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Abstract

A novel method has been developed for the manufacture of a three-dimensional multi-electrode array (3D MEA), particularly, the shape of
micro-tips can be varied by MEMS technology to construct different multi-electrode array. It improved the disadvantage of single electrode, which
meant that it was available for multi-recording and analysis of a series of signals. Overcoming the difficulty of making interconnection line on 3D
MEA chips via innovative fabrication process design. Using local isolation and removal of oxide films to forming electrodes and interconnections
with oxide isolation covers. A 10 x 10 3D MEA with a distance of 100 wm between each other for further bio-neural signals was demonstrated,
and a test on rabbit retina was also available. Besides, integrating pre-amplifier and built-in resistors with 3D MEA was brought out to hopefully

increase the efficiency of sensing.
© 2006 Elsevier B.V. All rights reserved.

Keywords: 3D Multi-electrode array; Recording of retinal neurons; SOI wafer

1. Introduction

The response of single neuron is traditionally recorded by
a glass or a metal electrode. In last decade, many attempts
have been made to design and fabricate multi-electrode arrays
(MEAs) in order to measure the responses of multiple neurons
simultaneously. These MEAs not only can drastically increase
the efficiency of neural recordings [1,2], they can also allow
neuroscientists to investigate synchronous firing by a popula-
tion neurons in retina [2—4], visual cortex [5], somatosensory
cortex [6], and hippocampus [7]. These correlated firing pat-
terns in the network of a neural system are keys to understand
the flow of information in the brain [8]. In addition, develop-
ment of MEAs may facilitate the design of the neural interface
for the cortical vision prosthesis [9]. Since the dimension of neu-
ral systems under investigation usually range from several tens
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to several hundred micrometers, the number of the electrode and
the spacing between the electrodes should be easily adjusted to
fit different applications. Hence, the microelectrode array made
using semiconductor technology is extremely suitable for the
development of MEA.

In the past, the semiconductor process has been extensively
employed to fabricate the micro multi-electrodes. For instance,
the lithography technique is applied to implement the in-plane
multi-electrode array [10]. Thus multi-signals can be recorded
simultaneously to realize the spatiotemporal relationship among
cells. However, the planar electrode in [4] is only several microns
thick, and cannot penetrate into the tissue. Hence, the MEA with
insertion capability was presented in [11-14] to facilitate the
recordings in the deeper neurons.

In the recent years, the MEMS technology gradually plays
an important role for the fabrication of three-dimensional MEA.
The micromachined 3D MEA with better insertion ability has
been realized in [7,15]. Applying the planar fabrication tech-
nology to integrate needle electrodes with various heights on
Si wafer has also been considered in [16]. However, the needle
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tip of the 3D MEA is not sharp by using the processes such as
LIGA [17], or electroplating [18,19], thus it may damage the
tissue. In most applications, a needle electrode is preferred to
penetrate the layered tissue, and form a good contact between
the probe tip and the neuron for improving the resolution of the
bio-electrical sensing signals.

The present study has successfully demonstrated simple fab-
rication processes to implement a novel 3D MEA. The processes
can monolithically integrate the needle electrodes with signal
lines and bond pads of the 3D MEA on a single chip. Thus,
some complicated assembly processes can be prevented. More-
over, the combination of pre-amp on chip to reduce the noise
coupling was also realized. The present MEA design is flexi-
ble and easy made to fit any required dimension, and use only
silicon without metal material. These features are important for
developing MEA device to explore various neural tissues.

2. Concept and fabrication processes

This study employed the SOI wafer to manufacture the 3D
MEA and then monolithically integrating with signal lines. A
schematic drawing of the 3D MEA is illustrated in Fig. 1. Briefly,
the 3D MEA was consisted of the needle electrode, signal line,
bonding pad, isolation wall, and footing resister. This section
will bring out several design considerations about the 3D MEA
in Fig. 1; in addition, the fabrication processes will also be dis-
cussed.

