
Topological coarsening of low-molecular-weight block copolymer

ultrathin films by environmental AFM

Donovan N. Leonarda, Richard J. Spontaka,b,*, Steven D. Smithc, Phillip E. Russella

aDepartment of Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695, USA
bDepartment of Chemical Engineering, North Carolina State University, Raleigh, NC 27695, USA

cCorporate Research Division, The Procter & Gamble Company, Cincinnati, OH 45239, USA

Received 22 July 2002; received in revised form 29 August 2002; accepted 3 September 2002

Abstract

Topological coarsening of block copolymer ultrathin films is well-understood for copolymers exhibiting intermediate or strong

segregation and differing in film thickness or molecular weight at temperatures above the upper glass transition temperature (Tg), but below

the order–disorder transition (TODT), of the copolymers. More recent studies suggest that the stability and topology of such films differ at

temperatures above TODT. In this work, we use environmental atomic force microscopy to examine the effect of temperature on the

coarsening of block copolymer ultrathin films in situ. Films measuring ca. 25 nm thick consist of a low-molecular-weight poly(styrene-b-

isoprene) diblock copolymer for which the upper Tg and TODT in the bulk are about 42 and 70 8C, respectively. Time-resolved image

sequences illustrating surface reorganization are obtained at temperatures below, above and near 70 8C. At temperatures very close to 70 8C,

coarsening is found to slow markedly, by almost an order of magnitude relative to what is observed at higher and lower temperatures,

suggesting that thermal factors may provide a means by which to inhibit the dewetting of block copolymer ultrathin films. q 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Diblock copolymers are macromolecular surfactants that

are capable of spontaneous self-organization into several

ordered microphases, depending principally on molecular

composition, if the constituent (A and B) sequences are

sufficiently incompatible [1,2]. The degree of incompat-

ibility (xN ) is governed primarily by temperature (through

the Flory–Huggins x interaction parameter) and the number

of A and B statistical units along the copolymer backbone

(N ). For reference, compositionally symmetric (lamellar)

AB diblock copolymers in the mean-field (N ! 1) limit

undergo an order–disorder transition (ODT) in the melt at

xN < 10 [2,3]. For copolymers of finite N, critical

fluctuations must be considered [4]. While some copoly-

mers exhibit upper and lower ODTs, [5] we only consider

systems possessing a single ODT in this work. At constant

N, the bulk ODT may be induced by an increase in

temperature [6–8] (or, equivalently, a reduction in x ) or the

introduction of, for example, homopolymer [9,10] or

solvent [11–13] (which reduces the effective interaction

between A and B blocks). Alternatively, the temperature

corresponding to the ODT (TODT) can be readily lowered by

decreasing N [12]. Nanostructural development in block

copolymers is further complicated in ultrathin films wherein

the film thickness (h ) approaches the period of the

individual nanodomain elements (L ) comprising an ordered

block copolymer morphology [14,15]. Additional free

energy considerations arising from the intrinsic surface

energies and elasticity/registry of the A and B blocks are

responsible for nanodomains adopting a preferred orien-

tation relative to the film surface [16–21].

Such ultrathin films may, however, become unstable and

form surface patterns that are sensitive to the magnitude of h

relative to L. Numerous efforts [22–29] have examined the

molecular and environmental driving forces responsible for

the topological coarsening of block copolymer ultrathin

films and have established relationships to explain the
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topological features of such patterns. Conventional topol-

ogies include holes, islands and a spinodal-like pattern,

depending on the coupling between short- and long-range

intermolecular interactions [28]. A relatively new strategy

[30–32] developed for simultaneously probing large ranges

of block copolymer ultrathin film coarsening behavior

employs combinatorial methods to deduce, in continuous

fashion, the dependence of film topology on both material

properties (N ), film characteristics (h ) and temperature (T ).

Results from this methodology have nicely demonstrated

that (i) films are stable when h is a near-integral multiple of

L and (ii) the characteristic dimension of the pattern (l )

scales as N 23/2. In all these prior investigations of block

copolymer ultrathin films, the copolymers have exhibited

either intermediate or strong segregation, in which case

xN q 10. To complement these studies, Green and co-

workers [33,34] have probed the patterning dynamics of

block copolymer ultrathin films at T . TODT and report that

the resultant surface topology—i.e., discrete hole/island

versus spinodal—is likewise dependent on film thickness

and occurs via a stage-wise mechanism.

