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of this fundamental limitation, several 
alternative approaches have been explored. 
Electron-beam (e-beam) lithography is 
one method used to obtain higher reso-
lutions (below 30 nm). A focused e-beam 
initiates the polymerization of the pho-
toresist, thus no photomask is required. 
However, this patterning method is 
limited by the size of the exposed litho-
graphic area. [ 2 ]  Furthermore, the process 
is not suitable for mass-production since 
it is a relatively slow technology, and the 
e-beam stability becomes problematic 
during the time consuming writing pro-
cess. Alternatively, X-ray lithography is a 
further nanotechnology in which exposure 
wavelengths of under 100 nm are used 
and structures smaller than 30 nm may 
be achieved. [ 3 ]  Unfortunately, the high 
costs of mask fabrication for X-ray lithog-
raphy limits the implementation of this 
technology in large scale production. For 
low-cost pattern imprinting, nanoimprint 
lithography can be used. This method 
uses a molding or a stamping process to 
replicate patterns from a master. Struc-

tures with dimensions in the range of 10 nm have been pre-
sented. [ 1 ]  Two diffi culties restrict the wide spread use of nano-
imprinting: the generation of the mold (it must be patterned by 
another method, for example, those discussed above) and low 
replication yields. 

 As the range of scientifi c and industrial applications has 
been increasing, the requirements on the materials and their 
processing have become more challenging. For example, all 
these lithographic methods, which use masks or expose directly 
the photoresist material, are limited to planar processing. 
Therefore, manufacturing of 3D structures requires a fl at sur-
face to start with and a multistep chemical posttreatment. 

 To overcome this processing limitation, further develop-
ment in the engineering of new fabrication technologies and 
materials is required to extend device functionalities to appli-
cations requiring 3D microstructures. For instance, two-photon 
polymerization (2-PP), also known as 3D direct laser writing 
(DLW) lithography, is a novel rapid prototyping technique that 
permits the fabrication of complex volume structures with a 
feature size below 100 nm ,  i.e., much smaller than the irradi-
ated wavelength of the light. [ 4 ]  The key aspect of this method 
is that polymerization takes place only inside the focus of the 
laser beam. Thus, the 2-PP process provides a one-step 3D pat-
terning approach and a superior nanometer resolution in com-
bination with an accurate control of the topology. [ 5 ]  
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  1.     Introduction 

 Lithography is a well established technology for the fabrication 
of microelectrical–mechanical system (MEMS) devices. During 
this process different patterns are transferred from the pho-
tolithographic mask to a layer of light-sensitive material, i.e., a 
photoresist, employing an energy source (e.g., UV-light). Impor-
tant aspects of the lithography technology are feature size and 
manufacturing cost (i.e., materials, number of photomasks, etc.). 

 Conventional photolithography is developing in the direc-
tion of increasing resolution while decreasing fabrication 
costs. Ultimately, the resolution of the structures is mainly 
dictated by the diffraction limit of the radiation used. Thus, a 
disadvantage of conventional techniques is the inability to fab-
ricate structures with feature sizes below 50 nm. [ 1 ]  As a result 
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 The process diversity and the adaptability of the 2-PP fabrica-
tion technique are signifi cantly determined by the properties of 
the employed photoresist. For example, IP-L 780 (Nanoscribe 
GmbH, Germany) is a solvent-free negative photoresist for-
mulation, designed specifi cally for the demands of two-photon 
absorption, that allows extraordinary 3D resolution and high 
mechanical stability. [ 6 ]  No pre- and postexposure thermal treat-
ment is required for solvent removal and chemical curing of 
the material, respectively. Thus, IP-L 780 is ideally suited for 
fast automated processes, as the curing process can be exactly 
controlled in spatial and temporal terms and takes place within 
seconds without heating of the material. Other advantages of 
the photoresist are a low proximity effect, little shrinkage, 
good adhesion on glass substrates, and easy handling 
(e.g., drop-casting of the photoresist). The 2-PP-induced curing 
of IP-L 780 results in a change in the refractive index compared 
to uncured resin. This allows a visual observation of the curing 
and makes IP-L 780 extremely suitable for real-time optimiza-
tion of the fabrication process. 

 Generally, photoresist is an electronic insulator in its pure 
(i.e., undoped) state. In order to signifi cantly increase the con-
ductivity of the polymerized material, other composites, such 
as terthiophene (3T) with copper (II) perchlorate, [ 7 ]  carbon 
black particles, [ 8 ]  silver or protonically doped polyaniline nano-
particles [ 9,10 ]  have to be added. However, these Electrically Con-
ductive Polymer Composites (ECPCs) have several restrictions. 
First, the addition of fi ller particles into the photoresist results 
in an important increase of the mixture’s viscosity. Therefore, 
during material processing there is a need to control viscosity 
and sedimentation of fi ller particles, for example, by additional 
solvents, which would have a strong infl uence on photo-polym-
erization. [ 9 ]  Second, fi lm deposition on quartz wafers by spin-
coating or drop-casting may have a great effect on the surface 
morphology when using microparticles and may lead to inho-
mogeneous conductive layers. [ 11 ]  Due to surface roughness 
the challenge arises to interpret the conductivity behavior of 
thin fi lm layers. Third, composite material structuring is con-
strained to 10–30 µm because of the light diffraction from fi ller 
particles. [ 7,9,11 ]  And fi nally, cured material has low transparency 
over the visible range. 

 Ionic liquids (ILs) have appeared in recent years as novel 
compounds in materials research and are already used in indus-
trial processes due to several attractive characteristics. They fea-
ture high ionic conductivity (up to 30 mS cm −1 ), low volatility, 
low fl ammability, excellent solvent solubility, and high thermal 
and chemical stability. [ 12 ]  This new class of materials possesses 
a wide electrochemical window up to 5.7 V, which describes the 
potential range in which the IL does not undergo any oxidation 
or reduction reactions. [ 13 ]  ILs have the immense advantage of 
being transparent and easy to produce, with a wide variety of 
anion/cation combinations which can be adjusted to tailor their 
physical properties. [ 14,15 ]  ILs seem to be very promising mate-
rials for applications not only in fl exible electronic devices, such 
as displays and photovoltaics [ 16 ]  but also in electrochemical bio-
sensors because of their good compatibility with biomolecules 
and enzymes, and even whole cells. [ 17 ]  Several reviews are 
available covering the main characteristics of ILs, their advan-
tages, application challenges, and scientifi c potential. [ 18–20 ]  A 
brief qualitative and quantitative overview of established and 

emerging transparent and conductive materials, including 
IL–polymer composites, is presented in Table 1 by Loeffelmann 
et al. [ 21 ]  

 The liquid nature of ILs is an obstacle to applications where 
a predefi ned physical shape is required. For these applica-
tions, a process of solidifi cation is necessary which enables 
the immobilization of ions. [ 15 ]  It comprises the formation of 
a branched polymer or a 3D solid structure in the form of a 
polymer matrix, which entraps the IL in the porous network. In 
this material, liquid-like properties (e.g., charge transport) orig-
inate from the IL, whereas solid-like properties originate from 
the host polymer, which contributes to material fl exibility while 
preventing the system from fl owing. 

