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Abstract

The time development of the surface morphology of asymmetric polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) thin films ‘annealing’

in methanol vapor, a selective solvent for minority P4VP block, was investigated by atomic force microscopy(AFM). For PS-b-P4VP with

cylindrical structure in bulk, as annealing time progressed, the surface morphology underwent structural transitions from featureless

topography to hybrid morphology of cylindrical and spherical pits, to cylinders, to nanoscale depressions, back to cylinders again. The

different film thickness made the number of the transitions observed, at any given annealing time, different. The thicker the film is the more

transitions at a given annealing time can be observed. If the film was not thick enough, depressions appeared. For PS-b-P4VP with spherical

structure in bulk, it displayed nanoscale depressions with the annealing time increasing. A possible mechanism of the transition of

morphologies during solvent annealing was proposed.

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

The ability to self-assemble into high regular structures

with mesoscopic length scales makes the diblock copoly-

mers present an interesting class of materials for thin film

technology [1,2]. In bulk, the interplay of the incompat-

ibility between the different blocks, and the chemical bond

between them, give rise to a variety of ordered microdomain

structures in thermal equilibrium. However, when the block

copolymers are confined into a thin film, the interactions

with the boundaries influence the orientation and its

morphology. Generally, the morphology of diblock copo-

lymer thin films mainly depends on the film thickness, the

interactions with the boundaries, and the incompatibility

between the two blocks of the copolymer, which is usually

characterized by a Flory–Huggins parameter.

In recent years, there are many literatures about studying

the evolution and orientation of microstructures in thin films
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by applying external fields, such as electric fields [3,4],

shear [5,6], temperature gradients [7], graphoepitaxy [8,9],

chemically patterned substrates [10–13], controlled inter-

facial interactions [14,15] and so on. Solvent evaporation is

also a strong and highly directional field. Making block

copolymer thin films under various solvent evaporation

conditions turned out to be a good way to manipulate the

microstructures [16,17]. Kim and Libera [16,18] demon-

strated that the rate of solvent evaporation from thin,

solution-cast block copolymer films can be used to

manipulate the orientation of copolymer assemblies.

Hahm et al. [19] and Kimura et al. [20] have also shown

that evaporation-induced flow in solvent-cast block copo-

lymer films can produce ordered arrays of nanoscopic

cylindrical domains with a highly in-plan orientation and

lateral order. Fukunaga et al. [17,21] recently showed that

solvent annealing can greatly enhance the ordering of

copolymer morphologies in very thin films. The simple

process of solvent evaporation can also produce highly

ordered arrays of cylindrical microdomains in block

copolymers with long-range lateral order [22]. Recently,

using solvent annealing, it was also shown that from a

destabilization of confined films, nanostructured polymeric

surfaces resulted as well [23–25].
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Solvent evaporation presents a simple route not only in

controlling the alignment of the microdomain morphology,

but also in varying the morphology of block copolymer.

When the samples are exposed to solvent vapor, the

mobility is imparted to the system, as when the polymer is
Fig. 1. (1) AFM topography of 19 nm asymmetric PS(40,000)-b-

P4VP(5600) thin film after exposing to toluene vapor for 12 h. Image

size: 1!1 mm2. (2) AFM topography of 11 nm asymmetric PS(40,000)-b-

P4VP(5600) thin film after exposing to toluene vapor for 12 h. Image size:

2!2 mm2. (3) AFM topography of 6 nm asymmetric PS(40,000)-b-

P4VP(5600) thin film after exposing to toluene vapor for (A) 0 h (B) 4 h

(C) 8 h (D) 12 h. Image size: 2!2 mm2.
heated above its Tg, and the morphology will change.

Therefore, it is interesting to investigate the process of

morphology evolution under various solvent vapors.

From the literature about solvent evaporation, it can be

seen that most of the work has been done intensively on

triblock copolymer [16,17,21,26–28]. In contrast, less work

has been reported for symmetric [29] and asymmetric

diblock copolymer thin films [30]. Therefore, it is

worthwhile to study the fascinating phase behavior of

diblock copolymer under solvent annealing. Presently, the

development of surface morphology of asymmetric PS-b-

P4VP (not very high molecular weight) under solvent vapor

has been investigated in detail.
2. Experimental section

2.1. Sample preparation

The asymmetric PS-b-P4VP diblock copolymers used in

this study were obtained from Polymer Source Inc., with

number molecular weight Mn of 31,900–13,200 and 40,000–

5600 and polydispersity index Mw/MnZ1.08 and 1.09,

respectively.

