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Abstract—This paper is focused on indium tin oxide (ITO),
ultrathin gold, titanium nitride (TiN) and diamond-like carbon
(DLC) thin films that can be used for transparent or
semitransparent electrodes and interconnects for planar
microelectrode arrays. Paper further describes methods of thin
film deposition of selected materials, microfabrication of planar
microelectrode arrays, their preparation for electrochemical
measurement and results of electrochemical impedance
spectroscopy and cyclic voltammetry.

Keywords— planar microelectrode array (pPMEA) indium tin
oxide (ITO), titanium nitride, diamond like carbon (DLC), ultrathin
gold thin film, electrochemical impedance spectroscopy

. INTRODUCTION

Planar microelectrode arrays (pMEAS) are devices for in
vitro research of electrogenic cells, i.e. electrically active cells.
Those include neurons, heart cells (cardiomyocytes), retinal
cells and smooth muscle cells. They are important tools for
neural electrophysiology and investigations of neural network
signaling and neural plasticity, more general applications
include toxicity testing and drug screening. [1], [2], [3] In vitro
drug screening is especially important for pharmacological
applications because some drugs for disease treatment, unrelated
to cardiac diseases, can cause life-threatening cardiac rhythm
disturbances (arrhythmias). The usage of pMEAs for this
application presents an easier and efficient method in
comparison to approaches such as isolated Purkinje fibers or ex
vivo Langendorff heart. [4]

For cell studies inverted optical microscope is preferred,
since observation from top may not be possible, because of
presence of culturing medium. The usage of opaque electrodes
and interconnections limits the view, thus usage of transparent
or semitransparent electrodes is desirable for such applications.

[5].

In the field of commercial pMEAs it is common that
electrode materials and even materials of interconnects are
opaque. [2] Some of the examples are MCS 60MEA with
opaque TiN and advertised impedance of < 100 kQ for 30 pm
electrode diameter or MED64 with platinum black electrodes
with advertised impedance of 10kQ for 30 um electrode
diameter. [6], [7]

The only commercial pMEA, with advertised transparent
electrodes, is MCS 120tMEA with advertised impedance of
<250 kQ and utilization of semitransparent TiN. Specified
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diameter of electrodes is 100 pum. [8] Further information about
used TiN layer, such as thickness or optical transmittance, is not
known. It could also be pointed out that if electrode diameter
100 pm is not an error in documentation, guaranteed impedance
of < 250 kQ is relatively high.

Il. MATERIALS FOR MICROFABRICATION OF PMEAS

Two approaches were employed to fabricate semitransparent
electrodes and interconnects. The former utilizes ultrathin
~9nm gold layer as a main conductor, and latter uses highly
transparent ITO layer with low sheet resistance as a main
conductor and different material which may have significantly
higher sheet resistance, but has better chemical, electrochemical,
or other properties. As a source of ITO, commercially available
4” ITO coated glass wafers with advertised sheet resistance
<10 Q-o* were used. The value of sheet resistance has been
verified to be in range from 6.5 Q-0 to 7.8 Q-0 for different
wafers. Besides ITO other materials were deposited in vacuum
systems in CEITEC Nano cleanrooms.

A. Deposition of thin semitransparent conductive films

Prior to depositions, all substrates were cleaned in ultrasonic
bath using acetone and isopropyl alcohol with subsequent rinse
with deionized water. Further cleaning was performed using
oxygen plasma in Diener plasma cleaner and finally in situ Ar
ions precleaning was utilized just prior to deposition in
respective deposition systems.

For deposition of semitransparent gold layer, a borofloat
wafer was used. To enhance adhesion to the substrate, =~ 1 nm of
titanium was sputtered before gold in the same process and the
same deposition parameters, without breaking the vacuum. The
semitransparent gold layer with thickness of ~9nm was
deposited using ion-beam sputtering technique. The thickness of
~ 9 nm was chosen as a compromise between sheet resistance,
which steeply rises below 10 nm, and optical transmittance,
which is around 50 % at 10 nm. [9] The deposition was
performed in system equipped with two Kaufman & Robinson
RFICP40 ion-beam sources. Energy of ion beam was 600 eV
and current 44 mA.