The objective of the present work is to employ

environmental atomic force microscopy (AFM) to examine

the topological coarsening of a relatively low-molecular-

weight diblock copolymer in situ. Time-resolved AFM

images are acquired from copolymer films of nearly

constant thickness with h . L. Temperatures accessed

here lie below, above and near the bulk ODT of the

copolymer.

2. Experimental

2.1. Materials

The poly(styrene-b-isoprene) (SI) diblock copolymer

employed here was synthesized by living anionic polym-

erization in cyclohexane at 60 8C in the presence of sec-

butyllithium. Its number-average molecular weight and

polydispersity index from GPC were 14,000 and 1.01,

respectively, and its composition from 1H NMR was

50 wt% S. Electron microscopy and small-angle scattering

of compositionally identical copolymers of comparable

molecular weight previously confirmed [12] the existence of

a microphase-separated morphology composed of alternat-

ing S and I lamellae with L ¼ 16 ^ 1 nm after annealing at

90 8C under vacuum (to promote equilibration). Differential

scanning calorimetry of the present copolymer revealed two

glass transition temperatures (Tgs), a lower one at 251 8C

corresponding to the I lamellae and an upper one at 42 8C

due to the presence of S lamellae. Dynamic melt rheology

revealed an abrupt reduction in the dynamic storage

modulus over the range 69 # T(8C) # 74, in which case

TODT (at the onset) is taken as 70 ^ 1 8C. Reagent-grade

toluene was purchased from Aldrich Chemicals (Milwau-

kee, WI) and used as-received.

2.2. Methods

The copolymer was dissolved in toluene to form a 0.5%

(w/v) solution, which was subsequently spun-cast at

1500 rpm for 45 s onto Si wafers. Microelectronic-grade

Si(100) wafers measuring 10 cm in diameter and 340–

350 mm in thickness were cleaved into quarters. These

pieces were initially cleaned in methanol, rinsed in

deionized water and dried under a dry N2 stream. They

were then subjected to a second cleaning sequence in which

the pieces were exposed to acetone, deionized water and dry

N2. The native oxide present on the surfaces of the Si wafers

was not removed. As-spun thin films were placed under

vacuum at ambient temperature for 3 h to remove residual

solvent and analyzed by AFM within a couple of hours of

storage under dark conditions in air. Note that the films were

not annealed to promote chain relaxation or equilibration, in

which case the initially cast films are anticipated to be

highly phase-mixed.

Atomic force microscopy of the cleaned Si wafers with

and without copolymer was performed in air (,55%

humidity) with a JEOL-4200 instrument, operated in

intermittent contact (IC) mode and equipped with a

heating/cooling stage. Imaging was conducted with silicon

tips (Olympus OMCL-AC120-TS and Nanoprobe TESP)

having resonant frequencies between 260 and 330 kHz. The

amplitude, scan rate and gain values were kept relatively

constant for each specimen sequence, but differed slightly

from specimen to specimen, to ensure artifact-free images

(no discernible damage to the film surfaces was inflicted

after several hours of continuous use). Images were

collected in situ at a single scan position at temperatures

ranging between 55 and 110 8C. The time for the heating

stage to reach a predetermined temperature ranged from

30 s at T , 80 8C to 90 s at T . 80 8C. The total scan time

required to record each AFM height image, measuring

10 mm £ 10 mm, was 45 s. Resultant images were pro-

cessed and analyzed by the Photoshop software package

(Adobe) with plug-in modules from the Image Processing

Tool Kit (Reindeer Games).

3. Results and discussion

The root-mean-square roughness (R ) of the cleaned Si

wafers is determined to be about 0.20 nm over a 100 mm2

area. Addition of the copolymer film increases R to 0.78 nm.

Pinholes and other film defects, as discerned by AFM, are

evident in these films. Areas employed in the annealing

experiments reported herein possess a relatively low defect

density. Film thicknesses have been determined from

bearing analyses, in which a sharp metal razor blade is

used to scratch a copolymer film but not the underlying Si

substrate. We have chosen this approach, rather than one in

which the AFM tip is used for the same purpose [35], to

avoid damaging the tip. Three scratches are made per film,
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and the difference in height between each trench and the

surrounding area (excluding the pile-up alongside each

trench) is used to ascertain the film thickness. Film

thicknesses determined in this fashion consistently range

between 23 and 26 nm (with the average being 25 nm). This

observed variation in film thickness may represent actual

differences in film characteristics and/or reflect the different

AFM tips used here, since the tips are expected to differ

slightly in radius and some tip-specimen convolution may

occur (due to the similarity in size scale). Since the average

film thickness measured here is about 1.5L, topological

evolution is expected.

