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Surface chemical patterns can both cause and direct dewetting in overlying thin polymer films. In

this paper we focus on a key factor in this phenomenon, the magnitude of the surface energy

difference between surface pattern domains (Dc). To probe the influence of Dc on film dewetting,

we utilize novel combinatorial test patterns exhibiting a gradient in Dc. Specifically, our test

patterns consist of a series of micron-scale striped regions that continuously change in their

surface energy (c) relative to background striped regions having a fixed and calibrated c. Using

polystyrene (PS) films as a demonstration case, we employ these test patterns to quantify the

morphology and kinetics of dewetting as Dc diminishes. Our study indicates a transition from

pattern-directed to isotropic PS dewetting at critical Dc values. For Dc . 14 mJ m22, ordered

droplet arrays are formed, while for Dc , 7 mJ m22, the dewetting is isotropic. A competition

between these limiting behaviors is found for a ‘‘crossover regime’’, 7 mJ m22 , Dc , 14 mJ m22.

These combinatorial test patterns provide a powerful approach for investigating the large number

of parameters that govern the stability of ultrathin polymer films, and the physical factors that

influence the dewetted film morphology.

Introduction

Substrate heterogeneities can strongly influence the stability

and the course of dewetting of supported thin films.1–7

Scientific interest in this phenomenon is motivated, in part,

by its practical importance. On the one hand, substrate chemi-

cal heterogeneities can drive film instabilities, and thus failure,

in film applications such as barrier coatings, electronics pack-

aging and resist systems. However, this same phenomenon has

the potential for self-assembly based manufacturing since

surface chemical patterns can ‘‘direct’’ dewetting morphology

to create organized structures for a variety of applications.8

This paper examines the transition between the well studied

case of isotropic film dewetting on chemically homogeneous

substrates and the more recently investigated ‘‘directed’’

dewetting on chemically patterned substrates.1,9–12 An earlier

study12 focused on the role of the geometrical dimensions of

substrate chemical patterns in achieving an organization of

droplet arrays. This previous work established the existence

of lower and upper cutoff length scales above and below which

the chemical patterns are effective in localizing droplet arrays

on stripes, an effect which is also observed in simulations.13

The present work focuses on how the magnitude of the

chemical contrast Dc, i.e. the surface energy differences

between domains in a substrate pattern, affects the droplet

morphology of a dewetted polymer film. While it is evident

that the dewetting morphology must become isotropic in the

limit of vanishing surface energy contrast, i.e. a homogeneous

surface, there are only a few qualitative experimental

observations12 relating to how Dc influences the dewetting

morphology. To address this important parameter system-

atically, we employ a combinatorial approach consisting of a

gradient micropattern that exhibits a continuous change in

chemical contrast. This test substrate allows a detailed and

quantitative investigation of how pattern contrast influences

the dewetting morphology on striped patterns and enables

determination of a critical surface energy contrast for pattern-

directed droplet organization.

Results and discussion

Fig. 1a schematically illustrates our gradient micropattern

design. Fabrication of such substrates is discussed briefly

below, and in detail elsewhere.14,15 The crux of our combina-

torial test surface is a series of micron-scale lines that con-

tinuously change in their surface energy (c) with respect to a

background matrix that exhibits constant c. As noted below,

these gradient micropatterns (+mp) do not exhibit significant

topography. The +mp pattern is bordered by two surface

energy calibration fields that directly reflect c in the gradient

and matrix portions of the pattern. As an essential part of the

library design, we perform contact angle measurements along

each of the calibration fields to determine the local Dc along

the +mp.15 Our +mp test pattern consisted of 20 mm-wide

n-octyldimethylchlorosilane (ODS) self-assembled monolayer

(SAM) domains separated by 4 mm lines of a SiO2 reference

matrix. The surface energy on the hydrophilic matrix field

(cSiO2) was measured to be #67 mJ m22. The surface energy of

the +mp lines and calibration gradient field was modulated

through a graded UV-ozonolysis (UVO) of the ODS SAM.

Based on water contact angle measurements along the gradient

calibration field, the surface energy of the lines (cSAM)

spanned a range of 20 mJ m22 to 63 mJ m22. Based on these
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measurements, the c-contrast (Dc ; cSiO2 2 cSAM) along the

+mp decreased from 44 mJ m22 to 3 mJ m22, as shown in

Fig. 1b. As measured by atomic force microscopy, height

differences between the SAM and SiO2 domains were ¡1 nm.

