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 Multiscale Pattern Generation in Viscoelastic Polymer 
Films by Spatiotemporal Modulation of Electric Field 
and Control of Rheology 
    Partho S.   G. Pattader  ,     Indrani   Banerjee  ,     Ashutosh   Sharma  ,* 
    and   Dipankar   Bandyopadhyay   
 Electric-fi eld-induced hierarchical, multiscale patterning of incompletely 
cross-linked viscoelastic polydimethylsiloxane (PDMS) fi lms is achieved by 
spatiotemporal variation of the fi eld, which produces a multiplicity of com-
plex mesopatterns from the same electrode. Experiments and simulations 
are employed to uncover pathways of hierarchical pattern formation. Spatial 
modulation of the fi eld is introduced by employing different types of simply 
patterned electrodes: stripes, elevated concentric circular rings, and box-
patterned ridges. Multiscale complex structures consisting of increasingly 
fi ner primary, secondary, and tertiary hierarchical structures are fabricated by 
progressively ramping up the electric fi eld while maintaining the integrity of 
the already formed structures. The latter is achieved by partially cross-linking 
the fi lms before patterning, which engenders optimal viscosity to prevent a 
rapid ripening and coalescence of earlier formed patterns. These multiscale 
structures can be controlled by the geometry and periodicity of patterned 
electrodes, the strength of the electric fi eld, and its programmable temporal 
variation. The PDMS patterns are made permanent by complete cross-linking 
after a desired multiscale structure is obtained. 
  1. Introduction 

 Pattern formation in thin polymer fi lms by exploiting the insta-
bilities engendered by the intermolecular forces, [  1–29  ]  residual 
stresses, [  30–32  ]  contact forces, [  33–42  ]  lithographically induced self 
assembly (LISA), [  43–45  ]  and externally applied electric fi eld [  46–82  ]  
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has been extensively studied. Rapid mini-
aturization of the technological devices 
has made these patterns useful in a variety 
of mesoscale product or processes such 
as coatings, micro-adhesives, microelec-
tronics, micro/nanofl uidic devices, and 
superhydrophobic surfaces. Thin polymer 
fi lms also serve as simple prototypes for 
the fundamental studies on dewetting, 
adhesion, debonding, adsorption, and 
phase transition. 

 Thin soft polymer fi lms become unstable 
when subjected to an external electric fi eld 
and can readily self-organize into micro/
nano architectures such as columns, chan-
nels, cavities and holes under different 
conditions. [  47–82  ]  It is now well under-
stood that liquid (solid) interfaces show 
instability in the form of these patterns 
when the destabilizing electric fi eld over-
comes the stabilizing surface tension force 
(elastic strain energy). The wavelength of 
the electric fi eld induced patterns depends 

 which in turn depends on the fi lm thick-
on the applied fi eld
ness, applied voltage and the gap distance between the two elec-
trodes. [  47  ,  48  ,  52  ,  56  ,  65  ,  66  ]  Large-area ordering becomes possible for 
columnar, doubly periodic, [  53  ]  and phase inverted [  63  ]  microstruc-
tures by imposing a spatial variation in the fi eld [  65  ,  66  ,  68  ,  73  ,  77  ,  78  ,  80  ]  
via patterned electrodes. Electric fi eld lithography (EFL) using 
a spatially varying fi eld is thus emerging to be an effective 
method for generating ordered meso structures in soft poly-
mers, both in liquid and solid viscoelastic fi lms. 

 In this study, we propose the use of a spatiotemporally var-
ying electric fi eld and tailoring of the PDMS rheology to fab-
ricate large area hierarchical, mesopatterns directly in PDMS, 
which is the most popular soft-lithography material for gen-
eration of molds, stamps and master patterns. We show that a 
temporally varying fi eld offers the possibility of producing mul-
tiscale patterns and multiple patterns from the same electrode. 
With the help of experiments and simulations, we show some 
of the key features of fabrication of hierarchical structures in 
PDMS by the proposed Temporally Modulated-Electric Field 
Lithography Tool (TeMo-EFL). 

 The electric fi eld induced patterns in polymer fi lms can be 
generated following two different methodologies: a) by heating 
the polymer above its glass transition temperature ( T g  ) or by 
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reducing its  T g   by a solvent vapor followed by patterning and then 
reducing the temperature below  T g   to freeze the structures, [  47  ]  or 
b) by patterning soft photo/UV curable liquid polymers followed 
by their rapid curing before removal of the top electrode. [  70  ]  Laser 
heating for self-organization in thin metallic fi lms is another 
possibility, not yet explored for polymer fi lms. [  19  ]  Patterned 
cross-linkable polymers such as PDMS are of course the main-
stay of a variety of soft lithography techniques requiring moulds, 
stamps, templates and masters. We propose and demonstrate 
here a new variant of electric fi eld lithography (TeMo-EFL) for 
multiscale patterning of PDMS by its initial partial cross-linking 
to increase its viscosity signifi cantly, then employing spatiotem-
poral variations of the electric fi eld and subsequent complete 
thermal-curing before removing the top-electrode. 