 Free radical polymerization is a key method used by the 
polymer industry to produce a wide range of polymers. [ 15 ]  
During this process polymers are synthesized by linking 
together monomer units without loss or gain of material due to 
UV [ 22 ]  or thermal initiation. [ 23 ]  There are currently several known 
IL-polymer combinations that are fabricated by carrying out free 
radical polymerization of various monomers in IL as solvents 
or fi llers. The infl uence of ILs on the polymerization kinetics 
of monomers and their application in photopolymerizable holo-
graphic materials were studied in depth by several research 
groups. [ 24–27 ]  The properties of ILs, such as solubility, polarity, 
and viscosity turned out to be the main factor infl uencing the 
polymerization rate of the IL-monomer systems. [ 24, 27,28 ]       

 The combination of light-sensitive nonconductive polymers 
(e.g., SU-8 or IP-L 780), as a host network, with ILs would 
bring superior advantages in terms of material characteristics. 
Compatibility with the 2-PP process yields the opportunity to 
produce high-resolution conductive structures in a single-step 
process. The combination of IP-L 780 and IL is of particular 
interest, since no volatile solvents would have to be removed by 
an additional process step. As no evaporation of solvents after 
the polymerization would take place, undesired shrinkage and 
deformation in the structures can be avoided. [ 29 ]  

 Hence, ILs incorporated into polymer matrix seem to be 
very promising material class for many industrial and scientifi c 
applications, for example in temperature and relative humidity 
(RH) sensors, in terms of transparency, high sensitivity, long-
term thermal, chemical, and mechanical stability. [ 18–20 ]  Temper-
ature and RH are the most frequently measured environmental 
parameters, which affect most physical, electronic, chemical, 
mechanical, and biological systems. Certain chemical reac-
tions, biological processes, and electronic circuits perform only 
within a limited temperature or RH range. 

 This paper reports a new crosslinkable, conductive, highly 
transparent composite material based on a photoresist 
(e.g., IP-L 780 or SU-8) and the IL 1-butyl-3-methylimidazolium 
dicyanamide (BMIM DCA). The IL-polymer composites pos-
sess a good and stable ionic conductivity (up to 10 mS cm −1  at 
room temperature) over a wide frequency bandwidth (1 kHz–1 
MHz) and a good transparency (transmission value of 90% for a 
170 µm thick cast fi lm). The described two-photon nanolithog-
raphy enables a single-step process for direct structuring of the 
material with extremely high resolution (down to 200 nm) and 
high aspect ratio (up to 1:20). Combining the advantages of 
both the material and 3D photolithography, a multifunctional 
sensor with the enhanced ionic conductivity (up to 4 S cm −1 ) 
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for temperature and RH sensing is demonstrated. Additionally, 
the material has the ability of mechanical deformation sensing.  

  2.     Results and Discussion 

  2.1.     Identifi cation of a Transparent, Conductive Polymer–IL 
Composite 

 The fi rst step of the process development was to identify physi-
cally compatible combinations of a suitable photoresist (ame-
nable to 2-PP lithography) and an IL. Compatible mixtures 
were required to meet the following criteria: homogeneity, no 
sedimentation or phase separation for the liquid mixture and 
optical transparency and suffi cient mechanical strength for 
the resultant polymerized material. Based on the experimental 
results of our previous study, imidazolium- and DCA-based 
ILs were identifi ed as ideal candidates. [ 21 ]  It was found that 
the length of the alkyl side chain at the imidazolium cation of 
the IL plays a key role for the compatability of IL and polymer. 
Because of the longer alkyl side chain at the imidazolium ring, 
the BMIM cation shows a lower polarity than, for example, 
1-ethyl-3-methylimidazolium (EMIM) cation. This leads to a 
better adjustment in polarity between the IL and the monomer 
before polymerization and as well between the IL and the pol-
ymer after polymerization. In addition, the longer alkyl side 
chain at the BMIM cation is combined with a higher volume of 
the ion. This, in turn, lowers the Coulomb interaction between 
the anion and the cation of the IL and enables more interaction 
between IL and monomer. 

 During the screening test a series of mixtures were prepared 
by varying the photoresist/IL weight ratio, using the photore-
sists IP-L 780 or SU-8 and the ILs including 1-butyl-3-methyl-
imidazolium dicyanamide (BMIM DCA), 1-ethyl-3-methylimi-
dazolium dicyanamide (EMIM DCA), 1-ethyl-3-methylimidazo-
lium bis(trifl uoromethylsulfonyl)imide (EMIM TFSI), 1-butyl-
3-methylimidazolium hexafl uorophosphate (BMIM PF 6 ), 
1-butyl-3-methylimidazolium tetrafl uoroborate (BMIM BF 4 ), 
1-ethyl-3-methylimidazolium tricyanomethanide (EMIM TCM), 
1-methyl-1-propylpiperidinium bis(trifl uoromethylsulfonyl)
imide (BMPyrr TFSI), and 1-butyl-1-methylpyrrolidium dicy-
anamide (BMPyrr DCA). BMIM DCA, EMIM DCA, and EMIM 
TFSI did not phase separate with IP-L 780, while BMIM DCA, 
BMPyrr DCA, BMIM PF 6 , and BMIM BF 4  remained homoge-
neous with SU-8. It was further observed that mixtures based 
on EMIM TCM or BMPyrr TFSI and photoresist (IP-L 780 or 
SU-8) were not compatible. 

