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ABSTRACT: We report a simple method for creating a
nanopatterned surface with continuous variation in feature
height on an elastomeric thin film. The technique is based on
imprinting the surface of a film of thermo-curable elastomer
(Sylgard 184), which has continuous variation in cross-linking
density introduced by means of differential heating. This
results in variation of viscoelasticity across the length of the
surface and the film exhibits differential partial relaxation after
imprinting with a flexible stamp and subjecting it to an
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externally applied stress for a transient duration. An intrinsic perfect negative replica of the stamp pattern is initially created over
the entire film surface as long as the external force remains active. After the external force is withdrawn, there is partial relaxation
of the applied stresses, which is manifested as reduction in amplitude of the imprinted features. Due to the spatial viscoelasticity
gradient, the extent of stress relaxation induced feature height reduction varies across the length of the film (L), resulting in a
surface with a gradient topography with progressively varying feature heights (hg). The steepness of the gradient can be
controlled by varying the temperature gradient as well as the duration of precuring of the film prior to imprinting. The method
has also been utilized for fabricating wettability gradient surfaces using a high aspect ratio biomimetic stamp. The use of a flexible
stamp allows the technique to be extended for creating a gradient topography on nonplanar surfaces as well. We also show that
the gradient surfaces with regular structures can be used in combinatorial studies related to pattern directed dewetting.
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B INTRODUCTION

Surfaces with continuous gradient in properties such as
wettability, morphology, thickness, etc., are central to various
important applications such as tissue morphing,1 protein
adsorption,” directional movement of cells and other macro-
molecules,* fabrication of optical intensity 6gradient materials,’
various biomedical and sensor applications,”” nanometrology,®
etc. Gradient surfaces also find wide application in combinatorial
studies related to wetting and dewetting, adhesion, friction, phase
segregation, biocompatibility, etc.” "> An exciting observation
on a wettability gradient surface is the gravity defying uphill
movement of a liquid drop because of passive driving force
originating from the imbalance in the horizontal component of
surface tension along the contact line."*>

Existing literature shows that gradations in surface patterns are
most commonly created by either of the following two distinct
approaches:*' (1) directly adding a coating on to a substrate
which has progressively varying surface property;>*>~" or (2) a
pre-existing uniform coating is suitably modified to achieve the
gradient properties.*”'>**™* To facilitate discussion and to
highlight the novelty of the present work, we present a brief
consistent review of the major techniques reported for

continuous variation in surface energy. This is achieved by dip
coating with variable withdrawal speed/immersion time.”>*
Vapor phase diffusion-controlled deposition on a vertical
substrate has also been used to fabricate surfaces with gradient
properties, where the number density of the deposited molecules
gradually reduce with increased vertical distance from the
evaporating liquid solution."*'®** Methods such as deposition
under an electrochemical gradient,*® soft lithographic technique
along the lines of micro contact printing with varying contact
time,'® grafting of polymer brushes under a temperature
gradient,27 SPM-based techniques,28 microfluidic techniques,3
drop drying,* etc., have also been adopted for creating surfaces
with gradient chemical properties. For fabricating surfaces with
gradient topography, the method that is most widely used is
based on the attachment of particles (nanoparticles/colloids)
with progressively varying number density across the length of a
surface.”®>* A pre-existing chemical gradient greatly enhances
the differential rate of particle attachment and therefore, a
topographic gradient surface is often fabricated on such a
template.*>*" Another method that is widely used for fabricating
gradient surfaces is flow coating, which can create films with
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continuously varying thickness.”> Flow coated block copolymer
(BCP) films have been used for generating gradient topographies
with features varying from micro- to nanoscale, as the lateral
dimension of the phase segregated domains change continu-
ously.**’

Examples of the second approach includes gradual mod-
ification of a pre-existing uniform coatin% by different techniques
such as §radient UV exposure,”'"'* controlled chemical
etching,lo’ 8 controlled exposure to laser,® X-ray,40 corona,*!
radio frequency (RF) discharge,* etc. Photolithography with
custom-made masks having spatially varying feature dimension
or number density of features has also been utilized.'”'**>**
However, fabrication of custom tailored photo masks with
spatially varying feature dimensions/number density require
elaborate nanofabrication facility. Cao et al. showed that a regular
photo mask with uniform features can be used to generate a
topographic gradient by placing an additional blocking mask just
above the photoresist layer. Optical diffraction at the edges of the
blocking mask during exposure generates a gradient in the
intensity of light on the photoresist layer, which translates into
gradient topography during development.”> Zhang et al.
explored the possibility of fabricating a topographic gradient by
partially melting a self-assembled hexagonal closed packed array
of colloidal Polystyrene particles by exposing it to a temperature
gradient.>* A combination of lithography and controlled
chemical etching has been used to create a surface with
combined topography and chemical composition gradient.*®
Several other approaches such as magnetolithography with
magnetic particles,45 self-organized wrinkling on surfaces,® etc.,
are examples of utilizing the second approach for the fabrication
of gradient topography surfaces.

