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oni-driven patterning†

Talha A. Arshad,ab Chae Bin Kim,a Nathan A. Prisco,a Joshua M. Katzenstein,a

Dustin W. Janes,a Roger T. Bonnecazeabc and Christopher J. Ellison*ac

A Marangoni flow is shown to occur when a polymer film possessing a spatially-defined surface energy

pattern is heated above its glass transition to the liquid state. This can be harnessed to rapidly

manufacture polymer films possessing prescribed height profiles. To quantify and verify this

phenomenon, a model is described here which accurately predicts the formation, growth, and eventual

dissipation of topographical features. The model predictions, based on numerical solutions of equations

governing thin film dynamics with a Marangoni stress, are quantitatively compared to experimental

measurements of thin polystyrene films containing photochemically patterned surface energy gradients.

Good agreement between the model and the data is achieved at temperatures between 120 and 140 �C
for a comprehensive range of heating times using reasonable physical properties as parameter inputs.

For example, thickness variations that measure 102% of the starting film thickness are achieved in only 12

minutes of heating at 140 �C, values that are predicted by the model are within 6% and 3 min,

respectively. The photochemical pattern that directed this flow possessed only a 0.2 dyne cm�1 variation

in surface tension between exposed and unexposed regions. The physical insights from the validated

model suggest promising strategies to maximize the aspect ratio of the topographical features and

minimize the processing time necessary to develop them.
1 Introduction

Topographically patterned coatings and substrates can enhance
surface properties and enable a wide variety of important
applications. Polymer lms can be engineered to possess
topographies that structurally mimic the lotus leaf,1 to produce
superhydrophobic and self-cleaning surfaces, and gecko feet,2

to replicate their highly-anisotropic adhesion properties. Addi-
tionally, there are needs to create topographically patterned
polymer surfaces that resist biofouling3 or direct cellular
alignment.4 Finally, substrates and coatings with smoothly-
varying thickness proles have been employed to improve the
efficiency of solar cells5 and light-emitting diodes6 by passively
manipulating light reections within these devices. While many
applications are well-served by traditional patterning tech-
niques such as photolithography and/or contact printing, a
need exists to design new versatile and high throughput
patterning methodologies that are amenable to a broader range
of purposes.
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To these ends, an earlier study showed that melt-state poly-
mer ow could be photochemically directed by generating
spatial surface energy patterns in glassy polystyrene (PS) lms,
therefore forming a topographically patterned polymer lm.7

The underlying mechanism for the formation of a topographic
pattern is that liquids ow in response to surface tension
gradients as described by the Marangoni effect.8 Its physical
manifestations include the “tears of wine” effect,9 development
of spin coating striation defects,10 and surface-tension driven
propulsion of oating objects.11,12 A schematic for topographical
patterning of polymers is shown in Fig. 1. UV irradiation
through a photo-mask selectively dehydrogenates the PS back-
bone and increases the local surface energy in the UV exposed
regions compared to the unexposed regions. This is predicted
by a group contribution method and conrmed by a decrease in
water contact angle. As a result, the polymer ows from low
surface tension regions (unexposed to light) to high surface
tension regions (exposed to light) upon subsequent thermal
annealing above the glass transition temperature (i.e., in the
liquid state) due to the Marangoni effect. This ow creates
smooth, three dimensional topography reective of the original
light exposure pattern.

However, this effort did not dene any predictive capability
that would enable efficient optimization of experimental vari-
ables to precisely achieve a desired topography. Theoretical
models have been developed to provide this level of physical
insight to other methodologies that pattern thin polymer lms.
Examples of such models include those developed to describe
Soft Matter, 2014, 10, 8043–8050 | 8043
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Fig. 1 Patterning schematic. (a) UV illumination through a line-and-
space photo-mask possessing a half-periodicity l while the polymer
film is in the solid state with an initial film thickness h0. (b) The topo-
graphical profile after a short period of thermal annealing above the
glass transition temperature of the polymer shows its melt-state flow is
initiated near the boundary between UV exposed and unexposed
regions. (c) Further annealing develops the topographical profile into a
complete sinusoidal shape with the same periodicity as the mask
reaching themaximumpeak-to-valley height hmax. (d) The topography
then dissipates after extended thermal annealing.
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electrohydrodynamic patterning,13–17 lithographically induced
self-assembly,18–20 and deformations of compliant gels by
surface stresses.21–23