 Multiscale patterns of increased complexity are not easily 
fabricated by EFL unless the electrode template has the same 
structure imprinted on it, nor is a multiscale template struc-
ture faithfully replicated in the fi lm under a given set of con-
ditions because of the e-fi eld instability length-scale not being 
commensurate simultaneously with all the different scales on 
the template. The length-scale of the pattern formed decreases 
with increase in the fi eld intensity. [  47  ,  48  ,  52  ,  56  ,  65  ,  66  ]  We thus use a 
simple patterned electrode with a single periodicity, but employ 
temporal variation of the electric fi eld to fabricate multiscale 
hierarchical structures by changing the instability length-scale 
with time. A key challenge in this strategy is to preserve the 
integrity of the already formed structures as newer fi ner struc-
tures are formed by intensifying the fi eld and also to minimize 
the change in the liquid structures while postcuring to make 
them permanent. We show that the viscosity of commonly used 
non-crosslinked PDMS (e.g., Sylgard) is not appropriate for this 
task and does not offer enough fl exibility as regards the forma-
tion of multiscale structures by the temporal variation of the 
fi eld. This is because the structures already formed ripen, dis-
      Figure  1 .     Schematic diagrams of a polymer fi lm resting on a rigid substrate and under the infl u-
ence of an electric fi eld. The images (a) and (b) show the experimental setup of an initially fl at 
thin fi lm deforming into columns under a uniform electric fi eld. The images (c) and (d) show the 
experimental prototype of thin fi lm deformation under a patterned electrode. Image (e) shows 
simulated setup of a thin fi lm deforming under a spatially varying electric fi eld.  
tort and/or coalesce readily unless made per-
manent by complete cross-linking, in which 
case the subsequent fi ner structures cannot 
be formed. This problem could be circum-
vented by a partial cross-linking of PDMS 
which still retains its viscoelastic liquid 
nature, but with greatly increased viscosity 
that signifi cantly slows down the dynamics 
of ripening/coarsening of structures so that 
the structural integrity is maintained even 
while the new structures are being formed. 
A spatially varying  fi eld  as a tool of parallel 
mesofabrication is already an interesting and 
intriguing approach compared to the use of 
a  physical  microtool, which is usually a serial 
process. The approach proposed here makes 
the tool-kit of fi eld patterning complete by 
adding the temporal dimension to the spatial 
fi eld variation. This allows far greater fl ex-
ibility in fabrication of complex multiscale 
structures. For example, a variety of different 
structures can be fabricated using the same 
simple electrode-template, but by changing 
the temporal variation of the fi eld which is an 
easily controllable variable. 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 324–335
 In what follows, we show both experiments and simulations 
to investigate the effects of fi eld strength and its spatiotem-
poral variation on the formation of hierarchical mesostructures. 
In the experiments, a commercially available Sylgard 184 was 
used, which contains a base polymer and a cross-linker. The 
overall experimental procedure can be divided into fi ve steps: 
I) a cross-linker mixed PDMS fi lm is spin-coated on a con-
ducting substrate; II) the fi lm is precured partially by heating 
for a short duration to induce greater viscosity and viscoelastic 
properties, by which a desirable rheology could be optimized; 
III) in the patterning phase, the electric fi eld induced patterns 
are fabricated in the PDMS fi lm by employing a simply pat-
terned top electrode and by changing the applied voltage with 
time; IV) in the postcuring phase, the patterned fi lm is com-
pletely cross-linked or cured by a more intense heat treatment; 
V) Finally, the top electrode is removed after complete curing.   

 2. Results and Discussion 

  2.1. Optimization of the Precuring Time 

 Application of electric fi eld generates stress on the surface of a 
polymer fi lm and columnar structures are thus formed.  Figure    1   
schematically shows the experimental setup [images (a) to (d)] 
and theoretical [image (e)] sketch employed in this study for thin 
fi lms deforming under fl at [images (a) and (b)] and patterned 
electrodes [images (c) to (e)]. The length scale (  λ  ) of instability 
in a fl at fi lm deforming under electric fi eld clearly suggests 
that the mean spacing between the columns formed largely 
depends on the applied voltage (  ψ  ), the fi lm thickness ( h ) and 
the distance between the two electrodes ( d ). [  47  ,  48  ,  52  ,  56  ,  65  ,  66  ]  The 
dependence of   λ   on   ψ  ,  h  and  d  can be found in the  Equation (4)  
bH & Co. KGaA, Weinheim 325wileyonlinelibrary.com
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of theory and simulation section. At a later stage of evolution, 
the columns coalesce because of the gradient in the Laplace 
pressure ensuing from the difference in the size of the col-
umns across the space. Interestingly, this late stage ripening of 
structures continues even when the electric fi eld is turned off. 
Thus, in addition to fi nding the conditions required to obtain a 
particular ordered structure, it is also important to understand 
the pathways of coarsening in order to preserve the structures 
already formed. Partial precuring transforms the cross-linker 
fi lled low viscosity liquid PDMS fi lms to highly viscous fi lms. 
When these fi lms are patterned, the increased viscosity helps in 
retaining the fabricated patterns by slowing down the processes 
of fl ow, pattern transformation and ripening.  

  Figure    2   shows the infl uence of precuring time on the late 
stage coalescence of the patterned structures. Figure  2a  and  2c  
show the short time morphologies on application of electric 
fi eld, when the fi lms are precured at 105  ° C for  ∼ 10 min and 
 ∼ 30 min, respectively. Figure  2b  and  2d  show that the ripening/
coalescence of the patterned structures are high at the later 
stages, which leads to loss of order in the postcuring phase. In 
contrast, Figure  2e  and  2f  show that when the fi lms are pre-
cured at 105  ° C for  ∼ 45 min, the late stage ripening can be 
reduced considerably and ordering of columns can be preserved 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  2 .     Optical micrographs of PDMS surfaces under the infl uence of a 
30 V electric fi eld bias. The fi lms are precured at 105  ° C for: a) 10, c) 30, 
and e) 45 min. The fi lm thicknesses are: a) 6.4, c) 5.0, and e) 10  μ m. 
Images (b), (d) and (f) are the optical micrographs corresponding to 
(a), (c) and (e) after 24 h of postcuring. The darker shades in the images 
represent the regions in contact with the top electrode. Image (f) shows 
the patterns after removal of the top electrode.  
even after removal of the top electrode (Figure  2f ). These exper-
iments also reveal that the fi lms precured at 105  ° C for more 
than 60 min leads to nearly elastic PDMS fi lms, which do not 
yield even under exposure to a moderately strong electric fi eld. 
The rheology of fi lms cured for more than 60 min were similar 
to the fi lms that are completely cured at cross-linker concen-
trations of 2% or more, [  81  ]  corresponding to a solid viscoelastic 
regime with  G   ′   (elastic modulus) >  >   G   ′  ′   (loss modulus). Thus, 
we employed the optimum range of 45 to 60 min of precuring 
before applying the electric fi eld to fabricate patterns which 
retain their morphology during the patterning and postcuring 
phase. The viscoelastic rheology of these fi lms was similar to 
the fi lms that are completely cured at much lower cross-linker 
concentrations of around 1% [  81  ]  corresponding to a liquid vis-
coelastic regime.    