The films examined here are stable over the course of a

few days at ambient temperature. As detailed elsewhere

[36], spontaneous dewetting of these films results in the

formation of rimmed features and, after long times or high-

temperature annealing, multiscale features that appear more

complex than those described previously by Green and

Limary [33]. The annealing experiments reported here are

performed soon after the films are spun-cast and vacuum-

dried (and well before spontaneous dewetting occurs). Fig. 1

shows a time-resolved sequence of AFM height images

acquired from a film annealed at 55 8C, which is about 13 8C

above the upper Tg (42 8C), but 15 8C below the TODT

(70 8C), of this bulk SI copolymer. Recall, however, that

these thermal properties are not of immediate relevance,

since the copolymer molecules are highly confined in an

ultrathin film and phase-mixed due to the initial casting

conditions. The three defects visible in the virgin film (at

0.0 min) serve as reference markers in an otherwise

featureless film. These defects grow in a matrix that

coarsens with the appearance of submicron height undula-

tions, which first become noticeable after about 2.5 min. As

coarsening proceeds, the undulations, which nominally

measure 15 nm (<L ) high relative to the lower regions

(valleys) composed of a residual copolymer layer remaining

in contact with the Si substrate [36], become more distinct

and begin to grow in size and coalesce. The image montage

displayed in Fig. 1 reveals the progression of surface

coarsening over the course of 41.0 min, whereas the AFM

height images presented in Fig. 2 illustrate the effect of

annealing at 55 8C for longer times: 175 # t(min) # 412. In

this case, discrete holes are prevalent in the film (,15 nm

high) and continue to coalesce with increasing annealing

time. Note that some of the discrete holes in this image set

shrink and eventually disappear altogether. It therefore

Fig. 1. Time sequence of AFM images obtained in situ from a spun-cast SI copolymer ultrathin film annealed at 55 8C. The time (in min) is displayed in each

frame, which measures 10 mm £ 10 mm. The image grayscale level reflects the film height (lighter levels correspond to greater height).

Fig. 2. Time sequence of AFM images obtained in situ from a spun-cast SI

copolymer ultrathin film annealed at 55 8C for long times (identified in each

frame). Details regarding these images are provided in the caption of Fig. 1.
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follows that the pattern in Fig. 1 evolves into the hole

pattern in Fig. 2 after long annealing times.

A markedly different surface topology is manifested (see

Fig. 3) when the annealing temperature is increased to

93 8C. In this case, discrete islands initially measuring less

than 0.5 mm in diameter and, again, ca. 15 nm in thickness

relative to the surrounding valleys form after about 1.5 min.

It is important to realize that the image is scanned from left

to right and from top to bottom. The image acquired after

1.5 min in Fig. 3 shows no evidence of island formation at

the top of the image. In the lower part of the image,

however, islands become visible as they form during image

acquisition. Similarly rapid topological evolution is like-

wise evident after 3.0 and 5.0 min. Discrete islands remain

the prominent feature up to about 20 min, after which time a

more semi-continuous pattern emerges as the result of island

coalescence. As the time-resolved image sequence provided

in Fig. 4 demonstrates, annealing one of the SI films at a

higher temperature (110 8C) results in similar, but more

pronounced, topological coarsening. Note that the second

image in this sequence starts at 4.0 min and already displays

a uniform distribution of relatively large (micron-size)

islands. As the annealing time increases in this sequence,

islands measuring on the order of a few microns are

observed to grow at the expense of smaller ones, eventually

forming a semi-continuous pattern with a characteristic

length scale that approaches the size of the image (10 mm

across). The height of the semi-continuous film is ,15 nm

and does not vary substantially.

Fourier analysis of the images displayed in Fig. 1 would

yield the characteristic wave vector ðqpÞ; which, for a binary

liquid mixture undergoing early-stage spinodal decompo-

sition [37], is expected to scale as t 21/3. Such scaling has

been previously observed [33,34] with regard to the surface

coarsening of a compositionally symmetric poly(styrene-b-

methyl methacrylate) (SM) diblock copolymer above its

ODT. Although the mechanism of spinodal dewetting

shares certain common characteristics with spinodal

decomposition [38], the influence of the contact surface

must be considered, in which case the scaling exponent on t

is predicted [39] to be slightly larger than 1/3. Unfortu-

nately, the size ratio of surface features to AFM scan area in

all the images collected during the course of this study is

simply too large to permit accurate assessment of qpðtÞ:

Instead, we turn our attention to two other characteristics.

