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Controlled Nanopatterning of a Polymerized lonic Liquid in

a Strong Electric Field
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Nanolithography has become a driving force in advancements of the modern
day’s electronics, allowing for miniaturization of devices and a steady
increase of the calculation, power, and storage densities. Among various
nanofabrication approaches, scanning probe techniques, including atomic
force microscopy (AFM), are versatile tools for creating nanoscale patterns
utilizing a range of physical stimuli such as force, heat, or electric field
confined to the nanoscale. In this study, the potential of using the electric
field localized at the apex of an AFM tip to induce and control changes in the
mechanical properties of an ion containing polymer—a polymerized ionic
liquid (PolylL)—on a very localized scale is explored. In particular, it is dem-
onstrated that by means of AFM, one can form topographical features on the
surface of PolylL-based thin films with a significantly lower electric potential
and power consumption as compared to nonconductive polymer materials.
Furthermore, by tuning the applied voltage and ambient air humidity, control
over dimensions of the formed structures is reproducibly achieved.

In order to maintain the current pace
of device miniaturization, it is crucially
important to push forward the advance-
ment of new nanofabrication methods and
to expand the processable materials base.

A perspective tool for creating nanoscale
patterning and nanofabrication is based
on scanning probe technology.'*12 Sev-
eral atomic force microscopy (AFM)-
based techniques utilize different phys-
ical stimuli, such as mechanical force,
heat, electric field, and so on, that enable
fabrication of structural features at the
nanoscale.3-16 Compared to the conven-
tional lithography methods, AFM-based
techniques provide the ease to achieve
nanoscale resolution due to localization of
the physical stimuli at the apex of an AFM
probe, low costs, and compatibility with
ambient conditions.

Driven by considerable structural ver-

1. Introduction

Nanofabrication is the basis for diverse areas of technology
including electronics,2 data storage,* sensors,>® etc. Most
conventional nanofabrication techniques have originated from
various lithographical methods.’") However, several critical
limitations such as low resolution of conventional photolithog-
raphy and high costs of e-beam and focused ion-beam lithog-
raphies are inhibiting future application of these techniques.

satility and relative material softness, polymers have been
extensively studied as materials for direct nanopatterning and
writing with AFM.["-20] Several AFM-assisted patterning tech-
niques, such as mechanical nanolithography,'*!4 thermome-
chanical writing,[™”! electrostatic lithography,'®*! and dip-pen
nanolithography?®2!l have been employed to test predomi-
nantly nonconductive polymers, such as poly(methyl meth-
acrylate) (PMMA) and polystyrene (PS). The potential of ion-
containing polymers, such as polyelectrolytes or polymerized
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ionic liquids (PolylILs) for nanopatterning applications, is yet to
be recognized and explored.

Being a synthetic product of polymerization of ionic liquids
(ILs), PolyILs combine multiple strengths and viscoelastic prop-
erties of polymers with the high conductivity of room tempera-
ture ILs. These properties make PolylLs attractive candidates
for various technological applications from lithium batteries
to field-effect transistors and solar cells.?>23] In comparison to
conventional polyelectrolytes, PolylLs have weakly interacting
organic cations and anions. Columbic interactions in such sys-
tems are only on the order of several kT, which gives rise to
intriguing engagements between ionic transport and mechan-
ical properties.?#?’l However, PolylLs present a relatively new
class of materials that has not been studied in detail thus far.
Recently, we reported® that a strong electric field applied to an
apex of an AFM tip induces softening of PolyILs at nearly zero
relative humidity. By drawing a parallel between changes in
different ionic materials induced by a strong electric field!?6-2’]
such as electrostriction in electrolyte solutions,?®! ionic dopant-
controlled metal-insulator transistors,?”) an increase of ionic
mobility in electrolytes?®! and surface conductivity of polyelec-
trolytes, e.g., DNA,?l the origin of discovered phenomenon
was proposed to stem from the ionic nature of PolyILs and the
ability of electric field to dissociate ions and depress the glass
transition temperature. Our previous work?’! focused on theo-
retical analysis of this phenomenon, while no detailed experi-
mental studies or application of this phenomenon to nano-
patterning has been presented or discussed. In contrast, this
paper focuses on the experimental study of how the electric-
field-induced transformation in PolyILs can be controlled and
used for nanopatterning. In particular, we study how the size of
topographical features is affected by the magnitude of the elec-
tric field and presence of humidity. An important advantage of
studying PolyILs using an AFM setup is that the application of
electrostatic potential directly to the AFM tip allows for local-
ized control over ion transport. This can provide not only a
method of polymer film patterning, but also a tool for precise
analysis of structural and conductivity changes in the material.
The PolyIL used for this study was poly(1-ethyl-3-vinylimida-
zolium) bis(trifluoromethylsulfonyl)imide. In this PolyIL, the
anion is relatively small and mobile, while the cation is cova-
lently attached to the polymer backbone and thus can be con-
sidered immobile in comparison to the anion (Figure 1). To the
best of our knowledge, this is the first study that utilizes a poly-
meric material with weak Coulomb interaction to explore its
behavior in a strong localized electric field for nanopatterning
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applications. The localization of a strong electric field, achieved
by AFM, and the unique nature of the ion-containing polymers
allow scaling down the size of the produced topographic fea-
tures and establishing precise control over processes initiating
their formation at the nanoscale.