 2.2. Alignment of Patterns Employing Patterned Electrodes 

 Patterned electrodes impose a spatial variation in the gap dis-
tance between the surface of the polymer fi lm and the top 
electrode. In consequence, the higher fi eld strength shifts the 
preferred zone of column formation to the places where the top 
electrode is closest to the fi lm surface. Synchronization between 
the pattern periodicity on the top electrode and the natural 
wavelength (  λ  ) of the electric fi eld induced instability helps in 
the ordering of the columns formed. In this section, we show 
the conditions to generate ordered patterns in PDMS using a 
patterned top electrode and preservation of these patterns. 

  Figure    3   shows the sketches of the patterned electrodes used 
in this study: a) alternate parallel ridges and grooves, b) elevated 
concentric circular rings, and c) elevated isolated boxes. The 
patterned electrodes were fabricated using photolithography 
and positive photo-resist, Shipley 1818. The elevated portions 
on the top electrode are termed as ‘ridges’, which is closer to 
the fi lm surface. The grooves on the top electrode that are away 
from the fi lm surface are termed as ‘valleys’.  

  Figure    4   shows the ordered structures formed using an elec-
trode with alternate stripes of ridges and valleys (Figure  4a ). 
The portions containing the ridges (darker region in Figure  4a ) 
are nearer to the fi lm surface by a distance equal to the height 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 324–335

      Figure  3 .     Sketches of the different types of patterned top electrodes 
employed. Image (a) shows alternate parallel ridges (darker shades) 
and  valleys (lighter shades), image (b) shows elevated concentric cir-
cular rings (darker shades) and image (c) shows elevated isolated boxes 
(darker shades). In all images the spacer photo-resist is marked by the 
darker rectangular shade surrounding the patterns.  



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

      Figure  4 .     Image (a) shows a topographically patterned electrode fab-
ricated with alternate parallel ridges (darker gray shades) and grooves 
(lighter gray shades). Darker regions are closer to the polymer fi lm sur-
face. Image (b) shows formation of columns on the ridges when 30 V 
bias is applied on a polymer fi lm of  h   =  9  μ m. The pattern periodicity at 
the patterned electrode is  L P   (120  μ m) is nearly equal to    λ    ( ∼ 105  μ m). 
Image (c) shows ordered columns on the ridges when 38 V voltage bias is 
applied on a polymer fi lm of thickness  h   =  6.7  μ m. In this case, the width 
of ridges,  w   =  60  μ m ( ∼   λ    =  55  μ m) and  L P    =  120  μ m ( >    λ   ). Image (d) shows 
an array of doublet of columns per stripe when the same experiment is 
carried out as in image (c), but the stripe width is increased to w  =  120  μ m 
( ∼ 2  λ  ). Image (e) shows the interfacial morphologies when the image 
(d) structures are further exposed to a voltage bias of 70 V for 8 min 
duration. The columns on the ridges coalesce and new array of columns 
appear at the grooves. Image (f) shows an array of triplet of columns per 
stripe is when the same experiment is carried out as in image (a) and 
(c) but the stripe width is increased to w  =  150  μ m ( ∼ 3  λ  ).  

      Figure  5 .     Image (a) is the elevated concentric circular ring electrode with 
 R 1    =  135  μ m,  R 2    =  2 R 1   and  w   =  60  μ m. The darker shades of gray on 
the patterned contactor are closer to the surface of the polymer fi lm. 
Images (b) − (c) show the structure formation in 8  μ m thick fi lm. Image 
(b) shows the appearance of single row of columns along the circular ring 
of the electrode within 30 s of electric fi eld exposure (25 V) when w  <    λ   
( = 106  μ m). Image (c) shows the coalescence of the columns under the 
circular ring when applied voltage bias of 25 V is maintained for 10 min. 
Image (d) shows the appearance of doublet of columns when fi lm thick-
ness  h   =  3.84  μ m and voltage bias is 30 V. In this case, each circular ring of 
the electrode has a width, w (60  μ m) roughly equal to 2  λ   (  λ    =  31  μ m).  
of the ridges. Figure  4b  shows that application of electric fi eld 
leads to the formation of columns under the ridges of the top 
electrode. Experiments suggest that a row of single columns on 
the ridge can be fabricated not only when the periodicity of the 
stripes ( L p  ) approximately matches the theoretically obtained 
wavelength,  λ , of electric fi eld induced instability, but the row 
persists even when  L p    >    λ  . In fact, the number of arrays of col-
umns formed per stripe is governed by the stripe width ( w ) of 
the patterned electrode vis-à-vis   λ  . Figure  4c  shows an example 
where  L p   is much larger than  λ , but a row of single columns are 
still formed per stripe because in this case  w   ∼    λ  . However, a 
comparison between the Figure  4b  and  4c  reveals that the col-
umns lose their circular shape when  L p    >    λ  . Further, Figure  4d  
(Figure  4f ) shows that when  w   ∼  2  λ   (3  λ  ), a double (triple) array 
of columns are formed per stripe. The linear order imposed by 
the electrode pattern is still followed by the PDMS columnar 
arrays. Figure  4  also shows that the mean spacing between the 
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columns in the transverse direction is dictated by the natural 
wavelength   λ  . It is also interesting to note here that after fabri-
cating the ordered structures in Figure  4d  at 38 V, if the voltage 
is subsequently ramped up to 70 V, a newly formed row of 
columns at the valleys of the patterned contactor is observed 
(Figure  4e ). These columns are smaller in diameter because 
they are formed at higher voltages. In addition, they are taller 
than the columns below the ridges of the patterned electrode 
because of the larger gap distance between the fi lm surface and 
the valleys on the top electrode. Furthermore, Figure  4e  shows 
that if the electric fi eld exposure of 70 V is continued for  ∼ 8 
more min, the columns under the ridges of the top electrode 
coalesce and form a row of single columns per stripe.  