Here we describe a theoretical model that allows quanti-
tative prediction of various target metrics relevant to photo-
chemical, Marangoni-driven patterning, such as the
maximum achievable feature height and annealing times
necessary to achieve it. We rst outline equations describing
the dynamics of the lm as well as the numerical method
employed to solve them, their scaling and an analytical
solution based on linearization. This allows comparison of
model predictions, based on numerical solutions of the non-
linear governing equations, with experimental observations
and consideration of the role that temperature exerts on the
kinetics of feature development. Finally, we identify limits on
the resolution and aspect ratio the process can achieve and
address the issue of how materials and experimental
parameters can be judiciously selected to achieve patterns
with the highest resolution or aspect ratio as efficiently as
possible.
8044 | Soft Matter, 2014, 10, 8043–8050
2 Theoretical model
2.1 Model and numerical method

The dynamics of the lm are dened by the interplay between
Marangoni and capillary forces. The photochemically induced
surface tension gradient drives ow from relatively low to high
surface tension regions. This is counteracted by capillary forces,
which act to minimize surface area by maintaining a at lm.
These dynamics are described by the thin lm equation:

vh

vt
þ v

vx

"�
1

2m

�
h2

vg

vx
þ
�

1
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�
h3

v

vx

�
g
v2h

vx2

�#
¼ 0 (1)

where h is the thickness of the lm at any given location, g is
local surface tension, m viscosity, and x and t are the lateral
distance and time, respectively.24,25 The rst and second terms
inside the square brackets account for Marangoni and capillary
ux, respectively. Van der Waals and gravitational forces are
neglected since they only become relevant at length scales much
smaller or larger than those of interest here. Given that the lms
were thin and held isothermally on a large hot plate surface
during experiment, gradients in temperature across the lm
were not considered. The programmed surface energy is
uniform parallel to the mask lines, but varies in the lateral
direction perpendicular to them. Therefore, along with the thin-
lm condition, the equations reduce to one dimension. The
local surface tension at any point is related to the concentration
of the photochemically generated species which is assumed to
be given by

g ¼ g0 + (Dg)c (2)

where c is the mole fraction of the photochemical product, g0 is
the surface tension of the original PS, and Dg is the difference
in surface tensions between neat PS and a PS with two backbone
hydrogens removed per repeat unit (i.e. poly(phenyl acetylene)).
Dg is dened to be positive when the photoexposed polymer
exceeds the base polymer in surface tension. Concentration is
expressed in fractional (dimensionless) terms. The evolution of
this concentration is described by:
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where D is the diffusivity. This is simply the convection-diffu-
sion equation with uid velocity being a sum of its Marangoni
and capillary components (the rst and second terms within the
square brackets, respectively).24,25 For initial periodic variations
in the surface energy, the symmetry boundary conditions
applied at x ¼�l and +l, where the x¼ 0 is at the centerlines of
the chrome lines on the mask under which the lm is unex-
posed to light, are given by

vh

vx
¼ 0 (4)
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� g
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�
¼ 0 (5)
This journal is © The Royal Society of Chemistry 2014
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vc

vx
¼ 0 (6)

A smoothed step function was employed to generate the
initial concentration prole for the simulations (see Fig. S1 in
ESI†). This system of non-linear equations was solved using a
second-order nite difference method with explicit time step-
ping. Eighty node points over a half periodicity of the mask
pattern are found to be sufficient for convergence.
2.2 Scaling & linearized solution

The relative strength of Marangoni forcing and capillary dissi-
pation, which determine the size of the resulting peak-to-valley
heights as well as the time scale over which they are formed,
depend upon a number of factors: geometry (pattern periodicity
and lm thickness), material properties (surface tension,
diffusivity and viscosity) and experimental parameters (photo-
chemical conversion and thermal annealing temperature). To
gain insight into these interrelationships, we non-dimension-
alized the governing equations, employing the scales x � l

(mask half-periodicity), h � h0 (initial lm thickness), c � c0
(peak fractional conversion), g � g0 (surface tension of the neat
PS) and t � ml2/h0g0. Rescaling eqn (1) and (3) to make them
dimensionless but retaining the same symbols for clarity gives
the following:
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where Ah l2/h0
2 is the square of a geometric aspect ratio, and the

Peclet number Pe h h0g0/mD ¼ (l2/D)/(ml2/h0g0) is a ratio of the
diffusive timescale to the convective timescale. The third relevant
dimensionless group is c0Dg which describes the initial surface
tension difference between exposed and unexposed regions.

