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Abstract

Objective—To develop and test a photovoltaic retinal prosthesis for restoring sight to patients
blinded by degenerative retinal diseases.

Approach—A silicon photodiode array for subretinal stimulation has been fabricated by a
silicon-integrated-circuitMEMS process. Each pixel in the two-dimensional array contains three
series-connected photodiodes, which photovoltaically convert pulsed near-infrared light into bi-
phasic current to stimulate nearby retinal neurons without wired power connections. The device
thickness is chosen to be 30 wm to absorb a significant portion of light while still being thin
enough for subretinal implantation. Active and return electrodes confine current near each pixel
and are sputter coated with iridium oxide to enhance charge injection levels and provide a stable
neural interface. Pixels are separated by 5 wm-wide trenches to electrically isolate them and to
allow nutrient diffusion through the device. Three sizes of pixels (280um, 140 m, and 70 pm)
with active electrodes of 80 wm, 40 wm and 20 wm in diameter were fabricated.

Main results—The turn-on voltages of one-, two- and three-series-connected photodiode
structures are approximately 0.6V, 1.2V and 1.8V, respectively. The measured photo-responsivity
per diode at 880 nm wavelength is ~0.36 A/W, at zero voltage bias and scales with the exposed
silicon area. For all three pixel sizes, the reverse-bias dark current is sufficiently low (<100 pA)
for our application. Pixels of all three sizes reliably elicit retinal responses at safe near-infrared
light irradiances, with good acceptance of the photodiode array in the subretinal space.

Significance—The fabricated device delivers efficient retinal stimulation at safe near-infrared
light irradiances without any wired power connections, which greatly simplifies the implantation
procedure. Presence of the return electrodes in each pixel helps to localize the current, and thereby
improves resolution.
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1. Introduction

Restoration of sight to patients blinded by retinal degeneration using an electronic retinal
prosthesis is currently being studied by several research groups [1-5]. In diseases such as
Retinitis Pigmentosa (RP) and Age-Related Macular Degeneration (AMD), the



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 2

photoreceptor layer slowly dies out while the inner retinal neurons are preserved to a large
extent [6-8]. One approach to deliver information to the visual system in such conditions is
by patterned electrical stimulation of the remaining retinal circuitry. Electrical stimulation of
the remaining neural cells in the retina has been achieved by positioning the electrode array
either epiretinally, to interface with the retinal ganglion cells [9-11], or subretinally, to
substitute for the degenerated photoreceptors and stimulate the inner retinal neurons
(bipolar, amacrine and horizontal cells) [12-14]. Recent studies with patients implanted with
the epiretinal ARGUS 11 prosthesis system (Second Sight® Medical Products, Inc., Sylmar,
CA) show improvements of visual function in certain tasks; some patients were able to
identify letters, with equivalent visual acuity up to 20/1200 [15-18]. In that system the
number of electrodes is limited to 60 and visual information is not linked to eye movements
[19]. Subretinal stimulation of the non-spiking inner retinal neurons allows for natural
conversion into burst spiking of the retinal ganglion cells. Such utilization of the natural
retinal signal processing may result in more natural spiking patterns in response to pulsed
stimulation than the direct activation of the ganglion cells in the epiretinal approach. The
recent clinical testing by Retina Implant AG shows that subretinally implanted video camera
with micro-electrode array provides meaningful visual information to blind patients [19].
However, that implant requires an extraocular power supply to amplify the signals of the
photosensitive pixels, which makes the implantation procedure quite complex [19]. Another
disadvantage in this version of the subretinal prosthesis is the lack of local return electrodes
in each pixel, which is likely to increase the cross-talk between pixels having a common
global return. This may explain why, despite the much larger number of pixels in the
subretinal implant (1500), the resulting visual acuity in RP patients was similar to the 60-
electrode ARGUS Il implant: 20/1200 [19].