In this paper, we employ +mp test substrates to investigate

the dewetted film morphology of thin polystyrene (PS) films

on chemically heterogeneous surfaces. A 35 nm thick PS film

(molecular mass 760 g mol21) was deposited on the +mp sub-

strate and the film was annealed at 60u C until the dewetting

was complete—approximately 12 h. We emphasize that the

c-gradients involved in our measurements are shallow, with a

slope of approximately 1 mJ m22 mm21, so the surface energy

on each stripe of the micropattern and across sub-millimetre

portions of the gradient SAM are effectively constant.

Accordingly, the gradient will not cause long range movements

of the relatively high viscosity polymer fluid along the

specimen—all of the phenomena we discuss below is due to

‘‘local’’ surface conditions, and notably the surface energy is

constant along the stripe (orthogonal to UVO gradient)

direction. Moreover, we do not consider here the very long

time regime, considered previously by Sehgal et al.,12 where

random droplet motion can lead to coalesced droplets that

span adjacent stripes.

Fig. 2 shows a comprehensive library of the dewetted PS

film morphology, compiled using an automated optical

microscopy (OM) system,17 which acquired and collated

1900 contiguous micrographs spanning the entire specimen.

A schematic of the gradient test specimen indicates the

orientation of the stripe patterns, while the bottom of Fig. 2

shows four magnified strips of OM data extracted from the

library. The top and bottom sections of each stripe region

show OM data from the unpatterned matrix calibration region

(SiO2) and the gradient calibration region (UVO-modified

ODS SAM), respectively. The middle section of each data

strip shows the transition from pattern-directed to isotropic

dewetting over the +mp and includes highlight images that

detail representative film morphologies.

Along the unpatterned matrix and gradient calibration

fields, the film exhibits the well known polygonal droplet

patterns characteristic of dewetted films exhibiting a random

nucleation of isotropic holes. This is the reference case for our

comparisons to pattern-directed dewetting below. Previous

studies indicate that isotropic dewetting occurs in four

stages.18,19 In the early stage, holes are generated by a film

rupture process. In the intermediate stage, the radii of the holes

increase. In the third stage, the holes impinge to create a

froth-like network20 whose thread-like boundaries break into

droplets in the final stage by a process that resembles a

Rayleigh instability.7,21 This dewetting process is distinct from

spinodal dewetting in ultrathin films where a rather uniform

distribution of droplets forms due to capillary instabilities.12,22

Because of the unchanging c in this region, the matrix

calibration field exhibits a similar final droplet morphology

along the specimen, as illustrated through the top of strips

(a)–(d) in Fig. 2. In contrast, as c increases from strip (a) to (d)

on the gradient calibration field (bottom), the droplets become

increasingly large, and are arranged in larger polygonal patterns.

In this system, the scale of the polygonal patterns is likely

determined by the rate of hole nucleation, which increases as c

increases, rather than the rate of hole growth, which is expected

to be slow and constant based on observations of ultrathin PS

films deposited on substrates having a similar range of c.23 These

issues will be discussed further below

The morphology of droplets formed over the +mp pattern

varies as the Dc of the pattern decreases from strip (a) to

strip (d). A cursory analysis of the micrographs immediately

indicates three regions of dewetted droplet morphology,

denoted as I, II and III throughout the rest of the paper (see

Fig. 2). In Region I (high Dc), we observe a pattern-directed

morphology similar to that reported by Sehgal et al.12 and

Luo et al.10 Region I is characterized by arrays of droplets

distributed along the center of both the matrix and SAM

portions of the pattern. In Region II, we observed a cross over

behavior where the droplets gradually lose registry with the

underlying pattern as Dc becomes weaker (Fig. 2b and 2c).

Finally, in Region III, we observe isotropic dewetting,

characterized by droplet polygons of the same dimensions

seen in each of the adjacent calibration fields (Fig. 2d).

A more detailed picture of the dewetting behavior is

obtained through automated image analysis of the late stage

film morphology, and through real time optical microscopy

observations of the morphology development at representative

points along the patterned area. The results of this image

analysis are presented in Fig. 3, which presents histogram

distributions of final PS droplet diameters as Dc decreases

along the specimen. Our data are summarized in Fig. 4, which

plots the number density of droplets over SiO2 and SAM

Fig. 1 (Top) Schematic illustration of gradient test specimen design.

