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Pattern formation in a polymer thin film induced
by an in-plane electric field
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This letter reports experimental work involving use of an in-plane electric field to induce
morphological patterns in a thin polymer film. The film was first spin coated onto a glass wafer.
Then, it was heated to above its glass transition temperature to achieve mobility in the fluid. An
in-plane electric field was applied using two parallel electrodes, spaced 10 mm apart, whereupon the
initially flat polymer/air interface lost stability and formed islands. The self-assembled islands
exhibited a narrow size distribution and demonstrated spatial ordering. We attribute the pattern
formation to a combined mechanism of minimization of combined interface energy and electrostatic
energy. ©2004 American Institute of Physid©OI: 10.1063/1.1781751

Polymeric thin films enable manufacture of a wide vari- required to produce fine features; instead, the morphological
ety of nanostructured devices and templates from whiclieatures self-assemble.
other nanofeatured materials can be created. Established Figure 1 shows a schematic of the experimental setup,
techniques include block copolymer self-assenibignoim-  consisting of a pedestal, a pair of electrodes, a Pyrex riser, a
print Iithographf, and soft Iithographﬁ,among others. substrate, and the polymer film. The pedestal was con-

One promising fabrication technique reported on re-Structed from virgin electrical grade polytetrafluoroethylene.
cently is lithographically induced self-assemilyiSA).3®  Besides providing support for the substrate and electrodes, it
LISA is a process that utilizes the concept of electrohydroinsulates the platform from other components. PTFE has
dynamic instabilities of polymers when exposed to an elec-h'_gh eIectnc_aI resistivity, high dielectric strength, and can
tric field. In instances of LISA, a flat thin polymer layer was withstand high temperature. On the pedestal surface, two
first applied to a substrate using a technique such as SIOg]rooves were machined 10 mm apart to hold the electrodes

coating. An upper mask is then set at a fixed distaacew tightly. The electrodes also had two grooves on the inner

hundred nanometerabove the film, forming a small air ga surface to secure the Pyrex riser, which raised the sample
' 9 93P ahove the pedestal to allow rapid cooling. The electrodes

ere connected to a Glassman high-voltage power supply,

dicular tg) the film surface is develope.d from either imagecapable of up to 125 KV. Thus, the average electric-field
charged” or external power suppRy® This causes pressure strength could reach 1.25107 V/m.

k_)uilc_iup at the pol_ym_er/air interface, and subsequent destabi- g£5ch sample consisted of a substrate and a spin-coated
lization of the thin film. As a result, columns are formed thin film. The substrates were made of Pyrex glass wafer,
toward the upper mask. It is also pOSSible to direct this aSWith dimensions Of 10 mm by 30 mm. They were thorough|y
sembly using a topographically structured top maskus  cleaned with toluene to remove dust and any organic com-
reproducing the mask pattern. Various orderings of columngounds before spin coating. The setup in Fig. 1 was enclosed
have been constructed between the substrates and the masksan aluminum oven equipped with a front observation win-
for example, the use of polymer/polymer/air trilayers havedow. The outside of the aluminum enclosure was covered
yielded structures comprised of cylinders having polymemwith a layer of thermal insulating material. A temperature
cores surrounded by another polyfi@emoval of the core, controller and a thermocouple controlled the temperature in-
via selective etching, results in an ordered structure comside. The operational temperature of the oven ranged be-
prised of hollow cylinders. tween 300 K(room temperatuneand 600 K. The aluminum

Thus, in the LISA process, polymer structures are deter_enqlosure protected the environment from the high-voltage
mined by the topographical patterns on the mask, making théside.
technique well suited to pattern replication. However, the
requirement of close placement of the upper mask relative to
substrate complicates the production of large or curved sur- ]
faces. Specifically, the mask surface must be treated to pre-
vent polymer adherence, so that the fine structures induced = NN
are not damaged during mask removal.

Here, we describe our recent experiment, in which we

have used an electric field applied in the plane of the air/ - /// ;
polymer interface, instead of perpendicular to the interface.

This setup greatly simplifies production, since no mask is A PTFE [ Substrate Electrode
N Pyrex Riser B Polymer Film
dauthor to whom correspondence should be addressed; electronic mail:
weilu@umich.edu FIG. 1. A schematic of the experimental setup.
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FIG. 2. Two optical images showing the overall morpholagy.The poly-

mer thin film is prepared from a 10% solutiaiin) The polymer thin film is
prepared from a 5% solution.