In order to develop analytic solutions leading to a predictive
capability for feature size and time scale for feature formation
for any given system, the governing equations were linearized.
For small perturbations from their initial values, the lm height
and concentration prole are assumed to be have the forms

h ¼ 1þ hðx; tÞ ¼ 1þ ĥðtÞ cosðpxÞ
2

(9)

c ¼ 1

2
þ xðx; tÞ ¼ 1

2
þ x̂ðtÞ cosðpxÞ

2
(10)

Here the initial concentration prole is taken to be sinu-
soidal: ct¼0 ¼ 0.5(1 + cos(px)) as experimentally observed using
uorescence microscopy (see Fig. S1 in ESI†). h(x, t) and x(x, t)
represent the deviation in lm thickness and concentration,
respectively, from their respective steady state values, 1 and 1/2.
ĥ and x̂ are the purely time-dependent amplitudes of h(x, t) and
This journal is © The Royal Society of Chemistry 2014
x(x, t). Substituting these into the governing equations and
neglecting higher order terms, the linearized equations are then
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with the initial conditions ĥ(t ¼ 0) ¼ 0 and x̂(t ¼ 0) ¼ 1. These
are solved to yield:
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These describe the evolution of the lm thickness and
concentration proles. The imposed surface tension prole
results in the formation and growth of features when the lm is
thermally annealed above its glass transition temperature,
which eventually decay due to capillary forces and self-diffu-
sion.26 The maximum thickness attained and the thermal
annealing periods aer which it is achieved can be found from:
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t
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j2

j1

�
j1 � j2

(17)

Hence we arrive at analytical expressions for both the
evolution of the lm prole with time as well as the maximum
feature size and associated time for any given choice of mate-
rials and experimental parameters. Eqn (16) and (17) and the
appropriate scaling factors can be used to nd the dimensional
maximum peak-to-valley height, hmax ¼ ĥmaxh0, and the heating
time necessary to achieve it, tmax ¼ t(ĥmax) � ml2/h0g0. It should
be noted that since higher order terms have been ignored, these
expressions apply only to situations where the non-dimensional
feature size and conversion are small. However, they serve as a
Soft Matter, 2014, 10, 8043–8050 | 8045
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useful tool to understand how the numerous independent
variables and material properties affect quantities of primary
interest, namely the feature size and time scale.

3 Experimental
3.1 Materials

Chemicals used in this study were purchased from Fisher
Scientic or Sigma Aldrich and used as received unless other-
wise noted. PS (Mn ¼ 2900 g mol�1, Đ ¼ 1.2) was synthesized by
activators regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP) and characterized as previously
described.7 This PS is atactic and completely amorphous
exhibiting a glass transition of 61 �C (see Fig. S2 in the ESI†).
High molecular weight atactic PS (Mn ¼ 50 000 g mol�1

Đ ¼ 1.06) was purchased from Pressure Chemical.

3.2 Sample preparation

PS (4 wt%) was dissolved in either toluene or cyclopentanone
and spin coated (Specialty Coating Systems Spincoat G3-8) onto
glass or silicon substrates with approximately 2 nm native oxide
layers. Spin speeds varied from 1000–2000 RPM to control the
lm thickness. The lms were stabilized against dewetting by
blending 1 wt% of high molecular weight PS (50 kDa) relative to
the total PS lm content. The spin coated lms were placed in a
vacuum chamber at room temperature overnight to remove
residual solvent. Thicknesses were characterized using either a
Veeco Dektak 6M stylus Proler or a J.A. Woollam M-2000D
Spectroscopic Ellipsometer.