(Bottom) Surface energy contrast, Dc ; cSiO2 2 cSAM, along the

gradient micropattern. The inset shows surface energies along matrix

(cSiO2) and gradient (cSAM) calibration fields. Error bars represent one

standard deviation of the data, which is taken as the experimental

uncertainty of the measurement. Lines are added to guide the eye.
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domains versus Dc and cSAM. The droplet size distribution

data (Fig. 3) reveals several key observations. For Dc values

between 44 mJ m22 and 7 mJ m22 (Regions I and II), the

droplets exhibit a bimodal size distribution characteristic of

pattern-directed dewetting.12 Over this range, the droplet

diameters remain relatively constant, which suggests that the

width of the chemical stripes largely regulates the ultimate

droplet size on that domain. However, as indicated in Fig. 4,

the number density of smaller PS droplets over the SiO2

pattern domains changes dramatically as a function of Dc,

which suggests directed and differential fluid flow between the

stripe domains in the early stage of the film dewetting process.

Observations of surface energy driven transport on patterned

surfaces have also been made by Lee and Laibinis.16 These

authors demonstrated that differences in the dynamic contact

angle between the leading and trailing ends of a droplet

caused long-range (mm-scale) movement along a narrow stripe

imparted with a steep c-gradient. Our case differs from the

work of Lee and Laibinis because the fluid motion occurs

transverse to the stripe axis. We return to this phenomenon in

our discussion below.

For Dc , 7 mJ m22 (Region III), we observe a broad

monomodal distribution of droplets indicative of isotropic

dewetting. From this analysis, we can immediately identify the

range of Dc for well patterned droplets, i.e. between 14 mJ m22

and 25 mJ m22, and a critical Dc necessary to induce pattern-

directed dewetting, Dcc # 7 mJ m22. Moreover, our image

data and real time OM observations suggest a dewetting

mechanism for each of these three regions.

In Region I, where Dc is high, dewetting occurs in two steps.

First, the large Dc between the domains drives a rapid

localization of the PS liquid into long threads centered over

the pattern stripes. Next, similar to the final stage of isotropic

dewetting described above, the localized threads rupture via a

capillary instability to form lines of droplets. This process was

too fast to be captured by our automated OM measurements,

but real time OM observations indicate that thread break-up

occurs through a rapid, collective disintegration, i.e. droplets

Fig. 2 (Top) Schematic of the gradient test pattern illustrating pattern and gradient orientation in the experiments. (Middle) PS dewetting library

compiled from 1900 contiguous optical micrographs over the entire specimen. Regions I, II and III, noted on the figure, are discussed in the text.

(a–d) Strips of OM data extracted from the library showing the transition from pattern-directed to isotropic dewetting. Insets (250 mm 6 250 mm)

show magnified OM micrographs of representative dewetting morphologies.
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are formed ‘‘all at once’’ from the thread. As posited in

previous treatments4, surface supported thread patterns should

not disintegrate due to polymer–air interactions alone since the

surrounding air has a relatively low viscosity. Accordingly, we

hypothesize that thread break-up corresponds to a hybrid

form of capillary instability that combines dewetting and inter-

facial energy driven effects, and that has not been previously

investigated either experimentally or theoretically. This sort of

capillary instability, coupled with the reasonable expectation

that the thread width is governed by the stripe width and c,

accounts for the highly regular size and spacing of the droplets

in these arrays. As evidenced by the final droplet densities over

each stripe (Fig. 4), formation of the PS threads apparently

involves a concurrent short-range redistribution of fluid from

lower c SAM stripes to the higher surface energy SiO2

domains. For Dc . 29 mJ m22, which corresponds to con-

ditions where cSAM ¢ cPS, transfer of the PS liquid is relatively

weak, even though the kinetics of the break-up process are

fast, as described below. For Dc values below 29 mJ m22, the

transfer of fluid to the higher-c SiO2 stripes increases until Dc

# 14 mJ m22, which marks the onset of Region II.

The dewetting process is more complicated in Region II and

seems to reflect a competition between the pattern-directed and

isotropic dewetting processes. As opposed to the formation of

well defined fluid threads that are characteristic of Region I,

the dewetting in this regime proceeds through the formation

and growth of holes similar to the case of unpatterned

substrates. However, after they form, these holes become

elongated along the axis of the stripes and then grow rapidly in

this direction while growing relatively slowly in the direction

perpendicular to the pattern. The fast-growing edges of these

elongated holes exhibit a series of tendrils that extend a short

distance from the receding dewetting front before ‘pinching

off’ to form lines of droplets that are localized over the pattern

domains. This droplet formation from the dewetting front

resembles dewetting systems that exhibit competing instabi-

lities such as in solution cast polymer films where dewetting is

accompanied by simultaneous solvent evaporation,24 or in

fluids that exhibit simultaneous dewetting and phase separa-

tion.25 As Dc decreases from 14 mJ m22 to 7 mJ m22, the holes

Fig. 3 Histograms of PS droplet size distribution for dewetting

Regions I–III. Droplet density is taken as the number of droplets of a

given size in a 0.5 mm 6 0.5 mm optical micrograph. (a) Region I:

Dc is 44 mJ m22 to 14 mJ m22; (b–c) Region II: Dc is 13 mJ m22 to

9 mJ m22 and 8 mJ m22 to 7 mJ m22 respectively; (d) Region III: Dc is

6 mJ m22 to 3 mJ m22. Symbols distinguish individual data sets.