PS-b-P4VP (40,000–5600) was dissolved in chloroform

to form solutions with three different concentrations (0.05,

0.2, and 2 mg/mL). After spin-coating each solution onto

cleaved mica surface at 3500 rpm for 30 s, three different

film thickness (w6, w11, and w19 nm) were produced,

which corresponded to the three different concentrations

(0.05, 0.2, and 2 mg/mL), respectively. PS-b-P4VP

(31,900–13,200) was also dissolved in chloroform to form

solutions with three different concentrations (1, 2, and

5 mg/mL). The average thickness of the produced films

from each solution was about 20, 35, and 78 nm,

respectively. All the prepared films were dried in a

desiccator at least for 4 h, and then they were placed into

a glass vessel with 70 mL of the reservoir solvent at the

initiation of the solvent annealing process. The temperature

of the solvent vapor was kept at room temperature. After

being exposed for different times to different solvent vapor,

the samples were removed from the vessel and dried in the

air at room temperature.

The film thickness was determined by D8 X-ray

reflection (German) and AFM. For the AFM method, the

sample was scratched and the height of the remaining

polymer film was determined relative to the substrate.

2.2. Atomic force microscopy (AFM), X-ray photoelectron

spectroscopy (XPS) and contact angle characterization

Surface morphologies of these samples were investigated

by means of atomic force microscopy (SPI3800N, Seiko

Instruments Inc., Japan), and the images were taken with the

tapping mode.

The XPS was measured with VG ESCALAB MK at
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room temperature by using an Mg Ka X-ray source (hnZ
1253.6 eV) at 14 kV and 20 mA. The X-ray beam was

perpendicular incident to the sample surface in the

measurement.

Contact angle measurements were performed with a

KRÜSS DSA10-MK2 at an ambient temperature. The probe

fluid used was deionized water with drop volumes of 1.5 mL.
3. Results and discussion

3.1. The morphologies of three thicknesses of PS(40,000)-b-

P4VP(5600) thin films under two kinds of solvent vapor:

toluene, a selective solvent for PS block; and methanol, a

selective solvent for P4VP block

3.1.1. Toluene vapor

The film morphologies of three thicknesses, after

treatment in toluene vapor, for different times are shown

in Fig. 1. Whether annealed in toluene vapor for 4, 8 or 12 h,

the 19 nm film always displayed a featureless morphology,

just like the as-cast film. Here, the morphology after

annealing for 12 h was given in Fig. 1(1). This phenomenon

can be explained as follows: during toluene annealing, PS

blocks adsorbed more toluene than P4VP due to the

selective solvent of toluene for PS blocks. Hence, the

mobility of PS was larger than that of P4VP. The smaller

surface energy of PS (gZ45.5 mJ/m2) than P4VP (gZ
50.0 mJ/m2) [31] made PS blocks tend to move towards the

air surface. In addition, the attraction between PS and

toluene was also favorable for PS exposing to the air

surface. Based on these facts, there was more PS located at

the air surface after treatment, and the film exhibited

featureless the whole time. The water contact angle was

larger than that of the as-cast sample, which again confirmed

that more PS block enriched at the surface after treatment.

This phenomenon of planarization can also be explained

as an interfacial behavior. In the solvent-annealing chamber

the film is in contact with an air/solvent mixture that has

higher surface tension than air. When the film is brought out

of the chamber to solvent-free air, the film/air interfacial
Fig. 2. AFM topography of 19 nm asymmetric PS(40,000)-b-P4VP(5600)

thin film after exposing to methanol vapor for 144 h.
tension abruptly increases, and the surface undulation is

produced. The undulations can be dampened by increasing

the thickness of the surface layer and diffusing more PS

from the ‘interior’ area to the surface [32].

However, for the 11 nm film (Fig. 1(2)), it was not the

case. As-cast sample showed a featureless morphology.

After annealing in toluene vapor for 4 h, pits distributed in a

disordered state covered the whole surface. After 8 and 12 h,

the morphology still remained pits, but the size became

slightly larger. Here, the surface morphology after

annealing for 12 h under toluene vapor was given.

The as-cast sample of 6 nm film displayed short strips.

After treatment in toluene vapor for 4 h, cylindrical

structures appeared. After 8 h the cylinder became wider,

at the same time the distance between them also became

smaller. After 12 h, strip-like corrugations appeared. It can

be seen from Fig. 1(3). For 6 nm film, under toluene vapor,

the mobility of polymer chains improved, causing the

smaller strips gradually to move together and congregate

into cylinders.

