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The influence of processing conditions and polymer architecture on pattern transfer in cap-
illary force lithography (CFL) using poly(ferrocenylsilane) etch resists is investigated. Zero-
shear-rate viscosities measured at different temperatures and for polymers with different
molar masses are related to the quality of CFL patterns, assessed based on atomic force
microscopy experiments. An optimal range of viscosities corresponding to appropriate
molar masses and processing temperatures is established. In this range, polymers possess
enough mobility allowing for reasonably quick surface pattern formation. Yet, the poly-
mers are not too mobile and preserve their shape when quenched to below Tg prior to serv-
ing as etch resist masks.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Soft lithography can provide technically simpler and
cheaper nano- and microfabrication alternatives to optical
lithography, at least on a laboratory scale [1,2]. In order to
successfully complement conventional photolithography,
new functional materials must become available for soft
lithography fabrication strategies. It has been shown that
polymers and especially poly(ferrocenylsilanes) (PFS) [3]
can be successfully employed as inks in soft lithographic
applications. This organometallic polymer combines both
macromolecular properties and a high etch resistivity in
reactive plasmas. Because of the presence of iron and sili-
con atoms in the main chain, these polymers were found
to be stable towards oxygen and fluorocarbon reactive
ion etching [4]. This makes them ideal materials for ‘‘single
step” resists. PFS was successfully employed in block
copolymer lithography, where structures with smallest
dimensions on the order of 20–30 nm were formed [5].
Thin films of PFS block copolymers could be used for direct
. All rights reserved.
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pattern transfer of the microphase-separated morphology
to underlying materials such as silicon [5], silicon nitride,
or cobalt [6] to form dense arrays of nanoparticles on flat
substrates. Block copolymer self-assembly on topographi-
cally patterned substrates produced long range ordered ar-
rays of organometallic domains [7–10]. PFS was also used
in soft lithography applications, such as micromolding in
capillaries [4] and capillary force lithography [11].

In capillary force lithography (CFL) [12], capillarity forces
the polymer melt into the void space of the channels
formed between the mold and the polymer. The polymer
confined initially in a thin film is squeezed out from the
areas of contact between the PDMS mold and e.g. a Si sub-
strate and develops microstructures along the vertical
walls of the stamp. In other words the polymer is subjected
to directed dewetting of the silicon substrate, guided by
the stamp relief. The resulting patterns can be used as lith-
ographic masks only when the polymer resist lines have a
uniform thickness and no PFS remains on the silicon sub-
strate between the lines. When the polymer film is kept
in contact with the PDMS mold at too low a temperature
or too briefly, polymer lines do not develop fully and PFS
still remains between the lines. On the other hand, when
the temperature is too high or the processing time too
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long, dewetting of polymer patterns takes place. The out-
line of pattern development is schematically depicted
in Fig. 1. Best polymeric lines are obtained at an optimal
processing time and at a corresponding optimal
temperature.

The dynamics of polymers in thin films determine in
which regime patterning takes place. If the polymer is
too mobile, the system is immediately in the dewetting
regime. Conversely, a polymer with very slow dynamics
does not reach the optimal pattern geometry. In order to
get the desired patterns the lines have to be kinetically fro-
zen by a combined control over structure dependent poly-
mer viscosity and glass transition temperature (Tg). In
order to estimate the optimal polymer mobility and corre-
sponding processing temperature, we investigated the
molar mass and temperature dependence of the polymer
melt viscosity. This viscosity would then be related to the
quality of polymer patterns, which was assessed based
on AFM measurements. This allowed us to determine opti-
mal viscosity limits for successful pattern transfer.