 To evaluate the polymerized product of each mixture, a 
droplet (≈10 µL) was deposited on a glass slide and exposed to 
UV-light (365 nm) for different periods of time. It was observed 
that only mixtures including BMIM DCA were long-term stable 
and retained their transparency, regardless of the photoresist 
used. Acceptable mechanical stability was achieved when the 
mixture of photoresist/IL was in the ratio 1:1. Therefore, these 
samples were selected for further characterization (hereafter 
referred to as Conductive Polymeric material based on a Pho-
toresist and Ionic Liquid 50—CPPLI 50 for short). 

 For a better understanding of the interaction between the IL 
and polymer network,  1 H NMR measurements have been done 

on the pristine IL (BMIM DCA), pristine cured and uncured 
photoresists (IP-L 780 or SU-8), and the composition of cured 
and uncured CPPLI 50 based on IP-L 780 or SU-8 (spectra are 
shown in Figure S1, Supporting Information). The measured 
spectra suggest the absence of chemical reactivity of the IL 
components with the photoresist before and after the curing 
process. Analysis of the integrated area ratios and chemical 
shift of the IL resonances postcuring reveal identical values to 
the pure IL spectrum precuring, although there is expected line 
broadening caused by the introduction of the polymer matrix. 
These values would be expected to vary in the case that a 
chemical reaction occurred between the IL and the photoresist 
during the polymerization. 

 The second step of the process was the characterization of 
the conductive properties of CPPLI 50. Generally, IL-polymer 
composites show good ionic transport properties because of a 
high self-dissociation and ion-transporting ability of the inte-
grated ILs. [ 24,30,31 ]  A wide array of electrochemical characteri-
zation techniques for conducting polymers are available. The 
most popular techniques in this fi eld are cyclic voltammetry 
(CV) and impedance spectroscopy (IS). [ 32,33 ]  CV allows the 
assessment of the basic transport properties of the material, 
including oxidation–reduction reactions and applied potentials. 
During IS, employing an equivalent circuit (i.e., Randles and 
Ershler models), useful deductions about the properties of a 
given material are recorded in situ and interfacial effects are 
determined. 

  Figure   1 A displays two CV cycles of CPPLI 50 based on IP-L 
780 (cyclic voltammograms of other compositions with dif-
ferent weight percentage of the photoresist in the IL are pre-
sented in Figure S3, Supporting Information). A steep current 
increment at both reduction and oxidation limits (i.e., cut-off 
current) was observed, which can be attributed to a decomposi-
tion of the IL (BMIM DCA) at the given potential limit range 
larger than ≈−0.7 and 2.0 V (results not shown). This observa-
tion is in full compliance with the publication of Hayyan et al. 
who described anion oxidation and cation reduction as being 
responsible for the anodic and cathodic limits observed in 
ILs. [ 13 ]  It has to be noted that a presence of impurities, such 
as water, and a fi lm thickness of the material are of impor-
tant consideration in voltammetric data. [ 32,34 ]  An increase in 
water content can affect the physical and chemical properties 
of the material and narrow the electrochemical window. With 
increasing fi lm thickness, the bulk resistance of the material 
can limit the current fl ow. Besides, the presence of dissolved 
gases, such as oxygen or carbon dioxide, may contribute to the 
background current. Different voltammetric features of scan 2 
and scan 3 in the positive potential directions may represent 
oxidation of water while those at the negative potential confi rm 
a combination of the reduction of oxygen and water. 

  Ionic conductivity values of CPPLI 50 were obtained from 
complex impedance measurements, in which a sinusoidal 
potential wave of varying frequency was applied to the tested 
sample. It is assumed that with increasing strength of the 
applied voltage, the ion mobility in the IL-polymer composite 
is enhanced. [ 35 ]  The applied voltage supports the breakup of 
free ion clusters in the IL phase of the material and leads to a 
higher number of charge carriers, and hence results to a higher 
conductivity. In order to avoid fl uctuations in the measured 
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conductivity values, caused by the breakup of ion clusters in the 
IL phase of the material, the measurements were performed at 
a low voltage of 10 mV. 

 The impedance spectrum exhibited its maximum value 
at the lowest frequency and showed an impedance decrease 
towards higher frequencies until a plateau was reached at 
≈1 kHz (red and blue solid lines in Figure  1 B). Between 1 kHz 
and 1 MHz, all spectra showed an almost constant value in the 
range of 100–200 Ω. It is assumed that at low frequencies, the 
time intervals between the polarity reversals are suffi ciently 
long for the development of electrical double layers at the inter-
face between the electrode surfaces and the CPPLI structure. [ 35 ]  
In the electrical double layer each layer is conductive, but no 
signifi cant current can fl ow between the layers. This accounts 
for the high impedance values at low frequencies. The strongly 
negative values of the corresponding phase angles confi rmed 
this assumption (red and blue dashed lines on Figure  1 B). They 
indicated that the system acted similar to a capacitor, where 
charge is collected at the electrodes. With increasing frequency, 
the faster polarity reversals counteracted the formation of 
electrical double layers. Consequently, the impedance spectra 

exhibited decreasing values. When the corresponding phase 
angle values strived towards 0°, the system behaved less like a 
capacitor and more like a resistor. 

 The conductivity values were calculated according to 
Equation (S3), Supporting Information. The highest ionic con-
ductivity of the CPPLI 50 based on IP-L 780 was measured to 
be in the range of 1–10 mS cm −1  at a frequency range between 
10 kHz and 1 MHz. The value represents a very good ionic con-
ductor behavior for the IL-in-polymer composite. [ 36–38 ]  For the 
CPPLI 50 based on SU-8, the ionic conductivity was approxi-
mately the same except that the plateau was reached at 1 kHz. 
One possible explanation of this phenomenon might be a 
residual solvent. A baking stage precedes the exposure to UV 
radiation, to remove excess solvents from the layer. Therefore, 
any remaining solvent may play a role in higher ion transport 
at lower frequencies. 