3.3 UV exposure

In order to prescribe the surface tension pattern in the glassy PS
lm, the spin coated lms were UV exposed using an Optical
Building Blocks ScopeLite 200 through a quartz photo-mask.
The typical intensity of this broadband light source at a typical
exposure distance of 20 mm was measured to be 700 mW cm�2

using a radiometer (Fieldmax TO, Coherent, Inc.). All experi-
ments here used a 12.5 mm chrome line on a 25 mm pitch photo-
mask (Edmunds Optics). The light exposure dose was 140 J
cm�2 for samples on silicon substrates and 840 J cm�2 for
samples on glass substrates, which yield roughly the same
photochemical conversion (�6.4 mol %) on each substrate as
conrmed by Fourier transform infrared spectroscopy (FTIR)
using a Thermo Nicolet 6700 FTIR with liquid nitrogen cooled
MCT-B detector. These exposure doses were measured from the
entire spectral output of the broadband light source (200 nm to
600 nm). Since PS absorbs only a fraction of the broadband
output, signicantly lower doses limited to effective wave-
lengths (i.e. <300 nm), could give an equivalent result. During
the UV exposure, the lms were kept in the glassy state by
holding the exposure stage temperature at 20 �C using an Instec
mK 1000 temperature controller. To demonstrate that dehy-
drogenation occurs without adverse side reactions, such as
coupling and crosslinking, size exclusion chromatography and
spectroscopic ellipsometry were performed showing a typical
patterning light exposure procedure does not affect the
8046 | Soft Matter, 2014, 10, 8043–8050
polymers' chain length distribution7 or the lm's glass transi-
tion temperature (see Fig. S3 in ESI†). Since the exact photo-
chemical reaction leading to an associated surface energy
gradient is unique to each polymer-light source system, the
model equations were written in terms of photochemical
conversion instead of light exposure dose.
3.4 Topography creation and characterization

Aer the UV exposure, the lm was thermally annealed at
various temperatures and annealing times to initiate the poly-
mers' melt state ow. The annealing temperature used in
experiments was conrmed by placing a type K surface ther-
mocouple to the top surface of an uncoated substrate. The
resulting topographic pattern was imaged using an optical
microscope (Olympus BX 60 microscope with a Spot Insight QE
camera). The evolution of topographic features at various
temperatures was investigated by characterizing thickness
proles of patterned samples aer sequential thermal anneal-
ing intervals. The average peak-to-valley height was determined
aer examining 10 half-periodicities near the center of the lm.
4 Results and discussion
4.1 Physical property values

Material property values used as input for model predictions are
summarized in Table 1 at the temperatures considered. The
viscosity, m, of the PS blend as used (see Sample preparation in
Experimental) was measured at 120 �C under steady shear (see
Fig. S4 in ESI†). This viscosity was adjusted to lower values at
higher temperatures using free-volume parameters obtained
from literature m(T) data.27 A handbook value28 was used for g0,
the surface tension of PS, and was subsequently adjusted for
smaller molecular weights and higher temperatures.29

The (dimensional) difference in surface tension between PS
and poly(phenyl acetylene) (PPA), g0Dg, was extracted from the
experimentally observed feature height evolution at short times
(see Fig. S5 in ESI†). While literature values for the surface
energy of PPA are not available for comparison, we previously
estimated using a group contribution method that g0Dg, the
difference in surface tension between PS and PPA at 25 �C, is 6.8
dyne cm�1.7 Furthermore, note that an equimolar copolymer of
ethylene and propylene possesses a surface tension 1 dyne cm�1

lower than its partially dehydrogenated form, poly(isoprene), at
20 �C.28 We consider the values of g0Dg in Table 1 to be very
reasonable because they agree in magnitude, and lie between,
these examples. At the photochemical conversion typically used
for patterning, c0 ¼ 6.4 mol%,7 the surface energy difference
between exposed and unexposed regions, c0g0Dg, is at most 0.2
dyne cm�1. c0g0Dg does not appear to have a strong tempera-
ture dependence within the relatively narrow temperature range
explored in this initial work.

