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Microelectrodes have been extensively implanted into patients’ deep brain for long-
term treatments of nervous system disorders, and Pt and Ptlr are the preferred materials
for the microelectrode film and microwire, respectively, because of their biocompatibility.
A novel method of microwire bonding for connecting Ptylr,, microwires to the
microelectrode is presented in this paper. After the microelectrode was fabricated
through microelectromechanical systems (MEMS) techniques, the Ptylr,, microwire was
connected to the microelectrode by electroplating Pt film on the microwires fixed on the
connection pads of the microelectrode, instead of using a traditional bonding or soldering
process. Optical photomicrography and scanning electron microscopy (SEM) revealed
that the Pty lr,, microwire was connected tightly to the microelectrode by electroplating.
The measured tensile strengths of the microwire connections reached up to 0.375 MPa
for the Pt film with a thickness of 3 pum and above, and the maximum tensile force that
the microwire (75 pm diameter) could withstand was about 1.6 N. Experimental results
indicated that the electroplating connection could provide sufficient strength for the
microelectrode to accurately reach the target position in the deep brain.

1. Introduction

There is increasing interest in using microelectrodes to provide long-term treatments
for nervous system disorders such as Parkinson’s disease, blindness, deafness, paralysis
and severe epilepsy.'™> The microelectrodes lying in the target position of the deep
brain record neural signals from a single neuron or clusters of neurons and provide
electrical stimulating signals for disorder treatments. They are biocompatible for long-
term treatment and sufficiently strong to be implanted into the deep brain. To avoid
traumatizing tissue, the microelectrode should be fabricated small enough by advanced
technology.
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With the rapid development of MEMS technology in the biomedical field,
micromachined devices with Si-based microelectrodes have become key components
in implantable microsystems.®? During the past decade, many and perhaps most types
of implanted microelectrode structures and fabrication processes have been studied.C—2?
Regarding the deep-brain microelectrode for long-term recording/stimulation, all the
materials used to make the microelectrode must be biocompatible, and Pt and Ptylr,,
alloy are the best materials for microelectrode films and microwires, respectively,
because of their good biocompatibility and corrosion resistance and also because of
the charge injection capacity of Pt and low impedance and good mechanical property
of Ptylr,, alloy.52"  As for the microelectrode, whether telemetry is used or not in the
electrode system, communication between the implanted microelectrode and the outside
stimulator must be carried out through a multichannel of interconnected microwires and
a percutaneous connector. The mechanical and electrical stabilities of the connection
are critical to the performance of the microelectrode system. In the above-mentioned
references, microwire bonding was also studied and carried out by ultrasonic bonding,>”
soldering,'® gluing with conductive epoxy!+?) or micromachining.®) However, owing
to the high hardness and melting points of Pt and Ptylr,,, it is difficult to connect Pty,lr,,
microwires to Pt thin film using the above joining methods. These conventional methods
are unstable in terms of mechanical and electrical performances.

In this paper, we present a novel and effective bonding method for connecting Pt,Ir,,
microwires with a Pt thin film on a Si-based deep-brain microelectrode by electroplating
Pt film on the microwires fixed on the connection pads of the microelectrode. The
microelectrode was fabricated by specific coating, wet etching, photolithography,
and bulk micromachining technology, and was then connected to a Ptylr,, microwire
by electroplating. The quality of the microwire bonding was examined by optical
microscopy and scanning electron microscopy (SEM), and the strength of the microwire
bonding was measured using a tensile strength tester. Experimental results were used to
verify the feasibility of the proposed method.

2. Materials and Methods

2.1 Materials

One-hundred-millimeter-diameter 525-um-thick <100>-oriented P-type silicon
wafers were used as the substrate of the microelectrode. The 75-pm-diameter Ptylr,,
microwires coated with 30-pum-thick polypropylene, which are the materials suitable
for the implantable deep-brain microelectrode for long-term treatment, were purchased
from A-M Systems Inc. Electrolyte solutions were freshly prepared with double-distilled
water, and deoxygenation was achieved with a stream of argon for 5 min prior to the
electroplating experiments. All the chemicals used in this study were of analytical grade;
all the materials in the implanted part of the microelectrode were medical grade, and the
experiments were performed at room temperature.



