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Abstract

A neural probe with a 32-site electrode
array was fabricated using an all-dry S
etch based micromachining process.

The fork-like probe shafts were formed by
double-sided deep reactive ion etching
(DRIE) of a silicon-on-insulator (SOI) sub-
strate, with the buried SO, layer acting as
an etch stop. The shafts typically had the
dimensions 5 mm x 25 mm x 20 mm and a
tip taper of 4°. An array of Ir electrodes,
each 100 nm, and Au conductor traces
wer e formed by e-beam evaporation.

SEM  studies showed sharply defined
probes and probe tips. The function was
verified in bench-top measurements in sa-
line. The magnitude of the electrode imped-
ance was in the 1 MWrange @ 1 kHz,
which is consistent with neural recordings.

1. Introduction

It is believed that a key to the under-
standing of the nervous system is to make
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simultaneous observations of the activity of
a large number of cells. Probes that can
penetrate neural tissue and insert a large
number of recording sites, while tissue
damage is kept to a minimum, are thus
needed. Micro System Technology is well
suited to this end, and several MST based
neural probe concepts have been presented
during the years.

For example, awet Si etch based process,
where the probe shape is defined by a p™
diffused etch stop was demonstrated early
[1]. In a later approach, a combination of
patterned deep reactive ion etching (DRIE)
of the wafer front side, and blank wet S
etching of the back side was used to form
the probe shapes|[2].

Nevertheless, there is still room for im-
provements on previous processes and de-
signs, in order to optimize the trade off
between different requirements, such as. the
possibility to independently tailor the shape
of the probe tips for reduced tissue dim-
pling, the incluson of a thicker support
structure to facilitate handling of the thin
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probes after processing, process uniformity,
yield, complexity, manufacturability, and in
the end cost.

In this work we introduce an al-dry Si-
etch based process where the buried oxide
layer of an SOI substrate acts as an etch
stop, thus avoiding visual end conditions,
which should improve upon uniformity and
manufacturability. Double-sided lithogra-
phy and etching allows a thicker base plate
to be part of the design.

2. Design

Referring to figure 1, the main design
elements of the probe structure are: (a) Fine
and pointed Si shafts for penetration and
insertion into neural tissue. (b) Microelec-
trode sites of Ir distributed over the outer-
most section of the shafts. (¢) Fine and nar-
rowly spaced Au conductor traces, ending
in (d) Au contact pads for external electrical
interconnection using wire bonding. (e) A
thicker Si base plate as a support for the
contact pads, and to allow easy handling of
the probes.
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Figure 1. Schematic 3D drawing of the
probe structure (not to scale) and a
typical CAD layouit.

In a typical design, there are four shafts
with eight electrode sites each, alternatively
eight shafts with four sites each. The shaft

width (w) is 25 nm at the outermost section,
widening to 75 nm at the base plate. The
shaft thickness is targeted to ~20 nm, but
can be varied with the SOI wafer specifica-
tion. The shaft length (L) is 5 mm and the
shaft c/c distance (b) is 400 mm. The tip ta-
per angle is 4°. The electrode sites are 10
mm X 10 mm and are distributed with 100
nm pitch (a). The parameters L, b and a as
well as the number of shafts were varied
within afull wafer layout.

3. Fabrication process

The silicon probe fabrication process is
outlined in figure 2 and in the following
paragraph (bold letters refer to figure 2).

