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Abstract

The dewetting pattern development of thin film of poly(styrene)-block-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer has

been studied after ‘annealing’ in the PMMA block selective solvent vapor. Initially, typical circular dewetted holes are observed. Further

annealing, however, results in the formation of fractal-like holes. The heterogeneous stress induced by the residual solvent remaining in the

film after spin-coating induces the anisotropy of the polymer mobility during the annealing process, which triggers the formation of the

intriguing surface patterns.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The dewetting of thin polymer films has been a much-

studied problem in recent years due to its theoretical and

technological importance [1–3]. It is known that a liquid

film on a substrate is non-wetting if its spreading coefficient,

SZgsvK(gslCglv), is negative [4]. Here, gsv is the interfacial

tension between the solid substrate and the vapor phase, gsl

is the interfacial tension between the substrate and the

liquid, and glv is that of the liquid/vapor interface. Recently

it was shown that one might consider the free energy U to

gain some insight into the nature of pattern formation. When

non-retarded van der Waals interactions are dominant, the

free energy U per unit area of a film of thickness h is given

by

UðhÞZK
A

12ph2
(1)

Here, A is the difference between the liquid–liquid and

solid–solid Hamaker constants [5]. If A is positive, the van

der Waals interactions thin the film, enhancing surface

fluctuations, and after a characteristic time, the film ruptures
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[6,7]. Two possible rupture mechanisms are discussed: (i)

heterogeneous hole nucleation due to defects or impurities

in the film, and (ii) spontaneous film rupture under the

influence of long-range interactions (such as the van der

Waals force), known as spinodal dewetting.

An extremely good model system for such studies is that

of polystyrene. Reiter [8] has characterized the progression

of dewetting from early to complete dewetting using

polystyrene films heated above its glass transition tempera-

ture (Tg). First, the films break up thus creating randomly

distributed holes. Second, the holes then grow and form rims

ahead of them, which finally contact each other creating

cellular structures. Third, the resulting ribbons are unstable

and decay into droplets.

Research on this topic has, for the most part, been

exclusively devoted to the dewetting of simple polymeric

fluids from solid and from liquid substrates [8–21]. Usually,

the dewetting processes are induced by annealing above the

Tg of polymers. Little is understood about the dewetting of

structured fluids such as block copolymers [22–24],

especially the dewetting of block copolymers induced by

solvent vapor. In the present work, we investigated the time

evolution of the dewetted hole pattern in thin films of a

symmetric diblock copolymer poly(styrene-b-methyl

methacrylate) (PS-b-PMMA) during solvent vapor treat-

ment. The solvent used is a selective solvent for PMMA and

non-selective for PS. Thin films (w22 nm) of this

copolymer are shown to undergo dewetting via a nucleation
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and growth mechanism. We show that ordinary circular

holes form at the initial stage of annealing. Further

annealing, however, leads to the formation of fractal

holes. A small amount of residual toluene solvent remaining

in the film after spin-coating induces the anisotropy of the

polymer mobility during the annealing process, which

triggers the formation of the intriguing surface patterns.

This, to our knowledge, appears to be the first time to

investigate the development of dewetted fractal holes in

block copolymer thin films induced by solvent vapor

annealing.
2. Experimental details

2.1. Sample preparation

PS-b-PMMA (MPSZ133,000, MPMMAZ130,000,

Mw/MnZ1.07, L0Z90 nm) was purchased from Polymer

Source, Inc. The diblock copolymer was dissolved in

toluene with typical concentration of 0.5 wt%. Thin

polymer films (w22 nm) were then prepared by spin-

coating the toluene solution onto the silicon oxide (w2 nm-

thick from ellipsometry) at 2000 rpm for 30 s. Prior to

spin-coating, the wafers were cleaned with a 70/30 v/v

solution of 98% H2SO4/30% H2O2 at 80 8C for 30 min, and

then thoroughly rinsed with deionized water and dried. Film

thickness was measured by an ellipsometry (AUEL-III,

Xi’an, China). Without removing the residual solvent, the

samples were exposed to the saturated acetone vapor in a

closed vessel. All experiments were performed at room

temperature. After solvent treatment from 1 to 58 h, the

samples were removed from the vessel quickly for fast

drying.