2.1. Design concept

The SOI wafer with low resistivity device silicon layer was
employed in the present study. This device silicon layer formed
the electrodes and signal lines, so that components with two dif-

ferent thickness were required by the process, as shown in Fig. 1.
The thickness of the device layer was mainly determined by the
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Fig. 1. A schematic view of the cross-section of 3D MEA, components of device
including (1) bonding pad, (2) signal line, (3) needle electrode, (4) needle tip,
(5) footing resister, and (6) insulation layer.
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height H of the needle electrode. A sharp tip was designed to
enable the needle electrode to pierce into tissue easily. The whole
needle electrode except the tip was covered with insulation layer
to prevent from noise coupling. The needle tip acted as the sig-
nal input port of the device. Moreover, an auxiliary structure
named footing resister was designed to prevent the undercutting
problem during ICP etching process. The footing resister was a
Si structure added around the base of MEA.

The signal line acted as electrical interconnection between
the needle electrode and bond pad. The height /4 of the signal
line was mainly determined by the impedance of the device. In
this study, the signal line and the needle electrode were located
on the same side of the wafer. Thus, the insulation layer was
also employed to isolate signal lines from each other, so as to
reduce the noise. Moreover, the insulation oxide layer of the SOI
wafer was also used to prevent the cross-talk of the signal lines.
The bond pads acted as the output port of the 3D MEA after
wire bonding. The feature of the bond pad in this study was a
mesa. The presented fabrication process would implement the
bond pads monolithically using the device layer, as indicated in
Fig. 1. A better electrical transfer rate will be available for the
pad after coated with a metal layer

2.2. Process flow

Fig. 2 shows the fabrication processes employed in this study
to realize the multi-electrodes illustrated in Fig. 1. The fabri-
cation processes began with a low resistivity SOI wafer. The
processes needed only three masks. In Fig. 2(a) and (b), the
SOI wafer was etching by ICP twice to define the heights of
the signal line and electrode. The conductivity of signal line
was determined by the resistivity of SOI wafer. The shape and
height of micro-tip could be varied to meet different require-
ments by combination of isotropic, anisotropic etching, and ICP
deep etching. The process in Fig. 2(a) also pre-defined the pattern
of the signal lines before the ICP deep silicon etching. Thus, the
photolithography on a complicated surface topology as shown in
Fig. 2(b) was prevented. Moreover, the distance between signal
lines, the size of bond pad, and the geometry of microelectrode
were precisely defined by the ICP etching. Fig. 2(c) shows that
thermal oxidation was used to provide the isolation layer for
the needle electrode and its signal line. Since the top surface
of the electrodes were protected by SizNy, the thermal oxide
was only covered the sidewall of the electrodes and the surface
of the signal line. After removing the SizNy film, the silicon
on the needle tip would be exposed. Thus bulk silicon etching
techniques could be employed to define the tip profile of the nee-
dle. For instance, Fig. 2(d) indicates the dry isotropic Si etching
by XeF,. Other available techniques include the wet anisotropic
etching by TMAH and KOH, and wet isotropic etching by HNA.
The thermal oxide on top of the bonding pad was grown in the
process of Fig. 2(a), however, the thermal oxide for side wall
protection was grown in the process of Fig. 2(c). In this study,
the thickness of the thermal oxide in Fig. 2(c) was thicker than
that in Fig. 2(a). If properly control the etching time, the thinner
thermal oxide on top of the bond pad could be fully stripped
after dipping the wafer in HF, as shown in Fig. 2(e). However,
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Fig. 2. Illustrations of the process flow.

the sidewall of the needle and the signal line remained protected
by the thicker thermal oxide.

3. Fabrication and results

According to aforementioned fabrication processes, the 3D
MEA was realized. Moreover, the concept of on-chip integra-
tion with other electronics components, such as pre-amp, was
also demonstrated. This section will show details of fabrication
results. In this study, the dimension of prototype electrode design
was based on the ganglion cell of the retina of rabbits. Thus, the
height of the needle tip was less than 7 pm in this design, and the
height of the needle electrode was ranging from 50 to 70 pwm.
This design ensured that tissue would be inserted around the
target cell. The diameter of needle tip is preferred to be smaller
than 2 pm for neural application.