The first is the area fraction of patterned surface (h ), which

Fig. 3. Time sequence of AFM images obtained in situ from a spun-cast SI copolymer ultrathin film annealed at 93 8C. Details regarding these images are

provided in the caption of Fig. 1.

Fig. 4. Time sequence of AFM images obtained in situ from a spun-cast SI copolymer ultrathin film annealed at 110 8C. Details regarding these images are

provided in the caption of Fig. 1.
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represents the fraction of each image that appears light. It is

presented in Fig. 5 as a function of t for two different

copolymer films annealed at 55 8C (to ascertain the degree

of reproducibility), as well as for the films used to generate

Figs. 3 and 4 at 93 and 110 8C, respectively. Analysis of

these data indicates that h scales as t a, with a < 1/3, at

55 8C. As the temperature is increased, the magnitude of a

increases. At 93 8C, for instance, a < 1/2, whereas a < 3/4

at 110 8C. While these scaling exponents are extracted from

limited data and may not be precise, this observation

establishes that a varies with temperature, in apparent

contrast to another parameter of interest here, namely, the

interfacial length per unit area (PL). Values of PL are shown

in Fig. 6 as a function of t for the three annealing

temperatures included in Fig. 5. Despite their noise level,

these data demonstrate that PL , t 2b. Unfortunately, the

noise evident in this figure precludes accurate assessment of

b. The solid line provided in Fig. 6 corresponds to b ¼ 1/2

and fits the data sets obtained at 55 and 93 8C reasonably

well. Note that the time dependence of PL evaluated at

110 8C cannot be discerned due to the size of the surface

features relative to the image size, in which case PL is

virtually invariant with respect to t.

In the results reported thus far, the annealing temperature

has been either well below or above 70 8C. The AFM height

image sequence displayed in Fig. 7 has been collected at

75 8C, which lies between the temperatures examined thus

far. In this case, the height of the islands is measurably

smaller (,9 nm) than the ,15 nm features evident in the

images acquired at higher and lower temperatures, and no

evidence of coarsening is detectable up to 10.0 min. For

comparison, recall that surface coarsening is first observed

at 2.5 min at 55 8C and at 1.5 min at 93 8C. Moreover, the

images in Fig. 7 reveal that the rate of topological

coarsening is considerably slower at 75 8C than at lower

and higher annealing temperatures. In fact, the image at

21.0 min at 75 8C in Fig. 7 closely resembles the one

corresponding to 3.0 min at 93 8C in Fig. 3. This

unexpectedly slow pattern development is further explored

in the time- and temperature-variable AFM images

presented in Fig. 8. In this montage, we seek to demonstrate

the extent to which coarsening is slowed and the

reproducibility of the results reported herein. First, the

film is heated to 65 8C. The temperature is then increased to

and held at 72 8C for the next ,20 min without any

discernible sign of surface coarsening. The temperature is

then increased to 76 8C, in which case coarsening becomes

apparent after an additional 8.0 min. This time scale is in

reasonably good agreement with the results obtained under

isothermal conditions at 75 8C (see Fig. 7). By further

increasing the temperature to 80, 86, 90 and 103 8C (see Fig.

8 for the corresponding images), the surface pattern, initially

resembling the one generated isothermally at 93 8C (see Fig.

3), evolves into a densely packed arrangement of discrete

islands that continue to transform into a semi-continuous

pattern. Note that the image corresponding to 78.0 min at

103 8C in Fig. 8 appears qualitatively similar to that

obtained after only 24.5 min at 93 8C in Fig. 3.

The AFM images presented in Figs. 7 and 8 clearly

demonstrate that the molecular process by which topologi-

cal coarsening occurs is slowed substantially (by about an

order of magnitude) in the vicinity of 70 8C, which

surprisingly coincides with the bulk TODT of the copolymer.

Unfortunately, TODT is not known for the ultrathin films (of

thickness h ) examined here. Although TODT has been found

[40] to depend sensitively on h (scaling as h 23.1) for SM

diblock copolymers on Si supports, we do not anticipate that

this TODT(h ) dependence applies to SI ultrathin films due to

differences in surface energy and chemical affinity for Si.