Sensors and Materials, Vol. 21, No. 6 (2009) 283

2.2 Si-based Pt microelectrode

Using standard single-side-polished 4-inch silicon wafers as substrate, we began
the fabrication of the microelectrode by CVD to deposit lower dielectric layers of
SiO, (500 nm) to insulate the recording/stimulation layer from the silicon substrate.
After the photoresist was spin-coated and patterned, the recording/stimulation layer
and conductive film, Ti/Pt (20 nm/200 nm), were deposited and patterned by RF
magnetron sputtering and metal lift-off procedure and then insulated with SiO, film by
low-temperature plasma-enhanced chemical vapor deposition (PECVD). In the last
procedure, the recording/stimulation and connecting sites were exposed by wet etching.
Figure 1 is an optical photomicrograph of the micromachined microelectrode. It also
enabled the design of double-side planar microelectrodes with specific site configuration
and physical layout customized according to the targeted neural structure.

After the Si-based Pt microelectrode is fabricated, the microwires are connected
to the microelectrode by electroplating (Fig. 2), in our next work, the Si-based Pt
microelectrode will be encapsulated into a cylinder with polyurethane to avoid
traumatizing brain tissue. The encapsulated microelectrode and part of the microwire
lead will be implanted into the deep brain to record the neural signals of the target and
stimulate the target, and a percutaneous connector is used to connect the microwire to the
outside stimulator.

Fig. 1. Optical photomicrograph of Si-based Pt film microelectrode, which consists of an array
of three stimulation sites (800x800 um?) and four recording sites (20%20 um?), and there are seven
connection pads of the end of the microelectrode.

Part implanted in brain Percutaneous connector

Si-based Pt microelectrode PtIr microwire lea({:‘ @1 25mm Ptlr alloy ring(7x)
fO-0-0-( 5] ) S
gmm [ 29.5 mm

Connectionbetween microelectrode and microwires

Fig. 2. Schematic diagram of deep-brain microelectrode system.
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2.3 Microwire bonding of microelectrode

The connection between micromachined devices and the macrocosm depends on
the application, environment, and microelectrode design. Ultrasonic bonding is the
preferred method of connecting the microdevices to the macrocosm. The wire materials
of bonding, such as Au, Cu or Si-Al, which must have low hardness and melting point,
can be heated into their molten state and then pressed onto the film very easily. These
materials, however, are unsuitable for the deep-brain microelectrode used in long-term
treatment, and the Ptlr alloy is a suitable wire material for this type of microelectrode.
However, it is difficult for the Pt,lr,, wire to be bonded onto a Pt film because of its
high hardness and melting point (Fig. 3(a)). Furthermore, welding processes such as
laser welding are also unsuitable for this connection because the thermal expansion
coefficients of the Pt film and silicon substrate are different, and the shrinkage of the Pt
film is different from that of the substrate, which results in the wrinkling and cracking of
the Pt film layer in the heat-affected zone after the Pt film is heated to a molten state (Fig.
3(b)). In addition, resistance spot-welding is attempted to connect the Pty,Ir,, microwires
to the microelectrode, but the bonding strength is very low. In ref. (9), it was proposed
that wires of a standard 80-conductor computer cable should be soldered directly onto the
Pt pads with a solder flux. This is a feasible method for a white mouse’s implant because the
solder region is outside the brain and it is not necessary that the material of the solder region
be biocompatible; however, the soldering is unsuitable for the microwire connection
of the deep-brain microelectrode used here because of the poor biocompatibility of its

300.00 pmidiv,

Fig. 3. Optical photomicrograph of the Ptylr,, wire ultrasonic bonding (a) and the laser welding
connection (b). The strength of the bonding connection is less than 0.1 N, and the failure rate of
the Pty lr,, wire bonding on the Pt film is higher than 95%. In laser welding, the film in the heat-
affected zone is wrinkled and compromised by the laser energy, and the electric resistance of the
laser joint reached up to (30 £ 5) kQ, which is considered as the failure of the electric circuit for
the microelectrode system.
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solder flux. The above difficulties are challenges faced by researchers attempting to
develop new PtlIr microwire bonding processes.