Careful scrutiny of the published literature reveals that most of
the topographic gradient surfaces either have progressively
varying feature dimension or varying number density along their
length. However, fabricating a gradient topography surface where
the feature height of the patterns varies continuously along the
surface has rarely been reported.”” Such a surface would be
ideally suited as templates for combinatorial experiments,
particularly in studies involving wetting, friction, and adhe-
sion.””"? In this article, we report a simple method for fabricating
a topographic gradient surface with progressively varying feature
height across the length, whereas the lateral dimension, number
density, and the periodicity of the imprinted patterns remain
unaltered. Most importantly, the gradient is obtained using a
single stamp with uniform features, and in a single step
eliminating the need of a chemical gradient template. The
method relies on initially creating a film that has coexisting
gradients in both viscous and elastic modulii across the surface of
a thermo curable elastomer layer. This is achieved by means of
varying the rate of cross-linking reaction across the film surface,
obtained by exposing the film to a gradient temperature field.
The film with gradient visco elasticity is subsequently imprinted
under a transient external force. The gradient in modulus results
in varied stress relaxation upon removal of the applied external
stress resulting in a topographic gradient surface. The steepness
of the gradient surface can further be controlled by adjusting the
magnitude of the temperature gradient and other related
processing conditions. The approach is clearly distinct from an
earlier work by Ding et al.,, where a Nano Imprinted film was
exposed to a programmed temperature gradient to obtain
progressively varying feature height.*’ Using a high aspect ratio
biomimetic stamp replicated from natural lotus leaf, we
successfully extend the method for fabricating wettability
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gradient surfaces exhibiting complete wetting at one end (6 <
5°) to significant level of hydrophobicity on the other end (6 ~
127°). We also show that the proposed method can be utilized
for creating a topographic gradient on a film coated on a
nonplanar substrate, which to the best of our knowledge has been
demonstrated for the first time.

We further utilized the gradient topography substrates with
regular features for understanding how the feature height
influences the dewetting pathway, morphology and ordering of
thin polymer films directly spin-coated on them. Earlier studies
on discrete samples with different feature height showed
morphological transition with variation in substrate feature
height.*® However, the precise substrate height at which the
regime cross overs take place could not be determined with
accuracy. By performing combinatorial dewetting experiments
on gradient topography substrates, we identify the critical feature
height for a specific film thickness and geometry at which
different regime cross overs take place and present a morphology
phase map based on that. This study can act as a guide to obtain
instability mediated ordered features based on pattern directed
dewetting, which is gaining wide popularity as a viable non-
lithographic mesopatterning technique.

B MATERIALS AND METHODS

Film Preparation. The gradients are created on films of Sylgard 184,
a two part thermo curable Polydimethylsiloxane (PDMS) elastomer
(Dow Corning, USA). In our experiments, the oligomer (part A) to the
cross-linker (part B) concentration is maintained at 10:1 (v/v). The
composition of Part A (as indicated by the product data sheet) oligomer
is a combination of vinyl terminated siloxanes (dimethyl-vinyl
terminated dimethylsiloxane) and tetra(trimethylsiloxy) silane. The
curing agent (Part B) is a dimethyl, methyl hydrogen siloxane.”® The
films are dip coated from a solution in n—Hexane (HPLC grade, Merck
India) on cleaned glass slides (50 mm X 25 mm) using a dip coater
(Appex Instruments, India) at a constant withdrawal speed of S0 mm/
min. Films of two different thicknesses are coated: ~5 pm (dilution in
solvent 1:10) and 20 um (dilution 1:4). The films are air-dried for 20
min after coating, to allow evaporation of excess solvent. Some films of 5
um thickness are coated on the outside surface of cleaned glass test tubes
(12 mm OD, 80 mm long). The thickness of the coated films was
estimated based on weight difference before and after coating the film,
which is a standard technique for measuring the thickness of films with
few micrometers thickness.*"