 Optical properties of the material defi ne the ability to transfer 
or absorb/scatter the light of a certain wavelength. Thus, in the 
last step of the process spectral sensitivity of the compositions 
to UV curing was examined by optical spectroscopy. While 
absorbance spectrum of uncured CPPLI 50 based on IP-L 780 
(red solid line in  Figure   2 A) showed high absorbance values (up 
to 3) between 400 and 450 nm, CPPLI 50 based on SU-8 (blue 
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 Figure 1.    CV of CPPLI 50. A) The current fl ow was scanned between 
working glassy carbon and counting platinum electrodes relative to 
a silver–silver chloride electrode at a frequency  f  = 10 kHz and a scan 
rate 50 mV s −1  at 25.0 °C. The voltammograms for the bare working 
electrode and pure IP-L 780 are shown for comparison. IS of CPPLI 50. 
B) The impedance magnitude | Z | was recorded at the voltage ampli-
tude  V  = 10 mV in normal atmosphere for CPPLI 50 based on IP-L 780 
(red solid line) and CPPLI 50 based on SU-8 (blue solid line). The cor-
responding phase angles are shown in red and blue dashed lines. The 
spectrum for IL (BMIM DCA) is shown for comparison.

 Figure 2.    Spectral absorbance of the 170 µm thick layer of uncured CPPLI 
50. A) Optical transmission of 170 µm thick cast fi lm of cured CPPLI 50 in 
the visible spectrum. B) The spectra for pure photoresists (IP-L 780 and 
SU-8), deionized water, and IL (BMIM DCA) are shown for comparison.
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solid line in Figure  2 A) demonstrated a signifi cant absorbance 
increase for wavelengths below 360 nm. A comparison of the 
CPPLI 50 to pure photoresists’ absorbance spectra showed that 
adding of the IL into the photoresists had no signifi cant infl u-
ence (i.e., only a slight shift towards lower wavelengths) on the 
optical properties of the composite materials. 

  In addition, we examined optical transmission properties 
of cured CPPLI 50. Both spectra of CPPLI 50 based on IP-L 
780 and SU-8 showed high transmission values over nearly 
the entire visible range between 380 nm and 780 nm (red and 
blue solid line in Figure  2 B). Towards lower wavelengths, a sig-
nifi cant transmission decrease was observed for wavelengths 
below 450 nm (e.g., 80% light transmission for CPPLI 50 based 
on IP-L 780 and 90% light transmission for CPPLI 50 based on 
SU-8). This could be detected visually by a slight yellow color of 
the compositions. 

 As a result, two IL-polymer composites were identifi ed that 
address the technical problems of current conductive photo-
lithographic compositions. In contrast to commonly used mate-
rials, consisting of crosslinkable materials and fi ller particles, 
CPPLI 50 has several advantages: (1) during material handling 
there is no need to control viscosity and sedimentation of fi ller 
particles; accordingly, uniform fi lm deposition can be per-
formed on quartz wafers by spin-coating and drop-casting; (2) 
material structuring with high resolution is possible due to 
homogeneity and high clarity of the mixture; (3) and fi nally, 
cured material has good optical transparency over the visible 
range. 

 Compared to other solid polymer electrolytes, CPPLI 50 
has the following benefi ts: (1) almost no effort with respect 
to optimizing the material handling has to be performed 
(e.g., no control of ambient conditions and no special pre- and 
postprocessing), [ 36–38 ]  in particular, for CPPLI 50 based on IP-L 
780 no care has to be taken to ensure evaporation of solvents 
before and after polymerization, which would have an effect on 
mechanical strength and electrochemical stability; (2) it does 
not contain any plasticizers that are often used to obtain high 
ionic conductivity (up to 10 −4  S cm −1 ); [ 37 ]  (3) it possesses a wide 
range of material properties (i.e., tunable): the ratio of IL to 
photoresist can be easily adjusted to tailor physical and chem-
ical properties of the composition (up to 90 wt% of BMIM DCA 
in the photoresist while remaining completely compatible); [ 36 ]  
(4) cured CPPLI 50 exhibits no ion aggregation of various sizes 
that is typical for salt-in-polymer electrolytes (e.g., single-ion 
conductors based on lithium cations). [ 39 ]   

  2.2.     Two-Photon Nanolithography for Conductive IL–Polymer 
Composite 

 After the identifi cation and characterization of the suitable 
composite mixture, the material was patterned by two-photon 
nanolithography. Two-photon irradiation leads to a spatially 
confi ned power absorption profi le within the laser focus, hence 
triggering photopolymerization of this volume ( Figure    3  ). The 
laser focus trajectory inside the material droplet is defi ned 
for computed contours and hatch lines of the 3D structure by 
scanning the substrate relative to a spatially fi xed focal posi-
tion. Depending on the choice of microscope objective and 

substrate used, the writing process can be observed in situ and 
in real-time. Typically, subsequent postexposure thermal treat-
ment leads to chemical crosslinking. After this process, suffi -
ciently crosslinked parts are rendered insoluble in a subsequent 
developer bath whereas insuffi ciently or nonexposed parts of 
the photoresist volume are simply washed away. Finally, the 
exposed volume is revealed as a freestanding 3D structure. In 
this context, our goal was the development of a solvent-free IL 
containing formulation, suitable for the high-resolution 2-PP 
process. For this reason, we concentrated our attention on 
CPPLI 50 based on IP-L 780. 

  The photolithography process was fi rst optimized on a glass 
slide. We used a 63x magnifi cation (numerical aperture ≤ 1) air 
objective to have a good vertical resolution. The writing speed 
was slow enough (100 µm s −1 ) to achieve complete crosslinking 
and to guarantee a well-defi ned geometry and structural 
rigidity. To ensure that the polymerized material had a good 
connection to the substrate, and to enhance the mechanical sta-
bility, the writing volume overlapped a few micrometers with 
the substrate. 

