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Effect of Block Copolymer Adsorption on Thin Film Dewetting Kinetics
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ABSTRACT: The stability of polystyrene (PS) films on silicon oxide is improved by blending with poly-
(styrene-block-methyl methacrylate) (PS-b-PMMA) having a short, adsorbing MMA block and long,
dangling PS block (degree of polymerization N). Relative to PS (degree of polymerization P), hole growth
velocity decreases by 5 and 17 times upon adding 0.05 volume fraction of PS-b-PMMA (¢) for N ~ P and
N ~ 4P, respectively. In contrast to PS, holes approach a constant value and do not coalesce. The N ~ 4P
system provides better stabilization because of its broader interfacial width. For N ~ P, hole velocity
decreases as ¢ increases and then becomes constant for ¢ > 0.03. Relative to blends, holes grow faster in
bilayers and eventually coalesce. AFM analysis shows that the PS hole floor is smooth whereas the blend
floor contains patches. The film stabilizing effect of block copolymers can be attributed to a decrease in
capillary driving force, entanglements at the matrix/copolymer interface, and brush grafting density.
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1. Introduction

Thin polymer films and their stability are important
to many technological areas, including microelectronics,
coatings, lubricants, and adhesives. A contiguous thin
film of a liquid or polymer on a substrate will tend to
minimize its free energy by exposing the lower surface
energy material to the environment. If the surface
energy of the coating, y., is lower than that of the
underlying substrate, ys, the film is stable. On the other
hand, if y. is larger than ys, the system can reduce its
free energy by creating holes in the coating, thus
exposing the substrate to air. This process is called
dewetting. The stability of the coating can be expressed
in terms of a spreading coefficient, S,

S=ys— (et 7o) 1)

where vy is the coating/substrate interfacial energy. If
S is positive, the coating will wet the substrate and the
film will be stable. If S is negative, however, the coating
will dewet the substrate and the contact angle for the
coating material on the substrate will be greater than
zero. In addition to the surface and interfacial energies,
thin film dewetting will depend on other contributions,
in particular the film thickness. For relatively thick
films (>1000 A) the balance between interfacial and
hydrostatic or gravitational forces will dominate the van
der Waals forces and determine film stability.? There-
fore, films thicker than ca. 1000 A but thinner than ca.
1 um will be metastable even when S is negative.l? In
films thinner than ca. 1000 A, attractive van der Waals
forces dominate, causing the thin film to rupture
spontaneously.® Khanna and Sharma? investigated the
effect of van der Waals forces on thin film stability.
The theory of thin film dewetting on solid substrates
has received considerable attention.225-8 Here, we will
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focus on relevant experiments. Reiter®1% and Sharma
et al.l! used optical microscopy to investigate the
dewetting of thin (<1000 A) polystyrene (PS) films on
silicon substrates. Upon annealing above its glass
transition temperature, the PS films formed holes with
rims. Later, the rims between neighboring holes im-
pinged and formed a cellular pattern which then broke
up into PS droplets. Similar behavior was observed by
Shull and Karis!? for poly(ethylene-co-propylene) (PEP)
deposited on glassy PS or poly(methyl methacrylate)
(PMMA) substrates. The dewetting of PEP from silicon
was also studied by Zhao et al.13 using X-ray reflectivity
and atomic force microscopy. These authors found that
films thinner than the PEP radius of gyration dewetted
the substrate and formed irregularly shaped droplets.

Polymer thin film stability can be improved by
increasing the chemical and physical interaction be-
tween the coating and substrate. For example, Feng et
al.1* used metal counterions (Li*, Zn2*) to stabilize thin
films of sulfonated polystyrene on silicon oxide. The
ionomer complexation and long-range electrostatic in-
teractions were responsible for retarding dewetting. A
combined chemical and physical approach uses polymer
adhesion promoters, which anchor one side of the chain
to the substrate and entangle the other side with matrix
chains to form a polymer brush. Anchoring polymer
chains to the solid substrate by one end may induce
steric constraints, resulting in stretching the polymer
molecules.’® The stretching, in turn, results in entropic
repulsion of nongrafted molecules. Therefore, a distinct
interface with nonzero interfacial tension between the
brush and the coating polymer is formed. When the
matrix chain length, P, is considerably larger than that
of the grafted chain, N, the nongrafted chains have a
finite penetration into the brush. At very high graft
densities, these free chains will not wet its own brush,
leading to autophobic behavior described first by Leibler
et al.’® and later in more detail by Shull.1”:18 Autophobic
behavior was in fact observed several decades ago by
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Hare and Zisman,® who observed that polar molecules
(e.g., amines, alcohols) did not spread on their own
monolayers.