The minimal amount of residual solvent that is needed to

trigger the fractal-like hole formation is determined by the

following method. To avoid any experimental uncertainty,

the samples for the determination of the amount of residual

solvent were cut from the same specimen as that used for

acetone vapor annealing. The film specimens were pre-

annealed with different time to reduce the residual solvent

content to different degree and then the film thickness was

measured by ellipsometry. Subsequently, the film was

annealed in acetone vapor to see if the fractal holes can be

produced. When the fractal holes cannot be observed any

more, the sample was annealed at 50 8C for 3 day to remove

the residual solvent completely and its thickness was

measured again. The thickness reduction can be determined

which is related to the minimal amount of residual solvent

that is needed to trigger the fractal-like hole formation.

2.2. Atomic force microscopy (AFM) characterization

The surface morphology was observed by a commercial

atomic force microscopy (AFM), using a SPA300HV with a

SPI3800N controller (Seiko Instruments Inc., Japan) in the
tapping mode (set point ratioz0.90). Silicon tips on

cantilevers (resonance frequency 70 kHz) with spring

constant 2 N/m were used. The scan rate was in the range

1.0–2.0 Hz.

2.3. Optical microscopy (OM) characterization

Optical microscopy (OM) measurements were per-

formed with a Leica optical microscopy (Leica Micro-

systems, Germany) in reflection mode with a CCD camera

attachment.
3. Results and discussion

The as-cast PS-b-PMMA thin films are observed to be

featureless in optical microscope, since they are kinetically

trapped in disordered state due to the spin-coating process.

At the initial stage of acetone vapor annealing (6 h),

ordinary circular holes occur randomly distributed in the

film (Fig. 1(a)). Further annealing to 9.5 h, however, leads to

the formation of fractal-like holes (Fig. 1(b)), which grow in

size with annealing time as shown in Fig. 1(c). The typical

size of fully grown fractal holes exceeds 150 mm, which is

quite large.

AFM measurement was carried out in order to obtain the

accurate information on the profile of the film. Fig. 2(a) and

(b) show the AFM height images and the cross-sectional

height profiles of PS-b-PMMA thin films after annealing in

acetone vapor for different times. As expected, circular

holes are formed at the initial stage of annealing (Fig. 2(a)).

Interestingly, a dewetted fractal hole starts to develop at this

time. Although we observe the fractal-like hole in Fig. 2(a),

the number density of the fractal hole is quite small at this

annealing time. The cross-sectional height profile in

Fig. 2(a) shows that a rim forms at the edge of the hole

and the hole depth is 13 nm. Note that the initial thickness of

the film is 22 nm, a layer of approximately 9 nm is left on

the silicon substrate. As time lapses, the fractal holes are

developed (Fig. 2(b)). The line profile implies the depth of

the fractal hole is about 42 nm and the left polymer layer

remains on the substrate. The structure of the copolymer

film left behind in dewetted holes was also investigated.

Fig. 2(c) shows an ultrathin film of the copolymer covers the

surface with some round-shaped objects on it. It resembles

the autophobic dewetting which has been reported on thin

film of some block copolymer systems [23,25]. We attribute

it to dense brush layer of ordered copolymer due to the

strong attraction between PMMA chains and the native

silicon oxide layer on the substrate.

Fractals in our system are quite similar in shape to non-

equilibrium patterns observed in other systems, such as

dendritic crystallization, electrodeposition, viscous finger-

ing, and dielectric breakdown [26,27], etc. As a result, we

performed the fractal dimension analysis for an isolated

fully developed hole by using the box count method [26,27],



Fig. 1. Optical micrographs in reflection mode for PS-b-PMMA thin films

with t0w1/4L0 after solvent annealing in acetone vapor for (a) 6 h, (b) 9.5 h,

and (c) 26 h, respectively.
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and the results are shown in Fig. 3(a). The fractal dimension

df of the hole can be obtained from the scaling relationship

of NðlÞwlKdf , where N(l) is the number of boxes of size l

that contain at least part of the hole region. From the slope in

Fig. 3(a), dfZ1.67 was obtained. Analysis of many such

holes yielded nearly the same fractal dimension in exact

agreement with the theoretical result of Muthukumar [28],

dfZ ðd2C1Þ=ðdC1Þ, where dZ2 is the space dimension.

