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Silicon microprobe arrays for low-invasive implantable neural
interface devices

Abstract

Neural interfaces have been developing in many research groups for use in
brain-machine interface (BMI) technology. Although several methodologies for neural
recording have been proposed for the BMI technology, microelectrode arrays are a
powerful tool, in terms of high spatiotemporal resolution of recording/stimulation of
neuronal cells in a tissue. However, these devices need to be placed close to the cells in
order to assure the quality of neuronal recording. Especially, penetrating needle-like
microelectrode arrays have superior capability for recoding of single unit neuron activity.
In contrast, such devices are concerned with the invasiveness for in vivo measurements.
Therefore, important characteristics of a minimally invasive electrode array are
flexibility, small size, and bio-compatibility. Recent researches have realized these
requirements of the microelectrodes. However, fabrication technologies of the minimally
invasive microelectrode array and small package of various modules (e.g., electrode

arrays, signal processor, and RF circuit) have been still under developing.

This thesis summarizes two proposals: i) fabrication process generating low-invasive
microelectrode array device and ii) small packaging technology to meet the
aforementioned requirements of an implantable device for BMI applications. First, 1
propose the fabrication process of a micro-scale silicon (Si)-probe array by
vapor-liquid-solid (VLS) growth using a silicon-on-insulator (SOI) substrate.
Additionally, in vivo measurements of the fabricated device were carried out using a
rat’s brain (cerebral cortex). As second proposal, I fabricate a flexible and small package

microelectronic system using a conventional Si integrated circuit (IC) process.

Conventional penetrating microelectrodes have exhibited invasiveness against
neurons/tissues. The minimalization of the probe’s diameter is necessary to realize low
invasive electrode penetrations. Our research group has addressed the issue by
fabricating VLS grown needle-like Si-probes with a micro-scale diameter. The challenge
1s to fabricate and functionalize the VLS  Si-microprobe with a
millimeter/sub-millimeter scale length, which electrodes’ geometry allow us the low
invasive probe penetrations in a brain cortex (~2 mm in thickness) and the realization

of the BMI technology. To confirm the fabrication possibility of the Si microprobe with a



high aspect ratio, the VLS growth of Si probes was carried out in an atmospheric
pressure chemical-vapor-deposition (APCVD) chamber, using Au-particles as the
catalyst and Hg-diluted SiHCls as the Si gas source. The growth rate exhibited 10
um/min at 750°C and 25 pm/min at 780°C. Those results indicated the growth capability
of millimeter scale length probes in a short time. In addition, I succeeded in growing
very high aspect ratio probes with the length of 1.5 mm and the diameter of 2 pm. To
ensure the mechanical reliability of such high aspect ratio Si-miroprobe during the
tissue penetrations, a penetration experiment was performed using a gelatin membrane
(6.5wt% in water). I investigated the mechanical reliability of the probe using a
450-pum-length Si-microprobe with the diameter of 1.2 um. As the results, the Si-probe
can gradually be inserted into the gelatin while the gelatin is vertically vibrated in
manual. In the case of only forcing the Si-probe without the gelatin-vibration, the
bended Si-probes were observed, however no broken Si-probe has been observed during
the tests. The results of bending and insertion tests indicated that the VLS Si-probe has

both great advantages of flexibility and robustness as a penetrating electrode.

Our previous devices have detected only the field potentials of neurons, and not the
action potentials were detected. This is because the neuronal action potentials, which
included higher frequency components compared to field potentials, were attenuated
more than field potentials by a parasitic low-pass filter (~100-Hz cutoff frequency): the
low-pass filter was induced by the high impedance of each electrode (e.g., > 1 MQ at 1
kHz in saline for a micro-scale gold recording site) and embedded parasitic capacitances
of the recording system. To overcome the issues, I improved the electrical properties of
our previous VLS-Si microprobe array device. First, high impedance of electrode was
decreased by electroplated platinum black (Pt black), which is known as a low
impedance material in saline. Second, the parasitic capacitances existing device chip
were decreased by using a SOI substrate. As the results, the electrode’s diameter
resulted in 7 pm with the plating time for 25 seconds, while the impedance measured in
saline exhibited 600 kQ at 1 kHz, which is low enough to be used in recording of neural

signals.

To confirm the recording capability of the VLS-Si microprobe array device for
neuronal action potentials, the output/input (O/I) signal ratios of the probes were
measured in saline using test signals of 80 uVypp sinusoidal waves at frequencies swept
from 20 Hz to 7 kHz. The Pt black-tipped probe-electrode prepared with a maximum
plating time of 25 seconds exhibited an O/I signal ratio of 97% at 1 kHz. In addition, the



calculated characteristics of both the O/I signal ratios and phase delays agreed well
with the measured results. Though the in vivo rat’s brain measurements, the
Pt-black-tipped Si microprobe array device can detect neuronal action potentials, which
were evoked by the whiskers stimulations. In addition, I investigated acute damage of

rat’s brain associated with the penetration of the VLS Si-microprobe.

I propose a small package of various modules such as electrode arrays, signal
processor, and RF circuit by using conventional Si-IC process. To verify the feasibility of
proposed process, I then fabricated flexible switch-matrix microelectrode arrays. The
fabricated device is a <12 pm thick film flexible 7x8 (56 ch) switch-matrix
microelectrode array, which can be used to record the electrical activity in numerous
three-dimensional biological tissues. The embedded Si-NMOSFETSs/(111) in a polyimide
flexible film exhibit a controlled threshed voltage with a leakage current of 10-1* A and a
subthreshold swing of 123 mV/decade at a 50 mV drain voltage. The electrical
characteristics between the flat and bent (with a 3 mm curvature radius) devices do not
significantly change in a saline environment. These results indicate that the proposed
method, which does not utilize conventional transfer printing technology, may be used
to fabricate high-performance flexible electronics via a high-resolution lithography
process. Such flexible electrode arrays may be applicable to high spatial-resolution
recordings of neuronal signals in three-dimensional tissues, such as the brain surface,

retina and peripheral nerves.
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