For polymer films, autophobic behavior was first
observed by Leibler et al.,’6 who observed that small
droplets of PS did not wet a dense PS brush formed by
PS-b-PMMA lamellae. In similar experiments, upon
depositing PS films on poly(vinylpyridine)-b-PS lamel-
lae, Liu et al.2% observed that only PS films with high P
would dewet, in agreement with theory.® By varying
the graft density of anchored PS chains, autophobic
behavior was investigated systematically by Reiter et
al.?22 and Henn et al.2® Recently, Kerle et al.?* inves-
tigated the wetting properties of thin films on top of an
identical cross-linked network. Whereas the film wets
the network at low cross-linking densities, partial
wetting was observed at intermediate cross-linking,
suggesting that the network is similar to a high-density
brush.

Grafted homopolymers or adsorbed block copolymers
at the polymer/substrate interface do not always result
in autophobic behavior. Theoretical studies by Martin
et al.,?> Brochard-Wyart et al.,? and Long et al.?’
showed that an adsorbed layer of chemically identical
polymer had a dramatic effect on polymer film dewet-
ting. The dewetting dynamics can be slowed by vis-
coelastic breaking?’ or by entanglements between the
adsorbed polymers and the matrix polymers.26 The
adsorbing species could be either a low grafting density
brush or a polydisperse brush, where the long chains
act as connectors and effectively anchor the film to the
substrate. The adsorbed polymer also decreased the
spreading coefficient (eq 1) and therefore the driving
force for dewetting.

Yerushalmi-Rozen and co-workers?8=30 were the first
to show that the dewetting of thin oligomer PS film was
significantly slowed by grafting a PS brush with low
grafting density to the substrate and, at the same time,
adding high molar mass PS chains to the film. In these
experiments, the high molar mass PS acted as a
connector, which easily penetrated the brush and en-
tangled with the oligomer PS molecules. Film stability
could also improve because the addition of long PS
chains can increase the film viscosity. Reiter and co-
workers222 observed that the dewetting rate increased
as the grafting density of a PS brush increased. In
addition, for a PS film (P = 413), the role of connectors,
long end-functionalized chains (N = 418 and 1215)
mixed with shorter brush chains (N = 89), was inves-
tigated.?? Bimodal brushes having a low amount of long
connector chains significantly decreased the dewetting
dynamics and, above a threshold grafting density, even
stopped dewetting. The threshold grafting density was
about 10.5 x 1072 chains/nm? for the shorter connectors,
whereas only about /3 of this amount was needed for
longer connectors. Film stabilization was attributed to
the energy cost associated with disentanglement of
connector chains from the matrix chains by chain
pullout. Recently, Reiter et al.3! investigated poly-
(dimethysiloxane) (PDMS) homopolymer films on bimo-
dal PDMS brushes of long connectors and short chains.
Using the same bimodal brush, the PDMS film thick-
ness was increased to demonstrate that very weak van
der Waals interactions can influence film stability. Yuan
et al.®2 recently investigated the influence of surface-
active fluorocarbon-terminated PS (PS—F) additives on
the dewetting dynamics of thin PS films deposited onto
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PMMA substrates. For these bilayer systems, the PS—F
additive was found to slow down and, in certain cases,
stop dewetting.

In the previous studies, a polymer brush was formed
by end-functionalized homopolymers or by block copoly-
mer lamella. Until now, diblock copolymers with an
adsorbing anchor and a dangling, nonadsorbing tail
received little attention as thin film stabilizers.
Yerushalmi-Rozen and Klein% used block copolymers
of deuterated PS and poly(ethylene oxide) (dPS-b-PEO)
containing a short PEO block (N = 341) and a long dPS
block (N = 4330). The PEO block adsorbs strongly to
silicon oxide, whereas dPS, the nonadsorbing block,
forms the brush. For both an end-functionalized PS and
dPS-b-PEO, two different methods of sample prepara-
tion were used. In the first, the polymer brush was
prepared on the substrate, and then a PS film was
placed over the brush. This “bilayer” approach was also
used in the previously mentioned studies. In the second
route, 4.5% of the additive was blended with the matrix
polymer and deposited on the substrate to form a
homogeneous film. A significant difference between
approaches is that in the latter case polymer adsorption
occurs simultaneously with hole formation. The authors
state that both blends and bilayers yielded equivalent
results. Namely, thin film stabilization was achieved for
both end-functionalized PS and dPS-b-PEO brushes
when N was greater than P.