No corresponding data are, however, presently available to

estimate TODT in analogous ultrathin films composed of SI

copolymers. While ongoing experimental studies [41] of

hydrogenated SI ultrathin films suggest that TODT(h ) does

not differ much from the bulk TODT, we refrain here from

drawing a relationship between TODT and the results

provided in Figs. 7 and 8. Suppressed block copolymer

surface coarsening has been previously realized in systems

Fig. 5. Variation of patterned area fraction (h ) with respect to time for SI

copolymer ultrathin films heated to three different temperatures (in 8C): 55

(X and O), 93 (W) and 110 (K). The solid lines represent power-law fits to

the data at 55 and 110 8C.

Fig. 6. The interfacial length per unit area (PL) presented as a function of

time for SI copolymer ultrathin films heated to three different temperatures

(in 8C): 55 (X and O), 93 (W) and 110 (K). The solid lines are power-law fits

(with a fixed scaling exponent of 21/2) to the data.
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to which a second component, such as a fullerene [42],

dendrimer [43] or inorganic nanoparticle [44], is added to

modify the surface tension at the air/polymer interface. The

observation that coarsening occurs relatively quickly (on the

order of a few minutes) at temperatures below and above

,70 8C, but slows substantially near 70 8C, in the present

copolymer system without introducing an additive is of

fundamental and applied importance, and implies that

inhibited coarsening can be achieved exclusively through

judicious thermal treatment.

Topological coarsening is certainly a dynamic process,

requiring molecules to diffuse over relatively large length

scales (greater than the gyration radius of individual

copolymer chains) to form islands, holes or a spinodal

pattern. One possible explanation for the anomalous

behavior observed here relates to critical slowing down,

Fig. 7. Time sequence of AFM images obtained in situ from a spun-cast SI copolymer ultrathin film annealed at 75 8C. The time (in min) is displayed in each

frame, which measures 10 mm £ 10 mm.

Fig. 8. Time sequence of AFM images obtained in situ from a spun-cast SI copolymer ultrathin film at varying temperatures (in 8C, identified at the top left of

each image) in initially close vicinity to 70 8C. Details regarding these images are provided in the caption of Fig. 7.
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which requires at least one dynamic relaxation mode to

become vanishingly small as a critical point is approached

[45,46]. Examples of critical slowing down have been

experimentally documented in macromolecular systems.

Green and Doyle [47], for instance, have reported that the

diffusion of polymer chains in physical blends undergoes

critical slowing down. While an explanation of the

experimental findings in Figs. 7 and 8 based on this

phenomenon is intriguing, it must be remembered that the

low-molecular-weight copolymer is, if ordered, subject to

critical fluctuations as it disorders [4], in which case

insufficient evidence presently exists to attribute the

findings reported here to critical slowing down. Further

investigation into the mechanism responsible for thermally

induced suppressed coarsening of block copolymer ultrathin

films is clearly warranted.

4. Conclusions

Block copolymer ultrathin films are of considerable

fundamental and technological interest, but are subject to

dewetting or surface coarsening due to thermodynamic

instability. In this work, we have employed environmental

AFM to examine the early-stage dynamics of such

coarsening in situ, thereby precluding the introduction of

artifacts that may arise from chain dynamics, dimensional

changes or phase considerations under ex situ conditions. To

achieve this objective, we have investigated the coarsening

of a relatively low-molecular-weight diblock copolymer

(with TODT ¼ 70 ^ 1 8C) at temperatures below, above and

near 70 8C. At T , 70 8C, the ultrathin films of this

copolymer form a semi-continuous pattern that ultimately

transforms into a hole pattern at long annealing times.

Above 70 8C, discrete islands rapidly form and coalesce,

eventually forming a semi-continuous pattern. The scaling

behavior of the area fraction of patterned copolymer with

respect to time is found to be sensitive to temperature,

whereas that of the interfacial length per unit area is not. At

temperatures at least 15 8C below and above 70 8C, the time

required for surface coarsening to become discernible by

AFM measures on the order of a few minutes. As 70 8C is

approached, however, the time required for coarsening to be

manifested increases substantially (up to ,20 min at

72 8C). Additional investigation is certainly needed to

explore the generality and ramifications of thermally

induced dewetting suppression, which may be exploited as

a viable means to stabilize such ultrathin copolymer films

without the use of additives.
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