The effective polymer blend diffusivity, D, was extracted
from the feature height decay at 120 �C observed at long
experimental times (see Fig. S6 in ESI†). This value of D was
adjusted to higher temperatures using an Arrhenius t to bulk
self-diffusion coefficient values measured by Fleischer30 for PS
This journal is © The Royal Society of Chemistry 2014
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Table 1 Physical property values used in model predictions

Property

Value

Ref.120 �C 126 �C 136 �C 140 �C

m [Pa s] 2550 1000 250 150 ESI27

g0 [dyne cm�1] 32.2 31.7 31.1 30.8 28 and 29
g0Dg [dyne cm�1] 2.0 3.0 3.1 3.1 ESI
D [cm2 s�1] 3.63 � 10�11 2.15 � 10�10 4.49 � 10�10 5.91 � 10�10 ESI30
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withMW¼ 2.1 kgmol�1 andMW¼ 4.0 kgmol�1 at temperatures
between 160 �C and 220 �C to obtain the values in Table 1. Note
that Ediger and coworkers31 described D(T > 84 �C) for a PS
blend possessing MW ¼ 1.8 kg mol�1 and Tg ¼ 59 �C using a
WLF equation

log10D ¼ � 14:48þ 10:37
�
T � Tg � 16:6 �C

�
56:11 �Cþ �

T � Tg � 16:6 �C
� : (18)

Our PS blend possesses Tg ¼ 61 �C andMW ¼ 3.98 kg mol�1,
the latter of which is a factor 2.2 higher than that determined by
Ediger and coworkers. A direct comparison can be made
between their values of D and the ones in Table 1 by using Tg ¼
61 �C in eqn (18) and dividing the D values it predicts by 2.2.32

Since these values differ from ours by less than 50% at all four
temperatures examined in this work, we consider the values of
D used in model predictions to be very reasonable. This
agreement implies that this approach of extracting temperature
dependent physical parameter values, such as the surface
tension gradient and diffusivity, using the model with Mar-
angoni experiments could be used to quickly characterize any
polymer without sophisticated or specialized measurement
methods.
Fig. 2 Representative 100 mm wide optical micrographs of one 128
nm thick PS film supported on a Si wafer after short (a) and (b) and long
periods (c) and (d) of thermal annealing at 120 �C. Prior to the heating,
the PS film was exposed to UV light through a 25 mm pitch photo-
mask. Different colors observed in the optical micrograph are light
interference patterns resulting from the film thickness variations.
Experimentally characterized height profiles for one periodicity from
the same polymer film are shown in (e) and (f) after short and long
periods of heating, respectively. Two different film thickness profiles
were also theoretically predicted for a 128 nm thick film and are shown
in (g) and (h), respectively.
4.2 Evolution of topographical features aer annealing
above Tg

Fig. 2 includes both experimental results andmodel predictions
for the lm thickness prole aer short and long thermal
annealing periods. Each different stage of topography devel-
opment as illustrated in Fig. 1 is revealed by experiments and
theory. It is evident that the (non-linear) model reproduces both
the formation of secondary minima observed at short periods of
thermal annealing and that of the complete sinusoidal features
at the extended annealing periods.

Both theory and experiment reveal that the appearance of
secondary peaks at short thermal annealing times is related to
the shape of the initial surface tension prole. Intuitively, one
expects polymer transport to occur rst at the interface between
exposed and unexposed regions before it can reach the regions
relatively far from that interface. This concept is veried by
noting that eqn (1) shows that the Marangoni ux is propor-
tional to the second derivative of surface tension. At very short
times, the lm is essentially at and capillary dissipation is
negligible, resulting in maximum accumulation (and depletion)
at points where the second derivative of surface tension has its
This journal is © The Royal Society of Chemistry 2014
largest magnitude. At intermediate and long times, on the other
hand, when capillary forces are also relevant, maxima and
minima in lm height coincide with the maxima andminima of
the concentration prole at the centerlines of mask quartz
spaces and chrome lines, respectively. When the points of
maximum magnitude of the second derivative of the initial
surface tension prole do not coincide with the centerlines of
the mask lines and gaps, secondary peaks form at short times.
As long as such a surface tension prole is present, these peaks
always form; however, they may be short-lived in many cases
(see Fig. S7 in ESI†). This nding is practically relevant because
Soft Matter, 2014, 10, 8043–8050 | 8047
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it represents a strategy, rooted in the physical nature of uids, to
double the areal density of topographic features from that
present in the projected photo-mask pattern.