In this paper, we study the dewetting dynamics of
thin films of polystyrene (PS) having a degree of
polymerization P deposited on oxide-covered silicon
wafers (SiOy) using optical and atomic force mi-
croscopies. Upon adding 0.05 volume fraction of poly-
(styrene-block-methyl-methacrylate) (PS-b-PMMA) to
the film, hole growth velocity decreases relative to the
pure PS film, and the holes eventually stop growing
before they can coalesce. The hole growth for PS-b-
PMMA additives having PS block lengths of N ~ P and
N ~ 4P is investigated to study the effect of interfacial
width on dewetting behavior. In agreement with theo-
retical predictions,?5~27 the N ~ 4P system is the most
effective stabilizer due to its greater matrix chain
penetration into the brush. For the N ~ P system, the
hole velocity decreases as the copolymer volume fraction
¢ increases and then becomes constant for ¢ larger than
0.03. The PS-b-PMMA copolymer is also deposited
directly on the oxide substrate to compare bilayer
sample preparation with blending. Specifically, in the
bilayer case, hole growth is faster than in the blend case.
Furthermore, holes coalesce and eventually the film
breaks into droplets, consistent with autophobic behav-
ior. Relative to the PS film, AFM analysis of the hole
floor of the blend reveals a smaller contact angle, an
irregular-shaped rim, and residual patches of polymer
inside the hole.

2. Experiment

The characteristics of the matrix polymer and diblock
copolymers are given in Table 1. The PS-b-PMMAS3? is asym-
metric having a short MMA block, which adsorbs to SiOy, and
a long PS block with chain length N, which prefers to mix with
the matrix chains.3* The PS matrix polymer was purchased
from Pressure Chemical. To probe the influence of brush
penetration, we have chosen one PS-b-PMMA with N ~ P and
the other with N ~ 4P.

The substrates were prepared by etching a silicon wafer for
3 min in a hydrofluoric acid:water solution (1:7) to remove the
native oxide. The substrate was then placed in an ultraviolet
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Table 1. Polymer Characteristics?

polymer ID no. of segments MMA content [mol %] Pd index mol wt [g/mol]
PS-b-PMMA (N ~ P) N = 301; MMA = 28 8.6 1.55 34 000
PS-b-PMMA (N ~ 4P) N =1126; MMA = 34 2.9 1.34 120 600
PS P =288 1.03 30 000

aN = number of styrene segments in copolymer. MMA = number of methyl methacrylate segments in copolymer. P = number of

styrene segments in matrix polymer.

ozone cleaner for 10 min to produce a clean ca. 20 A thick SiOy
film, as measured by ellipsometry. Two different sample
geometries were used. In the first case, polymer blends were
prepared by spin-coating a toluene solution of a blend of PS-
b-PMMA and PS on the substrate. Film thickness as measured
by ellipsometry for the blend samples ranged from 770 to 820
A. To study the effect of N, the volume fraction of PS-b-PMMA
(¢) in the as-cast films was fixed at ¢ = 0.05. To investigate
the effect of ¢, ¢ was varied from 0.01 to 0.1 for the N ~ P
system. The samples were dried in a vacuum oven at 80 °C
for 24 h. In the second case, bilayer samples were prepared
by first spin-coating a block copolymer film of thickness 75 A
directly on the substrate. The copolymer layer was first dried
in a vacuum oven at 80 °C for 24 h and then annealed at 175
°C for 24 h. Then, a PS film was prepared on a glass substrate,
dried, floated on water, and picked up with the block copolymer/
silicon oxide sample. To match the blend composition of ¢ =
0.10, the thickness of the top layer was chosen such that the
total bilayer thickness was about 720 A. The bilayer sample
was then dried in a vacuum oven at 80 °C for 24 h.

