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Hierarchical Pattern Formation in Thin Polymer Films Using
an Electric Field and Vapor Sorption**

By Stephan Harkema and Ullrich Steiner*

The experimental observation of electric-field-induced instabilities of polymer films exposed to toluene vapors is reported.
When using a laterally structured electrode, the pattern that forms in the polymer film is governed by the interplay of the intrin-
sic film instability and the periodicity of the electrode structure. By adjusting the applied voltage, it is possible to switch between
two different pattern-replication modes. A further important parameter is the aspect ratio of the structured electrode. For high
ratios of polymer film thickness to capacitor-plate spacing, structures with hierarchical length scales have been observed.

1. Introduction

The control of pattern-formation processes on surfaces and
in thin films is of increasing importance for technological appli-
cations ranging from semiconductor lithography to the con-
trolled modification of mechanical and optical aspects of sur-
faces. In addition to the traditional lithographic approaches of
photolithography and electron-beam lithography, a number of
soft-lithographic techniques enjoy an increasing popularity.!!)
Very recently, capillary instabilities of liquid surfaces have
been employed.[z'sl By applying a laterally inhomogeneous
pressure to a liquid film, surface instabilities can be guided to
replicate a master structure.

Soft-lithographic techniques require the initial liquifaction
and subsequent solidification of a resist material. This is typi-
cally achieved by using polymer solutions, from which the
solvent is evaporated during a molding process or by heating
and subsequently cooling of the sample. A less commonly used
strategy is the liquefaction of a glassy polymeric material by
the absorption of vapor from a solvent atmosphere.”! Vapor-
absorption experiments have a number of advantages. As op-
posed to evaporating solutions, the amount of solvent in the
material can be controlled by adjusting the surrounding solvent
vapor pressure and, thereby, the viscosity of the liquefied poly-
mer. Heating a polymer film above the glass-transition temper-
ature, on the other hand, results in a highly viscous melt (and
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therefore in slow pattern-formation kinetics) and an increased
degradation of the polymer by thermal oxidation.

The liquefaction of polymers by the absorption of solvent
vapor is well understood.! Similar to an increase in tempera-
ture, the diffusion of a low-molecular-weight solvent into a
polymer matrix results in an increase in free volume, thereby
lowering the glass-transition temperature.” Chow derived an
expression for the depression of the glass-transition tempera-
ture with increasing diluent concentration in the polymer.”
For polystyrene (PS), a toluene uptake of 14 % (by weight) is
sufficient to lower the glass-transition temperature to room
temperature,[8] making vapor sorption an interesting alterna-
tive to thermal annealing.

While the modification of polymer properties by solvents is
known from a number of engineering applications,” ! solvent
annealing is an increasingly popular strategy to study relaxation
phenomena in thin polymer films. It is mainly used to examine
the ordering of copolymer morphologies in thin films. 14181

Here, this strategy is applied to the structure formation of
homopolymer films exposed to electric fields. The application
of an electric field normal to a liquid surface causes a rippling
of the initially flat surface."”! Capillary waves of a well-defined
wavelength grow with time. In the confinement of a plate ca-
pacitor, this leads to liquid cylindrical bridges spanning the two
capacitor plates with a lateral periodicity that is given by the
wavelength 4; of the initially amplified wave spectrum.[zo] Since
the pattern selection is dominated by the initial phase of the
instability, 4; is quantitatively described by a linear stability
analysis.*!??!

This electrohydrodynamic (EHD) pattern-formation process
can be employed to lithographically replicate submicrometer-
sized structures.”” This is achieved by a lateral variation of the
applied electric field. The film wave maxima are drawn to-
wards locations of highest electric-field strength, and thus the
film replicates the field-density profile. The lateral field-density
variation is typically achieved by using a patterned conducting
surface as master template. In this work, this approach was
modified, using a patterned dielectric layer (made from a cross-
linked epoxy resin) on top of a planar electrode as master tem-
plate (Fig. 1).
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Figure 1. a) Schematic representation of the experimental setup. A liquid polymer film is destabilized by an electric field generated by an applied voltage,
U. The top plate has a dielectric sinusoidal pattern with a wavelength of 6 um. To adjust the distance between the electrodes, spacers are added with a
lateral spacing of 500 um; ITO: indium tin oxide. b) Atomic force microscopy (AFM) image of the epoxy pattern of the top plate. The bottom image is a

cross-section profile along a diagonal of the square lattice.