2. Results and Discussion

We have used an AFM-based approach to generate patterns and
to detect changes in the electrical and mechanical properties of
PolyIL materials in a controlled humidity environment. A sche-
matic of the experimental setup is shown in Figure 1. A single
pulse (either rectangular or triangular) was applied to a conduc-
tive AFM tip in contact with a PolyIL film, whereas current was
read-off of the bottom electrode with a simultaneous recording
of the z-position (AFM height signal) of the tip. Changes in
PolyIL properties were measured as a function of applied bias,
relative humidity (RH), and time duration of the applied bias
pulse. The main observation of the work is that if the tip bias
voltage exceeded a certain threshold value, the voltage appli-
cation resulted in softening of the PolyIL surface under the
tip reflected in time-dependent changes of the tip z-position
during application of a bias pulse. Apparently, the softening led
to material compression/flow due to tip-induced pressure and
formation of depression (holes) on the film surface. The pro-
duced holes can be directly visualized in topographic images
acquired afterwards. Two qualitatively distinct regimes can be
defined: “nanopatterning, with holes forming on the surface of
a PolyI” and “no nanopatterning”, when hole formation could
not be registered. The conditions for the hole formation and
the hole dimensions were systematically studied using pre-
defined spatial grids. In a typical measurement, the grid was
2 x 2 points; and a 2 x 5 or 10 x 10 grid was used to verify
reproducibility of the pattern dimensions at fixed experimental
conditions. Changes in the tip z-position and current-voltage
(I-V) curves were averaged over all grid points. Importantly,
application of negative biases led to poorly reproducible results;
therefore, the grid pattern formation was studied in detail only
with a positive bias applied to the AFM tip.

As discussed below, the exact value of the threshold voltage
required for softening strongly depends on the environmental
conditions. However, provided that voltage exceeded a threshold
value, hole formation was observed at any humidity level and
with any pulse shape. The RH plays a particularly important
role in determination of the threshold voltage.

Waveforms

(0]

Au electrode

Si/SiO, substrate
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Figure 1. Schematic of the experimental setup used to pattern PolylL thin film and to perform simultaneous measurements of the current and penetra-
tion depth of the AFM tip along the z-axis. Shapes of rectangular and triangular pulses used for polymer patterning are plotted schematically. V, is the

pulse amplitude, T is the pulse duration. Triangular pulses are symmetric.
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Figure 2. AFM topographic images of the 120-nm-thick PolyIL film after application of trian-
gular voltage pulses with amplitudes of a) 10 V and b) 20 V at 0% RH, and with amplitudes of
c) 2V andd) 6V at 40% RH. e) Example of patterning produced with pulses of +6 V amplitude
applied to the tip for 250 ms at each point in the pattern. The distance between the points is

ca. 100 nm.