The holes in the film were initiated by preannealing samples
in a vacuum oven at 175 °C for 5 min. After mapping the hole
distribution under an optical microscope, samples were placed
on a Mettler FP90 hot-stage preheated to 175 °C, where the
dewetting Kinetics were measured under nitrogen flow at 175
°C. The length scale of the images was calibrated by recording
an image of the microscope calibration ruler with 10 um line
spacing. Hole growth was measured until holes touched each
other or hole diameter appeared constant.

Using a Digital Instruments NanoScope Il atomic force
microscope (AFM), the hole floor morphology and rim were
imaged for a PS film and a blend of PS and PS-b-PMMA (¢ =
0.05, N ~ P). To compare holes of similar size, the PS and
blend films were annealed for 30 and 600 min, respectively,
to create holes of ca. 15 um. Samples were then quenched to
room temperature, below the PS glass transition temperature,
and viewed by AFM in the glassy state. The AFM images were
recorded in air at room temperature using a Si tip in tapping
mode. The scanned area was 6 um x 6 um using a scan rate
of 1 Hz. The reproducibility and sample damage were checked
by scanning from left to right and then from right to left. No
differences in topography were observed for these images.

3. Results

The adsorption of dPS-b-MMA to silicon oxide from a
matrix polymer has been studied as a function of matrix
degree of polymerization, P,3%36 and matrix composi-
tion.3” As P increases, the interfacial excess, z*, in-
creases rapidly and then becomes constant for P larger
than 2N, where N is the dPS block length. The inter-
facial width representing the overlap between the
dangling dPS block and the matrix chains was found to
narrow with increasing P and eventually reached a
constant value for P > 2N. These measurements were
explained in terms of the entropic repulsion between
the matrix chains and the brush. One objective of the
present paper is to test whether block copolymer
adsorption, with known adsorption characteristics, can
retard or prevent thin films deposited on silicon oxide
from dewetting. Furthermore, we will probe the effect
of interfacial overlap on dewetting by studying two PS:
PS-b-MMA blends having N ~ P and N ~ 4P, which
represent relatively dry and wet brushes, respectively.

a)

Figure 1. Optical micrographs showing holes (light) in a PS
film (822 A) annealed at 175 °C for (a) 12 min and (b) 50 min.
The hole rim is represented by the bright outer ring. The thin
dark ring separates the rim from the hole floor and therefore
represents the hole diameter. AFM analysis of the hole
supports these observations. Holes nucleated at the same time
are denoted as A, B, C, and D.

To optimize the additive amount, hole growth will be
studied as a function of PS-b-MMA concentration. To
provide insight into the dewetting mechanism, the
morphology of the hole floor will be imaged using AFM.

3.1. Block Copolymer Additives. Dewetting of thin
PS films has been well-documented.®~1! Figure 1 shows
hole growth in PS (P = 288) films (822 A) at 175 °C
after (a) 12 min and (b) 50 min of annealing. With one
exception, the holes shown in Figure la,b nucleate at
the same time. For example, holes denoted as A, B, C,
and D all grow at similar rates. The material from the
hole goes into the circular rim, the bright outer ring.
The hole diameter is defined by the inside rim wall,
shown as a thin dark ring in Figure 1. This definition
is supported by AFM, FE-SEM, and OM analysis from
a previous study.®® Figure 2 shows the hole diameter,
D, plotted as a function of annealing time, t, for a PS
film (open circles). Initially, D increases linearly with
time and then follows a tZ3 power law, in agreement
with predictions by Brochard-Wyart et al.8 The initial
hole growth velocity, vj, is 0.69 um/min. After 125 min
(crossed open circle), the holes impinge upon one
another, and the rims form an interconnected network.

Samples were prepared by blending PS with PS-b-
MMA having a short PS block, N ~ P, or a long block,
N ~ 4P. Because the MMA block lengths are similar,
ca. 30, the MMA mole fractions are 0.09 and 0.03,
respectively (cf. Table 1). Upon adding 0.05 volume
fraction of PS-b-MMA, Figure 2 shows that copolymers
of the short (solid circles) and long (stars) PS blocks
dramatically reduce the rate of hole growth and prevent
hole coalescence within the experimental time frame.
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Figure 2. Hole diameter, D, as a function of annealing time,
t, for pure PS (822 A) (open circles), PS blended with PS-b-
PMMA (N ~ P) (810 A) (solid circles), and PS with PS-b-PMMA
(N ~ 4P) (823 A) (stars). For both blends, the PS-b-PMMA
volume fraction is 0.05. The error bars (£2 um) are estimated
from the calibration ruler with line spacing 10 um. For the
PS film, the crossed circle denotes that holes touch.

