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Abstract: Film deposition and high-resolution patterning of ionic
liquids (ILs) remain a challenge, despite a broad range of applications
that would benefit from this type of processing. Here, we demonstrate
for the first time the chemical vapor deposition (CVD) of ILs. The IL-
CVD method is based on the formation of a non-volatile IL through the
reaction of two vaporized precursors. lonogel micropatterns can be
easily obtained via the combination of IL-CVD and standard
photolithography, and the resulting microdrop arrays can be used as
microreactors. The IL-CVD approach will facilitate leveraging the
properties of ILs in a range of applications and microfabricated
devices.

Due to their outstanding physical and chemical properties,*?l
ionic liquids (ILs) are of interest for applications including
chromatography, -6 catalysis, 37 batteries,?8-10
photovoltaics,*1*-23 sensors,-8 actuators,1°2% |ubricants,?-
24 and wettability control.2252¢1 Some applications, such as the
integration with microelectronics, protein microarrays, and gas
sensors, require the deposition and patterning of IL films.?27-34
Direct spray-coating is hindered by the high viscosity of ILs. The
use of solvents as dilutants is often undesired and may result in
non-uniformity (e.g., because of droplet formation during drying)
and an uncontrolled thickness. A vapor phase deposition method
would be desirable to overcome these challenges. Physical vapor
deposition (PVD), through direct IL evaporation and condensation
on a surface, has been demonstrated for alkylimidazolium
bis(trifluoromethylsulfonyl)imides (Tf,N).B2-34 However, PVD of
ILs requires an ultra-high vacuum (< 10 mbar) due to their low
vapor pressure (< 10 mbar at moderate temperatures), resulting
in low deposition rates only suited for fundamental studies.[-3
In specific cases, the surface-catalyzed cleavage of an ester-
functionalized IL with a higher vapor pressure can be exploited to
obtain a carboxylate-anchored IL monolayer on the surface.?
The formation of patterned IL films is typically achieved by printing
techniques, including direct,? indirect,?’31 and inkjet
printing.[*839 However, these wet techniques have a limited
resolution, which is controlled by the viscosity of the IL, the stamp
geometry, or the minimum ejected volume, and have a limited
throughput since patterns on larger areas are deposited
sequentially.B8  High-resolution ionogel patterns have been
fabricated by lithography and the use of photoresist-IL

mixtures.”® However, the scope of this approach is limited since
only for one IL, 1-butyl-3-methylimidazolium dicyanamide, the
mixtures were long-term stable and retained their transparency,
regardless of the photoresist tested.

In chemical vapor deposition (CVD), a thin film of the desired
compound is formed on the substrate through the reaction of
volatile precursors, typically enabling excellent thickness
control.*! CVD is a cornerstone technology in surface
engineering and microdevice fabrication.**43d Although CVD is
mostly associated with inorganic materials,*® deposition
processes have been demonstrated for organic and hybrid
polymers,“?  metal-organic frameworks (MOFs),*+4¢ and
graphene.*748 The observation that many ILs can be synthesized
from precursors with a significant vapor pressure inspired us to
explore the novel concept of “IL-CVD”: reacting two precursor
vapors to form a non-volatile IL on the surface. IL formation from
precursor vapors occurs in the chemical distillation of ILs. For
instance, alkylimidazolium ILs can be thermally decomposed to
their neutral precursors (imidazoles and alkyl halides), which
evaporate and react back to the original IL upon condensation.®-
51 This concept has also been demonstrated for carbamate,®2
silylimidazolium,® and protic ILs.®4 In contrast to chemical
distillation, IL-CVD allows for the formation of well-defined IL thin
films. Moreover, as IL-CVD would be compatible with a standard
lithography workflow, we investigated its potential in IL patterning.

The IL 1-butyl-3-methylimidazolium bromide ([bmim]Br) is formed
by a quaternization reaction of 1-methylimidazole (mim) and 1-
bromobutane (BB), typically at elevated temperatures under
solvent-free conditions.5%57] As a first step towards a CVD method,
liquid mim was exposed to vapors of the more volatile precursor
BB at 80 °C. As a result of BB absorption into the liquid
nucleophile precursor, mim could be successfully transformed
into [bmim]Br in high purity and 82 % yield based on mim (Figure
la). By following the same protocol, the scope of this vapor
quaternization approach could be extended to other imidazoles,
aliphatic amines, and pyridine as nucleophile precursors (Table
S1). Unreacted precursors remaining in the IL are easily removed
by heating in dynamic vacuum due to the non-volatility of the IL.
IH NMR proves complete removal of mim (initially 16 mol%) from
a mim/[bmim]Br mixture by heating to 120 °C in dynamic vacuum
(Figure 1b). Alternatively, excess mim in the formed IL can be fully
reacted to [bmim]Br by a longer BB exposure. In addition, the IL