Similarly to the semitransparent gold layer, 1 nm of titanium
was sputtered as adhesion layer under TiN. TiN layer with
thickness of =20 nm was deposited using ion-beam assisted
deposition using both ion-beam sources. This process was
described in more detail in previous publications. Deposition
was carried out in temperatures <100 °C with process



parameters as follows. Energy of primary beam was 600 eV,
primary beam current was 44 mA, primary beam gas supply was
a mixture of argon and nitrogen with mass flows 3.6 sccm and
3 sccm respectively. Energy of secondary beam was 26 eV and
secondary beam current was 15 mA.[10], [11]

DLC layer with thickness of =~ 150 nm was deposited
directly on precleaned ITO layer by plasma-enhanced chemical
vapor deposition (PECVD) using Oxford Instruments
PlasmaPro 80 RIE system. Layer was deposited from CHa
plasma. Deposition was carried out at an elevated temperature
of =60°C and working pressure of ~53.3 Pa at the
corresponding deposition rate of = 8 nm-min™?. [12]

B. Optical transmittance of used films

Optical transmittance was measured using three-channel
optical spectroscope Ocean Insight JAZ3 and extracted results
are shown in Fig. 1. It is apparent that ITO has the highest optical
transmittance in the visible range out of all investigated
conductive layers. An interesting result is the DLC layeron ITO,
because decrease in transmittance compared to ITO layer alone
is only small. DLC on ITO layers could with combination of
good electrical and electrochemical properties present very
interesting material combination for transparent pMEA. This is
in contrast to TiN with average transmittance ~45 % and
ultrathin gold thin film with average transmittance =~ 55 %, that
can serve only as semitransparent conductors. For further
comparison DLC-ITO layer has transmittance on par with other
optical parts of pMEA like encapsulation consisted of 50 nm
AIN and 3 um of Parylen-C.
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Fig. 1. Graph of optical transmittances of prepared thin films.

I11. MICROFABRICATION OF PMEAS

A. Description of used design

Design consisting of three photolithographic masks was
used for microfabrication of pMEAs. Illustration of pMEA
design is shown in Fig. 2. First mask contains a pattern for
transparent electrodes and underlying interconnects. The second
mask contains a pattern for gold metallization of pads and
interconnects outside of the active diameter which is comparable
with field of view of 10x microscope objectives. Pattern of the
third mask allows the creation of opening in deposited
encapsulation for pads and transparent electrodes.
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Fig. 2. Design of pMEA chip with pitch of 100 um. Parts conductive pattern
are highlighted with colors.

Used masks contain four variants of pMEA design, where
pitches between microelectrodes are 100 um and 200 um and
diameters of microelectrodes are 30 pm and 50 um. The variant
with 100 pm pitch and 30 um is illustrated in Fig. 2.

B. Photolithographic process

pMEAs were fabricated at CEITEC Nano class 100
cleanrooms.  Photolithography ~ was  performed  using
semiautomated coating system SUSS MicroTec RCDS and
amask aligner SUSS MicroTec MA8 Gen3. All etching
processes were performed using plasma processes, specifically
by ion beam etching using Scia Systems Coat 200 and reactive
ion etching using Oxford Instruments Plasma Technology
PlasmaPro 100 and PlasmaPro 80. For etching using ion beam,
AZ MIR 701 type photoresist spincoated at 4000 rpm was used.
lon beam etching was used for gold and DLC layers.

Workflow of fabrication of conductive pattern had varied for
different materials. In case of ultrathin film gold electrodes,
semitransparent thin film was deposited after pad and
interconnection metallization. In case of TiN, underlying ITO
pattern was etched first and subsequently TiN thin film was
deposited. DLC on ITO was etched using same lithography
using ion beam etching and subsequently reactive ion etching.

After completion of conductive pattern, encapsulation layers
were deposited. First, a 50 nm aluminum nitride (AIN) thin film
was sputtered using two ion beam assisted deposition, then 3 um
of Parylene-C was deposited using SCS Parylene Deposition
System. For etching of opening in encapsulation for pads and



microelectrodes, thick photoresist AZ 1518 spincoated at 1000
rpm was used. Parylene-C was etched using oxygen plasma and
AIN was etched using mixture of BClzand Cl; plasma.

Before the wafers dicing a photoresist was spincoated on the
wafer for protection during dicing process. An example of the
results of manufactured pMEA is in Fig. 3.

Fig. 3. Example of manufactured pMEA under optical microscope in
transmitted light.