The patterns that form in such a structured electric field are
determined by the interplay of the two lateral length scales that
are intrinsic to this experiment: 1) the destabilization wave-
length, 4;, which is determined by the balance of the destabiliz-
ing electrostatic pressure gradient and the restoring interfacial
tension; and 2) the periodicity of the epoxy master template,
Am. In particular, we show that the replicated pattern size can
be switched discretely by adjusting the applied voltage. A sec-
ond aspect that leads to a hierarchical pattern-formation pro-
cess arises from the annealing of the film in a solvent-vapor
atmosphere. As opposed to thermal annealing (where the
volume of the resist changes only very little during the quench
below the glass-transition temperature), the solidification of
the film by drying in solvent-free air leads to a volume contrac-
tion by approximately 40 %. This leads to the lateral contrac-
tion of the replicated pattern, often giving rise to a secondary
pattern-formation process.

2. Results and Discussion

EHD film destabilization is determined by a force balance at
the liquid surface between the destabilizing electrostatic pres-
sure (p.s) gradient and the restoring surface tension y.*"! In the
long-wavelength limit (film undulation amplitude <<4;), the
pattern selection is given by

_ / Y
li = _apes/ah (1)

where 4 is the film thickness. The magnitude of the variation of
Pes With i depends on U and the capacitance per unit area, C;
Equation 1 can then be written as:

2
A= ZJ'IZCSP Ay U20C3 ?2)

where ¢ is the dielectric vacuum permittivity. For plane-paral-
lel capacitor plates, the constant cSP:sp/(ep—l) is weakly de-
pendent on the dielectric constant of the polymer ¢,. C is given
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by the inverse summation rule for three capacitors connected
in series (polymer-air—epoxy, see Fig. 1a).

For the setup shown in Figure 1a, 4; is determined by the ap-
plied voltage, the capacitor-plate spacing, and the film thick-
ness. Since y and &, of PS change only very little upon swelling
(<3 %), the value of A; is comparable to that obtained from
similar experiments in which the PS film was liquefied by heat-
ing. The advantage of the swelling experiment lies in the dy-
namics of film destabilization. The characteristic time for film
destabilization, t;, scales linearly with the film viscosity, which
is greatly reduced in the swollen film.

Figure 2 shows optical and atomic force microscopy (AFM)
images of a PS film at various stages of EHD destabilization.
Despite the use of spacers to maintain a constant plate spacing,
a small variation of the interplate spacing (on the order of
2 umcem™) was typically observed. This led to a lateral varia-
tion of the capacitance. Both 4; and 7; are functions of the lat-
eral sample position. It is therefore possible to observe various
stages of the EHD instability on the same sample.

Figure 2a shows the early stage of film instability. The si-
nusoidal undulations of the PS film faithfully mirror the pat-
tern of the epoxy master. With time, the undulations grew
and made contact with the epoxy protrusions (Fig. 2b). In
addition to these polymer columns, small amounts of PS are
discernible on the interstitial sites. Apart from the replica-
tion of the master pattern, replication defects are clearly visi-
ble in Figure 2a.

While some of these defects may arise from impurities in the
polymer film leading to defect nucleation, most of these irregu-
larities are intrinsic to the pattern-replication process. The field
in the capacitor can be described as a homogeneous mean field
with a superposed square-lattice lateral structure. The homoge-
neous mean component of the field gives rise to an EHD in-
stability with an intrinsic wavelength ; given by Equation 2,
while the lateral electric-field variation leads to the surface pat-
tern with A,, shown in Figure 2a. The pattern that forms in the
polymer film is determined by the interplay of these two desta-
bilizing effects.
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Figure 2. EHD replication of the electrode pattern in Figure 1 into a PS
film. The optical micrographs in (a,b) show the early and late stages of the
replication process, respectively. The replication defects arise from a mis-
match of the intrinsic destabilization wavelength and the pattern periodici-
ty. The AFM images in (c,d) correspond to the cases 4;=4,, and 4;> 4,,, re-
spectively. For the large mismatch of the two length scales in (d) only
every second lattice point is replicated. The insets show overlays of the
master pattern of Figure 1b.