3.1.2. Methanol vapor

Because methanol is a selective solvent for P4VP block,

P4VP blocks would absorb more methanol than PS during

solvent annealing. After drying, PS block would be higher

than P4VP due to solidifying first.

For 19 nm film, the surface of as-cast sample was

featureless. However, after treatment in methanol vapor for

various times (4, 8, 12, 24, 48, 72, 144 h), it always behaved

a hexagonally-arranged nanoscale depression (the mor-

phology after annealing for 144 h was given in Fig. 2). That

is to say, once this morphology was formed, it would have

nothing to do with the annealing time.

For 11 nm film, after annealing for different times (4 or 8

or 12 h), it was only the case that pits were distributed in a

disordered state on the surface, like Fig. 1(2).

For 6 nm film, short strips appeared after annealing in

methanol vapor for 4 h. After 8 h, the short strips gradually

merged to form cylinders because of the improved mobility,

and reconstruction occurred.

From Figs. 1 and 2, hexagonal nanostructures can be

found in the thicker film (w19 nm) after treatment in

methanol vapor. Moreover, this structure does not vary with

the annealing time. For moderate thicker film (w11 nm),

only disordered pits can be observed. For the thinner film

(w6 nm), no matter what the selective solvent vapor for PS

or for P4VP, the solvent can impart substantial mobilities to

the whole film due to the thin of the film. Reconstruction can

be realized, and the cylinder formed.

3.2. Development of morphology of asymmetric PS-b-P4VP

with cylindrical structure in bulk under methanol vapor

From the above experiments, we knew that the thicker

film (w19 nm) of PS-b-P4VP with spherical structure in

bulk can form ordered structures after treatment in methanol



Fig. 3. AFM topography of 20 nm asymmetric PS(31,900)-b-P4VP(13,200)

thin film after annealing in methanol vapor for 108 h.

J. Zhao et al. / Polymer 46 (2005) 6513–65216516
vapor. Therefore, the evolution of the surface morphology

of thicker film (O19 nm) of PS-b-P4VP with cylindrical

structure in bulk under methanol vapor was investigated in

the following.

It is well known that morphology and orientation of

domains in cylinder and lamella forming diblock copoly-

mers could be successfully controlled by using external

fields such as electrical fields [3,33] and surface interactions

[34–37]. As the method of surface interactions, for a specific

A–B diblock copolymer, the surface energies of the

components, sA and sB, and the segmental interaction

parameter cAB are dictated by the chemical composition of

the copolymer, and they are invariant. The fundamental

period of the copolymer is also fixed, the film thickness of a

specimen can be known as well after preparation. This

leaves the interfacial energy between the components and

the substrates, gAS and gBS as the only variables [38].

Hence, by varying the two parameters, the morphology can

be controlled easily.

The morphologies of polymer films with different

thickness, or with the same thickness but different annealing

time are investigated. First, we observed the evolution of the

morphology of 20 nm film under methanol vapor. The as-

cast film was featureless, but it was found that pits

distributed in disorder were full of the surface after

annealing for each different time (4, 8, 12, 24, 48, and

108 h). The morphology after treatment for 108 h was

shown in Fig. 3. Fig. 4 depicts the development of

morphology of 35 nm film under methanol vapor, topo-

graphic and phase images were all given. It was seen that the

surface of as-cast sample was featureless, but after 4 h

annealing, the hybrid structure consisting of cylindrical and

spherical pits appeared on the surface. After 8 h, cylindrical

structure became more and more. When annealing time was

12 h, cylindrical structure reached the most. Continued

annealing to 16 h, some pits were observed. After 20 h, pits

became dominant. After this, the structure no longer

changed with annealing time increasing, which can be

seen from the morphologies obtained after treatment in

vapor for 27, 48, 72, and 144 h (Fig. 4(G)–(J)). It can be said

that the structure with more pits and few cylinders was the

equilibrium morphology. Similar to 35 nm film, the 78 nm

film also underwent a serial of morphological transitions, its

topographic and phase images are all shown in Fig. 5. From

Fig. 5 we can see that the as-cast sample was also

uncharacteristic. After 4 h annealing, hybrid structure with

cylindrical and spherical pits appeared. After 24 h, the

whole surface was full of cylinders. But when the annealing

time increased to 48 h, well-ordered nanoscale depressions

were observed. Continued annealing to 60 h, nanoscale

depressions became unclear. After 72 h, cylindrical

channels appeared. When annealing time was 84 and 96 h,

cylinders became dominant again. After 144 h, long and
Fig. 4. AFM topographic (left) and phase images (right) of 35 nm asymmetric PS

different times (A) 0 h (B) 4 h (C) 8 h (D) 12 h (E) 16 h (F) 20 h (G) 27 h (H) 48
extended cylinders were distributed all over the surface, and

at 192 h it still presented cylindrical structures. It also can be

said that the equilibrium morphology cylinders existed after

144 h annealing.