Stamps for Patterning. Two types of stamps are used in this study.
For quantifying the steepness of the gradients, patterns with regular
features are necessary and for this purpose patterned aluminum foils
stripped from commercially available optical discs such as CD, DVD,
and Blue Ray discs (BRD) are used.’>** These foils have grating
structure and are widely used as low-cost stamps for soft lithography. As
the feature height of these foils are rather low (varies between 40 nm in a
BRD to 120 nm in a CD foil), they have inadequate capacity to create
patterns that exhibit structural superhydrophobicity in the Cassie state
of wetting.>* To overcome this limitation, we also used stamps with
higher feature height to show the effectiveness of the current method in
fabricating a wettability gradient. As an alternative to the expensive
formal lithography facility, we used biomimetic stamps fabricated by
replica molding of natural lotus leaves (Nelumbo Nucifera L.).>* Lotus
leaves have micro pillars on their surfaces (height &~ 15 ym), which
allows them to exhibit Cassie state of hydrophobicity. To fabricate a
stamp out of a lotus leaf, first a negative replica of the leaf is made on a
self-standing block (~500 um thick) of the elastomer by replica
molding. After pouring the degassed prepolymer solution on a cleaned
piece of the leaf, it is allowed to cross-link at room temperature (25 °C)
for 48 h.>> High-temperature annealing is avoided to prevent possible
damage to the leaves and the structures thereon. The replica molded
elastomeric block comprising of a random collection of holes is
subsequently used as the stamp for creating the topographic gradient
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Figure 1. Schematic representation of the key steps of the method for generating topographically patterned surfaces with continuous variation in feature
height, based on stress relaxation in a partially cross-linked viscoelastic thin film.

surface on the films. To prevent possible cohesive bonding between the
stamp and the film during imprinting (as both are of the same material),
the negative replica of the leaves are exposed to UV ozone (UVO) for 30
min in a UVO chamber (PSD Pro UV—O, Novascan, USA). UV
irradiation at a wavelength of 184.9 nm dissociates molecular oxygen
into atomic oxygen, which recombines with the molecular oxygen to
produce ozone. The ozone further gets dissociated by the 253.7 nm
UV—C irradiation resulting in the formation of atomic oxygen, which
reacts with the siloxane group of the elastomer, forming a stiff oxide layer
at the surface of the stamp.’"** The oxide layer prevents cohesive
bonding between the stamp and the uncured film during the gradient
fabrication step, and facilitates easy detachment after pattern replication.
It is worth highlighting that upon double replication, the nanoscale
secondary patterns on the lotus leaf are lost, which leads to slight
reduction in the extent of hydrophobicity on the replicated Sylgard 184
surface (water contact angle 157°) as compared to a natural, fresh lotus
leaf (162°). However, this in no way affects the generation of the
wettability gradient surface.

Patterning Technique. For creating a gradient topography by the
proposed method, it is essential to initially have a film that has spatially
and progressively varying viscoelastic modulii across the length of the
surface. For this, the dip coated and un-cross-linked film is first precured
before imprinting by keeping it slanted over a hot plate (Tarsons, model
5060), by means of supporting it on two ceramic blocks of dissimilar
heights (marked as spacer blocks), as shown in frame Al of Figure 1. In
all our experiments, the hot plate is preheated to 120 °C before placing
the film on the spacer blocks. The experimental arrangement ensures
that the distance between the heat source (hot plate) and the film surface
progressively increases from y, at the lower end to y, at the top. This
creates a continuous temperature variation across the film surface, which
is measured using a non contact digital infrared thermometer (Metravi,
MT-S). The precuring time (#;) is so chosen that the film is always in a
partially cross-linked state. In our experiments, tp is varied between 1.5
and 30 min, as parts of the film closest to the hot plate started to cross-
link completely for ¢, > 30 min.

The precured films are subsequently imprinted with a flexible foil
stamp (mass S g) placed conformally over the entire film surface. A
uniformly distributed weight of 500 g is placed over the foil, which
corresponds to an imprinting pressure of 2 KPa. On the basis of control
experiments, we verified that the applied stress is adequate to form an
intrinsic perfect negative replica of the stamp over the entire film surface.
In actual experiments, the external pressure is withdrawn after applying
it for 1 min only. The imprinted films along with the stamps are
subsequently annealed in an air oven for 12 h at 120 °C for complete
cross-linking of the film and making the patterns permanent. Once fully
cross-linked, the patterns do not relax any further and the feature height
remains unaltered, which was verified on the basis of control
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experiments, by scanning the same area again and again with an AFM
over several (up to 15) days. The feature height variation for a zone with
feature depth of 65 nm was found to be only 0.7 nm, which confirms
that the feature height does not change with time. A nearly identical
protocol is followed for fabricating the gradient on the cylindrical tube,
with additional low RPM rotation of the tube to ensure uniform radial
preheating. An uniform pressure along the circumference of the
cylindrical tube was ensured by rolling the tube coated with the partially
cured film over the foil stamp at a constant velocity, which resulted in an
adhesion between the film surface and the stamp.