 In contrast to the one dimensional stripes as shown above, 
fabricating the top electrode with a more complex shape, 
for example, elevated concentric circular rings leads to two-
dimensional ordering.  Figure    5   shows patterned PDMS fi lms by 
employing a top electrode with concentric rings. The radius of 
the inner ring ( R 1  ) and the outer ring ( R 2  ) quantifi es the lateral 
spacing of the patterns fabricated on the top electrode (Figure  5a ). 
Application of electric fi eld in such systems leads to the forma-
tion of columns along the circular ridges of the top electrode 
as shown in Figure  5b . A single array of ordered columns is 
formed even when the pattern periodicity is greater than   λ   
but the width of each circular ring is less than 2  λ   (Figure  5b ). 
Experiments also show that after some time these columns 
coalesce to form a continuous positive replica of the top elec-
trode (Figure  5c ). At a later stage of evolution, progressive 
appearance of pillars is also observed in the valleys of the top 
bH & Co. KGaA, Weinheim 327wileyonlinelibrary.com
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      Figure  6 .     Ordered patterning on a patterned electrode with parallel grooves 
and ridges with a voltage bias of 30 V on a fi lm of thickness 6.5  μ m. The 
wavelength calculated theoretically,   λ    =  68  μ m is close to the width of each 
stripe  w   =  55  μ m. Image (a) shows the structures formed after application 
of the electric fi eld and Image (b) shows the structures after curing the fi lm 
at 120  ° C for 24 h followed by removal of the top electrode.  
electrode (Figure  5c ). Figure  5d  shows that if the width of the 
circular ring is greater than 2  λ   then a circular array of dou-
blet of columns appears under each circular ring, which also 
undergoes coalescence at later time (not shown). The above 
fi ndings emphasize the importance of time even under a con-
stant voltage in producing very distinct structures. Freezing 
these structures in PDMS at different times at different stages 
of evolution thus allows a more fl exible approach to patterning. 
 Figure    6   shows one such example where an ordered one-
dimensional array of columns is generated under the ridges 
of a patterned electrode (Figure  6a ) and then postcured for 
24 h at 120  ° C without the removal of the top electrode. 
Figure  6b  shows the array of columns thus made permanent 
without the loss of their original defi nition even after the 
removal of the top electrode. These permanent patterns in 
PDMS can be further employed as stamps or moulds in var-
ious microfabrication techniques and soft lithographies.     

 2.3. Hierarchical Patterning by Temporal Variation of Electric Field 

 It is already known that the radius and spacing of the columns 
depend on the strength of the electric fi eld. [  47  ,  48  ,  52  ,  56  ,  65  ,  66  ]  In this 
study, we employ this particular aspect of electric fi eld induced 
instability of polymer fi lms to fabricate multiscale hierarchical 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  7 .     Columns with larger diameter formed when a 5.0  μ m thick fi lm 
is exposed to a 30 V electric fi eld bias. The columns with smaller diameter 
at the interstitial spaces appear when the voltage bias is ramped up to 
70 V. The darker regions in the fi gure represent the regions in contact 
with the top electrode.  
structures. For example,  Figure    7   shows an experiment where 
a 5  μ m fi lm under a fl at top electrode generates hexagonally 
packed primary columns of  ∼  100  μ m diameter when a 30 V 
electric fi eld is applied. After fabricating these large columns, 
the electric fi eld strength was ramped up to 70 V, which 
resulted in an array of secondary columns of much smaller size 
in the interstitial spaces surrounding the primary columns. The 
experiment demonstrates that secondary structures can be fab-
ricated by varying the electric fi eld strength in time before any 
signifi cant change occurs in the primary structure.  

 The order and complexity of hierarchical patterns thus 
obtained can be vastly increased by employing patterned elec-
trodes.  Figure    8   shows an example of hierarchical patterning 
employing a patterned top electrode with alternate stripes of 
ridges and  valleys ( w   =  120  μ m). Images (a) − (c) depict the 
experimental results and the images (i)–(iv) show the results 
obtained from the numerical simulations, the methodology of 
which is discussed in the theory section at the end. The same 
methodology for simulations has been found to give excellent 
agreement with the experiments on electric fi eld patterning 
by topographically patterned electrodes, including the stages 
of column formation and their late time transformations and 
coarsening. [  64  ,  65  ,  68  ,  77  ]  Image (a) shows that when the PDMS 
fi lm is subjected to an electric fi eld bias of 40 V, a double 
array of columns is observed under the ridges of the top elec-
trode, as expected. The stripe width ( w   =  120  μ m), voltage 
bias, fi lm thickness and the gap between the electrodes indi-
cate that the lateral separation distance of the columns follow 
the natural length-scale of electric fi eld induced instability. At 
this stage, the voltage bias was increased to 65 V, resulting 
in arrays of single secondary columns that formed under the  
valleys of the top electrode, as depicted in Image (b). There-
after, the voltage bias was further ramped up to 130 V, which 
allowed the formation of tertiary columns with much smaller 
diameter at both sides of the columns fabricated under the  
valleys as in Figure  8c . It is interesting to note here that the 
tertiary columns are formed in the transverse direction also 
in between two successive secondary columns. Also, the loca-
tions of the secondary columns are out-of-phase with the 
primary columns. The experiment shown in Figure  8  is also 
simulated to identify the details of the pathways of these evo-
lutions. Image (i) in Figure  8  shows the patterned top elec-
trode used for the simulation with stripe width of 2.85  λ   at 
the initial voltage applied. When the voltage bias is kept to 
40 V, a double array of columns appears under the ridges as 
shown in image (ii). Thereafter, the ramping up of the voltage 
to 70 V leads to coarsening and then coalescence of struc-
tures under the ridges and formation of secondary columns 
under the grooves [image (iii)]. Finally, when the voltage is 
increased to 130 V, tertiary columns appear on both sides of 
the secondary columns [image (iv)]. It is interesting to note 
here that although the various stages in simulated patterns 
closely mimic the experimental ones, the rate of coalescence 
is found to be much faster in the simulations. This can be 
attributed to the fact that the fi lms in the simulations are con-
sidered to be purely viscous, whereas the fi lms used for the 
experiments are weakly viscoelastic.  