One has to bear in mind that the polymer under inves-
tigation is confined in an ultra-thin, 30 nm thick film. At-
tempts have been made to address mobility and viscosity
of polymers confined in such thin films based on their
dewetting kinetics [13]. Dewetting can be used as a probe
of polymer mobility [14] and even to assess viscoelastic
properties of the material [15]. However, in the case of
CFL the situation is more complicated than in simple sup-
ported thin films. Capillary forces acting on polymer melts
represent a driving force for directed dewetting of polymer
confined in supported ultra-thin films. The resulting pat-
terns are a product of the interplay between polymer
mobility/viscosity and interfacial tensions. Rather than
looking into the mobility of polymer in thin films, we
decided to simply measure bulk values of the zero-shear-
Fig. 1. Schematic presentation of pattern quality developmen
rate viscosity and relate these to the quality of CFL pat-
terns. This approach is based on the assumption that poly-
mer viscosity in thin films is related to molar mass and
temperature in the same manner as in the bulk.

In summary, this work provides an investigation of
structure–property relationships of PFS polymers used as
inks in soft lithography (CFL). By varying molar mass, the
viscosity of the polymer can be tuned, allowing an optimal
processing temperature to be used in the patterning
process.

2. Experimental section

2.1. Materials

Ferrocene, N,N,N0,N0-tetramethylethylenediamine (TME-
DA), dichlorosilanes (dimethyl- and ethylmethyl), and
n-butyllithium were purchased from Aldrich. The corre-
sponding [1]silaferrocenophanes were prepared as de-
scribed earlier [16–19]. Polydimethylsiloxane (PDMS)
molds were prepared with Sylgard 184 silicone elastomer
(Dow Corning). Prepolymer was mixed with curing agent
in a 10:1 ratio. The mixture was degassed under vacuum,
poured onto a pre-patterned silicon master and cured at
100 �C.

2.2. Polymerisations

A mixture of [1]ethylmethylsilaferrocenophane (13 wt%)
and [1]dimethylsilaferrocenophane (87 wt%) was dissolved
in THF in a glovebox purged with prepurified nitrogen.
The polymerization was initiated by the addition of n-
butyllithium (0.16 M in hexanes) [17,20]. The living poly-
merization was carried out at 20 �C and terminated after
30 min by adding a few drops of degassed methanol. The
t in capillary force lithography/directed dewetting.



Table 1
Molecular and thermal characteristics of PFS statistical copolymers
obtained from [1]ethylmethylsilaferrocenophane (13 wt%) and [1]dimeth-
ylsilaferrocenophane (87 wt%)

Polymer Mn (g/mol)a Mw/Mn Tg (�C)b

1 3.100 1.10 35.0
2 6.500 1.04 36.8
3 15.700 1.04 38.5
4 65.700 1.08 38.8

a Measured by GPC in THF, relative to polystyrene standards.
b Glass transition temperatures (Tg) were obtained at a scan rate of

10 K/min.
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polymer was precipitated in methanol and dried under
vacuum.

2.3. Instrumentation

GPC measurements were carried out in THF at 25 �C,
using microstyragel columns (bead size 10 mm) with pore
sizes of 105, 104, 103 and 106 Å (Waters) and a dual detec-
tion system consisting of a differential refractometer
(Waters model 410) and a differential viscometer (Viscotek
model H502). Molar masses were determined relative to
polystyrene standards. A Perkin–Elmer Pyris 1 Differential
Scanning Calorimeter was used for the determination of
glass transition temperatures (Tg) and isothermal crystalli-
zation experiments. Temperature scans were performed
from �35 �C to 160 �C at a scan rate of 10 K/min. Isother-
mal crystallizations were carried out by quenching the
samples from the melt to 70 �C. Silicon substrates were
cleaned in a microwave oxygen plasma reactor Tepla
300E (500 W, 0.5 Torr O2, 5 min). Polymer films were
spin-coated onto silicon wafers or PDMS stamps from tol-
uene solutions. Film thicknesses were determined with a
Plasmos SD 2002 ellipsometer, using a wavelength of
632.8 nm. A Digital Instruments NanoScope IIIa atomic
force microscope (Veeco, Digital Instruments) was used
to obtain images of the surface morphology of the samples.
Standard Si3N4 tips were used (Pointprobe, Nanosensors)
with an average tip radius of 10 nm. Images were acquired
in ambient air using the tapping mode. The amplitude of
oscillation at free vibration was A0 = 1.5 V with operating
setpoint ratios A/A0 = 0.6–0.9, scan size was 50 lm and
scan rate 0.301 Hz. Viscosity measurements were per-
formed on a Physica UDS 200 rheometer using a parallel
plate configuration. The gap between the plates was
0.5 mm and a shear strain of 1% was applied. Dynamic vis-
cosities were measured at frequencies from 0.01 to 50 Hz
as a function of temperature between 30 �C and 150 �C
with steps of 10 �C. Zero-shear-rate viscosities were calcu-
lated by extrapolation of the viscosity values using an
exponential function model for each isothermal scan. Mas-
tercurves were constructed from the isothermal frequency
sweeps and shifted to a reference temperature of 80 �C
using the principle of time-temperature superposition
(WLF equation).