The effect of RH on the threshold voltage for the case of tri-
angular pulses is demonstrated in Figure 2. Specifically, at 0%
RH, application of pulse amplitude above 10 V and pulse length
above 8 s is required to generate holes (Figure 2a,b). In contrast,
at 40% RH, softening starts above 2 V, whereas well-defined
holes are formed at 6 V (Figure 2c,d). In turn, the dimensions
of the holes are a complex function of RH as well as applied
voltage. At 0% RH, the hole diameter is about 1 pm on average,
(Figure 2b), whereas for 40% RH, it is approximately 300 nm
(Figure 2d). The diameter of the holes indicates a tendency
to decrease in response to the variation in applied voltage if
humidity is held constant (Figure S1, Supporting Information).
This finding suggests an interesting improvement of the exper-
imental setup by use of ultrathin tips. Utilization of ultrathin
tips could produce a more concentrated electric field and, as a
result, a decrease in the diameter of the holes is expected. Inter-
estingly, the hole diameters decrease with increasing humidity,
while the depth shows the opposite trend. Namely, at 0% RH, a
pulse amplitude of 20 V is required to form 25-nm-deep holes,
whereas at 40% RH, formation of holes with the same depth
occurs already at 6 V. Thus, control over the hole dimensions
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can be achieved via electric field and ambient
air humidity.

Among the nanopatterns generated on
different polymeric surfaces by means of
AFM,I16-19 the PolylL demonstrates a sig-
nificantly reduced voltage required for sur-
face patterning. For comparison, in case
of nonconductive polymers the AFM tip-
induced pattern formation was not observed
at 0% RH, and a very high voltage (>20 V)
was required to draw a structure at higher
RH (240%).1°1 Utilization of ion-containing
materials provide a clear competitive advan-
tage in patterning technology, as it allows
for a decreased damage to the materials and
reduced power consumption required for
pattern fabrication. As an example, writing of
a more complicated pattern in a 14 x 8 pm?
area at ambient humidity using bias-induced
softening is presented in Figure 2e.

The tip bias polarity has a strong effect
on the softening of the PolyIL films, espe-
cially at lower humidity. For instance, at
0% RH, holes were not formed when the
tip was negatively polarized. However,
application of a positive tip bias above the
threshold value resulted in formation of
holes (Figure 3a). The maximal peak current
in these experiments was =2.4 pA for a posi-
tive tip polarity and =0.7 pA for the reversed
polarity (Figure 3b).

Application of voltage steps of different
amplitudes at 0% RH revealed that the
steady-state current has a nonlinear depend-
ence on voltage (Figure 3c). Likewise, the
deduced conductivity values follow a non-
linear trend (Figure 3c, inset). Experimental
details of Figure 3c and their theoretical justi-
fication are provided in ref.?! We exclude material degradation
in a strong electric field as a possible explanation of nonline-
arity because changes of PolyIL electrical conductivity induced
by the electric field are in good agreement with the tempera-
ture-induced changes observed in electrical conductivity of an
externally heated bulk PolyIL sample, as measured by broad-
band dielectric spectroscopy at a low applied voltage (<0.5V).1*%!
The detailed explanation is provided in ref.[?]

To explore the polymer softening further, we performed pat-
terning experiments at different humidity levels. A systematic
study of the tip penetration depth as a function of applied field
and humidity is shown in the phase diagram of Figure 4a.
Clearly, the formation of holes has a certain threshold voltage,
which decreases with an increase in humidity (Figure 4b).
The penetration depth of the tip also increases with increase
in humidity and voltage (Figure 4a). Measurements in ten dif-
ferent spots (a 2 x 5 grid) performed for the selected humidity
values of 6%, 36%, and 60% RH (Figure 4c) demonstrate that
the hole size can be controlled by an electric field and humidity
with a good precision. The I-V curves for the selected humidity
values are shown in Figure 4d, where the inset illustrates the

0 nm
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Figure 3. a) Tip z-position as a function of time observed during application of 12 V triangular pulses of positive (black) and negative (red) polarity at
0% RH and b) corresponding currents measured as a function of time. The bias waveforms are shown in panels (a) and (b) by solid lines. c) Current—

voltage curves measured at 0% RH after application of voltage step. Inset shows the corresponding calculated conductivity.

tip z-position changes for the same humidity. A significant
increase in current and hole depth is detected with increase
in humidity. Furthermore, the current hysteresis is observed
in the individual I-V curves. The hysteresis effect may likely
occur due to the contribution from the changes in the film
thickness upon softening and electrochemical processes in the
sample. It should be mentioned that hole growth is terminated
immediately after the potential is switched off. This is another
advantage of using a localized electric field in achieving precise
control over the size of the growing structures. However, exten-
sion of this patterning method to other ionic materials may be
hindered without fundamental understanding of the nature of
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transformations occurring in the ionic material under strong
electric fields.