3.1. Multi-electrode array

The SEM photo in Fig. 3(a) shows a 10 x 10 MEA mono-
lithically integrating with signal lines and bond pads. Fig. 3(b)

10 x 10 MEA

Signal line

Bond pad

Micro electrode

Isolation layer

Signal line

Footing resistor

Fig. 3. The SEM photo of typical fabrication results: (a) a 10 x 10 MEA, and
(b) the close-up view of the 3D MEA.

shows the close-up view of two 3D electrodes. Components of
3D multi-electrode, such as needle electrode, needle tip, signal
line, footing resister, and isolation wall, are clearly observed.
The electrode is approximate 60 wm high and 30 pwm wide and
covered with a 2 wm thick SiO; isolation layer. In addition, the
electrode has a micro-tip with 7 wm high and less than 2 pm
wide. The distance between the adjacent needles is 100 wm. The
shape and height of micro-tip was tuned by etching process, as
shown in Fig. 4(a) and (b). The isotropic etching via XeF, gas
was employed to fabricate the tips in Fig. 4(a). The diameter
of needle tip was below 100 nm. However, if the electrode was
etched by ICP before XeF, isotropic etching, the aspect ratio of
the tip would be increase, as shown in Fig. 4(b). The diameter of
needle tip became 2 wm, moreover, the tip size could be tuned
by etching time.

3.2. Integrated with pre-amp

For neural applications, the signal to noise ratio could be too
small to distinguish the real signal from unwanted one. A pre-
amp was exploited in this study to improve the signal condition.
Moreover, this study decreased the pathway of interconnection
between the pre-amp and the needle electrodes to avoid the dis-
turbance of noise. Fig. 5 shows the 3D MEA with a pre-amp
glued to the bonding stage. The pre-amp is an unpackaged die
of LMC660 MDA manufactured by National Semiconductor
Corporation. In Fig. 5, the resistors were exploited to tune the
amplification ratio of the pre-amp, and the bonding stage sup-
plied a path to electrical ground. The fabrication processes for
the device in Fig. 5 were compatible with the processes in Fig. 2.
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Fig. 6. Schematic illustration of a packaged 3D MEA.

chamber. To package the device, the chip with 3D MEA was
firstly glued to a printed circuit board (PCB) using anaerobic
adhesive, and then baking on hot plate at 150 °C for 10 min. The
wire bond was used to connect the pads on PCB and chip. The
photo in Fig. 7(a) shows the wire bonding of a 2 x 2 MEA chip
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Fig. 4. Different shape and height of needle tip: (a) tips etched by XeF, gas,
and (b) tips etched by ICP plus XeF; etching.

Thus, the bonding stage, resistors, and signal lines were fabri-
cated simultaneously using the presented processes.

3.3. Packaging and system integration Pre-amp

The side view of the whole packaged 3D MEA system is Anaerobic adhesive
shown in Fig. 6. The system consisted of a culture chamber, ¥
the 3D MEA, and various electrical interconnections. The test
biological sample was placed in electrolyte inside the culture

Bond pad

== _Signal line

Bonding stage

Resistor

3D MEA

Fig. 7. Photos of (a) the wire bonding of a 2 x 2 MEA chip with a pre-amp
chip and the PCB, and (b) the protection of wires after covering with epoxy
Fig. 5. The SEM photo of the 3D MEA integrating with a pre-amp. encapsulation.
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Culture chamber

Fig. 8. The culture chamber of a 2 x 2 MEA system.

with a pre-amp chip and the PCB. The bonding wires were also
protected by covering anaerobic adhesive or epoxy and solidified
on hot plate. This provided moisture and electrical isolation from
environment. The photo in Fig. 7(b) shows the 4 x 4 MEA cov-
ered with anaerobic adhesive. Fig. 8 shows the packaged 2 x 2
MEA system after the aforementioned assembly and packaging
steps. Thus, the device was isolated when immersing in elec-
trolyte except the tips for multi-neural recordings.

4. Testing

The 3D MEA has been evaluated by the qualitatively obser-
vation of the features in Figs. 3 and 4. The present device was
also evaluated based on its electrical performances, including
the insulation of the sidewall and the impedance of the MEA.
Therefore, to evaluate the capability of the 3D MEA, an isolated
rabbit retina was used in testing.