 The above experiments together with the simulations 
highlight the following important points: i) ordered arrays of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 324–335
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      Figure  8 .     Optical micrographs (a) − (c) show patterning of a 7  μ m fi lm under a top electrode having parallel ridges and stripes of  w   =  120  μ m. Image 
(a) shows an array of doublet-columns when electric fi eld bias is 40 V (w  ∼  2 λ ). Image (b) shows appearance of columns under grooves of the top 
electrode when the electric fi eld bias is ramped up to 65 V for 2 min. Image (c) shows the emergence of ordered thinner columns at the grooves of the 
patterned electrode when the voltage bias is further increased to 130 V. Images (i) − (v) show the simulated patterns on a 7  μ m fi lm under a patterned 
electrode having the stripe width of 2.85  λ  . The dimensionless distance of the ridges [black stripes in Image (i)] and grooves [gray stripes in Image (i)] 
of the patterned electrode from the fi lm surface are 2.0 and 2.1, respectively. Image (ii) shows an array doublet-columns per stripe under the ridges of 
the patterned electrode at 40 V and  T   =  2.07  ×  10 3 . Image (iii) is appearance of secondary columns under the grooves of the top electrode when the 
voltage is ramped up to 70 V and  T   =  2.37  ×  10 3 . Image (iv) is emergence of smaller tertiary columns at the grooves when the voltage is further ramped 
up to 130 V and  T   =  2.67  ×  10 3 . In the simulated pictures the lighter shades of gray indicate the regions with higher fi lm thickness.  
columns of differing heights and diameters can be generated 
by changing the fi eld strength, bias duration and the patterns 
on the top electrode; ii) changing the precise temporal vari-
ation of electric fi eld changes the pattern. For example, two 
experiments shown in Figure  8a  and Figure  4d  both started 
with the formation of a double array of columns. However, 
ramping up the voltage to 70 V and exposing fi lm to the elec-
tric fi eld bias for 8 min led to the coalescence of columns and 
fi nally a single array of columns per stripe resulted along with 
the appearance of secondary columns under the grooves, as 
shown in Figure  4e . In contrast, if the voltage was increased 
immediately to 130 V after the formation of the columns under 
the  valleys of the top electrode (at the stage shown in 
Figure  8b ) a completely different microstructure appeared 
as shown in Figure  8c . iii) It may be noted that in the ini-
tial stages after ramping up the voltage, the column diame-
ters increase by the process of ripening where fi rst material 
fl ows into columns from the fi lms at their bases and later 
fl ow occurs from the smaller to the larger columns. True coa-
lescence can occurs once the excess material in the fi lm is 
depleted and the columns grow large enough to be in closer 
vicinity. Thus, the initial coarsening dynamics where the 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 324–335
microstructures grow in width/diameter under a stronger 
electric fi eld can be differentiated from coalescence where 
smaller structures are merged into the larger ones. The sim-
ulations and experiments shown in Figure  8  and the subse-
quent fi gure demonstrate the coexistence of the coarsening 
and coalescence phenomena at the late stages. 

 The importance of the strength of electric fi eld and its tem-
poral variation in determining the structure are shown more 
explicitly in the  Figure    9  ,   10  , and   11  . These fi gure illustrate 
that by employing the same electrode, but by altering the fi eld 
strength and its temporal variation, a variety of distinct ordered 
hierarchical structures can be fabricated.    

 Image (a) of Figure  9  shows the optical micrograph of the 
top electrode used in these experiments. The electrode con-
tains an array of square boxes (150  μ m x 150  μ m) projecting 
( ∼ 1  μ m) towards the fi lm surface and isolated by 30  μ m chan-
nels. Image (b) shows application of 20 V electric fi eld bias on 
a 7.7  μ m PDMS fi lm produces a single column at the center 
of each box. The applied voltage, fi lm thickness and the gap 
distance between the electrodes ensure that the size of each 
box is much less than 2  λ  . After 1 min, the applied voltage 
is increased to 50 V, which now causes the formation of 
bH & Co. KGaA, Weinheim 329wileyonlinelibrary.com
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      Figure  9 .     Optical micrographs (a) − (e) show patterning of a 7.7  μ m fi lm. Image (a) shows a box-patterned top electrode with elevated square boxes of 
dimension 150  ×  150  μ m. The height of the boxes are  ∼ 1  μ m. Image (b) shows formation of one primary column per box under the voltage bias of 20 V 
after 1 min (box dimension  ∼   λ ). The voltage is then ramped up to 50 V for 1 min and the image (c) shows the appearance of four secondary columns 
per box. Thereafter, voltage is again ramped up to 100 V for 4 min and image (d) shows the appearance of tertiary columns under the grooves and at 
the corners of the box-patterns. When the voltage is again increased to 130 V for another 4 min, image (e) shows the formation of quaternary columns 
in the channels between the boxes. Images (i) − (v) show simulated patterns on a 7  μ m fi lm under a patterned electrode having boxes of dimension 
1.06  λ  . The dimensionless distance of the boxes [darker region in image (i)] and grooves [lighter region in image (i)] on the patterned electrode from the 
fi lm surface are 1.6 and 2.0, respectively. Image (ii) shows single primary column per box at 20 V and  T   =  9.4  ×  10 2 . Image (iii) shows the appearance of 
secondary columns at the corner of the boxes at 65 V and  T   =  9.5  ×  10 2 . Image (iv) shows coalescence of structures under the boxes and appearance 
of tertiary columns under the grooves at the corner of the box-patterns when the voltage is ramped up to 100 V at  T   =  1.01  ×  10 3 . Image (v) shows 
appearance of quaternary columns under the grooves and in between the box patterns when the voltage bias is ramped up to 130 V at  T   =  1.04  ×  10 3 . 
In the simulated pictures, lighter shades of gray indicate the regions with higher fi lm thickness.  
secondary columns with smaller diameter at the four cor-
ners of each box as shown in image (c). The total number 
of columns in each box thus increases to fi ve at this stage 
of evolution. After exposing the fi lm to 50 V for 1 min, the 
applied voltage is further ramped up to 100V in image (d). In 
response, the fi ve columns already formed on each box ini-
tially coarsen and then coalesce to form a single large column 
under each box and smaller tertiary columns start to appear 
at the intersection of the channels surrounding the boxes (in 
the grooves of the top electrode) [image (d)]. After 4 min of 
exposure to 100 V bias, the voltage is further ramped up to 
130V in image (e), causing the appearance of small, equal-
spaced quaternary columns all along the length of channels 
as shown in image (e). Simulated images (i) − (v) show the 
morphological evolution for these conditions, which mimics 
the various stages of experimental results. Image (i) shows 
the box-patterned top electrode with box dimension 1.06   λ    
with respect to the initial voltage applied. In the beginning 
a 20 V electric fi eld is applied to the fi lm and one column at 
the center of each box can be seen [image (ii)]. Further, when 
the voltage is ramped up to 65 V, four secondary columns do 
indeed appear at the corners of each box [image (iii)]. There-
after, increasing the voltage to 100 V leads to the coarsening 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
and coalescence of all the pillars and analogous to the experi-
ments, tertiary columns start appearing under the grooves 
and at the corners of the boxes as shown in the image (iv). 
Finally, when the electric fi eld is further stepped up to 130 V, 
quaternary columns are observed in the channels. 