Gradient Characterization. After complete cross-linking, the films
are cooled to room temperature and the stamps are manually peeled off.
The samples are characterized using an AFM (Agilent Technologies,
model 5100) in intermittent contact mode, using a Silicon Cantilever
(PPP-NCL, Nanosensors Inc. USA). The feature heights (hg) are
measured at five different locations on each sample. The points are
identified as L, (film tip at the y, end), L3, L,;, Ly, (12.5, 25, and 37.5
mm away from the y, end, respectively) and Ls, (y, end). Films
patterned on curved surfaces are also scanned under the AFM following
a specific sample mounting protocol described elsewhere.”® The
maximum feature height of the structures obtained with the biomimetic
stamps is ~14 um, which is higher than the maximum Z range of the
AFM scanner (~7.5 um) and are therefore investigated with an SEM
(JSM 5800, JEOL, Japan) and a surface profilometer (Veeco, Dektac
150). The spatial variation in wettability is investigated using a contact
angle Goniometer (Ramé-hart, USA, model —290 G1).

Rheological Characterization. The change in viscoelasticity
during the cross-linking of Sylgard 184 films as a function of temperature
is analyzed using a Rheometer with a cone and plate assembly (Anton
Paar, Physica MCR 301, Austria, plate diameter: 25 mm, cone angle ~2°,
sample thickness ~1 mm). For this purpose, bubble free Sylgard-184
prepolymer mixture is poured on to the Rheometer plate at room
temperature and is subjected to oscillations at a constant angular
frequency of 10 s™" at small strains. The temperature of the bottom plate
is gradually increased from ambient to 120 °C over a duration of 30 min.

Dewetting Experiments. For the dewetting experiments, the
substrates used had grating geometry; were prepared with a CD stamp,
and had feature height varying from 115 nm at one end to 11 nm on the
other end, over a distance of 35 mm. The width of the substrate was 25
mm. On these substrates, thin Polystyrene films (MW: 280 K, Sigma,
UK) directly spin coated from a dilute solution (¢, = 1.25%) in HPLC
grade toluene (SRL Chemicals, India). The dispensed drop volume was
400 pL, RPM 2500, and duration of spinning was 1 min. After spin
coating, the films were air annealed at room temperature for 1 h and
subsequently at 60 °C for 6 h in a vacuum oven to remove any residual
solvent. Before dewetting, the as cast morphology of the film was
investigated using an AFM, at different locations of the substrate. In
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Figure 2. (A) Digicam image of a topographic gradient with continuous variation in feature height. The diffraction color confirms the presence of the
patterns over the entire surface. The locations where the AFM scans have been performed are marked. Inset shows the experimental arrangement. (B—
D) AFM scan of the film surface at locations Lgg, L,s, and Ly, respectively, where the suffix of L indicates the distance of the location in mm from the y,
end of the film. (E) Spatial variation of feature height at different locations of the film as a function of precuring time (t;) for y, = 10 mm and y, = 40 mm.

some samples, part of the film was deliberately removed to measure the
exact feature height at that location (example shown in Figure 6A). The
films were thermally dewetted by annealing them at 130 °C for different
durations in a vacuum oven. The samples were withdrawn from the
oven, cooled to room temperature, and were morphologically
characterized using an optical microscope (Leica, DMLM 2500) and
an AFM.

Films directly coated on a topographically patterned substrate have
undulating top surfaces and therefore are defined in terms of equivalent
thickness (h), which is the thickness of a film coated under identical
condition on a flat substrate of the same material.>” The equivalent
thickness of films used in this study includes hy = 51.3 + 1.1 nm. The
film thickness on flat cross-linked Sylgard 184 substrates were measured
using an imaging Ellipsometer (Accuron GmbH, model EP3). A detailed
parametric variation for different equivalent film thickness is beyond the
scope of this study and will be taken up separately.
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B RESULTS AND DISCUSSIONS

Figure 2A shows a digital camera image of a 5 ym thick patterned
film which has continuous variation in feature height (/) along
its length. A DVD foil (hy = 75 nm) is used as the stamp. The
existence of the patterns over the entire surface can be
ascertained from the appearance of rainbow colors arising out
of optical diffraction.’* For the specific sample shown in Figure
24, the height of the spacer blocks are 10 mm (y;) and 40 mm
(y,) respectively and #, = 6 min. The morphology of the patterns
at locations Lgy, Lys, and L, are shown in Figure 2B-D,
respectively. The feature heights at different locations of the
samples are found to be hgy = 30.6 + 0.6 nm, hg;, = 36.3 + 0.4
nm, hg,s = 41.2 + 0.5 nm, hgy; = 46.2 + 0.3 nm, and hggy=51.6 +
0.4 nm. In Figure 2E, it can be seen that the variation of hg along
L is nearly linear for t, = 6 min. Other data sets in the same figure
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Figure 3. Variation in storage modulus (G’) and loss modulus (G'’) with progressive annealing, as measured using a plate and cone Rheometer having
plate diameter of 25 mm, cone angle of 2°, and sample thickness ~1 mm, under controlled shear stress condition at a constant angular frequency of 10
s~ and a strain amplitude of 5%. Inset shows the detailed variation in G’ with L for the sample for t, = 6 min.