IVV. ELECTROCHEMICAL CHARACTERIZATION

A. pMEAs preparation

In order to use the fabricated chips for measurements,
several preparatory steps were required. First, the chips were
cleaned using the following cleaning procedure. The chip held
by the tweezers was rinsed with acetone using a washing bottle
to wash away the debris from dicing. Then, the chip was moved
to a beaker with acetone, where it was agitated in an inclined
position for better removal of the protective photoresist. To
completely clean the residual impurities, the chip was left in
pure acetone for 5 minutes, another 5 minutes in isopropyl
alcohol, followed by rinse with pure isopropyl alcohol by
agitating in a beaker, and dried with compressed air. Proper
results of cleaning procedure were verified using a microscope.

Second step involves fixing of the chip in the open cavity of
ceramic leadless chip carrier (LCC) package using a small
amount of molten wax. The pads of pMEAs were then
electrically connected to the package using wirebonding
method. Wirebonding was done using TPT HB16 wire bonder
in wedge bonding setup with gold wire.

The last step involves attaching a small well to the chip for
holding electrolyte or cell culture medium. Wells were made
using fused filament fabrication (FFF) 3D printing from
polyethylene terephthalate glycol (PETG) filament. Wells have
internal dimensions = (3.3x3.3) mm?, wall thickness of =
0.45 mm, and height = 6 mm. Attachment was done manually
by applying tiny amount of polydimethylsiloxane (PDMS) on
base edge of well and then placing it on pMEA using tweezers.
Applied PDMS was partially cured in oven at temperatures
around 80 °C. Another dose of PDMS was applied to enhance
watertightness and attachment robustness. PDMS was applied
on the rest of chip outside the well, including pads and wire
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bonds, and then cured in oven at temperatures around 80 °C for
30 minutes. Hlustration of pMEA prepared for electrochemical
measurements is in Fig. 4.

A different approach was used for ITO-only microelectrodes
chips, where issues with wirebonding reliability were
encountered. This limited amount of measurement results.

Fig. 4. Cross-section of pMEA prepared for electrochemical measurements.

B. Electrochemical measurements

Prepared pMEAs, as depicted in Fig. 4, were placed into
platform with connectors and socket for the LCC package. As
an electrolyte for electrochemical measurement, a 0.1M KCI
solution was used. The solution was applied using micropipette.
In case of ITO chip, pMEA was rinsed with ethanol before
application of the 0.1M KCI solution. A silver wire with
electrodeposited AgCl tip was used as a pseudoreference
electrode.

Electrochemical measurements were performed using
Metrohm Autolab 111 potentiostat. Measurements consisted of 5
cycles of electrochemical impedance spectroscopy interlaced
with 10 cycles of cylic voltammetry in range (—0.3 +0.5) V
relative to the Ag/AgCl pseudoreference electrode. For the
measurements, pMEAs with 50 pm microelectrode diameter
and, in most cases, with 100 um pitch were selected.

V. RESULTS OF ELECTROCHEMICAL MEASUREMENTS

From Fig. 5, it can be concluded that 9 nm gold, 20 nm TiN
on ITO and 150 nm DLC on ITO exhibit similar impedance
magnitudes down to 10 Hz, whereas the ultrathin gold layer
deviates to higher magnitudes at lower frequencies. Bare ITO
electrodes exhibit significantly higher impedance across the
entire frequency spectrum. From Fig. 6, it can be further
observed that double layer capacitance is so low that series
resistance of electrochemical system is not clearly apparent even
at high frequencies.

These characteristics can also be seen in cyclic
voltammograms in Fig. 7. Both TiN and DLC have similar
capacitive curves with alarger area under the curves, that
suggests higher double layer capacitance than gold and bare
ITO. Impedances for ultrathin gold, semitransparent TiN and
DLC were found to be = 700 kQ.
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Fig. 5. Statistical results of electrochemical impedance spectroscopy -
impedance magnitude.
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Fig. 6. Statistical results of electrochemical impedance spectroscopy -
impedance phase.
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Fig. 7. Averaged steady-state cyclic voltammograms.

116

V1. CONCLUSION

From measured optical transmittances and electrochemical
measurements, it can be concluded that DLC on ITO layer has
very interesting properties in comparison to other investigated
materials. Further investigation of DLC layers is important to
better evaluate the potential for practical use as material with
superior properties for pMEAS. Further optimization of TiN and
DLC layers is desirable for more competitive performance.
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