 At the microscale, the electrical properties of the fabricated 
structures might be infl uenced not only by the material com-
position but also by such surface roughness. [ 40 ]  To evaluate the 
structures, confocal optical microscopy was used as an interme-
diate evaluation step before high-resolution scanning electron 
microscopy (HRSEM). A magnifi cation of 88.000x allowed us 
to make a detailed investigation of the surface roughness as 
a function of applied laser power and the direction of writing 
(i.e., hatching), the distance between polymerized lines and 
between slices. As examples, the surface roughness of two 
structures, obtained by writing perpendicular to the length of 
the structure and using laser powers of 70% and 100%, are 
depicted in  Figure   4 A,B, respectively. A laser power below 
70% was not suffi cient for material polymerization. In these 
examples, the distances between polymerized lines, i.e., wires 
(Figure  4 B), and between the slices of the structures were 
maintained to be not more than 200 nm, in order to provide 
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 Figure 3.    2-PP photolithography. Left: Schematic illustration of the mate-
rial curing mechanism by the direct laser writing process. Right: The laser 
pulse is utilized for spatially confi ned two-photon absorption volume of 
the IL–polymer composite inside the focus of the laser beam. A three 
axis piezoelectrical stage controls the accurate motion of the substrate.
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smoothness to the crosslinked lines, and to ensure complete 
interconnection between slices, but not increased further, to 
avoid development errors due to a lack of intensity. However, it 
was found that at the applied laser power of 100%, the distance 
between polymerized lines and between slices could be reduced 
to below 200 nm to achieve thinner polymerized lines. Figure 
 4 C shows a fabricated structure resulting from a laser power 
of 100%, hatching parallel to the length of the structure, the 
distance between cured lines and between slices of 150 nm. A 
comparison of the CPPLI structures to the pure IP-L 780 struc-
tures indicated that adding of the IL to the photoresist has no 
signifi cant impact on the surface morphology and resolution of 
the obtained structures (data not shown). 

  Figure  4 D,E show HRSEM images of the fabricated struc-
tures with an aspect ratio of 1:20, and a resolution down to 
200 nm, achieved with the optimized fabrication parameters. 
All parameters are listed in Supplementary Material 4, Sup-
porting Information. 

 For the characterization of the CPPLI structures, we manu-
factured well-defi ned microstructures between two metallic 
electrodes to reduce the writing time, hereafter referred to as 
sensor elements. The straightforward fabrication process of the 
electrode substrate used in this work is described in Supple-
mentary Material 5, Supporting Information. A critical aspect 
in the writing process was to ensure the electrical connection 
to the electrodes. It was observed that air bubbles, incorporated 
into the cured CPPLI structure, were the main critical issue. 
Due to the low wettability of the substrate and the metallic elec-
trodes, tiny air bubbles remained trapped along the perimeter 

of the electrodes, and at the interface between 
electrodes and liquid CPPLI ( Figure    5  ). To 
guarantee an electrical contact between the 
CPPLI structure and the electrodes, the laser 
had to move over the electrode pad. Conse-
quently, optical refl ections from the elec-
trodes caused uncontrolled polymerization 
and resulted in bubble formation. The elec-
trical characteristics of the sensor element 
depends on its geometry, hence incorporated 
air bubbles could make precise quantitative 
measurements with the small scale sensor 
elements especially diffi cult. To prevent non-
defi ned structures during polymerization, 
two different approaches for electrical inter-
connection of the sensor element with elec-
trodes were utilized. 

  The fi rst approach for electrical intercon-
nection included: (1) the manufacturing 
of a sensor element precisely between the 
electrodes (i.e., areas of uncontrolled poly-
merization); (2) generating an additional 
horizontal overlap (≈5 µm) from both sides 
of the already polymerized area to the elec-
trodes. The direction of laser movement was 
fi xed along the length of the sensor element 
to reduce the time the laser spot spent in 
the potential area of trapped bubbles. These 
allowed us to dramatically reduce air bubbles 
embedded inside the sensor element. The 

geometry of the sensor element, termed sensor element 1, was 
200 µm × 10 µm × 10 µm (length × width × height,  Figure    6  A). 

  The second approach aimed to avoid laser movement over 
the electrode pad entirely, and included the deposition of con-
ductive polymeric gel-like material between the sensor element 
and the electrodes by an ink-jet printing process as described 
by Loeffelmann et al. [ 35 ]  Figure  6 B shows a bracket-like 
sensor element, named as sensor element 2, with a geometry 
of 200 µm × 10 µm × 10 µm (length × width × height). The 
brackets at both ends of the sensor element around the metal 
electrodes were implemented as capillary traps and helped to 
ensure the electrical interconnection. By depositing a spreading 
droplet at the edge of the electrode automatically guaranteed 
the interconnection with the sensor element without compro-
mising the sensor element. We used a solvent-free ink to mini-
mize problems commonly associated with evaporation during 
printing (e.g., instabilities caused by increased ink viscosity, 
nozzle clogging, etc.). A schematic of the ink-jet printing pro-
cess is depicted in  Figure    7  . It was observed that wetting of the 
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 Figure 4.    In the upper row, HRSEM images show the surface morphology of the fabricated 
structures. Different morphologies are displayed resulting from increasing laser power of 
A) 70% and B) 100% while the direction of laser scanning was perpendicular to the length 
of the structure. The result of the laser movement along the length of the structure, the laser 
power of 100%, the distance between scan lines and between slices of 150 nm is presented in 
(C). In the lower row, HRSEM images of the fabricated conductive line-like structures with a 
resolution down to D) 200 nm and high aspect ratio up to E) 1:20 are depicted. The distance 
between scan lines and between slices is 200 nm. The smooth corners of the structures are the 
result of the ellipsoidal two-photon absorption volume.

 Figure 5.    Illustration of air bubbles trapped at the interface between the 
liquid CPPLI 50 and the electrodes.
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sensor element by ink droplets and droplet accumulation pre-
vented proper electrical contact. To avoid the spreading of the 
printed fl uid, the hydrophobicity of the substrate was increased 
by silanization (Figure S7, Supporting Information). A silane 
layer of a few nm prevented spreading and allowed us to con-
trol the exact position of each ink-jet printed droplet (i.e., the 
contact angle was effectively increased from 27° to 75°). As a 
result, the ink-jet printing of 1 to 15 droplets was suffi cient to 
guarantee the electrical interconnection between the sensor ele-
ment and the electrodes. Photographs of the sensor element 
with the ink-jet printed conductive gel-like material are shown 
as an example in Figure S8, Supporting Information. 

  The characterization of the conductivity of the two sensor 
elements was performed by IS. The impedance magnitude 
|Z| of the two sensor elements was measured as a function of 
frequency and the graphs are depicted on  Figure   8 . As it can 
be observed, sensor elements 1 and 2 exhibit a signifi cant dif-
ference in their electrical behaviors. It can be assumed that an 
extra interface (e.g., due to the nm silane layer or the ink-jet 
printed droplets) produced an additional resistance–capacitance 

couple, and therefore infl uenced the electrical characteristics 
of sensor element 2. The shifting of the corresponding phase 
angles through the whole frequency range confi rmed this 
assumption. 