 In Figure  10 , we show that using the same top electrode and 
a PDMS fi lm of thickness 7.7  μ m, a new set of morphologies 
can be decorated by tuning the applied voltage and its history. 
On application of an initial 30 V, a quartet of primary col-
umns directly appears on each box as shown in image (a). In 
this case, the applied voltage, gap distance between the elec-
trodes and the fi lm thickness chosen ensure that the width of 
the box is greater than 2  λ  . After 30 s, the voltage is ramped up 
to 50 V, making the primary columns coarsen and coalesce to 
form eventually a single column under each box [image (b)]. 
After 4.5 min, when the voltage is further increased to 100 V, 
secondary columns at the intersection of the channels appear 
as shown in the image (c). After another 2 min, ramping up 
the applied voltage to 130 V causes smaller tertiary columns 
to appear in the channels between the boxes [image (e)]. The 
simulated images (i) − (v) very closely emulate the experi-
mental results under the similar set of conditions. Image (i) 
shows the box-patterned top electrode with box dimensions of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 324–335
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      Figure  10 .     Optical micrographs (a) − (e) show patterning of a 7.7  μ m fi lm. Image (a) shows the formation of four primary columns per box of dimen-
sion 150  ×  150  μ m under the voltage bias of 30 V for 50 s (box dimension  ∼  2 λ ). The height of the box-patterns on the top electrode is  ∼  1  μ m. After 
30 s, the voltage is increased to 50 V. Image (b) shows the coalescence of these columns at 50 V after 2.5 min. The voltage is ramped up to 100 V after 
4.5 min. Image (c) shows the appearance of smaller secondary columns at the corners between the boxes on applying a voltage bias of 100 V for 2 min. 
Thereafter, the voltage is increased to 130 V. Image (d) shows the formation of tertiary columns between the boxes on exposure to 130 V for 9 min. 
Images (i) − (v) show simulated patterns for a 7  μ m fi lm under a patterned electrode having boxes of dimension 2  λ  . The dimensionless distance of the 
boxes [darker region in image (i)] and grooves [lighter region in image (i)] on the patterned electrode from the fi lm surface are 1.5 and 1.8, respectively. 
Image (ii) shows four primary columns per box under the ridges at 30 V after  T   =  1.33  ×  10 2 . Image (iii) shows coalescence of structures under the 
boxes at 50 V and after  T   =  1.68  ×  10 2 . Image (iv) shows appearance of secondary columns under the grooves at the corner of the box-patterns when 
the voltage is ramped up to 100 V after  T   =  1.77  ×  10 2 . Image (v) shows appearance of tertiary columns at under the grooves and in between the box 
patterns when the voltage bias is ramped up to 130 V after  T   =  2.1  ×  10 2 . In the simulated pictures, lighter shades of gray indicate the regions with 
higher fi lm thickness.  
2  λ  . In the beginning, 30 V electric fi eld bias leads to the for-
mation of a quartet of primary columns on each box-pattern 
[image (ii)]. Following this, when the voltage is ramped up 
to 50 V, the columns under the boxes start coalescing [image 
(iii)]. Thereafter, increasing the voltage to 100 V leads to the 
coalescence of the structures and secondary columns make 
their appearance [image (iv)]. Finally, when the electric fi eld 
is further stepped up to 130 V, tertiary columns appear all 
along the channels; the spacing between them being deter-
mined by the spinodal wavelength corresponding to this set 
of conditions. 

 In Figure  11 , we show that using the same top box-patterned 
electrode, ordering of patterns can further be altered by varying 
the initial voltage bias. At initial electric fi eld bias of 50 V, nine 
primary columns arranged on a square lattice appear on each 
box as shown in the images (a) and (b). The voltage is increased 
to 90 V after 1 min, leading to secondary columns at the inter-
section of channels [image (c)] and progressive coalescence of 
the primary columns. After 3 min of exposure to 90 V electric 
fi eld, the voltage is further ramped up to 130 V and smaller 
tertiary columns now appear in the channels [image (d)]. The 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 324–335
simulated results for this system are portrayed in the images 
(i)  −  (iv), which again closely resembles the key features of evo-
lution. Image (i) shows the box-patterned top electrode with box 
dimension 3.125  λ   when the fi lm thickness is 7  μ m and applied 
voltage is 50 V. 

 It is important to note here that the initial fi lm thickness 
plays a key role in the higher order hierarchical structure for-
mation. The experiments indicate that a thicker fi lm is more 
conducive to fabricate higher order hierarchical structures 
at lower voltages because of the availability of more mate-
rial after the formation of the primary/secondary structures. 
For thinner fi lms, a stronger electric fi eld in the beginning 
becomes necessary because the primary structures in this 
case deplete the fi lm less and enough material is still left for 
the formation of higher order structures. The examples dis-
cussed here point to the fact that TeMo-EFL can be employed 
to fabricate complex multiscale micro/nano architectures 
that may be useful for fabrication in applications related to 
sensors, microfl uidic devices, microelectronics, functional 
surfaces (e.g., superhydrophobic), solar cells and fuel cell 
electrodes.    
bH & Co. KGaA, Weinheim 331wileyonlinelibrary.com
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      Figure  11 .     Optical micrographs (a) − (d) show patterning of a 7.8  μ m fi lm. Images (a) and (b) show the evolution of nine primary columns under each 
square box of dimension 150  ×  150  μ m when 50 V electric fi eld bias is applied for 1 min (box dimension  ∼  3  λ  ). After this the voltage bias is increased 
to 90 V for 3 min and image (c) shows the appearance of smaller secondary columns at the corners of the boxes. Meanwhile, the columns under the 
boxes had started to coalesce. Thereafter, voltage bias is increased to 130 V for 3 min and image (d) shows the formation of further smaller tertiary 
columns in the channels between the boxes. Images (i) − (iv) show simulated patterns on a 7  μ m fi lm under a patterned electrode having boxes of dimen-
sion 3.125  λ  . The dimensionless distance of the boxes [darker region in image (i)] and grooves [lighter region in image (i)] on the patterned electrode 
from the fi lm surface are 1.6 and 1.8, respectively. Image (ii) shows nine primary columns under the box patterns at 50 V and  T   =  1.2  ×  10 2 . Image 
(iii) shows appearance of secondary columns at the corner of the box patterns when the voltage is ramped up to 90 V and at  T   =  1.3  ×  10 2 . Image (iv) 
shows appearance of tertiary columns between the channels of the box patterns at 130 V and  T   =  1.56  ×  10 2 . In the simulated pictures, lighter shades 
of gray indicate the regions with higher fi lm thickness.   
 3. Conclusions 