(&) The probes were manufactured on
silicon-on-insulator (SOI) substrates (Shin
Etsu, 100 mm f, 525 nm Si/1.5 mm SIO,/20
mm Si). (b) A PECVD silicon nitride film
(1 mm) was deposited as an isolation layer.
Ti/Au (=500 A/2500 A) was e-beam evapo-
rated and patterned with a photo-resist lift-
off process, to form conductor traces. Step-
and-repeat projection lithography was used
with down to 1 nm linewidth and spacing.
(c) A second silicon nitride layer (0.5 nm)
was deposited as an intermediate dielectric.
Via holes were opened to the Au-layer us-
ing reactive ion etching (RIE) through a re-
sist mask. (d) Ti/lr (~300 A/3500 A) was e-
beam evaporated and patterned with lift-off,
to form the electrode sites. (e) A fina sili-
con nitride layer (0.5 nm) was deposited as
a protective layer. Windows were opened to
the Au bond pads and the Ir electrode sites
using RIE. The nitride covers the edges of
the metal patterns for increased reliability in
wet working environments. (f) With aresist
mask the remaining nitride layer was first
RIE etched, after which the top silicon layer
was etched 20 mm down to the buried oxide
in an inductively coupled plasma deep re-



active ion etching equipment (ICP DRIE,
Surface Technology Systems). (g) A thick
resist was spun on the wafer front side for
protection. Double-sided mask alignment
was used to pattern athick resist on the wa-
fer backside, which was etched the full 525
mm down to the buried oxide in the ICP
DRIE. (h) The shafts were released by first
etching the buried oxide in buffered HF,
followed by afinal resist strip.
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Figure 2. Schematic illustration of the
fabrication process (not to scale).

4. Experimental results

Figures 3 and 4 show scanning electron
micrographs of the results of the micro-
machining process.

Bench-top measurement setups were used
to verify the electrical functionality of the
probes after processing. Qualitatively we
have been able to verify a satisfactory proc-
ess yield, where a mgority of the tested
electrode sites transmits electrical signals.

Quantitatively, the electrode impedance
IS a parameter of prime interest, since it in-
fluences the thermal noise and the ability to
record small neural signals. For evaluation
a rapid 3-point electrode impedance meas-
urement technique was used, which is a
modified version of the rapid 2-point tech-
nique described in [3].
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Figure 3. SEM of silicon probs with 32
microelectrodes (top) and a 10 nm x 10
mm Ir electrode site (bottom).
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Figure 4. SEM of a probe tip designed
with 4° taper angle.

The technique vyields the impedance
spectrum between ~1 Hz and 10 kHz with
short 1-10 second measurements. A band-
width limited noise current is passed
through the test electrode and large
Ag/AgCI counter electrode immersed in 0.9



% saline. The current through the test elec-
trode and the voltage drop across the test
electrode and a separate Ag/AgCI reference
electrode is measured. Fast Fourier Trans-
forms are taken of the appropriately sam-
pled and windowed voltage and current
waveforms and the empirical transfer func-
tion estimated, which directly yields the
impedance spectrum of the test electrode. A
typical set of impedance spectrais shownin
figure 5 (dashed line indicates the limit of
the measurement system, upper curves are
from non-functional sites).
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Figure 5. Typical impedance spectra.
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We found that the recording sites were on
the order of 1.5 MW at 1 kHz. This imped-
ance is comparable to those of needle elec-
trodes suitable for single unit recording.

5. Conclusions

A novel manufacturing process for mi-
cromachined neura probes, based on dou-
ble-sided deep reactive ion etching of sili-
con-on-insulator substrates was presented.
Probes with 32 recording electrodes distrib-
uted on four to eight fine and pointed Si
shafts were fabricated using this process.

The process resulted in sharply defined
probes and probe tips. The electrical yield
was verified and the magnitude of the elec-
trode impedance was shown to be consis-
tent with future neura recordings. The pro-
cess appears attractive with respect to com-
plexity, process uniformity and manufac-
turability. Work is under way to scale up

the design to an increased number of elec-
trodes, longer shafts, and to optimize the
thin films with respect to intrinsic stress.

Furthermore, this work is part of alarger
effort to develop a complete system for
neura recordings, and to demonstrate the
system in different application experiments
[4] (figure 6). The systems approach as well
as the collaboration between several hard-
ware developer groups and neuroscience
user groups is expected to bring added
value to the neural probe concept.
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Figure 6. Overview of a complete re-
cording system (#1-3) and areas of
planned application experiments (#4-6).
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