However, we observed an interesting phenomenon by accident, that is, an
electroplated metal film could be used to glue a microwire on the work surface in the
electroplating process. The electroplating process is analyzed in Fig. 4. Figure 4(b)
shows that electroplated metal molecules are first crystallized on the surface of the seed
layer and microwire, and then grow vertically on the surfaces. When the molecules
electroplated on the seed layer meet the molecules on the microwire, the electroplated
metal grows upward and the microwire connection is implemented (Fig. 4(c)). The
microwire should be fixed tightly onto the seed layer with a special holder during the
electroplating; otherwise, the failure of connection would occur.

The connection strength can be determined on the basis of the design and method
of the connection. In this study, finite-element analysis (FEA) software (COMSOL
Multiphysics 3.0, COMSOL Inc., Burlington, MA) was used to determine the stress
distribution of three microwire connection patterns: i.e., vertical connection (the bonding
connection), angle connection (the welding or bonding connection), and level connection
(the electroplating connection) (Figs. 5(a)—(c)). All the microwires were of the same
size (0.2 mm diameter, 3 mm length). In surgery, the insertion force distributed at the
connection position is parallel to the microelectrode substrate, so a level load (100 N)
parallel to the substrate was applied at the end of the connected wire. Figures 5(d)
—(f) revealed that the stress of the electroplating connection was lowest in the three
connection modes under the same load, which was due to only tensile stress in this
connection and the largest contacting area between the microwire and substrate. The
results showed that electroplating was an optimal connection process and it could provide
sufficient strength for the microelectrode to penetrate the cerebral cortex and tissue of the

deep brain.
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Fig. 4. Schematic of microwire’s electroplating process: before electroplating (a), during
electroplating (b), after electroplating (c). The materials of seed layer, microwire and electroplated
metal are Pt, Pt,Ir,, and Pt, respectively.
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Fig. 5. Schematic of microwire stress analysis for different microwire bondings and von Mises
stress and deflection (L = 3 mm, D = 0.2 mm, Load force = 100 N): ultrasonic bonding (a) and (d),
welding or bonding (b) and (e), and electroplating (c) and (f).
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The electroplating process for connecting the microwires to the microelectrode is
demonstrated. Figure 6 shows schematically the electroplating process. We employed
an alkaline solution because of its high current efficiency in electroplating. The
electrolyte for electroplating Pt is composed of 20 g/L chloroplatinic acid (H,PtC,),
40 g/L potassium hydroxide, and 5 mg/L calcium chloride. Before electroplating,
the 75-pm-diameter Pty lr,, microwire was fixed tightly onto the connection pad of
the microelectrode using a special holder, and then the end of the microelectrode was
inserted in the plating bath. The electroplating was carried out at a constant current of
the potentiostat (Model HDV-7C, Fujian Sanming, China) with the microwire as the
cathode and a 3x3 cm? Pt plate as the anode. A current density of 3 A/dm? was used to
electroplate about 15 pm of Pt in 2 h. The morphologies of the electroplating connection
were examined by optical microscopy (VH-8000, Keyence Ltd., Japan) and SEM
(CABL-9000C, Crestec Ltd., Japan), and the strength of the electroplating connection
was measured with a tensile strength tester.