From Figs. 3–5, it can be concluded that the observed

transitions were strongly dependent on the film thickness.

The thicker the film is, the more transitions would be seen,

but if the film is very thin, only pits can be observed.

A mechanism of solvent annealing for asymmetric PS-b-

P4VP with cylindrical structure in bulk was shown in Fig. 6.

Fig. 6(1) showed the model of time development of

morphology of thinner asymmetric PS-b-P4VP film under

methanol vapor. The as-cast surface was featureless

(Fig. 6(1a)). When exposed to methanol vapor, the

attraction between the P4VP and methanol made P4VP

move towards the free surface. However, the repulsion

between the PS and methanol made PS move towards

substrate. So, depressions appeared on the surface after

drying (Fig. 6(1b)), moreover, in the whole annealing

process only this structure was observed. It was considered

that when annealing, not many P4VP blocks in this thin film

would move towards the surface early. Due to the fewer

P4VP blocks compared to the thicker film, only pits were

observed.

For the thicker film (Fig. 6(2)), the appearance of the

hybrid structure (Fig. 6(2a)) was explained as following: the

surface of as-cast samples was featureless, and the thickness

was undulate. However, in the interior various orientations

of cylinders existed. The parallel cylinder corresponded to

the high part of the surface, while the perpendicular cylinder

corresponded to the low part of the surface. Thus, high parts

were thick and low parts were thin. The reason for saying so

was that for the thinner part of the film, in order to reduce

the total free energy, the orientation of cylinders perpen-

dicular to the surface must be taken, so that the equilibrium

repeat distance can be maintained [39]. Methanol was a

selective solvent for P4VP, after treatment in methanol

vapor for 4 h, the hybrid structure of cylindrical (parallel
(31,900)-b-P4VP(13,200) thin films after annealing in methanol vapor for

h (I) 72 h (J) 144 h.
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Fig. 6. Schematic model of time development of morphology of thin

asymmetric PS(31,900)-b-P4VP(13,200) film under methanol vapor(shown

as cross-section view). The black regions denote P4VP, and the gray areas

denote PS, (1) thinner film, (2) thicker film (to c and d, plane views were

also given under the cross-section sketch map).

Fig. 7. XPS spectrum in the C1s and N1s regions, (a) for the original film

(sample of Fig. 5(A)), (b) after treatment in methanol vapor for 144 h

(sample of Fig. 5(I)).
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cylinders formed) and spherical pits (perpendicular cylin-

ders formed) were seen on the surface. As annealing time

progressed, the mobility of polymer chains increased

further, making the randomly orientational domains ordered

(Fig. 6(2b)). Moreover, it was possible that the system still

behaved asymmetric wetting at this moment, and parallel

structure was also favorable in this case. So the parallel

cylinders full of the surface were seen (Figs. 5(c) and 6(2b)).

As annealing time increased, perpendicular cylinders were

seen (Fig. 6(2c)). We know, when film was exposed to the

methanol vapor, the solvent could mediate interactions

between the segments of the copolymer, reducing differ-

ences in the surface energies of the components [20]. In

addition, van der Waals interaction between polymer

molecules and the substrate is also markedly changed by

the incorporated solvent molecules [40]. Hence, it was

possible that as annealing time increased, more and more

P4VP blocks would flee from the bondage of the substrate. It

can be imaged that at a certain time the neutral surface could

be formed and the asymmetric wetting also became the

symmetric wetting because of the migration of P4VP block

to the air surface. Once the neutral surface appeared, the

perpendicular cylinder would be observed. Since, the film

was exposed to the selective solvent for P4VP, on the

surface, it would appear nanoscale depressions. Results

presented in Figs. 4(G) and 5(D) were in accord with our

analysis. With further annealing, a second cylindrical

structure was full of surface (Figs. 5(I) and 6(2d)). With

prolonged exposure to methanol vapor more and more

P4VP migrated to the air surface, nanoscale depressions
Fig. 5. AFM topographic (left) and phase images (right) of 78 nm asymmetric PS

different times (A) 0 h (B) 4 h (C) 24 h (D) 48 h (E) 60 h (F) 72 h (G) 84 h (H) 9
began to connect each other and formed cylindrical

channels. This morphology can also be considered as

cylinders. With the extended annealing to 192 h (Fig. 5(J)),

the morphology still behaved cylinder. It was considered

that it reached a kind of equilibrium after 144 h annealing,

and at the moment P4VP blocks may be completely migrate

to the air surface, asymmetric wetting occurred again. It also

can be seen from the fact that the surface area covered by

P4VP blocks (60.1%) was larger than that of PS blocks

(39.9%) when the final morphology was formed.