2.4. Pattern formation

The polymer micro-patterns were fabricated by placing
the PDMS mold in contact with the thin polymer films
(20 nm) and keeping it there for 4 h at temperatures rang-
ing from 30 to 140 �C, in vacuum. The stamp was removed
at room temperature and resulting polymer microstruc-
tures were imaged by atomic force microscopy.
3. Results and discussion

3.1. Choice of materials

The ideal polymeric materials for CFL should have a Tg

above room temperature in order to preserve the shape of
the formed microstructures after stamp removal. Crystal-
line polymers are not suitable for CFL fabrication because
annealing of polymer samples takes place at temperatures
as close to Tg as possible to retain the resulting pattern. Crys-
tallization may under such conditions lead to pattern
destruction. Finally, polymers used in CFL should have an
appropriate etch resistivity in order to faithfully replicate
patterns into underlying substrates. PFSs can fulfil all of
the above requirements. Thermal properties of PFSs can be
tuned by choosing proper substituents at the Si atom.
Symmetrically substituted poly(ferrocenylsilanes) are not
suited for CFL because of their semicrystalline nature.
Unsymmetrically substituted, amorphous poly(ferrocenyl-
silanes) constitute a better choice for CFL patterning.
Indeed, poly(ferrocenylmethylphenylsilane) was success-
fully employed in CFL experiments [11]. However, attempts
to synthesize high molar mass, unsymmetrically substi-
tuted PFSs via anionic polymerization failed. To examine a
range of polymers with different molar masses and to assess
their utility in CFL pattern transfer, statistical copolymers of
[1]ethylmethylsilaferrocenophane (13 wt%) and [1]dimeth-
ylsilaferrocenophane (87 wt%) were prepared. Unsymmet-
rically substituted ferrocenylsilane units incorporated in
poly(ferrocenyldimethylsilane) suppress crystallization of
this polymer [20]. In this way an amorphous PFS with a Tg

above room temperature was obtained.
Isothermal crystallization experiments performed by

DSC showed no crystallization exotherms. No melting
peaks were observed upon heating. This indicates that
the added unsymmetrically substituted monomer prevents
the crystallization of poly(ferrocenyldimethylsilane). Poly-
mers with different molar masses were synthesized. The
dependence of the Tg on the molar mass was investigated.
It was fitted with O’Driscoll’s equation [21] and the extrap-
olated value of Tg of the polymer with infinite molar mass
was found to be 39.6 �C. The molecular and thermal char-
acteristics of the polymers are given in Table 1.

3.2. Viscosity measurements

Oscillatory shear flow experiments were performed on
a rheometer in a parallel plate configuration. The polymer
samples were sinusoidally sheared according to c(t) = c0

sinxt and _c(t) = xc0 cosxt where c0 is the amplitude of
sinusoidal deformation, _c is the shear rate and x the angu-
lar frequency. For linear viscoelastic behavior a sinusoidal-
ly varying strain is associated with a sinusoidally varying
stress r ¼ c0ðG