To analyze possible mechanisms of the observed PolyIL
softening, we first note that Joule heating is often employed
to explain pattern formation with AFM tips in similar experi-
ments with nonconductive polymers.'*-1% However, this mech-
anism cannot be the main reason for PolyIL softening in our
experiments. Indeed, in case of thermally assisted patterning,
a rather high power has to be generated before surface features
begin to form. For example, in the case of PMMA a power of
=3.2 pW (0.08 pA at 40 V at 40% RH) was necessary to generate
a pattern.'”l In our patterning experiments at 0%, RH holes
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Figure 4. a) A map of the average tip penetration depth as a function of tip bias and ambient humidity. b) Threshold voltage as a function of RH.
c) Curves representing cross-sections of the map in panel a) along the voltage axis at RH values of 6%, 36%, and 60%; d) Current—voltage curves
measured for 11% RH (black) and 36% RH (red). The inset shows the corresponding change of the tip z-position. The direction of current flow is shown
by arrows. The inset shows the corresponding tip z-position changes. The triangular pulses were applied to the PolylL film of 120 nm.

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 805-811



el
Mt oS
www.MaterialsViews.com

were formed at a much lower power of 48 pW (2.4 pA at 20 V)
and only with a positively biased tip. The difference between
the experimental temperature (=295 K) and the glass transi-
tion temperatures T, of the PolyIL (T, poyi. = 326 K) is three
times smaller than that for PMMA (T, pyma = 388 K), while
the electric power in the case of PolyIL is more than 10 000
times smaller than the electric power generated during PMMA
patterning. If the primary mechanism of pattern formation in
PolyILs were Joule heating, then the threshold power would
be on the same order of magnitude for both the PolyIL and
PMMA, which is not the case. Furthermore, in our experiments
with application of voltages of different polarity to the tip, the
maximal electric power levels dissipated through the sample
were comparable (Figure 3b), i.e., 48 pW (2.4 pA at 20 V) for
the positive tip polarity and 14 pW (=0.7 pA at 20 V) for the
negative tip polarity. In the case of the heat-assisted pattern for-
mation, similar patterns should have been formed for the same
power, regardless of the tip polarity. In the control experiments
with nonconductive PS (T, = 379 K) under similar experimental
conditions, formation of holes was not observed (Figure S2,
Supporting Information). Additionally, numerical Finite Ele-
ments modeling using commercial software COMSOL was
used to estimate the maximal temperature change caused by
the Joule heat for our system. The details of this modeling are
presented in ref.*>] The results showed a temperature raise by
about 5 °C above the room temperature at maximum in the
tip-surface junctions in our experiments. All this suggests that
another mechanism different from Joule heating must be at
play, a mechanism that is most likely linked to the ionic nature
of the PolyIL sample.

Although the observed polymer softening in the presence
of an electric field and humidity is apparently a multifaceted
phenomenon, it is clear that several observations, including
an asymmetric effect of the bias polarity, small currents, and
nonlinearity of the I-V curves, are difficult to explain without
implication of some mechanisms associated with ion-pair dis-
sociation under an electric field in the PolyIL. In this regard,
we note, that a high electric field of the order of 10° V m™ is
expected to appear near the tip-surface junction as a result of
application of a few volts of bias to the tip due to a small radius
of the tip apex. Multiple transport and material response mech-
anisms can be at play when strong electric fields appear under
elevated humidity. Here, we consider that the observed effect
is a superposition of multiple processes including water ioni-
zation, which happens at the field strength of =10° V m™,13%
dissociation of the PolyIL, and Faradaic electrochemical pro-
cesses in the PolyIL upon exceeding the voltage range of the
electrochemical window.?! The separation of contributions of
the individual processes in such a complex system is a difficult
task. Below we propose a scenario that may provide an explana-
tion to the experimentally observed behavior of the PolyIL in
the strong electric field at the tip apex.

