying PS layer
might result in an entropic repulsion for the PS blocks,
exerting a driving force to deform the P(S->-MMA) films,
the large resisting force at the PS-block/PS-brush interface
decreases the rate of dewetting of thin films. We attribute the
large resisting force to a greater viscosity of the PS block than
of the underlying PS brush anchored on SiO,/Si as the
molecular mass of the PS block is greater than that of
PS—OH, which has the same molar mass as PMMA—OH,
6 kg/mol, much less than M,. As the PMMA block has a
preferred interaction with hydrophilic surfaces having polar
groups, autophobic dewetting occurs within the thin films on
Si0,/Si, on top of which was absorbed a monolayer of P(S-b-
MMA) with the PMMA block absorbing at the film/sub-
strate surface and the PS block facing upward. Conse-
quently, a nongrafted PS block within P(S->-MMA)
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(c) (d)

Figure 5. 2 um x 2 um AFM height images (a, ¢) and phase images
(b, d) for P(S->-MMA) films of initial thickness 34.3 nm spread on
PMMA-SiO,/Si (top images) and PS-SiO,/Si (bottom images), after
annealing.

dewets a “brush” monolayer of its own species with a small
dewetting velocity. The velocity of film rupture is thus
smaller for the films on PS-SiO,/Si than on PMMA-SiO,/
Si and SiO,/Si. As a result, the films on PS-SiO,/Si lack a
large density of holes. We hence speculate that small grains
with a short nanodomain correlation length as result of a
perturbation of the nanodomain periodicity are present in
some areas of the thin films on PS-SiO,/Si.>’ 3860 Ip
contrast, the films that significantly dewet on top of SiO,/
Siand PMMA-SiO,/Si are expected to have large grains with
a long nanodomain correlation length. Such a speculation is
supported by the AFM images of Figure 5, in which the P(S-
b-MMA) film on PS-SiO,/Si reveals smaller gain size of the
nanodomains than that on PMMA-SiO,/Si. On the other
hand, close scrutiny of the AFM topography (Figure 5c)
indicates that the free surface of the intact film having small
monograins seems very rough.

To determine quantitatively the roughness of the free
surface, we undertook further AFM roughness measure-
ments on the free surfaces. The measured root-mean-square
(rms) surface roughness was obtained by carrying out 10-
time AFM measurements on each sample, and the statistic
values are summarized in Figure 6a. Also, to clearly visualize
the roughness contour, the cross sections through the air-
—polymer interfaces (air/nonanchored P(S->-MMA) and
air/grafted PS) of a film of initial thickness 36.4 nm on PS-
SiO,/Si, are also shown in Figure 6b,c. As shown in
Figure 6a, the anchored and nonanchored P(S-b-MMA)
layers in the destabilized films on polar substrates have a
smooth free surface. Their rms surface roughness ranges
from 0.2 to 0.5 nm. Similarly, the free surface of the grafted
PS brush is smooth. By contrast, the free interface of the
nonanchored P(S->-MMA) layer on PS-SiO,/Si has a rough
free surface, evidenced by high rms roughness values in the
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range of 0.8—1.2 nm. The driving force for surface rough-
ening is that an excess of polymer chains that are excluded
from grain boundaries between small monograins exhibits a
high tendency to segregate onto the free surface to minimize
the interfacial energy, yielding a grainy surface as displayed
in Figure 6b. It is high likely that the nonanchored P(S-b-
MMA)/grafted PS interface still remains a smooth surface
since the segregation of the excess chains to the interface
is difficult because of confinement. Therefore, the difference
in rms roughness thickness between the two interfaces ex-
plains rapid damping of the high-frequency oscillations
in X-ray reflectivity observed for P(S->-MMA) films on
PS-SiO,/Si.

Roughness Correlation between Interfaces. To acquire
further insight into the roughness replication of thin films,
we performed diffuse X-ray scattering. One-dimensional
GISAXS intensity profiles as a function of ¢., extracted from
2D X-ray scattering patterns with an out-of-plane scan cut,
are shown in Figure 7. Several modulations due to resonant
diffuse scattering are observable for the films on SiO,/Si and
PMMA-SiO,/Si (Figure 7A,B). The wavelength of the mod-
ulations intrinsically depends on the spacing between both
correlated interfaces.’® According to the wavelength of the
observed oscillations, the estimated length of ca. 22 nm is
attributed to the thickness of the anchored P(S-b-MMA)
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Figure 6. (a) The rms surface roughness of various air/polymer inter-
faces (air/nonanchored P(S--MMA), air/anchored P(S--MMA), and
air/grafted PS) for P(S-b-MMA) films of initial thickness 32.1, 36.4, and
38.3 nm on SiO,/Si, PMMA-SiO,/Si, and PS-SiO,/Si, after annealing.
Inset shows the schematic illustration of the air/polymer interfaces.
2 x 2 um? 2D and 3D AFM images and corresponding cross sections of
the air/nonanchored P(S->-MMA) (b) and air/grafted PS (c) interfaces
of an annealed P(S---MMA) film on PS-SiO,/Si are shown for
comparison. The cross sections were generated by choosing a random
scan line. Dotted lines were plotted for guiding the eyes.
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monolayer. Thus, the presence of the modulations indicates
that, on SiO,/Si and PMMA-SiO,/Si, the anchored P(S-b-
MMA) monolayer has an interfacial roughness correlation.
The amplitude of modulations can be regarded as an indica-
tion of the extent of interfacial roughness correlation since
the mean electron density of the anchored monolayer re-
mains 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) monolayer covered by droplets is
relatively small.