0 sin xt þ G00 cos xtÞ where G0 and G00 are
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the frequency dependent shear storage and shear loss
moduli. It is convenient to express the sinusoidally varying
stress as a complex quantity. Then the modulus is also
complex, given by r*/c0 = G* = G0 + iG00 and G00/G0 = tand,
where d is the phase angle between stress and strain, and
tand is the damping factor. The dissipative effects of alter-
nating stress can be described by the ratio of stress in
phase with strain rate and the strain rate. This has the
dimensions of viscosity and is the real part g0 of the com-
plex viscosity, g* = g0�ig00 defined in the same manner as
G* [22]. In sinusoidal deformations g* = G*/ix, and the indi-
vidual components are related by g0 = G00/x and g00 = G0/x.
At very low frequencies, the in-phase or real component
g0 approaches g0, the zero-shear viscosity. It is clear from
the above equations, that in regions where G00 is flat, the
dynamic viscosity is inversely proportional to frequency
and when G00 rises steeply, on the left side of a maximum,
the viscosity can flatten out (Fig. 2). The dynamic rheolog-
ical measurements offer much more information than just
polymer viscosity. By employing this technique one can
observe time, frequency and temperature influences on
mechanical properties of polymers. In an amorphous poly-
mer above its glass transition temperature, a single empir-
ical function can describe the temperature dependence of
all mechanical and electrical relaxation processes. The ra-
tio (aT) of any mechanical relaxation time at temperature
T to its value at a reference temperature, T0 (e.g. aT ¼
gðTÞ
gðT0Þ

) derived from transient or dynamic viscoelastic mea-
surements appears to be identical over wide ranges of time
scale [23].

An example of a mastercurve of polymer 3 constructed
using the above principle is shown in Fig. 2. Measurements
were carried out at temperatures varying from 50 to 120 �C
and subsequently shifted to the reference temperature of
80 �C using the time-temperature superposition principle.
At low frequencies the slopes of 2 and 1 are clearly visible,
which is in agreement with theoretical predictions (Max-
well model) [22,24].

The shear viscosity g is one of the principle quantities
determining the rheological behavior of polymer melts.
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Fig. 2. Double logarithmic plot of the dynamic moduli (G0 and G00) of
polymer 3 vs. reduced angular frequency (xaT). Measurements were
carried out at temperatures varying from 50 to 120 �C. The reference
temperature was set at 80 �C.
In our experiments frequency sweeps were performed on
each of the PFS polymers (Table 1) at different tempera-
tures. At every measurement point the viscosity was calcu-
lated as a ratio of shear stress and shear rate. At sufficiently
low shear rates the viscosity approaches a limiting con-
stant value g0, the zero-shear-rate viscosity, which is not
measured directly, but found by extrapolation of viscosity
values as a function of shear rate. Models that describe
the relationship between shear rate and viscosity for
non-Newtonian liquids include the exponential Ostwald–
de Waele model, Bird-Carreau model and many others
[25]. Our measurement data were fitted with the following
simple exponential function:

g ¼ g0 expð�A _cÞ

where A is a constant. This model provided an excellent fit
to the experimental data especially at higher temperature.
The magnitude of g0 depends on temperature, molar mass
and hydrostatic pressure [26]. Polymer viscosity decreases
with increasing temperature due to an increase in polymer
chain mobility and free volume between the chains. The
temperature dependence of shear viscosity can be de-
scribed by the following exponential equation:

g0 ¼ A exp
B

T � T0

� �

where A is a constant, B corresponds to the activation tem-
perature and T0 is the Vogel temperature. This equation is
often referred to as the Vogel–Fulcher law and is equiva-
lent to the more general Wiliams, Landel and Ferry equa-
tion (WLF) [22,23].

For each of the PFS polymers (presented in Table 1), g0

was measured as a function of temperature between 30
and 150 �C. An example of viscosity values obtained for
polymer 3 is shown in Fig. 3. All polymers exhibited typical
pseudoplastic, shear thinning behavior. Increasing the
temperature resulted in a decrease in the zero-shear-rate
viscosity values. It is interesting to observe how the flow
properties of polymer 3 cross over from non-Newtonian
at lower temperatures (50–90 �C) to Newtonian at temper-
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Fig. 3. Viscosity of polymer 3 measured at low shear rates and at different
temperatures.
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atures above 90 �C. A similar transition was also observed
for polymers 1 (between 40 and 50 �C) and 2 (between
50 and 60 �C). Conversely, polymer 4 demonstrated non-
Newtonian behavior within the experimental temperature
and shear rate ranges. This is the first indication of the
influence of molar mass on the flow properties of PFS poly-
mers, reflected later in the quality of surface patterns. Sub-
sequently, the viscosity values were related to the quality
of corresponding polymer patterns obtained by CFL.