We hypothesize that ions unbind at certain threshold voltage,
which depends on humidity. Due to the sample nature, ion
dissociation results in formation of mobile anions and signifi-
cantly less mobile cations. In the absence of water, this disso-
ciation requires a rather large activation energy of =3.5 eV,*%
which correlates well with our experimental observation of the
high threshold voltage at 0% RH. At a high humidity, water
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molecules begin to form a solvation shell around bound ion
pairs near the sample surface. This leads to a reduction of the
activation energy for ion dissociation by providing a solvating
environment characterized by a high dielectric constant. The
dissociated anions then move towards the interface with the
positively charged tip due to the attractive electrostatic forces
and form an interfacial layer. The time required for the ions
to electromigrate to the interface depends on the local viscosity
and electric field. Indeed, we have observed the presence of a
characteristic delay time between application of potential and
actual changes of the mechanical properties. The delay time is
well-resolved upon application of the step voltage to a thicker
film (300 nm). The time delay depends on the relative humidity;
for instance, at 11% RH and 10V, it is =2.5 s (Figure S3a, Sup-
porting Information), while it becomes undetectable at higher
humidity (Figure S3b, Supporting Information). If we attribute
this delay to the ion migration to the interface, then the roughly
estimated mobility of 1071°~107"7 m? V-1 s7! (see Experimental
Section for details) cannot be ascribed to migration of H* or
OH~ ions with a mobility of 10~ m? V! 57133 in the polymer
melts, but rather to migration of bulky anions of the PolyIL.
Higher humidity leads not only to a better ion solvation, but
also to a reduced local viscosity due to the general effect of
plasticization;3**! so, ions diffuse faster in the PolyIL. As
ions arrive at the interface, an uncompensated dense electrical
charge starts to buildup. When the cumulative charge density
reaches a critical value, it experiences an instability similar to
electrohydrodynamic instabilities reported for nonconductive
polymers*®3] that stimulates softening of the polymer inter-
face. Similar charge-induced softening in an electric field has
been previously reported for the interface between the crystal-
line and superfluid *He,3® where formation of ripplons was
observed. In our case, this effect is not limited to the interface
and can propagate inside the material since the concentration
of ionic species in the polymer is very high. Also, the proposed
scenario of softening explains why the tip has to be positively
biased to induce hole formation: it has to be attractive for the
mobile anions. When the tip is negatively charged, it will only
attract the dissociated cationic chains of the PolyIL, which
are too bulky and move too slowly to induce hole formation.
Furthermore, the dynamics of hole growth after the softening
under the tip can be qualitatively understood using theoretical
analysis of the fastest growing model*®37) in the electrohydrody-
namic instability. For example, the characteristic time scalel>6-37]
of the fastest growing mode is linearly proportional to the vis-
cosity of the medium, and the assumption of reduced local
viscosity with an increase in RH explains the disappearance of
the lag time with an increase in relative humidity. Furthermore,
approximating the diameter of the holes as the wavelength of
the fastest growing mode, the observed decrease in the diam-
eter of the holes with an increase in the applied voltage for a
fixed humidity is in qualitative agreement with the predictions
of the decrease in the wavelength with an increase in applied
electric field.’” However, the combined effect of humidity,
dissociation of the ion-pairs, and possible Faradaic processes
at higher applied voltage complicate the simple picture. The
complete mechanism of softening and details of hydrody-
namic analysis of hole formations are likely more complicated
than suggested by our simple models and requires extensive
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theoretical and experimental development to elucidate possible
electrohydrodynamic instabilities in multicomponent system
containing charged polymers and water.

3. Conclusion

In summary, we have demonstrated that by tuning the strength
of electric field and the environmental conditions, one can form
topographical features on the surface of a PolyIL in a reproduc-
ible manner with a good control over dimensions of the formed
structures. The pattern formation for the ion-containing PolyIL
occurs at a significantly lower strength of electric field and elec-
tric power as compared to nonconductive polymer materials.
Although the mechanism of the pattern formation is complex
and additional experiments are required to fully unveil contri-
butions of the Faradaic processes as well as processes associ-
ated with ionization of water, the underlying PolyILs softening
is undoubtedly dominated by the ion dissociation and electro-
migration in the polymer as opposed to Joule heating. These
observations have promising implications for practical appli-
cation of nanopatterning, where flexibility in pattern design
and good control over the pattern lateral characteristics are
necessary.