Arrows indicate histogram progression as Dc decreases. Lines show

Gaussian fits to histogram data.

Fig. 4 Summary of droplet density measurements, extracted from

histograms in Fig. 3, versus Dc over the range of 3 mJ m22 to

44 mJ m22. (&) denotes data for droplets over SiO2 domains; (#)

denotes data for droplets over SAM domains. Error bars represent one

standard deviation of the data, which is taken as the experimental

uncertainty of the measurement. Lines are added to guide the eye.
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become more isotropic. In addition, the density of droplets

sequestered over the SiO2 domains decreases, which suggests

that fluid flow towards these domains become reduced as Dc

diminishes. Finally, when Dc drops below 7 mJ m22 (Region

III), we observed isotropic hole growth and broad droplet size

distributions characteristic of the isotropic dewetting seen in

the adjacent unpatterned calibration areas. In this regime, Dc is

too weak to drive fluid redistribution between the pattern

domains and dewetting is like that on a homogeneous surface.

To examine these phenomena further, we measured the

kinetics of dewetting along the specimen, concentrating on the

transitions from Regions I to II, and from Regions II to III.

Fig. 5 shows representative OM images of film ruptures over

both the non-patterned (a) and +mp (b) regions of the sub-

strate. Along the +mp, the largest dimensions of anisotropic

holes parallel (Ry) and perpendicular (Rx) to the pattern

domains were measured over time, yielding the respective hole

growth velocities Vy = dRy/dt and Vx = dRx/dt along these

directions. For comparison, the growth velocities of isotropic

holes were measured on the matrix (VSiO2) and SAM calibra-

tion fields (VSAM). Fig. 5c plots a summary of the hole growth

velocities as a function of Dc and cSAM.. We observed nearly

constant hole growth rates, VSiO2 # 2 mm s21, along the

matrix calibration field. Over most of the SAM calibration

field, we found VSAM to be very small and nearly invariant

with respect to cSAM. This is consistent with previous findings

of Ashley et al.,23 who observed PS films of similar thickness

and molecular mass to be marginally stable over a similar

range of substrate c. At the high-c extreme of the SAM

gradient, where c was measured to be #68 mJ m22, VSAM was

observed to abruptly approach VSiO2. This is likely due to the

fact that prolonged UVO exposure will eventually consume the

SAM layer and reduce the surface to bare SiO2.26 While it

might be expected that polymer films would be stable on these

higher-c SiO2/Si substrates, our cleaning procedure imparts a

residual oxide layer with highly polar moieties that are not

necessarily homogeneously distributed.23 For these reasons, we

do not include this data point (cSAM = 68.5 mJ m22) in Fig. 5.

The monotonic increase of Vy with Dc along the +mp is

perhaps the most conspicuous feature of Fig. 5. This trend

is qualitatively consistent with the simulations of Sharma

and coworkers,22,27 which indicate that a large Dc can drive

dewetting even when the individual surfaces constituent to the

pattern are expected to exhibit stable films. While we do not

provide a quantitative explanation for the dependance of Vy

on Dc in Fig. 5c, this behavior is qualitatively rooted in the

local surface energy gradients normal to the stripe direction,

which induce fluid flow from the less wettable to more wettable

substrate regions.16,22,27 Indeed, this local redistribution of

polymer is directly reflected in the droplet distribution data we

present in Fig. 3 and Fig. 4.

Along the +mp, the observed kinetics correlate with the

regions of dewetting behavior defined above. At the edge of

Region I shown in Fig. 5c, we have Vy .. Vx, indicating

pattern-directed dewetting. Here, the large Vy is driven by the

infinite three-phase contact line along which Dc is large. In

contrast, Vx is hampered by the interleaved pattern of SAM

and SiO2 regions, both of which exhibit the relatively slow hole

growth rates (VSAM and VSiO2) we measured along the

calibration fields. Accordingly, the border between Regions I

and II is seemingly marked by the point at which Vy falls below

the barrier value of VSiO2. In this crossover regime, anisotropic

hole growth still occurs, i.e., Vy . Vx. However, Vy approaches

Vx over this range of Dc, indicating a competition between

pattern-directed and isotropic dewetting processes. Finally, in

Region III, Vy approaches VSAM, and Vy # Vx, indicative of

isotropic dewetting.