The patterns resulting from this interplay are shown in the
AFM images in Figures 2c,d. The parameters that led to the PS
patterns in both images were similar, but the applied voltage
differed by a factor of two. This led to a change in the destabi-
lizing pressure gradient by a factor of four and a change in 4;
by a factor of two (Eq. 2). For an applied voltage of 80 V, the
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results of which are shown in Figure 2c, the replicated PS col-
umns coincide with each of the points of the square lattice. In
this experiment, the intrinsic instability wavelength 4;=8.1 um
was comparable to the lattice spacing of A,,=6 um. Lowering
the voltage to 40 V, the results of which are shown in Fig-
ure 2d, caused an increase in the EHD wavelength to
A;=20.2 um. The large mismatch between 1; and 4,, resulted in
a different pattern selection. Instead of completely replicating
the master electrode, the PS columns occupied alternating lat-
tice positions with unoccupied interstitial lattice points. This
led to a replicated symmetry, which was rotated by 45° with
respect to the epoxy master, and a lattice spacing of
Aq= \/% ~8.5 um, corresponding to the diagonal of the mas-
ter pattern.

Figures 2c,d show that different replication patterns can be
selected by adjusting the mismatch of 4; and A,, This is shown
for a larger data set in Figure 3a. For 4; <24, the complete rep-
lication mode of Figure 2c is selected, while for 4;>214, the
pattern found in Figure 2d is reproduced. For 24, <4; <244
patterns similar to Figure 4b are observed, i.e., incomplete rep-
lication of the square lattice, which can be interpreted in terms
of a coexistence of the patterns from Figures 2c,d.

Since the transition in pattern selection can be triggered by
the applied voltage, it is possible to switch between these two
pattern-replication modes during a single experimental run.
The results of this are shown in Figure 4a. There was a small
increase in capacitor-plate spacing (by =18 nm) from the bot-
tom-left to the top-right of Figure 4a. This caused a pattern-
replication process that propagated with time along this gradi-
ent. For an applied voltage of 40 V, a pattern with A,,=8.5 um
in the lower-left part of Figure 4a was formed, while the PS
film in the upper half of the sample remained stable. Once the
pattern-replication front had reached the shaded part of Fig-
ure 4a, the voltage was increased to 80 V. This caused the tran-
sition in pattern selection to 4,,=6 um, as the replication pro-
ceeded in the upper part of the sample.
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Figure 3. a) Replication of a square lattice as a function of the wavelength of the intrinsic (laterally averaged) instability wavelength A;. The two plateau
values of 4,,, correspond to lattice constants of 6 and 8.5 um (diagonal). The squares stem from patterns similar to Figure 4b, which span several lattice
points. b) Optical thickness on swelling of a 180 nm thick PS film in a saturated toluene atmosphere, as determined by ellipsometry.
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Figure 4. AFM images showing hierarchal EHD pattern replication. a) By
doubling the applied voltage during pattern replication (shaded stripe), it
is possible to switch from the morphology of Figure 2d to the fully repli-
cated pattern of Figure 2c. b) When using an epoxy master with a smaller
grid amplitude, columns that span more than one lattice point were ob-
served (1); cross-shaped columns arise from the pinning of the deswelling
columns on the ridges connecting the master protrusions. Elongated (2)
and x-shaped (3) columns stem from PS plugs spanning two and four col-
umns, respectively, with larger coalesced structures (4). The inset shows
an overlay of the master pattern of Figure 1b.

A further mode in pattern replication is shown in Figure 4b.
A small plate spacing (d =620 nm) combined with a low ap-
plied voltage (40 V) led to PS plugs that spanned more than
one electrode protrusion. The branched patterns in Figure 4b
are a consequence of large PS plugs in the swollen state and
their shrinkage upon drying the sample. In all experiments,
after the solvent atmosphere was replaced with air, evapora-
tion of the toluene from the columns led to lateral shrinkage of
the columns, since vertical shrinkage is suppressed because of
the pinning of the plugs to the electrode surfaces. Columns that
were pinned to a single epoxy protrusion of the master elec-
trode contracted isotropically. This led to the nearly circular
cross-sections of the columns shown in Figure 2c. Plugs that
span more than one epoxy protrusion have non-circular cross-
sections even in the swollen state. Upon drying, the lateral con-
traction led to the patterns with partially concave cross-sec-
tions in Figure 4b. Four different morphologies were observed.
The cross-shaped morphology (1) arose from a (in the swollen
state) large diameter column that made contact to the epoxy
ridges connecting the protrusions of the top plate in a square
lattice. Upon deswelling, the contact line was pinned at these
ridges, giving rise to the cross-shaped cross-section. In (2), a
swollen column has made contact with two epoxy protrusions,
leading to the elongated concave structures upon deswelling.
Swollen columns that share four epoxy protrusions give rise to
star-shaped structures (3). Combinations of these three struc-
tural elements cause larger plug-shaped PS regions, such as (4),
with larger and more complex patterns on other parts of the
sample.