3.3. Capillary force lithography

The patterns in capillary force lithography experiments
were fabricated by placing the PDMS mold in contact with
the 20 nm thin polymer films and keeping it for 4 h at tem-
Fig. 4. AFM height images and section analysis of polymer patterns prepared by C
peratures ranging from 30 to 140 �C, under vacuum. The
PDMS stamp geometry used consisted of 5 lm wide re-
cessed lines spaced by 3 lm wide protruding lines (de-
noted as 3 � 5 lm). The polymer, initially confined in a
thin film, is squeezed out from areas of contact between
the stamp and silicon substrate. It diffuses into the grooves
where structures are formed along the vertical walls of the
stamp due to capillary rise. Very thin polymer films do not
provide enough material to fill the grooves of the stamp
completely [27]. As a result, two polymeric lines are
formed per one groove. This is clearly seen in section anal-
yses of the AFM images (Fig. 4).

Fig. 4 shows an example of polymer patterns obtained
at 100 �C. Two top images show low molar mass polymers
1 and 2 (3.1 and 6.5 kg/mol) with corresponding viscosities
FL (4 h at 100 �C). From top to bottom: polymers 1, 2, 3 and 4, respectively.
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Fig. 5. Molar mass/temperature dependence of zero-shear-rate viscosity
of PFS. The marked region shows optimal viscosities for successful pattern
transfer in capillary force lithography.
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 of 3.8 and 8.2 Pa s, respectively. Patterns obtained with
these materials show coalescence of polymer into droplets
as a result of polymer dewetting. Fig. 4C demonstrates pat-
terns obtained under the same processing conditions,
using polymer 3 with a molar mass of 15.7 kg/mol
(g0 = 850 Pa s). The polymer lines are well developed with
a height on the order of 100 nm. Finally, CFL of polymer 4
with the highest molar mass (65.7 kg/mol, g0 = 7600 Pa s)
at 100 �C resulted in incompletely developed lines with a
height of 30 nm, with the polymer remaining between
the lines. A similar analysis of pattern quality was per-
formed for all the polymers in the temperature range of
30–140 �C.

From the analysis of AFM measurements, a proper tem-
perature range for pattern transfer by CFL for polymers
with different molar masses is obtained. Combination of
these results with the rheological data yields the optimal
range of viscosities for a successful pattern transfer in
CFL. Most of the good quality patterns were prepared with
polymers of which viscosities fall into the range between
50 and 1500 Pa s (Fig. 5). When these findings are related
to the viscosity profiles as shown in Fig. 3, it becomes evi-
dent that best surface patterns were obtained with poly-
mers in the Newtonian (viscous) flow regime.
4. Conclusions

There are three main parameters that have a direct im-
pact on the quality of CFL polymer patterns: molar mass of
a polymer, processing temperature (and time) and initial
polymer film thickness. We found that the right balance
between Tg and processing conditions (viscosity) is essen-
tial for successful patterning. On the one hand polymers
with too low a viscosity will easier dewet, and on the other
hand polymers with too high a viscosity will not yield pat-
terns within the experimental time scale. Thus, the zero-
shear-rate viscosity of a polymer melt is a very important
factor that will influence the quality of the patterns. A
range of optimal viscosities for pattern formation was
established. This information was used to optimize condi-
tions for CFL pattern transfer. Viscosity values obtained
from bulk rheological measurements were related to the
quality of polymer micropatterns, assessed based on AFM
analysis. We are aware of the fact that dynamics at poly-
mer surfaces and in thin films can differ substantially from
the bulk, nevertheless our results present a clear trend and
could prove very useful for any micro(nano)fabrication
strategy involving capillary force lithography, especially
since these results have a more universal character and
can be applied to other polymers.
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