3. Results and Discussion

3.1  Characterization of microwire bonding

The microwire bonding of the microelectrode was performed by electroplating the
Pt film onto the microwires fixed on the connection pads of the microelectrode. Figures
7(a)—(c) show that the electroplated Pt film tightly connected the microwire and the pad
on the microelectrode, and there were no obvious gaps inside the electroplated layer
(Fig. 7(c)). The measured Pt thin film was about 15 pm in thickness. The magnified
view of the electroplated Pt film revealed a rough surface and some microcracks (Figs.
7(b) and 7(d)). For measuring the strength, the connection was broken and the tensile
failure of the connection appeared at the microwire connection interface instead of at
any other positions of the microwire connection (Fig. 7(d)). This result showed that the
strength of the electroplated interface was lower than that of the other positions on the
microwire connection, and the microdefects on the electroplated film had no effect on the
connection strength.

Microelectrode

Anode of the Pt plate

Electrolyte
+ _

V 1 Potentiostat

Cathode of the
microwire

Thermostatic regulator

Fig. 6. Schematic of electroplating process. The microwire fixed on the connection pad of
the microelectrode was the cathode, the Pt piece (3x3 cm?) was the anode. The electroplating
temperature was maintained at 80°C, and the PH of the electrolyte was adjusted to 13.5 using
ammonia.
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Fig. 7. SEM images of the microwire bonding using electroplating (a) and (b), the cross section
of the wire connection (c), and the fractured surface of the connection (d). The fractured site
was at the interface of the wire connection after measuring the strength of the connection to the
microwire (75 pm diameter).

3.2 Tensile strength of the electroplating connection

In surgery, the encapsulated microelectrode has to be inserted into the brain and
will bear a push force acting on the center line of the microelectrode, and the forces
acting on the connection site are the tensile and shear forces. Because the shear force
is very small and can be neglected, the strength and reliability of the electroplating
connection were measured using a tensile strength tester. The results demonstrated
that a connected microwire could withstand 1.6 N tension for the electroplated Pt film
(15 pm). The tensile strength of Pty lr,, alloy is 0.357 MPa and the maximum tensile
force that the microwire (75 pm diameter) can withstand is about 1.6 N. Thus, it could
be concluded that the strength of the microwire connection was higher than that of the
microwire. Therefore, it was possible that seven microwire connections could withstand
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Tensile strength (MPa)

Electroplating Pt film thickness (um)

Fig. 8. Effect of electroplated Pt film thickness on the tensile strength of microwire connection.

a tensile force higher than 1.6 N. Furthermore, the strength of the microelectrode after
encapsulation will be enhanced to higher than 1.6 N because the encapsulation protects
the microwire connection. In refs. (9) and (14), an average insertion force of less than
0.25 N was used, so these connections had sufficient strength to withstand the insertion
force used in surgery. In Fig. 8, the increase in tensile strength for the microwire
connection was observed with the thickness of the electroplated Pt film. The tensile
strength increased more quickly with the film thickness when it was in the range of 0.2
—3 pm, while the tensile strength reached up to 0.375 MPa and remained constant with
the increase in the film thickness above 3 um, which was considered as the maximum
tensile strength that the microwire connection could withstand. It will be discussed that
how much particular force is generated at the connection part during the penetration after
encapsulation in our next work.

4. Conclusions

The Si-based Pt film microelectrode for treating nervous system disorders in the deep
brain was fabricated by MEMS techniques, and electroplating was carried out to connect
the microwire to the microelectrode. Optical photomicrography and SEM revealed that
the microwire was tightly connected to the microelectrode by electroplating. When the
thickness of the electroplated Pt film was above 3 pm, the strength of the electroplating
connections reached up to 0.375 MPa, which is the maximum strength of the Ptylr,,
microwire. The strength of the microwire (75 pm diameter) connection was 1.6 N for
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the electroplated film thickness above 3 pum, which showed that these electroplated
connections had sufficient strength to withstand the insertion force used in surgery. The
results indicated that electroplating could be used as an effective method of connecting
Pty,lIr,, microwires to the deep-brain microelectrode for long-term use.
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