corresponding to different durations of f, shows that the
steepness of the gradient as well as the maximum and minimum
hg at the two ends of the sample depends on tp. Also, at any
specific location, hg progressively reduces with longer precuring.
Additionally, we observe that the variation of Ay with L is almost
linear for intermediate values of ¢, ranging between 6 to 15 min
(shown with bold connecting lines). For lower (1.5 and 3 min)
and higher (20 and 25 min) #;, the variation is not linear. Similar
dependence of hy with L as a function of #; is also observed for
other combinations of y; and y,, which can be seen in Figure S1 in
the Supporting Information. This allows controlling the
steepness of the gradient.

During precuring, the temperature at any point on the film
surface depends on the rate of heat transferred between that
specific point and the heat source. Because of the slanted
orientation of the film with respect to the heat source, the total
heat flux (Qr) varies along L. To have a quantitative estimate of
the temperature gradient generated across the film surface, we
conduct a heat flux analysis (shown in the Supporting
Information). The analysis reveals that both convection and
radiation contributes in the heat transfer between hot plate and
the film. The convective part of the heat transfer can be fairly
assumed because of the air flow between the plate and the film
mounting (that is flow between AD and BC as shown in Figure
§2.1 of the Supporting Information). It is worth highlighting that
the radiative heat flux (Qy) is not negligible and is almost 10% of
the convective heat flux (Qc) in terms of magnitude. Qr is
maximum at the y, end and gradually reduces toward the y, end
as the separation distance between the hot plate and the film
surface increases. This results in a continuous variation in the
surface temperature (T) along the length of the film.

For a methyl-vinly (poly)dimethylsiloxane as in the case of
Sylgard 184, the cross-linking reaction follows the mechanism of
macro free-radical coupling. The forward and backward
conversion during the decomposition of the curing agent to
form free-radicals can be denoted by half-time at a particular
temperature. The half-time temperature relation in this case can
be expressed by the classical Arrhenius relation®®

0.6
kg = AoeXP(—Ea/RT) and t, ), = 0.693

kq (1)

6583

In the above expression, kg is the rate constant, A, is the
frequency factor. From this equation it becomes clear that the
rate of generation of free-radicals maximizes at elevated
temperatures, which in turn enhances the rate of the cross-
linking of PDMS in areas of the film which receive higher Q. vis-
a-vis have higher surface temperature. It should however be
noted that in case of vinyl terminated (poly)dimethylsiloxane, at
very high temperature, an effect called “scorching” may take
place, which may delay the cross-linking reaction.>” Hence, the
temperature regulation at the surface of films becomes very
important.

Figure 3 indicates the variation of viscoelastic modulii of a
Sylgard 184 film as a function of temperature. As there is
continuous variation of temperature along the film surface during
precuring, part of the curve that covers the temperature range
prevailing between the two ends of the film surface essentially
captures the spatial variation in the rheological properties along
the length of the film at the time of imprinting. During imprinting
the film, part of the externally applied energy gets stored within
the film (component Ej) as elastic deformation of the partially
cross-linked elastomer, while the remaining part of energy
(component Ey) is lost due viscous dissipation.60 The existing
viscoelasticity gradient within the film after precuring results in
different relative magnitudes of E; and Ey along L. The
magnitude of E; depends on the storage modulus (G’) which
is maximum at y, end of the film, as T, is maximum there. As
temperature progressively reduces from y, to y, end of the film,
G’ also reduces in the same direction. Once the external pressure
is withdrawn, the polymer film which is in a nonequilibrium state
exhibits partial relaxation of the accumulated stresses which in
turn results in partial flattening of the imprinted film surface. The
magnitude of feature height reduction (hggp) at any location
depends on the local magnitude of G'. As G’ gradually decreases
from y, to y,, hggp also reduces along that direction.
Consequently, the final feature height (h = hy — hggp) gradually
increases from y, to y, resulting in a gradient topography. The
presence of the stamp on the film surface, even after the external
load has been withdrawn ensures that the imprinted structures
cannot dilate laterally during the surface flattening process and
periodicity of the patterns remain unaltered to that of the stamp.
As G’ (and consequently, E;) at any specific location increases
with tp, the magnitude of hggp, at that location also increases with
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For the specific experiment, t, = 12 min, y; = 0 mm, and y, = 30 mm.