Note added in proof

While our paper was in press, we became aware of a recent

article28 that describes the capillary instability of film ‘threads’

on unpatterned substrates. Our observation of thread break-

up on chemically striped regions is consistent with the theory

and data presented in this recent work.

Experimental{

Our fabrication of +mp specimens involves soft-lithography of

ODS (Gelest, Inc) SAM molecules onto a planar substrate

Fig. 5 Dewetting kinetics. OM images of dewetting holes of PS film on

(a) non-patterned SAM gradient calibration field and (b) +mp during

annealing at 60 uC at comparable times. (c) Dewetting hole growth

velocity (V = dR/dt) vs. Dc and cSAM. Vy and Vx are the rate of the

pattern-directed dewetting on the +mp measured parallel and perpendi-

cular to the pattern stripes respectively. VSAM is the isotropic hole growth

velocity over the gradient SAM calibration field. Error bars represent

one standard deviation of the data, which is taken as the experimental

uncertainty of the measurement. Lines are added to guide the eye.

{ Equipment and instruments or materials are identified in the paper
in order to adequately specify the experimental details. Such
identification does not imply recommendation by NIST, nor does it
imply the materials are necessarily the best available for the purpose.
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followed by a graded processing step that modulates the

chemical contrast.15 A gradient test specimen is prepared by

conditioning the patterned ODS SAM with a graded UVO

treatment. Under UVO treatment, a range of oxygen-contain-

ing functionalities are added to the ODS molecules, including

carboxylate, ether and carbonyl species.26 For our specimens,

the surface energy (c) was estimated by the Good and Girifalco

geometric mean approximation method,29 which employs

contact angle measurements of two fluids for which the polar

and the dispersive components of c are known. The procedure

for estimating c for UVO-modified ODS surfaces is discussed

in detail elsewhere.26 Atomic Force Microscopy (D3100,

Digital Instruments) was used to measure height differences

between the SAM and SiO2 domains. Dewetting experiments

involved PS (nominal molecular mass = 760 g mol21, Cat No.

32782-4, Aldrich) films spin-coated from toluene solutions

(mass fraction of 1%) onto a fresh +mp specimen. The as-cast

film was smooth and uniform as determined by immediate

optical inspection, and measured to be 35 nm ¡ 1 nm across

the entire specimen via variable angle spectroscopic ellipso-

metry (J.A. Woolam Inc.). The system was annealed at 60 uC
for at least 12 h to accelerate dewetting; the glass transition

temperature of PS at this relative molecular mass is approxi-

mately 45 uC.12 Automated OM measurements17 were

conducted using a microscope (Nikon Optiphot II) fitted with

a motorized x–y stage (Ludl) and digital camera (Hitachi

VK-C350), and driven by custom software (Python Software

Foundation). Automated image processing was accomplished

through custom routines (IDL, ITT Industries Inc.). Droplet

size data were drawn from OM micrographs having the

dimensions, 0.5 mm 6 0.5 mm.

Conclusions

In conclusion, we stress the advantages of our experimental

approach, specifically the use of gradient combinatorial test

substrates, which provided a unique, powerful platform for

examining the dewetting behavior of films. Since the +mp

exhibited a comprehensive, systematic and calibrated variation

in pattern chemical contrast (Dc), we were able to thoroughly

and quantitatively examine the effect of this under-evaluated

variable on the system behavior. Our study demonstrates that

surface energy contrast, Dc, is a parameter that dictates

whether polymer films undergo pattern-directed or isotropic

dewetting. Three regimes of dewetting behavior, encompassing

the crossover between pattern directed and isotropic dewet-

ting, were observed for high, intermediate and low Dc ranges.

Moreover, we demonstrate that substrate patterns require a

critical magnitude of Dc to be effective in creating ordered

droplet arrays. Our observations also suggest a new type of

capillary instability which is driven by fluid–solid substrate

interactions rather than fluid–air interactions. While our

study involved a particular polymer, it is evident that this

experimental scheme could be extended easily to other

dewetting systems, and towards the study of other film and

surface phenomena, including self-assembly, adsorption and

cell behavior.
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