The second cylindrical structure could not be observed in

35 nm film (Fig. 4). The reason was the same as that of the

thinner film (w20 nm).

To characterize the wettability of the surface after

treatment in methanol vapor, XPS and contact angle

experiments were performed. The experimental results of

the samples of Fig. 5(A) and (G) are presented in Fig. 7,

Tables 1 and 2. From Fig. 7 and Table 1, it was seen that

after treatment in methanol vapor for 144 h, the carbon

concentration decreased on the surface, comparable to the

samples without annealing, but the nitrogen concentration

increased. The result of contact angle measurement
(31,900)-b-P4VP(13,200) thin films after annealing in methanol vapor for

6 h (I) 144 h (J) 192 h.



Table 1

Surface composition measured by XPS

Atomic concentration C (%) N (%)

Without treatment (Fig. 5(A)) 98.53 1.47

After treatment in methanol vapor

for 144 h (Fig. 5(I))

97.43 2.57

Fig. 8. Schematic model of time development of morphology of thin

asymmetric PS(40,000)-b-P4VP(5600) film under methanol vapor. The

black regions denote P4VP, and the gray areas denote PS, a and b are cross-

section views and c is a plane view of b.
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(Table 2) indicated that the water contact angle of PS-b-

P4VP film without treatment was almost equal to that of

pure PS [41], which indicated that the surface of the original

PS-b-P4VP film was covered by PS blocks and after

treatment the water contact angle of PS-b-P4VP film was

smaller than that of the samples without annealing. During

annealing, we also have ever measured some water contact

angle of the films annealed in different time and found that

on the whole water contact angle of the films decreased with

the annealing time increasing. But when the morphology

gradually approached to the equilibrium structure, the

change of the contact angle became smaller and smaller.

Both XPS and contact angle results demonstrated that more

P4VP migrated to the surface after treatment in methanol

vapor, at the same time the surface behaved more

hydrophilic. That is to say, surface chemical component

and surface microstructure were the two main factors that

contributed to the change of the surface wettability [42].
3.3. Development of morphology of asymmetric PS-b-P4VP

thin film with spherical structure in bulk

For asymmetric PS(40,000)-b-P4VP(5600) (w19 nm)

with spherical structure in bulk, the low content of P4VP

blocks in the diblock copolymer made only one kind of

structure nanoscale depression observed in the whole

annealing process (Fig. 2). A schematic model for time

development of morphology of this thin film under

methanol vapor is shown in Fig. 8. The surface of an as-

cast sample also displayed featurelessness, but the interior

of the film existed spherical domains with various

orientations (Fig. 8(a)). When exposed to methanol vapor,

the attraction between the P4VP and methanol made P4VP

move towards the free surface. However, the repulsion

between the PS and methanol made PS move towards the

substrate. Moreover, during solvent annealing the interior

domains also underwent ordering. So after drying, well-

ordered hexagonally packed nanoscale depressions were

observed (Figs. 2 and 8(b) and (c)).
Table 2

Water contact angles for the pure PS and the samples shown in Fig. 5(A)

and (I)

Sample Average contact angle (8)

Pure PS 89.0

Without treatment (Fig. 5(A)) 89.8G1.0

After treatment in methanol vapor

for 144 h (Fig. 5(I))

69.4G1.5
4. Conclusions

Asymmetric PS-b-P4VP thin films displayed plentiful

morphologies under methanol vapor, a selective solvent for

minority P4VP block. For PS-b-P4VP with cylindrical

structure in bulk, as annealing time progressed, the surface

morphology underwent structural transitions from a fea-

tureless surface, to a hybrid morphology of cylindrical and

spherical pits, to cylinders, to nanoscale depressions, back

to cylinders again. The number of transitions was

determined by film thickness; the thicker the film is, the

more transitions would be observed. If the film was not thick

enough, only the pits were observed. For PS-b-P4VP with

spherical structure in bulk, it only displayed well-ordered

nanoscale depressions as the annealing time increased.
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