  A comparison of the fabricated sensor elements and cast spec-
imens (Section 2.1, Figure  2 B) clearly indicates that the conduc-
tivity of the fabricated microstructures was signifi cantly higher 
(in the range of 1–4 S cm −1 ) than those of cast specimens. More-
over, the corresponding impedance phase angles indicate that 
the sensor element 1 behaves like resistor over the whole range 
of frequency (1 Hz–1 MHz). We assume that the proposed fab-
rication method has a strong infl uence on the CPPLI material 
characteristics, resulting in enhanced ionic transport at optimal 
IL concentration and fabrication parameters. 

 The multilayer structure of the host polymer, identifi ed by 
HRSEM images, may play a major role in this phenomenon 
(a schematic illustration is presented in Figure S9, Supporting 
Information). The ion transport in the crosslinked network is 
strongly dependent on the interaction between the ions and the 
polymer matrix. Ion channels (i.e., pores in the polymeric mate-
rial), established between the cured slices during the 2-PP pro-
cess, may contain more IL, and therefore may offer pathways 
for faster ion-conduction. One interesting observation confi rms 
our assumption about the multilayer structure. Delamination of 
the top slice of a large surface area sample (1 × 1 × 1 mm 3 ) took 
place at a laser power of 100%. It is likely that the stress, devel-
oped during the curing process, can exceed the limit of plastic 
deformation of the material. [ 41 ]  Incomplete polymerization 
between the slices led to the peeling off of the slice. We thus 
investigated experimentally the infl uence of cured slice thick-
ness on conductivity. It was found that by increasing the laser 
power level from 70% to 100%, cured slices became slightly 
thinner; however, the conductivity was only marginally affected 
(in the range of 1%–2%). Conversely, shortening the distance 
between cured lines and between slices to 150 nm signifi cantly 
decreased the ionic conductivity (in the range of 12%–15%). 
The connection between the measured ionic conductivity and 
the distance between slices suggests that ion transport occurs 
primarily between the cured slices. 

 Another possible explanation of enhanced conductivity, sup-
ported by the HRSEM images, is that the metal from the elec-
trodes (i.e., gold or chromium) penetrated into the polymeric 
material during the laser writing process. Metallic particles 
became incorporated into the sensor element structure and con-
tribute to the electronic conductivity. We noted that the signal 
(i.e., image intensity), generated from the sensor element in the 
near-by area of the metallic electrodes, had a similar intensity 
to that of the electrodes. The huge impedance plateau of sensor 
element 1 supports this theory. There is no capacitive behavior 
visible as is typical for ionic conductors (Figure  8 ). 

 Although the direct laser writing technology is a very prom-
ising manufacturing technique, it is still a developing tech-
nology and requires further investigation. In the 2-PP process, 
various effects occur simultaneously that infl uence each other 
and determine the resultant material properties. Only little is 
known about the crosslinking behavior of the photosensitive 
monomer and the physical and chemical interactions with IL. 
The numerous possible driving forces for ion mobility within 
in a polymer network complicate the predictability of detector 
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 Figure 6.    HRSEM images of two sensor elements. A) The geom-
etry of sensor element 1 in terms of length × width × height is 
200 µm × 10 µm × 10 µm. The additional horizontal overlaps, indicated 
by a dashed rectangle, are implemented for the incterconnection of the 
sensor element and the electrodes. B) The geometry of the sensor ele-
ment 2 is 200 µm × 10 µm × 10 µm. The brackets at both ends of the 
structure around the electrodes are implemented as capillary force bar-
riers for ink-jet printing (see Figure  7 ).

 Figure 7.    Ink-jet printing process of the solvent-free ink between the 
sensor element and the electrodes.
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performance. Thus, further investigation into the infl uence of 
fabrication parameters on the conduction electrochemistry of 
the CPPLI material is necessary. In particular, attention must 
be given to different material compositions, also discussed in 
Supplementary Materials 1 and 2, Supporting Information. 

 The long sequential writing time of the 2-PP process is a key 
limitation. An upgrade of the current 2-PP system confi gura-
tion is claimed to reduce the writing time up to 100 times. [ 42 ]  
This could potentially render the structuring of CPPLI mate-
rial more practical for applications. Additionally, SU-8 is a 
commonly used photoresist for the fabrication of advanced 
semiconductor devices and MEMS. Therefore, the composi-
tion based on ILs and SU-8 photoresist is equally applicable for 
other manufacturing techniques. For example, the combination 
of conventional and 2-PP photolithography techniques would 
signifi cantly reduce the writing time while still maintaining the 
integrity of a complex system.  

  2.3.     Multifunctional Sensor Based on Conductive Polymer–IL 
Composite 

 We have described a novel technique for nanolithographic pat-
terning of conductive polymeric structures. These structures 
are candidates as humidity and temperature microsensors, 
which typically exploit the variation of electrical conductivity on 
an environmental quantity. Electrochemical sensors based on 
ILs benefi t from high reproducibility and low cost. [ 43–45 ]  In fact, 
similar IL–polymer composite, which was especially developed 
for the deposition by ink-jet printing, has already been charac-
terized as potential sensing material for temperature and RH 
measurements. [ 35 ]  As proof-of-concept, we explored the ionic 
conductivity change of sensor elements 1 and 2 as a function of 
temperature or RH change in real time by IS. A photograph of 
the full sensor is shown in Figure S10, Supporting Information. 

 In order to investigate the infl uence of the temperature 
on the electrical conductivity of the sensor element, the tem-
perature of the surrounding atmosphere was varied while the 
water content in the desiccator was kept constant. As expected, 
the conductivity increased with increasing temperature 

( Figure   9 A,B). Higher temperatures in the 
sensor element were coupled with higher 
mobility resulting in the increase in con-
ductivity. [ 14,35,45 ]  Compared to sensor 1, 
sensor 2 exhibited higher sensitivity (up 
to 0.5 mS cm −1  °C −1 ). This was expected 
because the total surface area of sensor 2 
was larger than that of sensor 1. However, 
the temperature response linearity (i.e., 
coeffi cient of determination  R  2 ) of sensor 
1 was superior to sensor 2 ( R  2  = 0.98 and 
 R  2  = 0.87, respectively). The results of the 
experiments suggest that electronic con-
ductivity is the dominating mechanism 
for sensor 1. Increasing temperature has a 
strong infl uence on ion mobility but almost 
no effect on electron mobility. The small 
change of conductivity at high temperatures 
proves this assumption. 