We designed an optoelectronic prosthetic system in which each pixel of the subretinal array
photovoltaically converts patterned pulsed near-infrared (NIR) light projected from video
goggles into pulses of bi-phasic electric current to stimulate the nearby retinal neurons [20,
21, 22]. The advantages of this system include: parallel optical transmission of visual
information to each pixel; adjustable stimulation parameters (pulse intensity, duration and
repetition rate) and image processing algorithms; the capability to superimpose NIR images
on any remaining natural vision; and preservation of the natural link between eye
movements and visual information [20, 21]. The photodiode array is operated
photovoltaically, which avoids complex wired power connections, greatly simplifies the
surgical procedure and reduces the chances of infections associated with trans-scleral cables
used in powered implants. Each pixel has a local return electrode, which reduces the spatial
spread of the electrical stimulation, therefore reducing cross-talk between pixels and
improving the spatial resolution of the implant. Each pixel contains three series-connected,
trench-isolated photodiodes to increase charge injection levels [22]. Trenches are open
between pixels to allow perfusion of nutrient during in-vitro electrophysiological
experiments and may help with the integration of the implant with the retina in-vivo. Several
arrays could be juxtaposed to tile a larger area and thereby expand visual field. Three sizes
of pixels are fabricated to explore the maximum resolution of the implant. We present here
the fabrication process of the silicon photodiode array, characterization of its optoelectronic
performance, and initial electrophysiological results of retinal stimulation in-vitro and in-
Vivo.

2. Materials and methods

2.1. Device design and fabrication

We have fabricated photodiode arrays with pixel sizes of 280 um, 140 m and 70 pm on
lightly boron-doped silicon-on-insulator (SOI) wafers with resistivity of 1-50 Q-cm. Due to
the relatively weak absorption of silicon at wavelengths around 880 nm (a=383 cm™1) [23],
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we have chosen SOI wafers with 30 wm thick device layer to absorb a significant fraction
(~70%) of light while still being thin enough to be implanted underneath the retina. To
optimize the stimulation voltage and maximize charge injection levels, each pixel contains
three photodiodes connected in series [22]. An active and a return electrode in each pixel
confine current flow to provide a localized stimulation of nearby retinal neurons. The
electrodes are sputter coated with iridium oxide to provide a high charge-injection, stable
neural interface [22]. An anti-reflection coating consisting of 60 nm of thermal silicon
dioxide and 70 nm of silicon nitride is chosen to minimize light reflection from the device
surface immersed in water, as calculated according to the multiple reflection method for
electromagnetic waves propagating in layered dielectric structures [24].

The fabrication process consists of eight mask layers: deep reactive-ion etching (DRIE) for
in-pixel photodiode isolation, n* region doping to form the pn junction, p* region doping to
make ohmic contacts, first via opening, first metal (Ti/Pt) deposition and liftoff, second via
opening, removal of polysilicon in selected trenches, and second metal (iridium oxide)
deposition and liftoff. The process steps are discussed below and illustrated in detail in
figure 1.

2.1.1. Deep trench isolation—First, the SOI wafers are oxidized in steam at 1000°C to
grow a 500 nm thermal oxide to provide a hard mask for the following DRIE process.
Photolithography then defines the patterns for the isolation trench etch with the first mask
layer. Oxide on top of the opened regions is removed by dry etching, as shown in figure
1(a). Next, a DRIE process etches the 5 um wide, 30 um deep trenches (figure 1(b)). The
DRIE process alternates between the passivating C4Fg plasma and the silicon etching SFg
plasma, which results in a deep trench profile with vertical and smooth sidewalls, as shown
in figure 2. Next, 500 nm of thermally grown oxide passivates the sidewalls and provides
isolation between pixels. Then 4 um polysilicon is deposited by a low-pressure chemical
vapour deposition (LPCVD) process, which fills the trenches and planarizes the wafer
surface, as shown in figure 1(c). The scanning electron microscope (SEM) image in figure 3
shows that the LPCVD process is conformal so that the trenches are filled and the wafer
surface is planarized. Then the 4 wm polysilicon layer on the wafer surface is removed by a
chemical mechanical polishing (CMP) process, which stops on the 500 nm thermal oxide
layer (figure 1(d)).