It is also apt to note that the three distinct regimes of lm
topography evolution once heated above its glass transition
temperature are strongly connected to the structure of the
theoretical model. At very short times, secondary peaks form at
points where the second derivative of the initial surface tension
prole has its largest magnitude. At intermediate times,
features rise as Marangoni ux dominates over capillary dissi-
pation. The Marangoni driving force decays with time as poly-
mer self-diffusion makes the concentration/surface tension
prole increasingly uniform while capillary dissipation inten-
sies as features grow. Eventually capillary forces dominate;
features begin to decay and the lm tends towards its original
at form.
Fig. 4 (a) Attainable maximum feature size and (b) associated thermal
annealing time as a function of temperature.
4.3 Quantitative comparison of model to experimental data

Fig. 3 depicts both the experimentally observed and non-linear
model predicted evolution of peak-to-valley height, ĥh0, as a
function of cumulative annealing time at four different
temperatures. Reasonable agreement between model predic-
tions and experimental results are achieved for three of the four
temperatures. The theoretical model quantitatively predicts
both the height of features as well as the timescale associated
with their growth and decay. The quality of agreement obtained
at the two highest temperatures is especially encouraging since
those model predictions were made with only one parameter,
c0Dg, that was gleaned from the data itself. Unfortunately, as
evident in Fig. 3, the two highest ĥh0 values measured at 126 �C
are exceptionally large relative to the two neighboring datasets,
and the model predictions do not closely match the experi-
ments, though they both follow the same qualitative trend.
Fig. 3 Comparison of peak-to-valley height evolution between
experimental results (opened circle) and model predictions (solid line)
at (a) 120 �C, (b) 126 �C, (c) 136 �C, and (d) 140 �C for PS films on glass.

8048 | Soft Matter, 2014, 10, 8043–8050
Raising temperature reduces the viscosity of the lm and
increases its diffusivity. The former promotes the formation of
larger features and more rapidly, while the latter hastens the
onset of decay. Any change in the patterned surface tension
gradient with temperature would also affect the process. As
shown in Fig. 4, higher temperatures make larger features
accessible while reducing the time needed to form them. Again,
only the experimental data point for hmax collected at 126 �C lies
outside this general trend. A 20 �C rise in temperature increases
feature height by 50% while reducing the heating time eleven-
fold. Higher temperatures, within material constraints, are
therefore preferable as long as the lms are stable.
4.4 Model predictions of Marangoni-driven ow at various
conditions

In the context of a patterning process targeting a specic feature
size, it is prudent to engineer a process wherein the maximum
height attained by features coincides with the target feature
height. This ensures that the desired pattern is achieved in the
most efficient way possible and is an important goal to enable
rapid processing methods, such as roll-to-roll processing.
Therefore, key variables for the application of this technique for
various purposes are the maximum feature height attained and
the heating time needed to achieve it. In order to be able to
design a process targeting a specic feature size with the
desired resolution for a given application in the shortest
possible heating time, an understanding of the limits of the
process and the effects of each process variable on the two key
quantities is necessary.
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 shows how absolute feature height and thermal pro-
cessing time vary as a function of the desired pattern period-
icity, and how experimental parameters, namely thickness, the
initial surface tension differential, and annealing temperature
affect this relationship. An increase in pattern periodicity
results in an enhancement in the accessible feature height but
delays the achievable throughput time-scale. This is due to the
fact that features farther apart can draw material from a larger
region of low surface tension polymer. This effect has previously
been seen in evaporative self-assembly of particles33,34 where
reduced pitch results in smaller features. As seen in Fig. 5, this
feature height penalty worsens with decreasing periodicity
whereas promotion in throughput time-scale is approximately
linear on this log–log plot.