guantity can be increased by absorbing more mim from the vapor
phase into the formed [bmim]Br, leading to an equilibrium mixture
of 68 mol% mim (at 120°C), and subsequent exposure to BB
leading to full conversion (Figure 1b).
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Figure 1. Bulk [bmim]Br formation from precursor vapors. a, IL formation
via BB vapor absorbing into liquid mim (80 °C, 24 h). *H NMR spectra (CDCls)
of mim, BB, and formed [bmim]Br (97 % purity). b, IL purification and cycling
(dark red = mim/[bmim]Br mixture) and *H NMR spectra (CDCls) recorded
before and after purification and cycling experiments, with a mim/[bmim]Br
mixture containing 16 mol% mim before purification (top) and 68 mol% mim after
mim vapor absorption for cycling (bottom); mim peaks are indicated with an
asterisk.

Next, the IL formation from precursor vapors was extended to film
deposition. To form IL on a silicon wafer, a thin film of a polymer
photoresist with affinity for the nucleophile mim was deposited first.
Whereas mim would rapidly desorb from the bare substrate once
dosing of the vapor is halted, a suitable resist layer in which mim
infiltrates can act as a buffer reservoir. Polar polymers such as
Novolak resists, polyvinylpyrrolidone, and polyimides proved
suitable for this purpose, as confirmed by absorption tests and
their position within the mim Hansen sphere (Figures S4-7). In a
second step, BB vapor is introduced, which infiltrates into the
resist and reacts with mim to form an ‘ionogel’ (Figure 2a).
Organic ionogels obtained by IL immobilization in a polymer
matrix®-61 have a broad spectrum of applications, e.g., in
actuators,[20.62.63] sensors,[40.64.65] capacitors, 166671 and
transistors.[%8%% Figure 2b shows the IL-CVD flow reactor in which
the precursor vapors are sequentially introduced by a nitrogen
carrier stream. To gain insight into the timescale of IL generation
in a 3 um resist film, the absorption of mim and formation of
[bmim]Br in the resist was monitored by in situ FTIR spectroscopy.
Figure 2c shows the ring vibration"®7% absorbance of mim (1518
cm?) and [bmim]Br (1167 cm™) over time. In the first step, the mim
band increases until stabilization after 10 h. Next, BB is introduced,
resulting in the rise of the [bmim]Br band and a simultaneous
decrease of the mim band, which approaches zero while the
[bmim]Br band stabilizes. The FTIR spectra of the ionogel after
heating to remove unreacted precursors demonstrate the
successful formation of [bmim]Br (Figure 2d). The ionogel film
was analyzed by thermogravimetric analysis coupled with mass
spectrometry (TG-MS). A temperature profile with isothermal

plateaus at 300 and 800 °C was used to separate the thermal
decomposition of [omim]Br and the resist, and to determine the IL
contents of the ionogel (Figure S9). Dequaternization of [bmim]Br,
to again form volatile alkylimidazoles and alkylbromides, occurs
around 250-300 °C (Figure 2e). Upon increasing the temperature
to 800 °C, the resist decomposes, illustrated by the detection of
benzene and cresole fragments (Figure S10). Infiltrating mim for
24 h into the resist layer, followed by BB infiltration for 48 h,
resulted in an ionogel with 34 wt% [bmim]Br (Figure 2f).
Repeating the infiltration-reaction sequence on the same film
increased the IL content to 44 wt%, and four cycles yielded 56
wt%. lonogels with a comparable IL content have been used as
actuators!®272 and capacitors.[! Shortening the mim evaporation
time to 4 h results in 7 wt% only, even after the second cycle.
Apparently, the infiltration rate of mim into the resist is limited by
slow diffusion, and the switch to BB leads to considerable mim
desorption from the surface and upper part of the film. Still, when
the infiltration time is sufficiently long, a homogeneous distribution
of [bmim]Br within the ionogel is obtained, as indicated by time-
of-flight secondary ion mass spectrometry (ToF-SIMS) depth
profiling: constant signals of IL fragments are detected upon
sputtering until reaching the wafer surface (Figure 2g). The
ionogel possesses a thickness of about 5 ym (Figure S11).