 A new methodology is proposed for the fabrication of mes-
opatterns in cross-linkable PDMS fi lms by guiding the self-
organization using a programmable temporal variation of the 
electric-fi eld. In particular, hierarchical structures of increasing 
complexity can be obtained even by the use of simply patterned 
electrodes and multiple structures can be fabricated with the 
same electrode by a temporal variation of the fi eld. The integ-
rity of the structures formed at different times and in the 
postcuring phase is preserved by an incomplete cross-linking 
of PDMS which imparts greater viscoelasticity and minimizes 
the structural distortion and ripening. Use of simulations in 
prediction of structures adds to a rational use of the proposed 
TeMo-EFL. The methodology is suitable not only for PDMS, 
but also for other photo- or heat cross-linkable materials. The 
key specifi c observations related to pattern formation are: I) It 
is the width, rather than the periodicity of electrode-patterns, 
that largely govern the structural morphology of the columns. 
For example, when the width of elevated stripes (or boxes) 
on the electrode is between   λ   and 2  λ  , a single row (or single) 
of column is observed; but ordered doublet or triplet lines of 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
columns can be formed when the width is in the range of 2  λ   to 
3  λ   and 3  λ   to 4  λ  , respectively, without losing the order. II) The 
patterns produced depend on the initial starting voltage and the 
duration of its application for a fi lm and electrode combination. 
III) Multiscale structures with increasingly fi ner secondary, ter-
tiary and quaternary structures are formed by imposing incre-
ments in the voltage. The structures thus fabricated can be far 
more complex than the electrode topography and can even be 
modulated by imposing different temporal variations of the 
fi eld. This work thus extends the scope and promise of EFL.   

 4. Experimental Section: Preparation of the Film 
and Electrodes 

 The schematic diagram of the experimental setup is shown 
in the images (a) to (d) in the Figure  1 . The parallel plate capac-
itor geometry in the experiments is composed of two plates, a 
contactor or electrode at the top, a substrate at the bottom and 
a polymer fi lm coated on the substrate. The top electrode and 
the substrate are made of precleaned ITO coated glass (SPI 
supplies, USA; polished ITO, 8–12  Ω ). The polymer fi lm is the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 324–335
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commercially available Sylgard-184 (two part PDMS elastomer; 
Dow Chemicals, USA), which is composed of an oligomer and 
a cross-linking agent. The oligomer and the crosslinker (10% 
by weight) were dissolved in n-Hexane and then spin coated on 
the substrate. Films of thicknesses varying from 3  μ m to 13  μ m 
were prepared by varying the amount of the solvent in the solu-
tion and the spin speed (1100 rpm to 2500 rpm). After coating, 
the fi lms were left in air for 4 h to relax excess stresses because 
of the spin coating. The fi lms were partially cured at 105  ° C 
for 10 min to 90 min to obtain fi lms with different extent of 
viscoelasticity. Partial curing increases the viscosity and infuses 
some elasticity in the fi lms, which resists the coalescence of 
the patterns during the patterning phase and in the postpat-
terning phase. However, precuring for a longer time converts 
the polymer fi lm into an elastic solid, which was avoided. The 
precuring time was optimized using a fl at top electrode and the 
experiments with patterned top electrodes were performed later 
by using the PDMS with optimized precuring time. Best results 
were obtained with 45–60 min of partial precuring at 105  ° C. 

 The patterned contactors or electrodes (Figure  3 ) were fabri-
cated by using a Maskless Photolithography setup (Intelligent 
Micropatterning, USA) and a positive photo-resist, Shipley 
1818. The photo-resist was diluted using its thinner and then 
spin coated on the electrode. Various thicknesses (30 nm to 
2.5  μ m) of photo-resist coatings were fabricated by varying the 
spin speed from 3000 rpm to 5000 rpm. The maskless photoli-
thography technique allowed us to control the variation of UV 
light intensity in the same optical frame thus allowing the fab-
rication of the outer rectangular spacer and the pattern inside 
in a single step. The outer rectangular spacer had a thickness of 
2.5  μ m and the electrode pattern within had a maximum thick-
ness of 2.47  μ m, thus creating the minimum air-gaps of 30 nm 
(Figure  3 ). Three types of patterned top electrodes were fabri-
cated for experiments: i) alternate parallel ridges and  valleys 
(Figure  3a ), ii) elevated concentric circular rings (Figure  3b ), and 
iii) elevated isolated boxes (Figure  3c ). The coating thickness on 
the contactor was measured by contact profi lometry. The pat-
terned dielectric coating of the photoresist created the spatially 
varying electric fi eld. In the beginning of the experiments, the 
patterned contactor and the substrate with coated partially cured 
polymer fi lms were placed in a parallel plate capacitor arrange-
ment and connected to a 0–200 V DC source through copper 
tapes. The deformations on the fi lm surface with time were fol-
lowed by an optical microscope (Leica DMLM) and the images 
were captured using a digital camera. The wavelengths of the 
patterns obtained were also verifi ed by FFT of the optical micro-
graphs. Once the desired patterns were obtained, the voltage 
bias was switched off and the fi lm with its electrodes in place 
was immediately transferred to a furnace at a temperature of 
110  ° C for 24 h. This postcuring transformed the soft polymer 
to a solid fi lm because of the presence of excess cross-linker. 
Thereafter, the top electrode was removed and patterned fi lm 
was slowly cooled.   