  Conductivity as a function of RH was also measured. In 
Figure  9 C,D, conductivity is plotted versus RH at a constant 
temperature of 23 °C, ranging between 3% and 50% (the level 
of RH above 50% in the desiccator was not measured because 
of diffi culties in atmosphere control). Sensor 1 responded in 
a linear fashion to changes in RH. While sensor 2 exhibited 
higher sensitivity due to increased surface area (up to 0.25 mS 
cm −1  %RH −1 ), the response was not as linear as sensor 1 ( R  2  
= 0.93 and  R  2  = 0.97, respectively). One possible explanation 
of the ionic conductivity change of the sensors in response to 
different RH levels, supported by Jarosik et al., [ 46 ]  might be an 
increase in the water content in the sensor element. Two pos-
sible explanations of this phenomenon may exist. [ 14,34,35 ]  The 
fi rst explanation is that the absorbed water decreases viscosity 
in the system and hence gave rise to increased ionic con-
ductivity due to the higher mobility of the ions. The second 
explanation is that water dissociates into ions that represent 
additional charge carriers in the system. Due to a high surface-
to-mass ratio of the sensor element, diffusion of water into and 
out of the structure took place easily.   

  3.     Conclusion 

 In this paper we have presented novel crosslinkable, conduc-
tive, highly transparent materials based on mixtures of photore-
sists, such as IP-L 780 or SU-8, and the IL BMIM DCA. Almost 
no additional effort was necessary with respect to optimization 
of material handling (i.e., purifi cation, ramping of tempera-
ture, and controlling of ambient conditions). The lithographic 
capabilities of the photoresist base material facilitated direct 3D 
manufacturing of electrically conductive and highly transparent 
microcomponents by the single-step 2-PP process. The manufac-
turing process was easily controlled by fast parameter optimiza-
tion (e.g., scaling, laser power, etc.) in spatial and temporal terms. 
The successful combination of the developed material with the 
advanced direct laser writing technique enabled the fabrication of 
temperature and RH sensor structures. The experimental results 
demonstrated that the sensors exhibit good sensitivity to a wide 
range of temperatures (23.0–70.0 °C) and ambient RH (3%–50%). 
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 Figure 8.    Diagram obtained via electrical IS. The impedance magnitude |Z| as a function of 
frequency was measured for sensor element 1 (blue solid line) and sensor element 2 (red solid 
line) in normal atmosphere. The corresponding phase angles are shown in blue and red dashed 
lines. The spectrum for a 10 Ω commercial resistor is shown for comparison.
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 The properties of both photoresist and IL open up a variety 
of potential applications, such as material for the detection of 
gases or explosive agents, [ 20,47,48 ]  in micro- or nanofl uidics for in 
situ tracking and assaying of cells, [ 5,49,50 ]  etc. For example, the 
change in ionic conductivity that the material exhibits during 
deformation could be employed for detecting of biological mol-
ecules (Figure S11A, Supporting Information). Mushroom-
shaped structures, used by Fendyur et al. for electrical signal 
read-out from nerve cells, [ 51 ]  should be able to deliver the full 
potential of intracellular recording (Figure S11B, Supporting 
Information). Transparent materials in combination with highly 
standardized structures can facilitate additional visual control 
of the cell tracking process and performance of numerous 
experiments (e.g., electrochemical IS, dielectrophoresis, etc.) in 
parallel on the same chip with fewer reagents, improved sensi-
tivity, and increased resolution. This will most certainly bring 
about more precise quantitative and qualitative in vivo analysis 
for novel true 3D applications in the near future.  

  4.     Experimental Section 
  Materials and Preparation : Acetone, isopropanol, and 

trichloro(1H,1H,2H,2H-perfl uorooctyl)silane were purchased from 
Sigma-Aldrich GmbH, Germany. The ILs (e.g., BMIM DCA, >98%, 
EMIM DCA, >98%, and other ILs) were purchased from IoLiTec, ILs 
Technologies GmbH, Germany. IP-L 780 and SU-8 3000 series liquid 
photoresists were used as purchased without further purifi cation 
from Nanoscribe GmbH, Germany and MicroChem Corp., USA, 
correspondingly. The preparation of the developed composition was 

done by manual mixing in a glass vessel. The IL BMIM DCA was 
added dropwise to the photoresist (IP-L 780 or SU-8). The mixture 
of components was stirred for a few minutes at room temperature 
under nitrogen to ensure a homogenous solution. The solution can 
be stored at room temperature for at least half a year.   The solvent-
free composition for ink-jet printing contained the IL BMIM DCA, the 
acrylate monomer 2-(2-ethoxyethoxy)ethyl acrylate (2-(2-EOEO)EA) 
from Sartomer Europe, France, and the UV initiator Irgacure 1700 (25% 
bis(2,6-dimethoxybenzoyl)-2,4,4-trimethylpentylphosphine oxide) from 
Rahn AG, Switzerland as described by Loeffelmann. [ 35 ]    For the 3D laser 
writing process a droplet of CPPLI 50 based on IP-L 780 (a volume 
of a few microliters) was deposited manually on the substrate and 
was evacuated over night at 0.1 mbar to remove air bubbles from the 
material. 

   1 H NMR Measurements :  1 H NMR spectra of the various components 
were measured on a Bruker AVANCE III 500 MHz spectrometer (Bruker 
BioSpin GmbH, Germany) operating at a frequency of 500.12 MHz. For 
each sample 8 averages each containing 16 K data points were collected 
over a spectral window of 12 ppm. The resulting FIDs were multiplied 
with an exponential window function equivalent to 0.3 Hz line 
broadening prior to Fourier transformation. IP-L 780 or SU-8 was diluted 
in CDCl 3  while IL was measured neat. CPPLI 50 in a 5 mm NMR tube 
was evacuated over night at 0.1 mbar to remove air bubbles. The sample 
was measured pre- and post-UV exposure (curing parameters: 365 nm, 
1 min interval, 2–5 cycles). 