Note that in one system the additive and matrix have
similar chain length (N ~ P), and therefore slowing
down is not due to an increase in viscosity. Upon adding
PS-b-MMA with short and long PS blocks, v; decreases
by a factor of 5 and 17, respectively. After 100 min, the
hole diameter approaches 14 and 7 um for the short and
long PS-b-MMA additives, respectively. Whereas D
approaches a constant value for the blend with N ~ P,
D continues to slowly increase after 100 min for N ~
4P. For comparison, the holes in the pure PS film are
ca. 50 um after 100 min. Qualitatively, the number of
holes per unit area was greatest for the pure PS and
lowest for the PS blended with the PS-b-MMA having
the longer PS block. The smaller number of holes in the
blend samples further delays hole impingement. Samples
annealed up to 24 h showed no measurable increase in
D.

Figure 2 shows that the hole velocity is slower and
the hole diameter is smaller for the blend with the long
PS block in qualitative agreement with theoretical
predictions?>~27 and experiments with end-functional-
ized brushes.?! For dPS-b-PMMA adsorption at the PS/
SiOy interface,3 the matrix chain penetration into the
dangling dPS block region decreases as P increases and
reaches a constant value near P = 2N. Dewetting
experiments were performed at constant P where the
block copolymer additives corresponded to either a short
PS block, N ~ P, or a long block, N ~ 4P. These results
suggest that frictional drag at the interface between the
adsorbed PS-b-MMA layer and the matrix can greatly
retard hole growth.

3.2. Bulk Volume Fraction of Block Copolymer
Additive. The dewetting kinetics of PS films were
studied as a function of the bulk volume fraction, ¢, of
PS-b-MMA with the short dangling block (N ~ P).
Figure 3 shows the hole diameter as a function of
annealing time for ¢ = 0 (open circles), ¢ = 0.01 (solid
squares), and ¢ = 0.10 (open squares). For clarity, the
hole growth data for ¢ between 0.01 and 0.10 are absent.
The hole growth for the pure PS film was presented in
Figure 2 and previously discussed. Figure 3 indicates
that the addition of only 1% PS-b-MMA to the PS film
causes an appreciable slowing down of the hole growth
rate. Furthermore, the holes approach a constant di-
ameter of 26 um after ca. 100 min. By increasing ¢ to
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Figure 3. Hole diameter as a function of annealing time for
pure PS with ¢ = 0 (822 A) (open circles), PS:PS-b-PMMA with
¢ = 0.01 (778 A) (solid squares), and PS:PS-b-PMMA with ¢
= 0.10 (770 A) (open squares). For both blends, the PS-b-
PMMA has N ~ P. The error bars (+2 um) are estimated from
the calibration ruler. For the PS film, the crossed circle denotes
hole impingement.
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Figure 4. (a) Initial hole growth velocity, vi (solid circles),
and (b) final hole diameter, D (open circles), for PS blended
with PS-b-PMMA (N ~ P). The error bars for v; were obtained
from the standard deviation of linear fits of D vs t at low t.
The error bars (+2 um) for D were estimated from the
calibration ruler. For reference, the D for PS prior to impinge-
ment is included and denoted by a crossed circle. The lines
are guides to the eye only.

0.10, the hole growth rate is even slower, and the hole
diameter approaches 6 um, after only ca. 25 min.

The initial growth velocity and the final hole size are
plotted as a function of copolymer concentration in
Figure 4. Figure 4a shows that the initial hole growth
velocity decreases rapidly as ¢ increases from 0 to 0.03
and then becomes relatively constant. Similar behavior
can be observed for the final hole diameter (cf. Figure
4b), which decreases rapidly as ¢ increases from 0 to
0.03 and then becomes relatively constant. These results
demonstrate that low concentrations of block copolymer
additives can improve thin film stability. These results
are in qualitative agreement with observations by
Jerushalmi-Rozen et al.?8=30 and Reiter et al.,?%22 who
found that film stabilization could be achieved at very
low grafting densities.