The polymer used in our experiment was polystyrene
(PS. The properties of PS are well known, and those rel-
evant to the experiment include: Molecular weight: ol
108 kg/mol; glass transition temperature: 100 °C; surface Width (zm)
tension: 30 mN/m; and dielectric constant: 2.5. PS can be (b) ©
easily spin coated onto a substrate. Each prepared sample _ _
was heated to 160 °C, above the glass transition temperatufé®: 4 The AFM images showing the morphology 10 um by 10um
of PS. An electrical voltage of 9.5 KV was applied, resulting area.(b) A closer image of an island ar@) height profile. 5% solution.
in an electric field with an average strength of M'm. The

sample was left in these conditions for times ranging fromsample. Thus, we concluded that the electric field is the driv-
6 to 96 h. After annealing, the sample was cooled to belownq force behind this formation.

the glass transition temperature and then the electric field = A yifference in morphology can be observed in the two

was rem_oved. During each experimen_t, a control sample Wathages in Fig. 2. Figure(@) (10% solution shows a close-
also utilized. A control sample experienced the same teMa,cyeqd hexagonal pattern, with a narrow size distribution of
perature and time condition, but was not exposed to aN¥slands. Figure @) (5% solution has a larger characteristic
electric field. The samples were ohserved under both an ORaature size. Also, some islands seem to have agglomerated

ithc\?;sqim;toe Sfﬁgeosg:jal?n :tttc(;?llg ;Zrcﬁewlggofﬁgejimlé% fe into strips. Figure 310% solution shows a physical charac-
9 P Rerization of the surface structures, obtained using atomic

tres. force microscopy in tapping mode. The diameters of most
Two typical experimental results are shown in Figs. 2—4., lands ranged from 1.2m to 1.6.m. Some smaller is-

In the first experiment, the substrate was spin coated with . )
10% PS solution. The second experiment used a 5% PS s inds have diameters of about 300 nm. The height of the
iIslands averaged about 300 nm. Figure(3% solution

lution. They were both annealed for 96 h. Figure 2 is an h ; ¢t ¢ : |
optical micrograph showing overall morphology. It was ob-SNOWS an average dlameFer of features of approximately
served that patterns consisting of islands formed, in botif->#Mm and an average height of roughly 400 nm.

cases. No structure formations were observed in any control "€ cause of the observed differences in structure den-
sity, diameters, heights, and distributions is not yet known,

though we postulate that the difference in feature size is due
to the film thickness and nonlinearity in the late evolution
process. A 5% solution produces a thinner polymer film, and
thus less material per unit area, than a film produced from a
10% solution. Imagine a small perturbation for two film
thicknesses. The initial stage of evolution is quite similar in
terms of linear stability analysis. However, the formation of
islands in a thinner film depletes neighboring materials and
starts nonlinear evolution earlier in the process. In the final
stage, morphology significantly changes the local electric-
field distribution. The islands in a thinner film do not have a
chance to refine as much as they do in a thicker film. We plan
to conduct experiments and nonlinear simulations as part of
future research to better understand this phenomenon.
Theoretically, the origin of the film instability can be
understood by considering the competition of forces acting at
the polymer/air interfacé’ The surface tension tends to
minimize the polymer/air interface and stabilize a flat film.
By contrast, the electric field induces an electrostatic pres-
FIG. 3. The AFM images showing the morphology 5 um by 5 um area.  SUre at the interface that destabilizes the film. This balance of

(b) A closer image of an island an@) height profile. 10% solution. forces can be written in terms of pressures, as
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#h reduce the feature size. With an in-plane electric field, the
P=Po~ yd_xz *+ Pels 1) morphological change at one point will influence the entire
domain. This global influence is desired as it allows struc-
wherepy is the atmospheric pressut®x) is the film thick-  tyres at long distance sense each other, which may lead to
ness,y is the surface tension, angl is the electrostatic patterns with better uniformity. Further work will explore

pressure. The pressure induces a Poiseuille'flow this possibility.
i= h_s( @) (2) 1. ;
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