The feature height in normalized terms (i.e. relative to the
initial lm thickness) is larger for thinner lms. However, the
absolute height of the features above the residual layer is larger
for thicker lms. This means that in applications tolerant to
thick residual layers, higher features can be generated by using
thicker lms. On the other hand, for applications in which the
residual layer thickness between the feature minima and
substrate surface needs to be minimized, thinner lms are
Fig. 5 Normalized maximum peak-to-valley height, hmax/h0, and
heating time as a function of resolution (photo-mask half-periodicity)
for different film thicknesses (a) and (b), surface tension differentials (c)
and (d), and heating temperatures (e) and (f). Data points represent
model predictions and lines are guides to the eye. All case studies are
otherwise at identical conditions as a base condition with h0¼ 145 nm,
c0Dg ¼ 0.004, and/or T ¼ 120 �C.

This journal is © The Royal Society of Chemistry 2014
preferable. The data in Fig. 5a predict that for the thinner lm,
h0 ¼ 145 nm, the highest possible aspect ratio of features, 1/2
hmaxl

�1, is achieved for a mask with a periodicity between 10
and 25 mm. However, for the thicker lm, h0 ¼ 1000 nm, the
maximum achievable aspect ratio can be made with a mask
possessing a periodicity between 100 and 200 mm.

The initial surface tension differential is set by the UV
exposure time. A longer exposure time increases the surface
tension differential and results in signicantly larger features.
The heating time necessary to reach the maximum feature
height is not strongly affected by the surface tension difference.
Fig. 5c and d predict that maximizing the surface tension
difference is the most effective way to manufacture lms with
the greatest variations in lm thickness.

As noted above, higher temperature promotes the formation
of larger features at faster rates. Fig. 5e and f show that while the
increase in feature height resulting from a 20 degree rise in
temperature to 140 �C is relatively modest (�60%), the neces-
sary thermal processing time shortens by well over an order of
magnitude. These results for varying temperature also suggest
the role the molecular weight of the polymer plays in deter-
mining feature size and heating time. Temperature affects the
dynamics of the lm through variation in viscosity and diffu-
sivity. According to the Rouse model for unentangled polymer
melts, the product of diffusivity and viscosity is directly
proportional to temperature and inversely proportional to
molecular weight.32 Reduced molecular weight would therefore
exert an effect on feature height and throughput time-scale as a
function of pattern periodicity similar to that of increased
temperature. The relatively modest rise in feature height with
increased temperature is due to the fact that the viscosity of the
polymer melt and the diffusivity of the photo-exposed polymers
are coupled, as predicted by the Rouse model. With increasing
temperature, a sharp decline in viscosity, which should
promote the formation of larger features more rapidly, is
accompanied by an increase in the polymers' self-diffusion,
resulting in a more rapid dissipation of the surface tension
gradient.

5 Conclusions

Here a model was introduced which accurately describes
topography formation in thin polymer lms which possess
surface energy patterns. All of the stages of topography devel-
opment (see Fig. 2) are qualitatively predicted by a relatively
simple, computationally efficient adaptation of the lm equa-
tion. Strictly speaking, if a polymer lm possesses a surface
energy pattern, even one in which the variations are only 0.2
dyne cm�1, Marangoni ow will result when it is heated above
its glass transition. Only the size and longevity of the topo-
graphical features, which can be estimated using eqns 16 and
17, vary with the properties of the system. This, rather than a
critical value of the Marangoni number, denes a criterion for
feature formation.

Furthermore, the model is capable of quantitatively pre-
dicting the peak-to-valley heights of the smoothly varying
thickness prole at different heating times and temperatures,
Soft Matter, 2014, 10, 8043–8050 | 8049
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using reasonable physical parameters as input (see Fig. 3). The
model was used to dene process trends to guide future
development of this patterning methodology. The highest
feature aspect ratios, 1/2 hmaxl

�1, can be achieved for thinner
lms, high surface energy differences between exposed and
unexposed regions, a mask periodicity that is optimized for lm
thickness, and systems which possess both low viscosity and
low self-diffusion coefficients. The formation and dissipation of
lm topography at excessively short and long heating times
were used to extract the surface energy gradient and diffusion
coefficient, respectively, at various temperatures that are
reasonably well matched with literature values. Therefore, this
demonstration could motivate the application of this combined
theory/experimental methodology as a measurement method
for surface energy changes and diffusion coefficients of any
polymer in thin lms, using only inexpensive bench equipment
and materials.
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