2.1.2. pn junction formation—After isolation trench etch and wafer planarization as
described in section 2.1.1, a phosphorus pre-deposition process heavily dopes the opened n*
regions to a sheet resistance of about 4 Q /sq, which forms the pn junctions as well as ohmic
contacts to the following metal layers (figure 1(e)). After forming n* regions, about 260 nm
of oxide is grown on top of the n* regions to block the subsequent boron implantation. Then
the p* regions are opened by dry etching the oxide on top. 13 nm of screen oxide is then
grown by a dry oxidation process. The p* regions are formed by ion implantation of B11
singly charged boron at 20 keV with a dose of 1.3x101° cm=2 to make an ohmic contact
with the subsequent metal layer (figure 1(f)).

2.1.3. Anti-reflection coating and electrode formation—After forming the pn
junctions and highly doped contact regions as described in section 2.1.2, a buffered oxide
etch (BOE) removes all of the oxide on top of the wafer, and an 80 nm thermal oxide layer
is grown by a dry oxidation process to form part of the anti-reflection coating. A 75-minute
thermal anneal at 1000°C drives in the dopant to the desired depth (figure 1(g)). Next, the
oxide is etched on top of the via regions inside each of the series-connected photodiodes.
The first metal layer (20 nm Ti/ 250 nm Pt) is deposited to connect the three in-pixel
photodiodes in series (figure 1(h)). A 70 nm silicon nitride layer is deposited by plasma
enhanced chemical vapour deposition to provide electrical isolation and form the second
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layer of the anti-reflection coating. Then vias are opened to connect to the following iridium
oxide layer (figure 1(i)). Polysilicon is removed from the trenches between pixels by XeF,
etching to allow diffusion of nutrient during in-vitro and in-vivo testing (figure 1(j)). Due to
the highly structured topology of the wafer, we spray coat a thick layer of photoresist into
the trenches, remove the thick photoresist layer from the top and re-spin a thin layer of
photoresist to define the patterns for the second metal layer. Iridium oxide is then sputter
deposited and lifted off to form the active and return electrodes (figure 1(k)). The thick
photoresist is removed from the trenches during the metal lift-off stage.

2.1.4. Release of photodiode arrays—The handle wafer is then removed by backside
grinding and Tetramethylammonium hydroxide (TMAH) etching, as follows: first, the top
surface of the wafer is protected by a 7 um layer of ProTEK (Brewer Science, Inc.) and a
UV release tape; then the backside of the wafer is thinned from 500 pm to 80m by
grinding; next, a 90°C, 10% TMAH solution [25] etches the remaining silicon of the handle
wafer and stops on the buried oxide layer; finally, the surface protective ProTEK layer is
removed by acetone, and a short ultrasonic process breaks the suspended buried oxide at the
bottom of the trenches between pixels to release the arrays (figure 1(1)).

We have fabricated arrays with an overall size of 1.9 mm x 1.9 mm for implantation into
large animals and 0.8 mm x 1.2 mm for implantation into rats. SEM images of the small-,
medium- and large-pixel arrays on a 4 inch wafer are shown in figure 4(a). Figure 4(b)
shows an optical microscope image of an array with medium-size pixels. Under
illumination, photocurrent flows into the central active electrode, through the series-
connected diodes, and flows out of the concentric return electrode in each pixel. Optical
microscope images of the released arrays with medium-size pixels are shown in figure 5.
The stimulating electrode array is located on the front side of the array, as shown in figure
5(a). The back-side image of the array shows open trenches (dark hexagonal lines) between
the pixels to allow nutrient flow (figure 5(b)). The yellow lines within each pixel show the
back of the polysilicon-filled trenches that provide electrical isolation between the three
diodes within the pixel.

2.2. Optoelectronic measurements

The schematic of the optical measurement setup is shown in figure 6. A 1 kQ resistor is
connected in series with the device under test. The external voltage is swept from —-4.5 volts
to 1 volt across the device and the resistor, as shown in the figure. The sweeping voltage
(V1), the voltage across the 1 kQ resistor (V2) and the light power measured by the light
detector are recorded. To correlate the light intensity on the device with the values recorded
by the system we measured the incident light power at the plane of the device.