3.3. Blending versus Bilayer. As already men-
tioned, the study of adhesion promoters typically in-
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Figure 5. Hole diameter as a function of annealing time for
the pure PS film (open circles), a bilayer of PS over PS-b-
PMMA (open squares), and a blend of PS and PS-b-PMMA
(solid squares). The overall PS-b-PMMA volume fraction is 0.10
for the blend and bilayer. In (a) and (b), the PS-b-PMMA
corresponds to N ~ P and N ~ 4P, respectively. The error bars
(£2 um) were estimated from the calibration ruler. Note that
the holes in the PS film and bilayers continue to grow until
they touch each other (crossed symbols) whereas the holes in
the blend samples approach a constant value.

volves a direct application of the promoter to a substrate
followed by the application of a thicker matrix film over
this thin layer. Figure 5 shows the hole diameter as a
function of annealing time for PS, a PS:PS-b-MMA
blend, and a PS/PS-b-MMA bilayer for (a) N ~ P and
(b) N ~ 4P. For the bilayer samples, the thicknesses of
the copolymer and PS layers were chosen such that the
overall ¢ is 0.10, which is the same value as the blend
samples.

For both cases, Figure 5 shows that the initial rates
of hole growth for bilayer samples (open squares) are
faster than for the blends (solid squares). In addition,
for both bilayers, holes grew until they impinged on each
other, as denoted by the cross inside the open square.
In these samples, the films eventually broke up into
isolated droplets, similar to the pure PS film. These
results demonstrate that a block copolymer layer de-
posited directly on the substrate is less effective than
blends at stabilizing thin polymer films. Because the
PS-b-MMA film is approximately a monolayer thick, the
PS film on top of this dense adsorbed layer exhibits the
autophobic behavior previously observed by Leibler et
al.,’6 Reiter et al.,?%?2 and Henn et al.?® Comparison of
parts a and b of Figure 5 shows that bilayer samples
with the long PS block (N ~ 4P) are more effective at
slowing down hole growth than the bilayers containing
the short PS block (N ~ P). In the former case (Figure
5b), the holes grew very slowly and reached a diameter
of 12 um before impinging upon each other after 230
min. Although the hole density was smaller in the latter
case (Figure 5a), the holes impinged after only 70 min
at a diameter of 28 um because of their rapid growth.

For blends with 10% copolymer additive, film stabi-
lization was observed for both N ~ P and N ~ 4P as
shown in parts a and b of Figure 5, respectively. For N
~ P, the holes stopped growing at 6 um after about 90
min, whereas for N ~ 4P, the holes stopped at 7 um
after 200 min. The striking difference between bilayer
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Figure 6. AFM micrograph of the hole floor for the pure PS
film (822 A) after 60 min at 175 °C. The features in the center
mark the nucleation site. Overall, the hole floor is smooth. The
smooth rim (white) has a contact angle of 2.6°.

and blend samples is an indication that the mechanism
of film stabilization is quite different when the brush
is already formed, compared to the case when the brush
formation takes place during the hole growth. In the
former case, when a pure matrix polymer film is
deposited on top of the adsorbed copolymer layer, a
distinct interface between the polymer layers is created,
resulting in autophobic behavior. On the other hand,
in the case of blends, the copolymer adsorbs to the
substrate during dewetting, resulting in a brush with
a low grafting density and broad interface. The degree
of entanglements between the dangling PS block and
the matrix chains is expected to play an important
role in viscous dissipation during slippage as discussed
later.

3.4. The Hole Floor Morphology. To complement
the hole growth studies, AFM was used to investigate
the morphology of the hole floor inside the rim for
selected films, namely pure PS and the PS:PS-b-PMMA
blend (N ~ P). Holes with similar diameter, ca. 15 um,
were chosen for comparison. Figure 6 shows part of the
inside rim wall (white) and hole floor (gray) for a PS
film (822 A) annealed at 175 °C for 60 min. The small
bright patch in the middle of the hole is the nucleation
site for dewetting. The contact angle between the rim
and hole floor is ~2.6 + 0.5°, in good agreement with
values reported by Leibler et al.® For the height scale
in Figure 6, the hole floor is macroscopically smooth.
To further exemplify the hole floor microroughness, a
PS film was annealed to achieve complete dewetting.
Between the large drops, the root-mean-square (rms)
roughness is approximately 18 A over a 10 um x 10 um
area. This microscale roughness is much greater than
the oxide roughness of about 2 A. For the oxide layer
thickness of ca. 20 A, our results are consistent with
dewetting studies of PS films by Muller-Buschbaum et
al.,® who observed nanoscopic droplets between large
drops on silicon oxide. The authors suggest that the
small droplets result from nano-dewetting of a residual
thin film left on the hole floor. Thus, a thin, smooth layer
of PS likely covers the hole floor shown in Figure 6.
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Figure 7. AFM micrograph of the hole floor for the blend
sample of PS and PS-b-PMMA (N ~ P) (810 A) after 600 min
at 175 °C. The PS-b-PMMA volume fraction is 0.05. In contrast
to Figure 6, the hole floor is rough with patches of polymer
and the rim (white) has fingers projecting toward the center.
The contact angle is about 1.3°. The area around the nucleation
site is relatively smooth.