4.1. Insulation of the sidewall

One of the primary merits of the presented 3D MEA was
local oxidation to provide insulations of electrodes and trans-
mission lines. This design can prevent the coupling of noise
from environment through electrodes and the signal line dur-
ing test. The insulation wall is qualitatively observed in Fig. 9.
After the specimen was over-etched by XeF,, the silicon was
over etched from top of the electrode. Thus, only the insulation
wall made of oxide was left. Moreover, this study employed the
electroplating technique to further demonstrate the performance
of electrical isolation. The nickel electroplating was used in the

4kY X1.800 10um

Fig. 9. The SEM photos of isolation wall after the silicon inside was etched
away: (a) the bird’s-eye view of isolation wall, and (b) top view of the isolation
wall.

experiment. The SEM photo in Fig. 10(a) shows the electrodes
before electroplating. After electroplating for several seconds,
the nickel was only plated on the tip of electrodes, as shown in
Fig. 10(b), and no metal was on insulation wall and signal line.
Hence, it shows that the top surface is the only conductive region
of the electrode.

4.2. Impedance measurement

The impedance of MEA has to properly match with that
of amplifier to improve the measured signal condition. The
experiment setup in Fig. 11(a) was employed to determine the
impedance of electrodes. The test setup consisted of a packaged
3D MEA system shown in Fig. 6 and an impedance mea-
surement instrument. After pouring 1 M KCI electrolyte into
the culture chamber in Fig. 8, the 3D MEA was immersed
into the solution. The resistance of electrodes determined from
the resistivity (0.01 2cm) and the dimensions of 3D MEA
was ranging from 10 to 20k<2. Fig. 11(b) shows the mea-
sured impedances of the 3D MEA after tested with a sinu-
soidal voltage source (100 mV, and 10-103 Hz). The impedance
decreased as the frequency of the AC signal increased. The
impedance was approximately 14k with a phase of —60°,
when the frequency was 10 Hz. As the frequency increased to
1 kHz, the impedance decreased to 4 k<2 with a phase of —13°.
It shows that the impedance of the present needle electrode
was suitable for recording the ganglion cell of the retina of
rabbits.
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Fig. 10. Photos of isolation wall: (a) before electroplating test, and (b) metal
deposited onto conductive surface after electroplating.
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Fig. 11. Impedance measurement: (a) the experiment setup, and (b) the mea-
surement results.

4.3. Recording of retinal neurons

The ultimate goal of making this 3D MEA is to record bio-
logical signals. To evaluate the capability of the 3D MEA, an
isolated rabbit retina was used in testing. Detailed preparation
of rabbit retina for electrophysiological recording is described
in [20]. The isolated rabbit retina was placed onto the 3D MEA
(ganglion cell side down), and the whole assembly (Fig. 8) was
mounted on the stage of an upright fluorescence microscope
(Axioskop 2 Plus FS, Zeiss, Germany). Since one channel extra-
cellular amplifier (ISO-80, WPI, USA) was used in testing, only
a single electrode can be connected to the amplifier each time
to record the neuronal signals directly. The analog signals were
converted to digital signals and stored in a PC computer via the
DAQ card and the interface supported by LabVIEW (National
Instruments, USA). A typical spontaneous response of retinal
ganglion neurons is shown in Fig. 12. It appears that more than
one ganglion cells fired spontaneously. Since the impedance is
low in this 3D MEA, and a retina piece with higher cell density
was used in this recording, it is likely that multiple cells were
monitored simultaneously. In future, it would be desirable to
design the MEA with higher impedance, so that a single unit
recording can be achieved. Several electrodes of the 3D MEA
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Fig. 12. (a) Experiment setup, and (b) spontaneous responses of retinal ganglion
neurons recorded from a single electrode of the 3D MEA.
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have been individually tested. The results were generally con-
sistent among the electrodes in the 3D MEA.

5. Conclusion

A novel three-dimensional multi-electrode array (3D MEA)
for bio-medical applications, such as neural recording, has been
demonstrated. A three-mask process based on SOI wafer was
developed to not only realize a 10 x 10 array of multi-height
electrodes but also monolithically integrate the electrodes with
signal lines and bond pads. The electrodes and signal lines were
covered with a 2 wm thick SiO; isolation layer to reduce the
noise by the local oxidation process. A sharp needle tip was
designed and fabricated on top of the electrode, thus the dam-
age of cells during recording was remarkably reduced. The
impedance of each electrode met the neural signal require-
ment. And a typical response of retinal ganglion neurons was
also demonstrated. Besides, this study also integrated the pre-
amp and built-in resistors with 3D MEA to increase the S/N
ratio.
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