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To realize a three-dimensionally (3D) stacked retinal prosthesis chip having a large stimulus
electrode area and a large photodiode area, the fundamental properties of an Al-doped ZnO
transparent stimulus electrode were investigated in detail. The test samples were fabricated,
and thin film property and stimulus electrode characteristics were also evaluated using several
methods. It was clearly observed that both the crystallinity and transmittances of an Al-doped
ZnO thin film were dependent on the substrate temperature during thin-film formation. A
better crystallinity and a transmittance of more than 85% in the visible range were achieved
for the Al-doped ZnO thin film with a substrate temperature of 200 °C. Furthermore, good
electrochemical impedance characteristics and adequate charge injection capacity (CIC) values
of 0.07 mC/cm? were obtained to elicit visual sensations. Consequently, Al-doped ZnO has the
possibility of becoming the transparent stimulus electrode for a 3D stacked retinal prosthesis
chip.

1. Introduction

Recently, with the progress of the aging society, the number of blind patients has been
remarkably increasing worldwide. In particular, many people lose their vision owing to ocular
diseases such as cataract and glaucoma in developing countries, because medical treatments
have not sufficiently progressed in such countries. On the other hand, effective medical
treatments for retinal diseases such as retinitis pigmentosa (RP) and age-related macular
degeneration (AMD) have not been established yet even in industrialized countries. More than
10 million people are blind owing to these retinal diseases worldwide.(V Photoreceptor cells in
the retina play a very important role and convert incident light signals into electrical signals.
In the retina of blind patients with RP or AMD, photoreceptor cells are almost or sometimes
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completely absent. However, in most cases, retinal cells such as bipolar cells and ganglion cells
often remain normal even in blind patients with RP and AMD, and it was confirmed that light
perception can be elicited by electrical stimulation to the remaining visual pathway.” In other
words, it will be possible to restore one’s visual sensation by stimulating the remaining retinal
cells. In recent years, several visual prostheses have been developed worldwide.®™> We have
also developed a fully implantable retinal prosthesis with a three-dimensionally (3D) stacked
retinal prosthesis chip.")

Figure 1 shows a conceptual drawing of the fully implantable retinal prosthesis. The
implantable retinal prosthesis is composed of extraocular and intraocular devices, which are
connected by a telemetric inductive link. The extraocular devices consist of a primary coil and
a transmitter for power transmission. The intraocular device consists of the 3D stacked retinal
prosthesis chip, a flexible printed cable (FPC) with a stimulus electrode array, and a secondary
coil for power reception. The 3D stacked retinal prosthesis chip is attached to the FPC. In
the 3D stacked retinal prosthesis chip, a photoreceptor chip, an image processing circuit chip,
and a stimulus current generator chip are vertically stacked and electrically connected by
many through-Si vias (TSVs) formed in a Si substrate. By implanting the 3D stacked retinal
prosthesis chip into the eyeball, the patients can employ their own lens and cornea, and can shift
a gaze point by moving the eyeball, leading to high-speed visual information processing by
using saccadic effects. As the 3D stacked retinal prosthesis chip has a layered structure similar
to the human retina, more than 1000 pixels can be fabricated in the retinal chip. This leads to a
small chip size, light weight, large fill factor, high resolution, and the resultant high quality of
life (QOL) for the patients.

In general, there are three types of electrical stimulation to the retina, namely, epiretinal

stimulation, subretinal stimulation, and suprachoroidal transretinal stimulation.® 13

Figure
2 shows configurations of an epiretinal stimulation and a subretinal stimulation with the 3D
stacked retinal prosthesis chip. The 3D stacked retinal prosthesis chip receives incident light
and converts it into a biphasic stimulus current train, and the stimulus electrode array stimulates
the remaining retinal cells. Each stimulation method has advantages and disadvantages. In the

epiretinal stimulation, the FPC with the stimulus electrode array is placed below the stimulus
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Fig. 1.  (Color online) Configuration of fully implantable retinal prosthesis with 3D stacked retinal prosthesis chip.
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Fig. 2. (Color online) Configuration of (a) an epiretinal stimulation and (b) a subretinal stimulation with the 3D
stacked retinal prosthesis chip.

current generator chip, that is, the opposite side of the photoreceptor chip. In the subretinal
stimulation, as the FPC with the stimulus electrode array is placed on the photoreceptor chip,
there are many holes in the FPC so that the incident light goes through the FPC and reaches the
photodiodes. From the viewpoint of surgery, it is more difficult for the epiretinal stimulation
to implant and fix the retinal prosthesis chip inside an eyeball, compared with the subretinal
stimulation. However, for the subretinal stimulation, part of the incident light is blocked by the
stimulus electrodes on the FPC, which leads to a small photodiode area and the resultant low-
sensitivity retinal prosthesis chip. Meanwhile, a large photodiode area reduces the stimulus
electrode area, which leads to a small stimulus current. One of the solutions to this problem is
to fabricate the stimulus electrode array using transparent materials. In this paper, to realize
the large stimulus electrode area and large photodiode area simultaneously, the fundamental
characteristics of the transparent stimulus electrode are studied for high QOL retinal prostheses.

2. Method for Evaluation of Al-doped ZnO Transparent Stimulus Electrode

The transparent electrodes have been developed for a long time and are widely used for solar
cells, flat panel displays, touch panels, and so on. Until now, several materials such as diamond,
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indium tin oxide (ITO), and zinc oxide (ZnO) have been commercially used as the transparent
electrodes. There are several requirements for the transparent material used for implantable
stimulus electrodes, that is, biocompatibility, optical transmittance in visible wavelength range,
and charge injection capacity (CIC). ITO is not appropriate for the stimulus electrodes as In
is toxic to the human body.! Meanwhile, diamond is a material with good biocompatibility.
However, a Si seed layer or high-temperature process is required for the deposition of diamond.™
Stimulus electrodes are formed on an LSI chip. Therefore, we cannot use a diamond that needs
a seed layer or a high-temperature process. ZnO is nontoxic and widely used in cosmetics,
dental treatment, and other biological uses.!® In addition, ZnO can be deposited by a low-
temperature process without a seed layer. The conductivity of ZnO can be changed in
accordance with the doping concentrations of Ga or Al into ZnO.'” 1In this study, Al-doped
Zn0O (AZO) was used to evaluate fundamental characteristics from the viewpoint of availability
as the transparent stimulus electrode.

The test samples were fabricated, and the thin film property and stimulus electrode
property were evaluated. Figure 3 shows a fabrication process flow of the test sample for
characterization. A 2-in. Si wafer of 280 um thickness was used for the test sample fabrication.
First, a 1-um-thick SiO, layer was deposited on the Si wafer by plasma-enhanced chemical
vapor deposition (PECVD). Next, Ti/Au/Ti wires with thicknesses of 15/300/15 nm were
formed by sputtering and photolithography. A I-um-thick SiO, layer was also deposited by
PECVD. After the opening of contact holes and connection pads, Al-doped ZnO of 300 nm
thickness was formed by sputtering and photolithography. An AZO sputtering target has a
weight percent ratio of Al,O3 to ZnO of 2%. Several substrate temperatures were used during
Al-doped ZnO sputtering to investigate the appropriate sputtering conditions. The substrate
temperatures were set to 100, 200, and 300 °C, and no heating. The sputtering process was
performed using Ar under a 0.5 Pa pressure. Two sets of the test samples were fabricated in the
Si wafer. Photographs of the fabricated test sample in the half Si wafer are shown in Fig. 4. The
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Fig. 3. (Color online) Fabrication process flow of the test sample.
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Fig. 4.  (Color online) Microphotographs of fabricated test sample with Al-doped ZnO electrodes.

L-shaped materials were the stimulus electrodes whose area was 4500 pm?. The Al-doped ZnO
film was perfectly transparent in the visible wavelength range. A test sample with Pt stimulus
electrodes was also fabricated as a reference.

We evaluated the thin film property and stimulus electrode property. The thin film property
was evaluated by X-ray diffraction (XRD) and optical measurements. XRD and optical
measurements were performed with the test sample with 300-nm-thick Al-doped ZnO deposited
on the Si wafer without a Ti/Au/Ti wire and a photolithography process. The diameter of the
test sample was 2 inch. The stimulus electrode property was evaluated with the test samples,
which have the Al-doped ZnO electrodes. The evaluations were performed using one sample
that was fabricated by conventional methods based on the semiconductor process. Therefore,
we predict that the deviation of the evaluation results is very small.

3. Evaluation Results and Discussion of Al-doped ZnO Transparent Stimulus
Electrode

Figure 5 shows the resistivity of the Al-doped ZnO thin film formed with various substrate
temperatures. An at least 200 °C substrate temperature was necessary to obtain a lower
resistivity of around 1 mQ-cm. XRD profiles of the Al-doped ZnO thin films formed at
different substrate temperatures were measured and shown in Fig. 6. In the XRD profile,
several strong peaks existed for substrate temperatures of 200 and 300 °C. Both Al-doped ZnO
thin films had strong ZnO(002) peaks at 34.34°, showing good crystallinity. Meanwhile, there
were other peaks in the thin film with a substrate temperature of 300 °C. Figure 7 shows the
full width at half maximum of the ZnO(002) peak in the Al-doped ZnO thin film formed with
various substrate temperatures. It was clearly indicated that the annealing process was strongly
required for the good crystallinity of the Al-doped ZnO thin film. Transparent characteristics
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Fig. 5.  (Color online) Resistivity of Al-doped ZnO thin film formed with various substrate temperatures.
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Fig. 6. (Color online) XRD profiles of Al-doped ZnO thin films formed at different substrate temperatures.
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Fig. 7. (Color online) Full width at half maximum of ZnO(002) peak in Al-doped ZnO thin film formed with
various substrate temperatures.

were also investigated with an ellipsometer (Horiba, UVISEL-LT-NIR), as shown in Fig. 8.
Transmittances of more than 85% in the visible range were observed for the Al-doped ZnO
thin film with substrate temperatures less than 200 °C. Meanwhile, the transmittance property
degraded with a substrate temperature of 300 °C. Consequently, these results indicated that Al-
doped ZnO with a substrate temperature of 200 °C had a better thin film property.
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Fig. 8. (Color online) Transmittance of 300-nm-thick Al-doped ZnO thin film formed with various substrate
temperatures.

Next, the test samples were characterized to evaluate the stimulus electrode property. Figure
9 shows the electrochemical impedance characteristics of Al-doped ZnO and Pt stimulus
electrodes formed with various substrate temperatures. The electrochemical impedances of
the stimulus electrodes were measured in a conventional setup with 0.01 M phosphate-buffered
saline (PBS) at 23 °C. The working electrode, reference electrode, and counter electrode were
the fabricated stimulus electrode, Ag/AgCl electrode, and 2-in. Pt-coated Si wafer, respectively.
Measurements were performed with 10 mV AC signals and with frequency ranges from 100
Hz to 100 kHz in PBS used as the electrolyte. For Al-doped ZnO electrodes with different
substrate temperatures, the impedance values were approximately 300 kQ at a frequency of 1
kHz, which was several times larger than that of the Pt electrode. As a low electrochemical
impedance is generally preferable for the stimulus electrode, it was necessary for the Al-doped
ZnO stimulus electrodes to lower the impedance values.

CIC was one of the most important properties for the stimulus electrodes. CIC was the
maximum injectable charge density that kept the electrode potential within the potential
window."® 1t was reported that the charge injection of more than 2 nC was necessary in an
electrical stimulation to elicit visual sensations for blind patients.!*'" Accordingly, CIC values
of more than 0.04 mC/cm? are necessary for the fabricated stimulus electrodes. Figure 10 shows
the CIC values of Al-doped ZnO and Pt stimulus electrodes formed with various substrate
temperatures. CIC values were measured by a conventional method with 0.01 M PBS at 23
°C."% The used-input biphasic current pulse consisted of a 200 us positive current pulse, a 200
us negative current pulse, and a 20 ps interval between the positive and negative current pulses.
In general, the input current depends on the maximum cathodic potential (£,,.) of the electrode
material. The E,,. of the Al-doped ZnO was approximately —1.5 V, which was measured by
cyclic voltammetry. Then, the recorded electrode potential (vs Ag/AgCl) range was from
approximately —3 to 2 V. It was indicated that the Al-doped ZnO stimulus electrodes had
adequate CIC values of more than 0.07 mC/cm? for the evocation of visual sensations. In these
experiments, there was no clear relationship between the thin film properties and the electrical
characteristics in Al-doped ZnO. Detailed studies are needed to achieve lower electrochemical
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Fig. 11. (Color online) Microscopy images of the surface of the Al-doped ZnO electrode (a) before and (b) after the
electrochemical measurements.

impedances and higher CIC values. Figure 11 shows a microscopy image of the electrode
surface of the Al-doped ZnO before and after the electrochemical measurements. We observed
that the material surfaces barely changed before and after the electrochemical measurements.

4. Conclusions

The fundamental characteristics of the Al-doped ZnO transparent stimulus electrode were
studied to realize a 3D stacked retinal prosthesis chip with the large stimulus electrode area and
large photodiode area simultaneously. The test samples were fabricated to evaluate the thin film
property and stimulus electrode property. The Al-doped ZnO thin film had both crystallinity
and transmittances depending on the substrate temperature during thin-film formation.
Experimental results indicated that the Al-doped ZnO with a substrate temperature of 200 °C
had a good crystallinity and a transmittance of more than 85% in the visible range. The Al-
doped ZnO stimulus electrode also had both good electrochemical impedance characteristics
and adequate CIC values of 0.07 mC/cm? to evoke visual sensations. As a result, Al-doped
ZnO has the possibility of becoming the transparent stimulus electrode of the 3D stacked retinal
prosthesis chip although detailed studies including biocompatibility are also necessary.
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