LY] - 15000
" 15000
10000 10000
Wb o
5000
0 nm
0 nm -5000
-10000
= = 1-5000
0 125 250
um
R
10000 - - - -
151 136 121 105
5000 Lso L3s L1s Lo
0 nm E
— -5000
125 250
um
124° 63° 32° 6°
Lso L3s L1s Lo

Figure 5. (A—C) SEM image (secondary electron image showing topographic contrast) of patterns obtained on the surface of a film at Ly, Ly;, and L,
with a biomimetic stamp. The inset shows the corresponding profilometer scans. The scale bars correspond to S ym. (D, E) Equilibrium contact angle
with water at different locations on a gradient PDMS film and a UVO treated PDMS film, respectively, created with a biomimetic stamp.

longer tp, resulting in lowering of h (Figure 2E). Figure 2E also Figure 3.1t can be seen that the variation in G’ with T (and hence,
reveals that the variation of hy along L exhibits different trends along L) is linear only for t, = 6,9, and 15 min, which explains the
with change in tp. The variation is found to be linear only for linear variation of h with L for these intermediate durations of p.
certain intermediate values of t, and is nonlinear when t; is either For low (tp = 1.5 and 3 min) and high (#, = 20 and 25 min), the
very low or very high. A similar trend is observed for other variation of G’ with T is nonlinear, which is reflected as non linear
combinations of y, and y, as well, which can be seen in Figure S1 variation of hy with L in Figure 2E. Enhancement of the
in the the Supporting Information. To understand this externally applied stress during imprinting has no effect on hg, as
occurrence, we look at the measured values of surface Eg depends on the extent of cross-linking of the film, and
temperature (Tg) at different locations of the film. For the therefore any additional energy augments to the Ey, component
particular sample shown in Figure 2A (t, = 6 min, y; =10 mm, and and gets dissipated.

¥, = 40 mm), the values of T at different locations are Tg_;o = The digicam image in Figure 4A shows that a topographic
78.8°C, Ts_113=76.9 °C, Ts_1,5=75.8°C, Tg_1 3, =742 °Cand gradient surface has also been created on a film coated on a
Ts_1so = 72.5 °C. This temperature range is marked on the cylindrical substrate. In the specific example, y; is 0 mm, y, = 30
modulus plot (Figure 3) and it is observed that within this range, mm, tp = 12 min and CD foil with hp of ~120 nm is used as the
the variation of G’ with T is linear (inset of Figure 3). This stamp. The AFM images 4B—D shows that the final depth of the
implies that the spatial variation of G” along the film surface is features (hg) varies from 23.2 nm at the y, end to ~81.3 nm at the
linear, which results in a linear variation of hygp along L. This ¥, end. The tube is manually rotated during precuring to maintain
explains the observed linear variation of hp (= hy — hggp; hy is radial temperature uniformity as well as manually rolled over the
constant) along L. The measured range of temperature variation stamp during attachment of it on to the partially cured film and to
over the film surface for different durations of #; is also marked on ensure uniform pressure along the entire circumference.

6584 dx.doi.org/10.1021/am500163s | ACS Appl. Mater. Interfaces 2014, 6, 6579—6588



ACS Applied Materials & Interfaces

Research Article

]
3

140

120

100

80

60

40

20

12um

Section A1 - A1l nm
50
25

0

0
Section A2-A2

nm
20

10/_\/\
0 1 2 3

0

0 1 2

3
pm um

B

nm 49
20

OW
o 1 2 3

0

0 2
Decreasing hp —pm-
Section B1 - B1

Isolated

Drops

C Film Rupture over
each Substrate Stripe

Random Rupture of Film
uncorrelated to Stripes
nm
75

Undulating
Threads

60 60
45 45
30 30
15 15

0 il
0 5 10 15 20 25 30um
Decreasing Feature Height —m—

Section C1 - C1

4 6 8um

nm
80

60
40
20

0
um 0o 2 4 6 8

10um

Figure 6. (A) AFM image of an area where the as cast PS film on the gradient topography substrate has been partially removed to uncover the underlying
substrate. The sections show the amplitude of the as cast film and the local feature height of the substrate. (B) Morphological regime cross over from
array of aligned isolated droplet to aligned undulating threads for hpc; = 38.6 nm. (C) Second morphological regime cross over and ordered to
disordered transition for hpc, = 21.4 nm. The film is seen to rupture over each substrate stripe on the left side and with the formation of nucleated holes
uncorrelated to substrate patterns on the right side. For all the frames, hz = 51.3 nm.

