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This paper presents a single-unit neural probe which functions both as a neural signal
recorder and a chemical stimulator.  The single-unit neural probe contains in-plane shanks
with buried microchannels and low-impedance microelectrodes that are fabricated using
the roughened polysilicon process.  The fabricated neural probe has three 3-mm-long
shanks with 10-µm-diameter microchannels, and six 30 µm × 30 µm gold microelectrodes
per shank.  The impedance magnitude and phase shift of the microelectrodes are 317 kΩ /
900 µm 2 and –56.2° at 1 kHz, respectively.

1. Introduction

Various micromachined neural probes have been developed for studying interactions
between neurons and neural prostheses.(1–6)  These neural probes are biocompatible,
minimally invasive, and reproducible in a batch fabrication process.  However, most of the
previous works investigated neural systems utilizing a single method of either an electrical
measurement or a drug delivery.  While the electrical charge distributions and potentials of
the probe are important factors for determining neuronal activity, it is well known that the
complex biochemical reactions between the neural probe and the cells are the major factors
that determine the functionality of the probe.  Thus, in order to obtain a better understand-
ing of neuronal behavior, we now seek to deliver the proper chemicals to a highly localized
area of the neural tissue while monitoring its responses to the chemicals in vivo.  Chen and
Wise previously integrated microelectrodes and microchannels in a single probe unit using
a (100) oriented silicon substrate.(7,8)  However, due to the anisotropic wet etching used for
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the formation of microchannels, the microchannels were aligned in the <100> direction, a
few microns below the top silicon surface.

This paper describes a new method of fabricating a single-unit neural probe integrated
with a drug delivery system and a neural signal recording system.  The fabricated neural
probe chemically stimulates the neuron via the buried microchannels and records the
neuron’s responses with the microelectrodes.  The shanks of the neural probe are in-plane.
The buried microchannels are fabricated by an isotropic dry etch.  Therefore, the shank
length of the probe is longer than that of the out-of-plane-type probe, and there is no
limitation on the direction and depth of the microchannels.(1,2,5)  Fabricated microelectrodes
are also formed on the roughened polysilicon film to achieve low impedance.(3,4)

2. Design

In order to prevent the displacement of a neural probe from its initial position, barbs are
proposed as shown in Fig. 1.  Considering the penetration ability and the mechanical
stability of the shank, the shape, length, width, and thickness of the shanks are designed.(5)

The body of the probe is 7.5 mm long, 4 mm wide, and 540 µm thick, and contains a 2
mm × 2 mm × 100 µm reservoir.  The probe has three shanks, and each shank has five or six
microelectrodes.  The length of each shank is 3000 µm.  The microelectrodes are 30 µm ×
30 µm rectangles.  Their dimensions are determined by considering the size of a neural cell.
At the wall of a shank, microchannels are positioned 40 µm away from the microelectrodes
(Fig. 2(b)).  The diameter of the microchannels is 10 µm (Fig. 2(d)).

3. Fabrication

Paik et al. have previously reported a method for fabricating hollow single-crystal-
silicon microneedles using anisotropic and isotropic dry etching, trench-refilling, and
release dry etching.(1,2)  Similarly, Chen et al. fabricated buried microchannels in a p-type
(100)-oriented silicon substrate using anisotropic wet etching and sealed the surface by
deposition of a low pressure chemical vapor deposition (LPCVD) thin film.  Briefly, a

Fig. 1.    Design variation of shanks: zigzags, triangular and rectangular shapes.
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Fig. 2.    Pictures of device.

(a) Picture of device. (b) Magnified picture of shank:  The center of
the microelectrodes is 40 µm away from the
end of the microchannels on a spike-shaped
shank. (Part A in Fig. 2(a)).

(c)  Magnif ied picture  of  out le ts  of
microchannels on the side wall of the shank
(Part A in Fig. 2(a)).

(d) SEM image of the microchannel and the
microelectrode on the shank (Part A in Fig.
2(a)).

(e) SEM image of bonding pads on the body
(Part B Fig. 2(a)).