lonogel micropatterns can be easily obtained via the combination
of IL-CVD and standard photolithography since the precursors
selectively absorb into the photoresist and not onto the bare
substrate. As an illustration, well-defined microdrop patterns were
formed when subjecting a resist pattern on a Teflon-coated wafer
to IL-CVD. During the CVD process, precursor infiltration and IL
formation liquefy the solid resist, resulting in an in-plane
contraction and the formation of an ionogel microdrop array due
to the high contact angle of the substrate (Figure 3a). For instance,
a 100 pm square pattern in a 3 um thick resist layer was converted
into an array of ionogel microdrops with a diameter of 85 um and
a height of 20 pm (Figures 3b,c and S12, S15). lonogel
microdrops were also formed starting from 10 um resist patterns
(Figure S13). The use of other surfaces instead of Teflon (silicon
Si-OH and Si-H terminated, HDMS coating) resulted in
coalescence or irregular ionogel structures (Figure S14).

Because of their non-volatility and solvent properties, ILs have
been used as crystallization media for KBr,[® pentacene,[” and
a variety of pharmaceuticals.[”™ lonogel micropatterns enable to
exploit this crystallization mechanism in an area-selective fashion.
This approach opens up an entirely novel route for the integration
of molecular crystalline compounds into microfabrication, as
demonstrated here for methyl-4-hydroxybenzoate (MHB), a
compound with non-linear optical properties.l’® When MHB is
sublimed at 120 °C in a closed vial containing the ionogel pattern,
the vapor absorbs into the ionogel microdrops and MHB
crystallizes upon cooling to room temperature. Since no MBH
adsorbs on the substrate surface, crystallization occurs
exclusively from the ionogel, resulting in well-defined crystal-
covered areas with a height and width of 60 and 150 pm,
respectively, both several times larger than the dimensions of the
initial ionogel microdrops (Figure 4). In addition, thanks to their
monomer absorption properties, ILs enable polymerization from
the vapor phase, as demonstrated for polyureal’” and poly(2-
hydroxyethyl methacrylate).”® Similarly, ionogel microdrops can
act as microreactors for the polymerization of 3,4-
ethylenedioxythiophene (EDOT).[’™ By first absorbing EDOT at
120 °C and subsequently introducing |, vapor at 50 °C as an
oxidant, PEDOT-coated microdrops are obtained with a similar
shape as the ionogel and a minor increase in height (Figure 4).
The presence of PEDOT was confirmed by FTIR spectroscopy
(Figure S8).
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Figure 2. [bmim]Br film formation from precursor vapors. a, IL film deposition sequence from vapor phase precursors. b, Reaction chamber setup applied for
IL-CVD. ¢, FTIR monitoring of mim absorption and [bmim]Br formation in resist. d, FTIR spectra of an ionogel consisting of [bmim]Br and resist (top) and bulk
[bmim]Br (middle) and mim (bottom) for comparison. e, Mass spectra obtained by TG-MS from the ionogel at 300°C. f, [bmim]Br contents in the ionogel (wt%) as a
function of cycle number. g, ToF-SIMS depth profiles of an ionogel with a [bmim]Br content of 34 wt%. Both the positive scan (left) and the negative scan (right)

indicate the homogeneous distribution of the IL in the film.
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Figure 3. Formation of ionogel micropatterns by IL-CVD. a, Schematic
representation of ionogel microdrop formation. b, Height profiles of the
photoresist square pattern and ionogel microdrops. ¢, SEM images of the
photoresist pattern before (left) and after conversion to ionogel microdrops by
IL-CVD (right).
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Figure 4. Application of ionogel microdrops. a, Optical microscopy images:
Crystallization of MBH (left, white microdrops) and coating with PEDOT (right,
black microdrops). b, Height profiles of ionogel microdrops (middle), after
crystallization of MBH (left), and after coating with PEDOT (right).

For the first time, we demonstrated the CVD of an IL. The strength
of the IL-CVD method to deposit ionogel microstructures and the
ability of the vaporized precursors to conformally coat three-
dimensional substrates will facilitate leveraging the properties of
ILs in a range of devices and applications including
microsupercapacitors and microbatteries,®>-83 solar cells,*11
actuators,9 sensors,[15:16.29.30] membrane separation
processes,®4 and display textiles. ]
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