  Spectral Absorbance and Optical Transparency : For optical absorbance 
measurements, a droplet of the material was placed between two quartz 
glass slides (170 µm thick) and closed from the top. For CPPLI 50 based 
on SU-8 a step of soft baking at 80 °C for 1 h took place before the 
measurements. For optical transmission measurements, a 170 µm 
thick cast fi lm was fabricated the same way and cured under UV-light 
(365 nm) for 2 min. For CPPLI 50 based on SU-8 a step of postexposure 
baking at 95 °C for 2 h was required before the measurements. The 
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 Figure 9.    Temperature measurements: ionic conductivity of A) sensor element 1 and B) sensor element 2 as a function of temperature at a RH of 3%. 
The blue and red lines show the measured values. The black line shows a fi tted regression line. RH measurements: ionic conductivity of C) sensor 
element 1 and D) sensor element 2 as a function of the RH at 23 °C. A sinusoidal signal at a constant potential offset of 10 mV and a frequency of 500 
and 700 kHz, respectively, was applied to the tested device, for which the output signal was recorded.
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measurements were performed using a Cary 50 UV–vis spectrometer 
(Varian Inc., USA). 

  Electrochemical Characterization : Complex IS was realized using 
an impedance/gain-phase analyzer (Solartron SI 1260 from Solartron 
Analytical Ltd., UK) and an electrochemical interface analyzer 
(Solartron Analytical SI 1287 from Solartron Analytical Ltd., UK), which 
allowed automatic compensation of the ohmic potential drop. For the 
measurements of the ionic conductivity, two different setups were used. 
For the determination of the ionic conductivity of the bulk material, 
cast cylinders were prepared in UV-transparent polymethylmethacrylate 
(PMMA) pipe sections (outer diameter 16 mm, inner diameter 12 mm, 
distance between electrodes 10 mm), and fi xed between two stainless 
steel electrodes. The UV curing was performed by irradiating the sample 
for different periods of time (3–11 min) at a wavelength of 365 nm 
through the UV-transparent sidewall. For CPPLI 50 based on SU-8 a step 
of soft baking at 80 °C for 1 h and a step of postexposure baking at 95 °C 
for 2 h took place before the measurements.   For the ionic conductivity 
measurements of the sensor, the electrodes were directly contacted 
with fl attened crocodile clamps. The connection to the impedance 
analyzer consisted of a coaxial Bayonet Neill–Concelman (BNC) cable 
(impedance Z = 50 Ω). The impedance analyzer was connected to an 
external computer and was controlled by ZPlot software. A sinusoidal 
signal with an amplitude 10 mV was applied over the frequency range 
from 1 Hz to 1 MHz in normal atmosphere and the impedance 
spectrum was recorded. Each experiment consisted of 121 measuring 
points. Data analysis was performed using ZView and Excel Microsoft 
2011.   CV was realized using a CompactStat portable potentiostat/
galvanostat/zero resistance ammeter (ZRA) from Ivium Technologies 
Inc., USA. The current fl ow was scanned between working glassy carbon 
and counting platinum electrodes relative to the reference silver–silver 
chloride electrode in a neutral buffer at a frequency  f  = 10 kHz and at 
scan rate 50 mV s −1 , starting from anodic to cathodic potentials and 
reversing back to the initial value. A constant fl ow rate of nitrogen 
through the buffer was adjusted manually. The gas fl ow was supplied 
to the bath 30 min before the experiments and maintained during the 
measurements. Once the temperature of the buffer was stabilized 
at 25.0 °C, the working electrode with a UV-cured droplet (≈3 mm in 
diameter and 350 µm height) of material was placed in the buffer and 
the signal was applied over the voltage amplitude range of –0.7 to 2 V. To 
minimize the infl uence of regain, three cycles per scan were measured 
immediately after the working electrode was placed into the buffer. The 
third cycle was considered for the comparison of the experimental data. 

  Design Procedure : A 3D computer-aided design program (Solidworks 
Corp., USA) was used for 3D designs. An original fi le (*.sldprt) of a 3D 
solid object was converted into Surface Tesselation Language (STL) 
for the Nanoscribe Photonic Professional 3D laser lithography system 
(Nanoscribe GmbH, Germany). Three software packages, Nanoslicer 
1.0, DeScribe, and NanoWrite, were used to control the system. To defi ne 
the structural design, the input STL fi le was converted by Nanoslicer 
1.0 to the Photonic Professional’s native data format General Writing 
Language (GWL), where laser focus trajectories inside photoresist 
as well as system parameters for the writing process were confi gured 
(Supplementary Material 4, Supporting Information). The fabrication 
parameters for the DLW, such as laser power, laser power scaling, line 
distance, and scanning speed of the laser focus, were confi gured in 
the text editor DeScribe. An example of a GWL code segment can also 
be found in Supplementary Material 4, Supporting Information. The 
generated GWL fi le was loaded straightforwardly by the control software 
NanoWrite for fabrication. 

  Temperature and Humidity Measurements : Temperature and RH 
measurements were carried out in a glass desiccator. The reference 
temperature and RH levels were measured by a commercial temperature/
RH sensor Sensirion SHT 21 (Sensirion AG, Switzerland) in the glass 
desiccator. Before the temperature measurements, the RH was stabilized 
at the lowest achievable value (RH = 3%) and at a constant initial room 
temperature (24 °C). Afterwards, the glass desiccator was heated up on 
a hot plate (≈0.5 °C min −1 ), and the change in ionic conductivity was 
measured by IS as described above. Before the RH measurements, a 

RH level was also stabilized at the lowest value, then the measurement 
was started when the reference sensor displayed constant values for 
at least 1 min. The constant RH value was ensured by simultaneously 
purging water-free nitrogen and water-containing air into the desiccators 
(≈0.5% RH min −1 ).   The impedance spectra from the tested device were 
collected corresponding to the temperature or the RH value from the 
multifunctional sensor. Calibration measurement of the absorbed 
moisture from the atmosphere was done prior to RH measurements. 
The sensor was stored at the beginning in the desiccator at low vacuum 
and room temperature for at least 2 h. When the sample was taken out 
of the desiccator, the measurement was done immediately. 

  HRSEM Imaging : The morphology of the sensing element was 
characterized by scanning electron microscopy using a high-end desktop 
microscope Phenom pro X from LOT-Oriel GmbH, Germany. For the 
investigation of the surface morphology of nonconductive structures, 
they were sputtered with a few nanometers of gold (Cressington 
Scientifi c Instruments Ltd., UK). For imaging of the sensor element a 
charge reduction sample holder EM–21004 (for nonconductive and 
low-conductive samples) was used to avoid charging. The acceleration 
voltage was 10 kV.  

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