In contrast, the top layer of nonanchored P(S->-MMA)
exhibits a different behavior, namely, the complete absence
of roughness correlation. Miiller-Buschbaum et al. demon-
strated that the roughness conformability is metastable and
that annealing at temperatures far above T, produce a decay
of interfacial correlation in thin homopolymer films as the
increased polzymer mobility suffices to remove the roughness
correlation.** At the stage, the surface roughness was con-
trolled by thermal fluctuations at the liquid surface. Suffi-
cient thermal annealing at high temperatures causes various
dewetting patterns that reflect variations in the film thick-
ness. The relaxation period for the loss of roughness correla-
tion was less than the time scale for dewetting.** In our work,
on heating, various dewetting morphologies (islands and
holes) of the BCP thin films on the SiO,/Si and PMMA-
Si0,/Si substrates were observed in optical micrographs of
these films. Therefore, the roughness correlation of the top
layer of nonanchored P(S-b-MMA) chains significantly
vanished during dewetting. Regardless of the versatile sur-
face morphologies induced by various dewetting mecha-
nisms, the anchored P(S-b-MMA) brushlike monolayer on
both SiO,/Siand PMMA-SiO,/Si substrates has a roughness
correlation. However, the interfacial roughness correlation
may not reach an equilibrium state. Upon heating far above
the T,s of the PS and PMMA blocks the interfacial rough-
nesses of the anchored P(S-»~-MMA) monolayer should be
independent, rather than correlated since the relaxation rate
for suppressing surface roughness is different between free
PS chains and tethered PMMA chains. After annealing, the
interfacial roughnesses for the two layers (anchored and
nonanchored P(S-5-MMA)) should be in an analogous
matter (i.e., significant decay of roughness correlation). We
ascribe the presence of roughness correlation to retardation
in the decay rate for the wetting layer since the extent of the
roughness correlation observed here depends upon the time
scale over which the annealing was achieved. Wang et al.
found that at an attractive solid surface the interactions
between the film and the substrate led the film into a
confined, viscous gel-type state.®> Thus, the time scale of
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Figure 7. 1D out-of-plane profiles of GISAXS for P(S->-MMA) films of initial thickness 32.1 nm (bottom curves), 36.4 nm (middle curves), and
38.3 nm (top curves), spread on substrates of three kinds: (A) SiO,/Si, (B) PMMA-SiO,/Si, and (C) PS-SiO,/Si, after annealing. For clarity, the curves

are shifted relative to each other by 1 decade.
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removing roughness correlation by annealing is taken much
longer for the anchored P(S-b-MMA) wetting layer.

In addition to the solid substrate surface having the effect
of retarding the decay of roughness correlation, there is
another effect in the vicinity of the free interface that should
be considered as well.®*** Kerle et al. investigated that the
roughness relaxations of the top PS surface under different
boundary conditions.®* They found that “air” acted like a
poor solvent for PS and that a large amount of PS chains in
contact with air led to a liquidlike behavior of the PS surface
layer. Capping a “passive” layer on top to reduce interfacial
energies and to prevent the amount of exposed surface area
from air would significantly retard the extent and rate of
roughness relaxation.®® This explanation also accounts for
the behavior observed here. The extent of interfacial rough-
ness correlation of the P(S-5-MMA) wetting monolayer
covered by droplets was comparatively low. The reason is
that as a high density of droplets yielded by dewetting, the
amount of surface area of the underlying P(S->-MMA)
wetting layer increased to be in contact with air, facilitating
the relaxation of the PS blocks of the wetting layer.

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 the 2D GISAXS patterns. As
shown in Figure 7C, the low-frequency fringes attributed 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 interfaces of P(S->-MMA) films. In contrast, the
correlated roughness of PS brushes is preserved after heat-
ing, indicating retardation of the coating of P(S-»-MMA) on
the conformal roughness of the underlying PS sublayer.

Conclusion

We demonstrated that commensurability effects play an im-
portant role in not only the ordering of cylindrical nanodomains
but also the roughness at interfaces. At the stage of spin-coating,
P(S-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 incommensurate with the spacing of nanodomains become
metastable and dewet to form relief microstructures (holes and
islands) on a monolayer of autophobically induced P(S---MMA)
brush. As the commensurability is achieved with an undulation of
the surface thickness, the relief structures have a smooth surface
and ordered cylindrical nanodomains. Their interfaces have
identical mean roughness thickness but are not correlated in
roughness contour. In comparison, the underlying P(S---MMA)
wetting layer still reveals a correlation roughness after annealing.
The decay of roughness correlation in response to annealing
depends on not only attractive surfaces on a solid but also
interfacial energies in the vicinity of free surface. Furthermore,
the films on PS-SiO,/Si reveal distinct morphologies. As the
initial thickness is closely commensurate for symmetric segregat-
ing of the PS block on both interfaces, a low density of holes is
present because the energy barrier of dewetting to form the relied
microstructures is large so that the large-scale undulations in film
thicknesses are prohibited. The films on PS-SiO,/Si consequently
reveal a rough surface that differs from the substrate surface and
have small monograins that yielded as a result of chain stretching.
The small-scale surface roughening arises from preferential
segregation of certain chains excluded from monograin bound-
aries onto the free interface.
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