Using the same height scale, Figure 7 shows the hole
floor morphology for the blend sample after 600 min at
175 °C. The isolated patch of material in the middle of
the hole is the nucleation site. The most significant
difference between Figures 6 and 7 is that the hole floor
of the blend sample contains large patches of polymer
droplets with a diameter of about 4000 A. Note that
these large droplets are absent for the pure PS film. The
average patch height is about 60 A, approximately the
radius of gyration of the PS block. At present, the patch
composition is unknown. The bright feature at the top-
left part of the image is the rim of the hole. In contrast
to the smooth interface for the pure PS sample (Figure
6), the polymer at the foot of the rim fluctuates toward
the center of the hole floor. Note that one of these
fluctuations is about to pinch off and form a patch. Thus,
these fingers appear to produce patches as the rim
retracts. Away from these rim fluctuations, the contact
angle between the polymer and hole floor is ca.1.3°,
which is 1/, the value for the pure PS film.

4. Discussion

Thin films of PS have been stabilized by the addition
of a block copolymer having a short anchoring block and
a long, entangling block. Thin film stability has been
guantified by examining hole growth as a function of
the N to P ratio and copolymer concentration, as well
as sample geometry. Using AFM, analysis of the hole
morphology reveals that the addition of copolymer
decreases the rim contact angle and produces polymer
patches that cover the hole floor. These studies provide
a basis for understanding the mechanism of stabiliza-
tion.

As holes grow, the rim velocity is determined by the
difference between the capillary driving force, Fp, and
the forces resisting hole growth. For block copolymer
brushes on a substrate, these resistive forces include
the energy cost to stretch and pull out adsorbed chains,
Fa, and the viscous drag on the rim, Fy. Moreover, the
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interpenetration between the matrix and the block
copolymer chains will also provide a resistive force
against hole growth, Fw. Thus, for holes to grow, the
following condition must be satisfied:

Fo > Fo+F,+Fy (2)
The driving force is given by
Fp O y6” 3)

where y and 0 are the interfacial tension between the
matrix and the adsorbed copolymer film and the dy-
namic contact angle, respectively.’6?2 The stretching
and pull-out force is

F, 0ol 4)

where o and L are the areal density of the adsorbed
chains and the distance chains are stretched, respec-
tively.?? Leibler et al.16 proposed that the resistive force
originating from entanglement between matrix and
copolymer chains is

Fo O —1iw (5)

where w is the interfacial width. Note that the adsorbed
layer is presumed to uniformly coat the substrate. Depth
profiling studies and calculations of the critical micelle
concentration suggest that the PS-b-PMMA forms a
contiguous layer on the substrate.3®

Using eq 2, we can begin to interpret the hole growth
results for the three different systems, namely, films of
homopolymer, blend, and bilayer. To explain why film
stability differs for these systems, the unique forces
involved in each particular case are discussed. First, we
compare homopolymer dewetting with blends of ho-
mopolymer and PS-b-PMMA additive. Using neutron
reflectivity and forward recoil spectrometry, dPS-b-
MMA in a PS film was shown to strongly segregate to
the oxide interface.3*3¢ Upon adsorption, the interfacial
tension is expected to decrease and, consequently, the
driving force for dewetting will be lower. Indeed, AFM
experiments (see section 3.4) show that the blend has a
smaller contact angle than the homopolymer film. As
shown by eq 3, a small decrease in contact angle can
have a large effect on the capillary driving force. In
addition, the viscous drag exerted by the extended PS
tails from the adsorbed block copolymer should further
decrease the rate of hole growth. As pointed out for end-
grafted polymers, Fa will provide resistance against hole
growth. Figure 7 shows that patches cover the hole floor
for a blend film, suggesting that viscous frictional forces,
Fv, play an important role at the PS/SiOy interface. To
determine whether PS-b-PMMA is found throughout or
under the patch, techniques providing excellent lateral
resolution, such as near edge X-ray adsorption fine
structure microscopy, will be needed. In summary, upon
the addition of block copolymer to thin films, hole
growth slows down because the driving force is reduced
and resistive forces, particularly Fo and Fy, are pro-
duced.