4. Experimental Section

Poly(1-ethyl-3-vinylimidazolium) bis(trifluoromethylsulfonyl)imide
(Poly EtVImNTf2) PolylL with a bulk T, of 52.9 °C was dissolved in
2-butanone to a concentration of 6 mg mL™". Films of PolylLs were
prepared by spin-coating a solution over a gold electrode predeposited
on a Si/SiO, substrate. The thicknesses of the films were measured
using profilometer and found to be 120 and 300 nm. The control
measurements were performed on a 300-nm-thin film of nonconductive
PS (PS, M,, = 100 kDa, Ty =379 K) spin-coated from chloroform onto a
gold electrode.

The change in electric current and the mechanical properties of the
film as a function of applied voltage and humidity was monitored with
conductive AFM (C-AFM). The two-electrode experimental setup is
schematically illustrated in Figure 1 with the AFM tip acting as a top
electrode and a gold surface being a bottom electrode. In the experiments,
a rectangular or a triangular voltage pulse was applied to the PolylL film
via the AFM tip and current was collected from the bottom electrode.
The duration of the triangular pulses can be estimated from the bias
sweep rate of 0.4 s V7', and duration of rectangular pulses are shown
on the corresponding figures. To limit current to =15 nA, an additional
external resistance of 2 G Q was connected in series with the sample.
The pattern formation was observed at any applied bias waveform.
The plunging of the tip (change of the tip z-position) was monitored
electronically as a change in the voltage of the AFM controller applied
to the z—piezo element needed to maintain a specified set point. In all
experiments, the tip z—position feedback was switched on, so the force
applied to the tip was constant during the experiment. Current and tip
z-position were monitored in real time as a function of bias and ambient
gas humidity. Current and z-position changes were measured at all
locations of the selected grid over the sample surface and then averaged
for certain bias values. The AFM was equipped with an environmental
chamber allowing for fine regulation of the air relative humidity. For
the measurements at 0% RH, samples were preconditioned at 100 °C
in dry air flow to ensure evaporation of major part of the water layer
from the sample surface prior to the measurements. Contact mode AFM
was used to visualize changes in the film topography after application
of voltage steps of different magnitudes. The spatial resolution of this
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method is limited by the tip radius, which was approximately 25 nm with
the inner half conical angle of 23°.

The sample conductivity was calculated as 6=LL, where [ is the
current, V is the applied voltage, [ is the sample thickness, and A is the
tip-sample contact area. The change in the sample thickness as a result
of tip plunge was taken into account in conductivity calculations. The
first derivative was used to determine the threshold voltage from graphs
of change in z as a function of applied voltage.

The mobility of the ions was calculated forvthe results obtained in
Figure S3a (Supporting Information) as =%, where v is the drift
velocity, E is the magnitude of the applied electric field. The drift velocity
can be estimated from Figure S3a (Supporting Information): the delay
time is 2.5 s. To estimate the distance ions migrated in this time, we
note two relevant length scales: the distance that the tip plunged within
2.5 s is =20 nm, and distance that the tip plunged afterwards —=200 nm.
These distances reflect the thickness of the film layer that was affected
by the electric field and underwent softening. Thus, the ion drift velocity
is 8-80 nm s™'. An estimate of the electric field strength beneath the tip
was performed using COMSOL modeling and yielded (3-5) x 108V m™"
(for tip bias of 10 V). Hence, the ion mobility is =(2-30) X 107"/ m? V s,

The patterning example presented in Figure 2e was produced on
a Cypher AFM (Asylum Research and Oxford Instruments Company,
Santa Barbara). The custom lithography software written in Igor Pro
(WaveMetrics, Inc.) was used to control tip position and bias application.
At each point on the image, the tip was engaged to the surface and a
short 250 ms pulse of a +6 V amplitude was applied to the tip. Then the
tip was retracted and moved to the next position.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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