2.3. Electrophysiological testing

The subretinal prosthesis was evaluated in-vitro using a high-density microelectrode array
(MEA) system [26]. Briefly, it consists of 512 independent recording channels, each
sampled at 20 kHz. The electrodes are spaced at 60 um and measure 5 um in diameter. The
system is capable of recording extracellular action potentials from hundreds of neurons
simultaneously. Data is processed off-line for further analysis, where spike sorting routines
are used to attribute individual action potentials to specific neurons. The
electrophysiological experiments began with enucleation of the eye from an anesthetized (35
mg/kg ketamine, 5 mg/kg xylazine, 0.01 mg/kg glycopyrrolate) Long-Evans rat (age 60
days) that was subsequently euthanized. A small piece of retina (~ 3 mm x 3 mm) was
isolated and placed retinal ganglion cells (RGC) side down on the recording array with the
prosthesis chip placed on the photoreceptor side. This is shown schematically in figure 7(a)
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and its optical microscope image is shown in figure 7(b). The retina was perfused with
Ames’ solution bubbled with 95% oxygen and 5% carbon dioxide and kept at 25 to 30°C.

A NIR laser source illuminates the prosthetic device through the optically transparent tracks
of the MEA. A pulse of NIR light is converted in each illuminated pixel of the photodiode
array into a charge-balanced stimulation pulse (figure 7(c)). This results in a large
stimulation-induced electrical artefact on the recording electrode, followed by the retinal
response 10 to 50 ms later, which is evident as a burst of RGC spiking that is time-locked to
the NIR pulse. The resultant spiking activity can be quantified by creating a peri-stimulus
time histogram (PSTH) plot (figure 7(c)) that illustrates the strength, latency and distribution
of the NIR-induced electrical stimulation of the retina. The repetition rate of the NIR pulses
was 2 Hz, to ensure that the RGC firing rate had returned to the spontaneous level before the
next stimulation pulse.

All experimental procedures were conducted in accordance with institutional guidelines and
conformed to the guidelines of the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.

3.1. Electrical characteristics of the photodiodes

The electrical characteristics of all three pixel sizes (280, 140, and 70 m) were tested by a
semiconductor parameter analyser (HP 4155A, Hewlett Packard Co., Palo Alto, CA). The
reverse-bias dark current was in the range of 1-100 pA for three series-connected
photodiodes operated at room temperature. The reverse breakdown voltage was larger than
20 V. The current-voltage characteristic of a large pixel with three series-connected
photodiodes is shown in figure 8(a) on a semi-log scale. The reverse dark current is less than
10 pA. The I-V characteristics of the large-size pixels with one-diode, two-series-connected-
diode, and three-series-connected-diode structures are shown in figure 8(b), in which the
turn-on voltages are approximately 0.6 V/, 1.2 V and 1.8 V, respectively.

3.2. Optical response of the photodiodes

The light irradiance was varied from 0 to 35.4 mW/mm? on the one-diode test structure and
the measured photo-responsivities at 880 nm wavelength for large-, medium- and small-size
pixels were 0.33 A/W, 0.40 A/W and 0.36 A/W per diode at zero voltage bias. The
measured photocurrent and photo-responsivity for the one-diode test structure of medium-
size pixels are shown in figure 9. Photocurrent as a function of bias voltage at various light
intensities is shown in figure 9(a). Photo-responsivity at zero bias voltage corresponding to
figure 9(a) is shown in figure 9(b).

As can be seen in figure 9(b), the photocurrent scales linearly with light intensity. The
measured quantum efficiency was approximately 56%. Due to sub-optimal performance of
the anti-reflection coating (deviation of the grown SiO, thickness from the target thickness),
there was some reflection of the NIR light from the wafer surface. The measured
photocurrent was 23 p, 5 p, and 0.7 p for large-, medium- and small-size pixels at 6 mW/
mm? light intensity, scaling approximately with the exposed silicon area.

3.3. In vitro electrophysiological testing of RGC stimulation by the implant

The experiment outlined in section 2.3 allowed the examination of the RGC activity in wild-
type rat retina in response to NIR-induced electrical stimulation from the subretinal implant
(medium-size pixel array, as shown in figure 5). The implant underwent full field
illumination (NIR light, A=880 nm) with RGCs under the prosthesis responding well to
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stimulation. Figure 10(a) shows a typical response from one of the RGCs in the form of a
PSTH. Spiking activity occurs between 10 and 50 ms after the NIR light pulse with a peak
latency ~25 ms. