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ABSTRACT 
Development of a micromachined electrode array for cochlear implant application is presented. The device is constructed 
from a silicon substrate with sputtered platinum electrodes and connection tracks. Electrochemical impedance spectroscopy 
(ElS) is used to study the properties of the electrode, and to identify potential problems caused by the micromachining 
process and materials. A variety of insulators are studied and a two-part epoxy is identified as an adequate insulator for 
operation under harsh electrochemical testing conditions. The semiconducting silicon substrate is found to contribute to the 
total impedance of the device at high frequencies due to the thin insulating oxide between the substrate and conducting 
tracks. This is a potential problem for micromachined electrodes operating under high frequencies or using square 
stimulating pulses. The charge-delivery properties are studied using electrochemical impedance spectroscopy. It is found 
that platinum sputtered under particular conditions results in excellent surface conditions for optimum charge-delivery. 

Keywords: Micromachining, cochlear implants, Electrochemical impedance spectroscopy (EIS), electrode array, silicon 
substrate, thin-film electrode. 

1. AIM 
The aim is to investigate the use of micromachining technologies for fabrication of the cochlear implant electrode array. 
Success in fabrication of the physical device is considered, as well as the effect of microfabrication on its electrochemical 
performance. . 

2. INTRODUCTION 
A cochlear implant is an implantable hearing prosthesis which provides the sensation of hearing for the severe to profoundly 
deaf. Its function is to stimulate the nerves in the cochlea directly with electric current. The implant's electrode array is a 
string of metal electrodes, each with a wire connecting it to the stimulator electronics. Each electrode is a 500Jlm-platinum 
band, which is welded to its connecting wire in a manual assembly process (Figure 1). 

Figure 1: Platinum band electrodes are manually welded to their connecting wires. 

The nerves cells in the cochlea are arranged tonotopically, so each electrode is responsible for providing perception of a 
particular frequency. Low frequencies are perceived at the apex of the cochlea and high frequencies at the base. This 
technology today provides a useful amount of hearing for the severe to profoundly deaf. For more information on the 
cochlear implant, refer to (Patrick and Clark 1991) or (Clark, Blarney et aL 1988). 

The performance of the cochlear implant has improved greatly with advances in technology. However, these advances have 
mainly been made in the area of signal processing, while the actual implant has remained similar to the original device. In 
order to achieve a significant improvement in implant performance, a new method of fabricating the electrode array is 
required. This paper addresses the application and possibilities of microfabrication principles to the cochlear implant 
electrode array. 
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3. ELECTRODE FABRICATION 
A number of test electrodes were fabricated using micromachining techniques. The devices were made larger than a 
cochlear implant, with dimensions approximately 7mm wide and 30mm long, to facilitate easier handling. However, the 
electrode sites were given dimensions which resulted in the same geometric surface area as a standard cochlear band 
electrode (see Figure 2). This enabled adirect comparison of results during the electrochemical testing. 

+ •150~m tl 

~... ... 
Figure 2: Dimensions of test electrodes. 

The electrode fabrication process steps are shown in Figure 3. 

(a) Grow oxide (d) Evaporate 
Cr and sputter 
Pt 

(b) Spin on layers (e) Lift-off 
of resist 

(c) Pattern resist (f) Insulate 

Figure 3: Micromachioing steps for fabrication of the silicon-substrate test electrodes. 

The silicon substrate was oxidised at 1 150°C in a dry oxygen environment for four hours, to grow 300nm of silicon dioxide 
(a). Two layers of photoresist were spun onto the substrate in order to achieve the height required for thick-metal lift-off 
(b). The sample was softbaked between spins at 85°C for 10 minutes. Patterning of the two-layer resist was successful with 
standard photolithography procedures (c). A thin layer of chromium was evaporated onto the surface as an adhesion 
promoter for the platinum. Platinum was then sputtered onto the chrome using an RF magnetron sputterer at 200W, in an 
argon plasma at a pressure of 0.02 mbar. The sputtering was carried out in 6 runs of30 minutes each, to prevent 
overheating inside the chamber. The total sputtering time was 180 minutes and this resulted in a platinum thickness of 
approximately 1.8~m (d). 

The excess photoresist was then stripped off in acetone to complete the lift-off process. The electrodes were insulated with 
another patterned layer of photoresist, which was hardbaked to improve endurance. 

A set of glass-substrate electrodes was also fabricated, using laboratory microscope slides as substrates. The purpose of 
these electrodes was to ensure that there would be no possible contribution to the electrochemical test results from the 
substrate. As the silicon substrate is a semiconductor, it was desired to compare these results to a known insulating 
substrate. Glass was the most convenient option. 

The silicon-substrate electrodes were mounted using a 24-pin IC package cut in half along its width. The electrode was 
bonded to the edge of the package using Epotek H74 Thermally Conductive Epoxy. An ultrasonic gold bonder was then 
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d to connect the tracks of the electrode to the pads on the package with gold wire. This enabled an electrical connection 
Ils

e .,.,ade to the sites through the legs on the package. The resulting bonded electrode is shown in Figure 4. 
to be U' 

Figure 4: Silicon electrode mounted in Ie package. 

The glass-substrate electrodes could not be produced narrow enough for mounting on an Ie package. so an alternative 
mounting method was devised. Bonding pads were added to the metallisation pattern to enable direct connection through 
soldering. The modified pattern is shown in Figure 5(a). This method required a modification to the fabrication process. 
After platinum deposition. the electrode array and tracks were shielded and copper was sputtered onto the bonding pads. 
Copper was required because solder will not adhere to platinum. Wires were then soldered to the copper-coated bonding 
pads, and the connection was set with epoxy. A mounted glass electrode is shown in Figure 5(b). 

tfl 
(a) 

(b) 

Figure 5: Bonding method for glass-substrate electrodes (a); Assembled glass electrode (b). 

4. ELECTROCHEMICAL TESTING 
Electrochemical impedance spectroscopy (EIS) is a useful test for the study of electrodes in solution. This test method 
scans the electrochemical impedance of the electrode through the frequency spectrum and the resulting data is analysed for 
various electrode properties. 

The circuit connections for the EIS test are shown in the diagram in Figure 6. 
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Figure 6: Circuit connections for electrochemical impedance spectroscopy. WE =working electrode; CE =connter 

electrode; RE = reference electrode; V = potential measurement. 

A small current perturbation is applied between the working electrode and the counter electrode, so that the potential on the 
electrode is a 10m V sine wave with respect to the reference electrode. The resulting impedance is calculated from the 
applied current aQd the measured potential, and the measurement is taken over a frequency range from around 100kHz to 
less than 1Hz. The data can be plotted in a variety of ways for analysis. Figure 7 shows EIS results of a typical electrode as 
a Bode plot. 
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Figure 7: Typical impedance spectroscopy Bode plot for a platinum thin-film electrode in phosphate-buffered saline. 

Analysis of the Bode plot provides useful electrode properties. through fitting to an equivalent circuit model. The EIS tests 
for this research were conducted using a Solartron SI 1287 Electrochemical Interface, and a 1260 Impedance Gain-Phase 
Analyzer. All experiments were carried out in phosphate-buffered saline solution. 

An electrode in solution can be represented with the equivalent circuit shown in Figure 8(a). The access resistance, RaJ 
represents the resistive contribution of the track and the electrolyte solution. Cdl represents the double layer capacitance. 
This is an electrochemical' capacitance which appears at the interface between the electrode and the solution. Rdl represents 
the resistance to charge transfer across the interface. Ideally stimulation is conducted at current density levels too low to 
allow charge to cross the interface, so Rdl is very high. The circuit can therefore be simplified to that shown in Figure 8(b). 
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The values of the equivalent circuit elements can be determined from the EIS Bode plot. At high frequency, the impedance 
of the circuit is dominated by the series access resistance, Ra. This resistance is due to factors such as track resistance and 
the resistance caused by the solution, which will depend on the surface area of the electrode. This value can be read directly 
from the high-frequency end of the graph. For the electrode plotted in Figure 7, Ra is approximately 1 kil. Cdl is calculated 
using fitting software. Since the electrochemical double layer is not an ideal capacitor, it cannot be simply calculated using 
impedance at one frequency. The value of Cdlchanges with frequency, so the value calculated by the fitting software 
approximates an ideal capacitor in the low frequency range. A qualitative estimate of this parameter can be obtained by 

,inspecting the corner frequency on the Bode plot. A low corner frequency indicates a larger capacitance and a high corner 
frequency indicates a smaller capacitance. Cdl depends on the real electrode surface area and the surface properties, and 
influences the charge-delivery capabilities of a platinum electrode. Using the fitting algorithm in the Z-View software by 
Scribner Associates, Cdl was determined to be 2.71J.F for the electrode in Figure 7. 

s. RESULTS AND DISCUSSION 
1. EIS testing for fabrication errors 
EIS techniques were developed to identify possible fabrication problems which may occur during the micromachining 
process. Faults such as pinholes in insulation or discontinuities in electrical connections can occur during thin-film 
fabrication. These faults are difficult or impossible to detect using conventional electrical tests, but become evident during 
sensitive electrochemical testing. 

Electrodes were fabricated with specific errors deliberately introduced. EIS measurements were taken and the data was 
fitted to the series R-C equivalent circuit model in Figure 8b. Table 1 shows the fitting results. 

Figure 8: Electrical equivalent model of electrode in solution (a); Simplified circuit model (b). 

Cdl (F) Electrode Condition Ra(Q 
247A Good 5.5E-6 
162B No top 6E-5 

insulator 
4.7E-4D No intern 

insulator 

Table 1: Circuit fitting results for three electrodes. 

The missing top insulator was identified by unusually low Ra, due to the contribution of the electrode track's surface area to 
the measurement. The double-layer capacitance is also slightly greater, caused by this larger real surface area. The missing 
internal insulator is identified by a very low Ra, caused by all of the electrodes and tracks shorting together at high 
frequency through the silicon substrate. This is also the cause of the high double-layer capacitance. 

Other aspects of EIS measurement results can be used to test for fabrication errors such as contamination, shorts, and open
circuits (Parker, Duan et al. 1999). 

2. Insulation 
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Photoresist was initially used to insulate the electrode tracks from the solution, but it was found that the resist peeled off 
after stimulation. Generally, it remained in its original shape after peeling off, indicating that it was the adhesion between 
the resist and the electrode failing, rather than the resist decomposing in solution. 

In order to solve the insulation problem a number of other insulating materials were tried. These were applied manually to 
the electrode after removing the photoresist. A list of the materials tested and their performance characteristics is shown in 
Table 2. 

Material Comments 
Photoresist Adhesion with Si02 degrades in solution. 

SiJicone rubber used in cochlear Good performance but time-consuming to prepare and apply. 
implants 

Commercial silicon rubber Easier to apply but seemed to degrade over time in solution. 
Good performance over short term. 

Nail polish Sometimes used in electrochemistry. Electrode impedance 
dropped after soaking so possible adhesionp!oblems with silicon. 

Adhesive tape Good insulation but difficult to apply accurately. 

I 
Araldite 2-part epoxy Often used as electrode insulator in electrochemistry. Good 

adhesion and good insulator pmp~rties. 
Table 2: Materials tested for insulation properties. 

EIS measurements and soaking showed that Araldite epoxy gave the best insulation and was most resistant to the testing 
environment. The photoresist on all of the electrodes was stripped off and replaced by applying the Araldite epoxy 
manually. This was the insulator used for the remaining tests. 

3. Electrochemical Properties of Electrodes 

Figure 9 shows the EIS results of t/1e silicon-substrate electrode, glass-substrate e1ectmde, and cochlear band electmde. 
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Figure 9: EIS plot comparing performance of silicon-substrate electrodes (filled square), glass-substrate electrodes 
(opeu circle), and normal cochlear band electrodes (open triangle). 
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The magnitude plot shows that the impedance at high-frequency, or access resistance, is the same for all three electrodes. 
This is due to the geometric surface area of the thin-film electrodes being the same as the cochlear electrode. It also 
confirms that the quality of the track connections in the thin-film electrodes is comparable to the cochlear electrode, and that 
adequately low resistivity in the tracks was obtained. The impedance of the cochlear electrode departs from that of the thin
film electrodes at about 12kHz, due to the double-layer capacitance. This indicates that Cdl of the cochlear electrode is 
significantly smaller than for the thin-film electrodes. The impedance of the thin-film electrodes remained low to around 
100Hz before rising due to the influence of the double-layer capacitance. 

The phase plot of Figure 9 indicates the point at which the double-layer capacitance starts to contribute to the impedance. 
'h!ro phase shift means the impedance is purely resistive, and an increasing phase shift is caused by a capacitive 
contribution to the impedance. Note that the double-layer capacitance causes a maximum phase shift of around 75°. An 
ideal capacitor in a circuit causes a full 90° phase shift. This property differentiates the electrochemical double-layer 
capacitance from an ideal electronic capacitor. Further investigation into the double-layer capacitance properties can reveal 
more detailed information about the electrode, however this is beyond the scope of this paper. More information can be 
found in (Zoltowski 1998) or (Kerner and Pajkossy 1998). 

The electrode data was fitted to the circuit model in Figure 8b, giving the component values listed in Table 3. 

I Ra (0) Cdl (F) 
Silico 603 8.51e-6 
Glass-substrate I 600 6.98e-6 

Normal cochlear band I 415 1.75e-7 
Table 3: Results of circuit fitting electrode EIS data. 

The circuit fitting shows that the access resistance of all electrodes is similar as expected, though slightly lower in the 
cochlear electrode due to its thicker connecting wires. It is also evident that the double"layer capacitance of the cochlear 
electrode is significantly smaller than the thin-film electrodes. The larger double-layer capacitance of the thin-film 
electrodes is an advantage during electrical stimulation, as the electrode impedance will remain low for more of the 
frequency spectrum than for the cochlear electrode. Since the surface areas of all the electrodes are the same, the double
layer capacitance must be influenced by other.surface properties. Kerner suggests that atomic surface disorder contributes 
to the double-layer capacitance (Kerner and Pajkossy 1998). Surface roughness is also known to be a contributor. Atomic 
force micrographs have shown the surface roughness of the thin-film electrodes in Table 3 to correlate to the double-layer 
capacitance (Parker et al.). Further research is being conducted into surface properties and double-layer capacitance. 

The phase plot in Figure 9 also shows that the silicon-substrate electrode differs from the glass-substrate electrode at very 
high frequencies. The silicon-substrate electrode shows a capacitive characteristic in the form of a rising 'tail', which is not 
present in the glass electrode or cochlear electrode data. It is thought that this artifact could be caused by a small capacitive 
coupling from the semiconducting silicon-substrate. The absence of the tail in the glass-substrate plot supports this 
hypothesis, because the glass substrate is a good insulator. The silicon substrate does not appear to affect the properties of 
the electrode at the lower frequencies. However, further research is required to ensure this does not cause any problems 
during cochlear stimulation. 

6. CONCLUSION 
Microfabrication principles can be successfully applied to the fabrication of cochlear stimulation electrodes. Devices 
constructed from a silicon substrate, with sputtered platinum electrode sites and tracks show electrochemical behavior 
suitable for use as a stimulating electrode. 

Electrochemical impedance spectroscopy (EIS) is an important tool in the production of these thin-film electrodes. EIS can 
detect possible fabrication defects which may not be identifiable by other, conventional means. Identification of 
weaknesses in the fabrication process is important when applying a new fabrication technology to an existing implantable 
device. 

Sputtered platinum electrodes on a silicon-substrate have shown improved impedance characteristics when compared with 
conventional cochlear band electrodes. EIS has demonstrated that the thin-film electrodes have a larger double-layer 
capacitance, giving them lower electrode impedance through the frequency spectrum. This property has good implications 
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only when the frequency of the stimulus is in the region where the thin-film electrode has a lower impedance than the 
cochlear electrode. Short-pulse stimulus will not benefit from increased double-layer capacitance, so these findings must be 
applied to the appropriate conditions to be advantageous. 

Silicon-substrate electrodes may present problems due to the semiconducting substrate. A small capacitive coupling is 
evident at high frequencies, in the form of a tail on the EIS phase plot. However, no effects have been noticed at lower 
frequencies. This finding must be considered if electrode stimulus is at high frequency or contains high-frequency I components such as square waves. 

! 
In conclusion, with their state-of-the-art fabrication method and excellent electrochemical properties, micromachined 
cochlear implant electrode arrays are a feasible and promising concept for the future in implantable devices. Further 
research will enable thin-film fabrication methods to be integrated into cochlear electrode production, to finally provide an 

[ I 

implant device on which many future improvements can be based. 
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