(f) SEM image of microchannels at the
reservoir (Part C in Fig. 2(a)).
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heavily boron-doped silicon layer was used as an etch mask, and an opening perpendicular
to the (100) direction was cut through this layout to expose the (100) plane.(7,8)  Then, the
mask was undercut by subsequent wet etching to form continuous flow microchannels.
However, due to the anisotropic wet etching, the microchannels must be aligned in the
(110) direction, and the microchannels were located only a few microns below the top
silicon surface.

In this study, the modified microchannel fabrication process is developed to overcome
the limitations of Chen’s process.(1,2)  The fabrication process is shown in Fig. 3.  Although
a (100)-oriented silicon substrate is used, the fabrication process can also be applied to any
orientated wafer.  The microchannel fabrication process is shown in Figs. 3 (a)–3(e).  An
oxide layer is used as an etch mask.  Then, microchannels are fabricated using anisotropic
dry etching and sidewall passivation with thermal oxide or LPCVD nitride film, isotropic
dry etching with a SF6 plasma, and trench-refilling with LPCVD poly-silicon film.  Briefly,
the anisotropic dry etching process defines the depth of the microchannels below the top
silicon surface, which can range from a few microns to tens of microns, or even deeper.
The sidewall passivation prevents the trench from being etched during the subsequent
isotropic dry etching process.  Then, the isotropic dry etching defines the diameter of the
microchannel.  Because of the isotropic dry etching process for microchannels, the
direction of the microchannels can be oriented to any crystallographic direction in-plane,
which is an advantage over Chen’s process.

Previous studies have reported various methods of reducing the electrical imped-
ances.(7–23) Several approaches such as the enlargement of physical dimensions were
implemented to minimize the impedance by considering the signal-to-noise ratio, process
steps, cell size and positioning.

We have previously reported a simple method of fabricating low-impedance electrodes
which is compatible with the generic CMOS process and batch process.(3,4)  Since phospho-
rus atoms in a phosphosilicate glass (PSG) film disturb the nucleation of polysilicon during
LPCVD, the density of polysilicon nuclei becomes low.  Thus, the grains of polysilicon
become larger.(24,25)  In this work, this roughened surface is utilized to decrease the
electrical impedance.  The detailed process is presented in Figs. 3(f)–3(h).  Briefly, a 12
wt% PSG film is deposited in an atmospheric pressure CVD (APCVD) reactor.  Then, a 2-
µm-thick polysilicon film is deposited using a horizontal hotwall LPCVD reactor with the
pressure fixed at 300 mTorr and the SiH4 flow rate fixed at 60 sccm at 625°C.  This
condition makes polysilicon film roughened as expected.  The uniformity of the polysilicon
film is within ±5% of the 2 µm thickness across the wafer.(25–27)  After forming the
roughened LPCVD polysilicon film, titanium and gold films are deposited using a sputter-
ing system (MHS-1500, Moohan, Korea).  After successful patterning of the microelec-
trodes, a 300-nm-thick plasma-enhanced CVD (PECVD) oxide film is deposited to
insulate the microelectrodes, and the recording sites and bonding pads are opened.

4. Results

A picture of the entire device is shown in Fig. 2(a).  Briefly, part A in Fig. 2(a) shows
three shanks of the device which contain the microelectrodes and the outlets of
microchannels.  Part B in Fig. 2(a) shows the metal pads for wire bonding to a printed
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Fig. 3.    Process flow.

(a) Anisotropic etching (b) CVD oxide film deposition

(c) Bottom oxide film etching (d) Isotropic etching

(e) Gap filling (f) PSG and polysilicon deposition

(g) Defining microelectrode shape (h) Isolation layer deposition

(i) Front-side etching (j) Back-side etching

Material index
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circuit board (PCB).  Part C in Fig. 2(a) shows the inlet of the the microchannels and the
reservoir.  The center of the microelectrodes is 40 µm from the end of microchannels on a
spike-shaped shank, as shown Fig. 2(b).  Outlets of the microchannels at the sidewall of the
shank are shown in Figs. 2(c) and 2(d).  The diameter of the microchannels is approxi-
mately 10 µm .