 5. Theory and Simulations 

 Image (e) in Figure  1  schematically shows the deformation of 
a thin fi lm under the infl uence of an external electric fi eld. The 
polymeric fi lm is considered to be a thin, isothermal, linear 
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isotropic dielectric, incompressible and Newtonian liquid. 
The fi lm (0 ≤  z  ≤  h ) is confi ned in air ( h  ≤  z  ≤  d ) and the voltage 
( ψ   b  ) is applied through bounding electrodes (substrate and 
the contactor). It is also assumed that the material properties 
of the fi lms such as, viscosity (  μ  ), dielectric constant ( ε   p  ) and 
surface tension (  γ  ) are constant. 

  5.1. Problem Formulation 

 The following thin fi lm equation, derived from the long-wave 
Navier–Stokes equation and subjected to the boundary con-
ditions: (a) no slip and impermeability at the fi lm-substrate 
interface, and (b) shear stress balance at the fi lm-air inter-
face, governs the dynamics of a thin liquid fi lm on a homo-
geneous surface, when exposed to an external electric 
fi eld: [  8–10  ,  65  ,  77  ]  

 
3: (∂h /∂ t) − ∇ · h3∇ P

)
= 0.

 
 (1)   

 At the free interface,  z  =  h  ( x ,  y ,  t ), the normal stress con-
dition relates the total pressure to the curvature, the intermo-
lecular conjoining pressure and the stresses because of the 
electrostatic fi eld: [  65  ,  77  ]  

 P = p0 − ( ∇2h + N  
 (2)   

 Here  p  0  is the ambient pressure. The potential ( φ ) for the 
fi lm is defi ned as follows: [  65  ,  77  ]  

 
N = − g0g p(g p − 1)R 2

2
[
g pd − (g p − 1)h

]2 − A

6Bh3
+

B

(d − h)7 .
 
 (3)   

 Here   ε   0  is the permittivity in the free space and  A  is an effec-
tive Hamaker constant ( A  =  A  ff – A  sf ), where the subscripts  s  and  f  
represent the lower electrode and the PDMS liquid, respectively. 
The lower electrode is considered to be completely wettable by 
the PDMS fi lm in the absence of an electric fi eld, implying  A  ff   <  
 A  sf . To avoid the contact-line singularity and ensure non-pene-
tration of liquid in the top electrode at contact, the polymer fi lm 
is also subjected to a steep repulsion [ B/ (d − h)7   ] when the air 
gap thickness become very small ( d   −   h    ∼  l  0 ). The parameter  B  
is evaluated using the condition conjoining pressure   φ    =  0 at 
 h  =  d  –  l  0 , where  l  0  is a cutoff thickness. The short-range van der 
Waals repulsion at the bottom electrode has been incorporated 
to ensure a precursor layer of thickness  h  >  l  0 , which avoids the 
non-physical singularity associated with the fi lm breakup. [  8–10  ,  65  ]  
However, this van der Waals repulsion force in  Equation (3)  has 
a negligible infl uence on pattern formation compared to the 
effect of the much stronger electrostatic term. 

 The gradient of potential,  ∇ P   , in  Equation (1)  includes the 
force because of the local fi lm thickness variations,  (∂N /∂h)∇h  , 
and also the force resulting from the imposed spatial hetero-
geneity of the electric fi eld, which is imposed by a topographi-
cally patterned top-electrode. The fi rst component of force, 
 − (∂N /∂h) ∇h    at a given location, engenders the spinodal insta-
bility of a spatially homogeneous fi eld by causing a fl ow from 
the thinner to thicker regions of the fi lm. The second force 
due to the heterogeneity of the electric fi eld, at constant fi lm 
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thickness, moves the fl uid from the low to high regions of elec-
tric fi eld, for example, from the regions where the electrode 
spacing is higher to where it is lower. [  65  ,  77  ]  The linear stability 
analysis of the dimensional thin fi lm equation [ Equation (1) ] 
provides simple qualitative scaling to assess the length scale 
of the instability. In this study, we often report this wavelength 
while discussing the experimental and theoretical results. The 
dominant wavelength   λ   obtained for a fi lm of base state thick-
ness  h  0  from the linear theory is: [  47  ,  65  ]  

 

8 = 2B

√√√√2(
[
g pd − (g p − 1)h0

]3

g0g p(g p − 1)2R 2
.

 

 (4)   

   5.2. Numerical Methods 

  Equation (1)  is made dimensionless for the sake of compactness 
employing the following dimensionless variables  H = h/h0  , 
 Φ = φ h3

0 /A( )  ,  X = K x/h0  ,  Y = K y/h0   ,  T = t / 3μh0 /γK 4 )(    
where  K = √A /γ h2

0   . The dimensionless form of the equation 
thus obtained has the following form: 

 ∂ H ∂T + ∇. [ [H3∇ ∇2 H ] ]− ∇. H3∇Φ = 0.)/   (5)   

 Here  H ,  �   ,  X ,  Y ,  T  are the nondimensional fi lm thickness, 
conjoining pressure,  X -coordinate,  Y -coordinate, and time, 
respectively.  Equation (5)  is numerically solved using a central 
difference scheme in space ( X  and  Y ) combined with Everett 
interpolation method and periodic boundary conditions at the 
edges. The fi lm is perturbed randomly in the beginning ( T   =  0) 
to initiate the instabilities and Gear’s algorithm for stiff equa-
tions is employed for the time marching. The grid spacing is 
always kept uniform ( �X = �Y   ) and convergence of results 
was verifi ed by increasing the grid density. 

 The method of simulations is briefl y presented here, but 
more details can be obtained elsewhere. [  65  ]  The method has 
been found successful in reproducing the morphological evolu-
tion in fi lms subjected to a spatially varying fi eld. [  64  ,  65  ,  68  ,  77  ]  Fur-
ther, it is known that the length scale and morphology of insta-
bility is independent of the liquid viscoelasticity, which however 
alters the dynamics. [  71  ]  The simulations reported here are thus 
an approximation, especially in the late phases of pattern for-
mation governed by the rapidity of the processes of ripening 
and coalescence.   
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