The main difference between Figure 4b and the more direct
replication of Figure 2 is the filling ratio of the capacitor gap.
For a high filling ratio, 4/d, the PS columns remain intercon-
nected by a polymer film on the substrate for a considerable
time after their initial formation. This allows the lateral redis-
tribution of material (e.g., lateral Ostwald ripening). As op-
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posed to lower h/d ratios, where the columns become isolated
early on, this gives rise to large plug-shaped structures. After
deswelling, this causes the morphologies with partially concave
cross-sections shown in Figure 4b.

3. Conclusions

Based on earlier work on EHD pattern replication, several
new concepts are introduced in the present article. 1) We have
shown that annealing of polymer films in a solvent vapor dur-
ing EHD pattern formation is a versatile and robust alternative
to the more commonly used temperature-annealing approach.
Beneficial is, in particular, the low viscosity of the swollen poly-
mer, which significantly reduces the time required for pattern
replication. 2) By carefully tuning the interplay of the intrinsic
wavelength A; and the periodicity of the template patterns, two
different replication modes can be selected. Depending on the
pattern symmetry, it is likely that this pattern-selection mecha-
nism can be further extended. 3) By superposing a lateral vari-
ation of the electrode spacing with the pattern-selection pro-
cess, it is possible to switch between the two pattern-replication
modes in a single experimental run. This is an interesting strat-
egy for the manufacture of patterns with hierarchical lateral
length scales. 4) A further important parameter in pattern
selection is the filling ratio of the capacitor gap. Small filling
ratios lead to the faithful replication of the master electrode
and high filling ratios give rise to laterally coalesced structures.
While the patterns in Figure 4b may be detrimental when the
faithful replication of patterns is required, they could possibly
be of use in a hierarchical approach, when widely varying lat-
eral length scales have to be replicated.

4. Experimental

The polymer used was PS with a weight-average molecular weight of
My, =515 kg mol™! (M/M,<1.06; M,=number-average molecular
weight) (Polymer Standards Service, Mainz, Germany). Indium tin ox-
ide (ITO)-covered glass slides with a resistivity of ~112 Qcm™ were
used as substrates. The glass slides were cleaned in a jet of CO, ice
crystals (snow-jet) prior to film deposition. 180 nm thick PS films were
deposited by spin-casting from a toluene solution.

A schematic representation of the experimental setup is shown in
Figure 1a. The top plate consisted of a silicon wafer covered with a pat-
terned epoxy layer. Also included on the top plate were spacer struc-
tures to control the sample—top plate distance. The details of the top-
plate manufacture will be described elsewhere [23]. Figure 1b shows an
AFM image of the epoxy structure. It consists of a square-lattice sinu-
soidal pattern with a periodicity A, =6 um. The structured silicon wafer
was mounted facing the polymer film. Spacers at lateral distances of
500 wum assured a separation of =600 um between the film and the
epoxy pattern. Both capacitor plates were electrically contacted using
silver paint (Electrodag 1415M) and the assembly was placed into a
sealed chamber on top of an inverted optical microscope (Olympus
GX61).

The experiment was started by introducing a saturated toluene at-
mosphere into the chamber, inducing swelling of the polymer film,
while the capacitor plates were electrically grounded. After 15 min, a
voltage of 40 V was applied to the electrodes for 15 min and was then
increased to 80 V for another 15 min. The polymer structure was then
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solidified by exchanging the toluene-saturated atmosphere for air and
the sample was dried for 30 min. The EHD structure formation of the
polymer film was monitored and recorded by the microscope and a
connected computer throughout the experiment. After removal of the
top plate, the quenched polymer film was further characterized by opti-
cal microscopy (Olympus BX60) and by AFM (Veeco Dimension
3100).

In a separate experiment, the swelling of a PS film in a saturated tol-
uene atmosphere was characterized using a single-wavelength imaging
ellipsometer (Nanofilm EP3). The thickness change of the film as a
function of time, calculated from the ellipsometric angles, is shown in
Figure 3b. In a saturated toluene atmosphere, the initially 180 nm thick
film swelled to 305+2 nm within =15 min. The refractive index is esti-
mated to change from 1.59 to 1.55 during the swelling of the film, cor-
responding to a refractive index change of =3 %. The swelling experi-
ment is of importance, since the interpretation of the EHD instability
depends on the parameters (film thickness, dielectric constant) of the
swollen film.
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