In previous studies (cf. Introduction), dewetting ex-
periments focused on films prepared by applying a
brush directly to the substrate followed by deposition
of a homopolymer layer. Although one study3° had
compared blends and bilayers, a more quantitative
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study comparing these two sample geometries is lack-
ing. Our experiments clearly show that blending can be
a more effective route to stabilize thin films. The
underlying difference between bilayers and blends is the
degree of interpenetration between the adsorbed co-
polymer and the matrix chains. In the bilayer case, the
interface is narrow, and therefore Fy and Fy are large
and small, respectively. The narrow interface between
the matrix polymer and its grafted compliment is
responsible for autophobic behavior.16-18 On the other
hand, the broad interface in the blend system leads to
high resistive forces against dewetting, which results
in film stabilization.

For the blend studies, PS-b-MMA molecular weights
were chosen such that the PS block length was similar
to the matrix length, N ~ P, or much longer than the
matrix length, N ~ 4P. Figure 2 shows that hole growth
is slower for the N ~ 4P case. In previous studies®® we
found that the interfacial width between the brush and
the polymer matrix decreases rapidly with increasing
P and then becomes constant for P > 2N. Thus, the PS-
b-MMA with the longer PS block will penetrate more
deeply into the matrix polymer than the copolymer with
a short block. Therefore, the resisting force due to Fy
(and Fy) will be more effective for the N ~ 4P case, as
demonstrated in Figure 2.

As shown in Figure 4, the hole growth velocity
decreases as the volume fraction of PS-b-MMA increases
for the blend having N ~ P. As the bulk volume fraction
of PS-b-MMA increases, the area density of adsorbed
copolymer will increase until a balance is achieved
between chain stretching driven by excluded volume
and the associated entropy cost. Thus, Fa appears to
be the dominant resisting force underlying the behavior
shown in Figure 4.

To completely describe blends, new theories are
needed to account for both the kinetics of brush forma-
tion and the driving forces underlying dewetting. Cur-
rent theories'625-27 assume an “equilibrium” polymer
brush and are therefore more applicable to the bilayer
system. A further challenge will be to incorporate the
energy cost to pull out brushes from the substrate. This
mechanism for energy dissipation, which likely takes
place in our system, can greatly slow down hole growth.
In addition to interpreting our experiments, a hybrid
thermodynamic/dynamic model can provide a funda-
mental understanding of commercial coatings, which
contain multiple components.

5. Conclusion

The goal of this study is to provide guidelines for using
block copolymer additives to stabilize films. Using
optical and atomic force microscopies, we have investi-
gated the dewetting behavior of thin PS films with PS-
b-PMMA additives from SiO. By blending PS-b-PMMA
with PS, hole growth is dramatically slower than the
pure PS film. Moreover, the addition of PS-b-PMMA
prevents hole coalescence over the lifetime of the experi-
ments, in contrast with the behavior of PS films, where
holes rapidly break up to form droplet patterns. In
agreement with predictions,?>=2740 a high molar mass
brush (N ~ 4P) stabilizes films more effectively than a
brush with a lower molar mass (N ~ P), consistent with
the greater matrix chain penetration in the former case.
The optimal copolymer concentration is found to be
about 3 vol %, beyond which no significant improvement
in film stability is observed.
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In addition, we observe significantly different dew-
etting behavior for bilayer and blend samples. Although
slower than the pure PS case, hole growth in bilayers
is faster than in films containing a blend. Moreover,
holes in bilayer samples continue to grow, until they
coalesce, and form droplets, indicative of autophobic
behavior. The film stabilizing effect of block copolymers
can be attributed to the decrease in capillary driving
force, the degree of entanglements at the matrix/
copolymer interface, and the brush grafting density on
the substrate.
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