However, we must admit that this approach is valid only as a
proof of concept, and any practical implementation would
require automated rotation of the cylindrical substrate.

We observe that there is hardly any wettability gradient in any
of the topographic gradient surfaces fabricated using CD/DVD
stamps along their length. This is attributed to the low aspect
ratio of the CD/DVD stamps, and consequently the wetting
regime over the entire surface remains in the Wenzel state. To
demonstrate the utility of the proposed method in generating a
gradient wettability surface, we used biomimetic stamps with
higher levels of roughness.>* The morphology of the imprinted
features obtained at different locations on a 20 gm thick film, for
tp = 7 min, y; = 0 and y, = 30 mm is shown in Figure SA—C.
Complementary analysis with surface profilometer shows that
the RMS roughness of the films drops from ~14.23 ym at L, to
~4.39 um at L; (shown as insets), and down to <400 nm at L.
Figure SD shows that the gradient in feature height (or
roughness) obtained using a negative replica of a lotus leaf as
stamp results in progressive variation of water contact angle from
156° at Ly, down to 103° at L,. The only limitation of this
wettability gradient surface is that the entire variation of WCA is
confined within the hydrophobic regime (65 > 103°), as a flat
cross-linked Sylgard 184 film surface itself has 6y ~ 100°. A more
versatile wettability gradient surface that exhibits WCA variation
all the way from complete wetting at one end to hydrophobicity
at the other end is obtained by exposing the surface (shown in
Figure SD) to UV—ozone for 30 min. As discussed in details
earlier, the UV exposure of Sylgard 184 film in the presence of
oxygen and ozone results in the formation of a hydrophilic
surface oxide layer. Consequently the variation of @y changes
from near complete wetting at y, to significant level of
hydrophobicity (WCA ~ 124°) at the y, end. We would like
to highlight that though we could successfully create a surface
with significant wettability gradient, no movement of water drop
along the surface due to a passive wettability gradient was
observed. We feel this is due to strong pinning of the contact line
on a soft surface where the vertical component of liquid surface
tension (y;sin #) may result in an intrinsic local deformation on
the elastomeric film, enhancing the pinning of the three phase
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contact line. Lastly, we would also like to highlight that the
proposed method is in no way limited to the use of a biomimetic
stamp, and can be implemented with any lithographically
fabricated master as well.

Application of the Gradient Surfaces: Combinatorial
Dewetting studies. In this section we highlight some possible
applications of the topographic gradient surfaces created by the
proposed technique. We used the gradient surfaces with regular
features to study the influence of substrate feature height (h;) on
dewetting of ultrathin (h < 100 nm) polymer films. It is known
that the morphology of the patterns arising out of dewetting of a
thin polymer film on a topographically patterned substrate
depends on h.** Typically, on a grating patterned substrate the
dewetted morphology changes from an array of aligned droplets
to undulating threads and eventually to large, random dewetted
droplets uncorrelated to the substrate patterns, with progressive
reduction in hz. However, as separate samples for each hy were
used in the earlier studies, the exact critical feature height (hzc) at
which the morphology changes from one regime to the other was
not possible to identify. Additionally, there is always a slight
variation of film thickness in each sample, which may be critical
for ultrathin films and might give rise to erroneous observations.
We show that these limitations can be overcome when a gradient
topography substrate is used for studying dewetting. It is worth
highlighting that though such combinatorial dewetting studies
have been reported on a chemically gradient substrate before,®'
no such study on a topographically patterned substrate is
available in the literature. Almost all parametric studies on
topographic pattern directed dewetting of thin polymer films has
been performed on substrates with fixed feature height.”>