This result is also consistent with the results reported by Lee

et al. [29,30] and Koneripalli et al. [31], which are quite

informative to our study.

Image analysis was then performed for the dewetted

films in order to obtain quantitative information on the

growth process of fractal holes. Fig. 3(b) shows the time

evolution of the fractal dimensions of the fractal holes

during acetone vapor annealing. It can be seen the fractal

dimension gradually increases from 1.14 at short annealing

time to 1.67 at long annealing time. On an extended acetone

vapor treatment, the fractal holes were destroyed and

developed into the classic late-stage dewetted droplet

pattern.

Lee et al. [29,30] prepared a symmetric PS–P2VP

diblock copolymer thin film with an initial thickness of

1.5L0!t0!3.5L0. Subsequent thermal annealing led to the

development of dual morphology of islands and fractal

holes similar in form to ours. They attributed it to the

kinetically trapped metastable structure induced by a high-

boiling residual solvent. Koneripalli et al. [31] prepared a 3/

2 bilayer film of a symmetric PS–P2VP diblock copolymer

with a thickness of 1.45L0 by confinement technique

followed by thermal annealing. Subsequent annealing after

removing the confinement layer also led to the development

of fractal holes. They attributed this fractal hole formation,

which is governed by the Laplace equation with moving

boundary conditions, to the heterogeneous nucleation by

tiny dust particles in laterally strained lamellae. The

important differences between the present work and their

works are that the PS-b-PMMA films are very thin (w1/

4L0) and treated by solvent annealing instead of thermal

annealing. Thus the fractal hole in our system has only two

flat regions of different heights without hole-in-hole

structure.

Before interpreting the fractal structure formation, we

would discuss why the PS-b-PMMA thin film dewetted the

silicon surface when exposed to acetone vapor. Usually, the

dewetting processes are induced by annealing above the Tg
of polymers to activate the polymer chains. Diblock

copolymer thin films above the bulk order–disorder

transition (ODT) temperature exhibit properties similar to

those of simple homopolymer liquids. As we know, two

factors influence Tg: the interaction with the substrate and

the film thickness [32,33]. Tg is low for weak substrate–

polymer interaction, and it is high for strong interaction. In

this case, exposing the thin films to solvent vapor is

qualitatively found to have a similar effect on the

microstructure to that of thermal annealing. In a dry state,



Fig. 2. AFM height images and cross-sectional height profiles of PS-b-PMMA thin films after solvent annealing in acetone vapor for (a) 6 h and (b) 26 h,

respectively. (c) A 3D AFM height image showing the structure of the copolymer film inside the fractal hole after acetone vapor annealing for 24 h.
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the PS-b-PMMA exists in the glassy state and exhibits very

slow relaxation processes. On exposure to acetone vapor,

which is a preferential solvent for PMMA, the PMMA block

was swollen and the mobility of the chains was greatly

increased. During the initial swelling period, the PS

domains remain below their Tg and fixed. After a certain

time of exposure to acetone vapor, enough solvent has

penetrated to PS domains to allow molecular reconfigura-

tion and stress relaxation, lowering their effect Tg. There-

fore, the occurrence of glass transition at the room

temperature becomes true [34,35].