As expected, microelectrodes fabricated on the roughened polysilicon are rougher than
those fabricated on the nitride film.  Atomic force microscopy (AFM, SSM SRP 150, PSI,
Korea) images show the gold microelectrode surfaces on nitride film and on the roughened
poly-silicon film in Fig. 4.  The microelectrode formation on silicon has an average
roughness of 2.49 nm and the root-mean-square roughness of 3.10 nm.  An average
roughness of 26.77 nm is measured for the microelectrode on the roughened polysilicon
film and the root-mean-square roughness is 34.08 nm.

(a)

(b)

Fig. 4. AFM images of gold microelectrode surface.  (a) Smooth surface of the gold electrode on
silicon with an average roughness of 2.49 nm and with a root-mean-square roughness of 3.10 nm.  (b)
Roughened surface of the gold electrode on polysilicon with an average roughness of 26.77 nm and
a root-mean-square roughness of 34.08 nm.
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The fabricated device is mounted onto a printed circuit board (PCB) using epoxy resin,
and followed by bonding pads and metal lines with gold wires 50 µm in diameter.  Using
this device, electrical impedance is measured with an impedance analyzer (ZAHNER-
electrik IM6e).  A large Ag/AgCl electrode is used as the reference electrode and a
platinum wire is used as the counter electrode.  As shown in Fig. 5, the bonded device is
connected at the working electrode.  Figure 6 shows the interface impedance of the
microelectrodes, which are soaked in a 0.9% NaCl solution (saline) at room temperature.

Fig. 5.    Schematic diagram of impedance analyzer.

Fig. 6. Interface impedances and phase shift of microelectrodes over frequency range from 1 Hz to
100 kHz.
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The sweeping frequency ranges from 1 Hz to 100 kHz. The impedance is measured with a
geometric area of 900 µm2 and has a magnitude of 371 kΩ at 1 kHz.  The phase of the
microelectrode is –56.2° at 1 kHz, which represents the pure capacitor behavior of the
fabricated microelectrode.

In addition, an injection test with 1% agarose gel is performed to verify the functional-
ity of the microchannels.  The device is bonded with a PDMS fluid chip, and then the
bonded chip was connected with a syringe through a pipette tip.  Figure 7 shows the process
of injecting rhodamine B (Sigma, USA) solution into 1% agarose gel through the
microchannels of the device bonded with the PDMS fluid chip.  The syringe is manipulated
without any mechanical pump. Rhodamine B solution is easily injected into the 1% agarose
gel and stains the 1% agarose gel around the device shanks, as shown in Fig. 7(b).  This
shows that a chemical stimulator can be successfully delivered to target cells through the
microchannels.

5. Conclusion

A multifunctional neural probe is developed, which can deliver chemicals to a neuron
and record the response of the neuron with spatial resolution at the cellular level.  The probe
contains in-plane shanks with buried microchannels and low-impedance microelectrodes
fabricated using a roughened polysilicon process.  Our process has advantages in that there
are no limitations for the length of a shank and the depth and location of buried microchannels.
The roughened polysilicon process is simple and reproducible for CMOS-compatible and
low-impedance microelectrodes.  The probe has three 3-mm-long shanks with 10-µm-
diameter microchannels and six 30 µm × 30 µm gold microelectrodes per shank.  The
impedance magnitude and the phase shift of the microelectrodes are 317 kΩ  and –56.2˚ at
1 kHz, respectively.  Injection tests show that the microchannels can be used as a drug
delivery pathway.

Although the fabricated device has only one reservoir, a simple mask design change in
the number of reservoirs and the shape of microchannels enables the fabrication of a multi-
drug-delivery probe.  In addition, other electrode materials such as platinum and iridium
can be used as a material in the roughened polysilicon process.

Fig. 7. Injection test with 1% agarose gel.  (a) Before insertion of the multifunctional probe into 1%
agarose gel.  (b) Injection of rhodamine B solution into 1% agarose gel throgh microchannels; (c)
Injected rhodamine B solution stains the 1% agarose gel around the multifunctional probe shanks.

(a) (b) (c)
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