Figure 6A is a unique image, where part of the as cast film has
been deliberately removed following protocol discussed else-
wehere,>” which allows determining the exact amplitude of the
undulating film surface as well as the exact local hg. For the
specific image shown in Figure 6A, hy = 46.4 nm, and the local
amplitude of the continuous film on the substrate is #11.4 nm,
which can be seen clearly from the cross sectional line scans
provided in insets 6Al1 and 6A2 respectively. As already
mentioned in the experimental section, for all the dewetting
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experiments, iy was maintained at 51.3 nm. Panels B and C in
Figure 6 shows different morphological regime cross overs and
allows us to determine hy¢ accurately. In Figure 6B, it can be seen
that when hy = 38.6 nm, the morphology of the dewetted
droplets changes from isolated aligned drops (left part of the
image) to ordered undulating threads confined within the
substrate grooves (right part of the image). The reason for the
suppression of droplet formation is attributed to complete filling
of the substrate grooves by the polymer threads, which laterally
confines the growth of Rayleigh Instability mediated disintegra-
tion of the threads in to droplets. Further reduction of the feature
height lead to another kind of morphological regime cross over,
which can be seen in Figure 6C, for hy = 21.4 nm. It can be seen
on the left side of the figure that the film ruptures over each
substrate stripe, where the film thickness is thinnest. On the other
hand, on the right side of the figure it is noted that the film has
ruptured with the formation of nucleated holes which are not
fully correlated to the substrate features, though the rims of the
growing holes are still seen to be aligned along the substrate
patterns. Thus, it can argued that for hy < 21.4 nm, there is a
critical ordered to disordered transition in dewetting of a thin
film on a grating patterned substrate. However, it must be noted
that the values of hpc; = 38.6 nm and hgc, = 21.4 nm are valid
only for hy = 51.3 nm and on a specific substrate with Ap =1.5 gm
and Ip = 750 nm. A detailed parametric variation involving hg, Ap,
Ip, the steepness of the gradient and the substrate geometry is
beyond the scope of this paper and will be taken up separately.
However, panels B and C in Figure 6 show that the topographic
gradient substrates created by the proposed method can be used
for performing combinatorial studies related to pattern directed
dewetting and can also be unambiguously used to find out the
critical values of hgc at which morphological regime cross over
takes place.

The biomimetic gradient surfaces can also find potential
application in various types of combinatorial studies. For
example, recently we have studied the flow behavior in a micro
fluidic channel where one side was superhydrophobic and was
fabricated by double replication of a lotus leaf on cross-linked
Sylgard 184.% It was observed that depending on the micro
confinement effect, there can be two flow regimes, even at low
Reynolds number. The first regime is characterized by an
apparent slip-stick flow, that results in an enhanced bulk
throughput. In contrast, the second regime exhibits a complete
breakdown of the laminar, uniaxial flow model and leads to
predominantly no-slip flow. If a micro channel can be fabricated
on the biomimetic gradient surfaces, we feel that the flow regime
cross over as a function of the roughness of the wall can be shown
in greater detail. It will also be possible to capture the precise
location along the flow path (under a microscope) where the
regime cross over takes place and to track the change in the flow
patterns in situ. The work is presently underway.

B CONCLUSIONS

In this paper, we have reported a simple yet novel method for
creating a gradient topography surface on an elastomeric thin
film, in which the feature height (hg) varies continuously along
the length of the film, while the line width and periodicity of the
features remains the same across the entire surface. The method
relies on introducing a pre-existing gradient in cross-link density
over the surface to be imprinted by tailoring the rate of cross-
linking reaction by means of a temperature gradient. This
introduces a spatial variation in viscoelasticity over the film. The
precured film, when imprinted under an intermittent applied
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stress, relaxes partially based on the storage and loss moduli at
each point. The manifestation of the stress relaxation is partial
flattening of the imprinted film surface during which the
preexisting viscoelasticity gradient leads to differential rates of
surface flattening, resulting in the gradient topography. The
proposed technique, which combines essential elements of soft
lithography, polymer cross-linking and control over thermal
processes in a interesting new platform. The utility of the
proposed technique lies in the fact that the procedure is simple,
versatile, employs commercially available materials, does not
require any sophisticated instruments, and hence may be
replicated easily by other researchers for their specific
applications. The method is capable of generating the top-
ography gradient in a single step, which is in clear contrast to
most other previously reported methods which either involve
multiple processing steps including the use of a chemically
gradient template or expensive custom tailored masks with
spatially varying feature dimension. We have also shown that the
nature of variation of hy with L as well as the steepness of the
gradient can be controlled by controlling the various processing
conditions. The simplicity of the method makes it implementable
without any specialized fabrication facility and is thus is
particularly attractive for researchers who are non expert in the
field of nano fabrication, but require topographic gradient
surfaces as templates for various combinatorial experiments.

The use of a flexible stamp enables us to extend the technique
for creating a topographic gradient on a film coated on a non
planar surface as well, which is yet another novel aspect of this
work. Finally, we have also shown that by using high aspect ratio
biomimetic stamps, it is possible to create surfaces with
significant wettability gradient, spanning between complete
wetting at one end to significant level of hydrophobicity (~125°)
at the other end of the film.

We have also shown that performing combinatorial dewetting
experiments on the gradient surfaces can be used to
unambiguously determine the critical substrate feature height
(hgc) at which the arrangement of the dewetted patterns change
from one morphological regime to the other.

B ASSOCIATED CONTENT

© Supporting Information

The variation of the steepness of the gradient as a function of y,
and y, for different extents of precuring (Figure S1) and
simulations of temperature gradient over the film surface to
calculate the heat flux, including the contribution of radiation
(Figures S2.1—S2.5). This material is available free of charge via
the Internet at http://pubs.acs.org/.
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