In our case, one of the driving forces for the dewetting of
PS-b-PMMA films on the silicon oxide is the strong

tendency of acetone molecules to attract the PMMA

uprising. Previous description [36–38] has shown that

when symmetric PS-b-PMMA is cast on a Si substrate

with a SiOx surface layer, the PMMA preferentially

segregates to the substrate while the PS segregates to the

air interface due to the presence of asymmetric boundary

condition. On exposure to acetone vapor, a selective solvent

for PMMA, it turns into symmetric boundary condition [39,

40]. Solvent vapor molecules have a strong tendency to

attract PMMA to maximize the PMMA-solvent contacts. So

PMMA is pulled toward the film surface. The movement of



Fig. 3. (a) Analysis of the fractal dimension of a fully developed fractal hole

by using the box count method. (b) Time evolution of the fractal dimension

of holes in PS-b-PMMA films during acetone vapor annealing.

Fig. 4. Schematic of the dewetted fractal hole formation in PS-b-PMMA

thin films induced by the residual solvent.
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PMMA uprising destabilizes the film and leads to dewetting.

To verify this effect, the as-cast samples were also exposed

to carbon disulfide (selective for PS) and toluene (slightly

selective for PS) vapor, respectively, and the films were

stable. It is because that on exposure to PS-selective

solvents, the upper boundary condition still favors the PS,

and the PS will continue to dominate the upper surface. The

solvents disturb the film less and thus no dewetting

occurred. Microscopically heterogeneous stress is believed

to trigger the formation of fractal holes and the heterogen-

eity comes from the residual toluene solvent. The residual

solvent evaporates and causes small thickness variations,

inducing anisotropic stress in the films. At first sight, this

idea of a ‘heterogeneous propagation of stress’ does not

seem to apply to PS-b-PMMA thin films on the silicon

substrate because the polymer and the substrate are highly

homogeneous. In the absence of acetone, the residual

solvent is insignificant because the film is stable. If,

however, acetone vapor is present and destabilizes the

polymer, heterogeneous stress induced by the residual

solvent is amplified and causes the heterogeneous polymer

mobility, resulting in the fractal holes. Fig. 4 shows a
schematic of the fractal hole formation in our block

copolymer thin film. The as-cast film contains a small

amount of solvent (typically below 4%) due to the spin-

coating process using the high boiling toluene solvent (TbZ
110 8C) at a relatively low spinning speed. After the typical

circular holes occur during the early stage of dewetting (Fig.

4(a)), the residual toluene solvent gradually causes the

anisotropic stress throughout the film, thereby destabilizing

an initially uniform front and inducing the heterogeneity of

the polymer mobility (Fig. 4(b)). The evolution of the

dewetted hole front becomes anisotropic and some spread-

ing front dewets faster than the adjacent regions, forming

fractal hole (Fig. 4(c)). Then, the dewetting is towards the

‘fingering’ direction continuously and develops into the

fully grown fractal-like holes (Fig. 4(d)). For comparison,

we pre-annealed the as-cast specimen at 50 8C for 15 h in

vacuum to reduce the residual solvent content to about 1%.

Subsequent annealing in acetone vapor produced much less

fractal holes with smaller sizes. We also pre-annealed the

thin film at 50 8C for 3 days in vacuum to remove the

residual solvent completely. After annealing in acetone

vapor, it was found that the fractal holes disappeared

completely. Note that this thermal annealing process could

not cause polymer segregation between PS and PMMA

blocks, since the glass transition temperatures of both

components are far above this temperature. We investigated

the surface morphology of the films with or without residual
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solvent before solvent annealing both showed the same

disordered wormlike pattern at nanometer scale (not shown

here). It revealed that the heterogeneous stress induced by

the residual solvent triggered the formation of fractal holes

and the decrease of residual solvent content in the film

retarded the fractal hole growth. Our further investigations

show that when the amount of residual solvent is less than

0.5%, the fractal-like hole will not appear any more.
4. Conclusions

In conclusion, we have investigated the dewetting of

fractal holes in symmetric PS-b-PMMA diblock copolymer

thin films (t0w1/4L0) during solvent vapor annealing in

acetone. Dewetting at the copolymer surface occurs via a

nucleation and growth mechanism. The formation of fractal

holes is due to the anisotropy of the polymer mobility

induced by the residual toluene solvent. The resulting thin

films are believed to be a promising candidate for non-

glossy coating materials due to their intriguing self-similar

micropatterns.
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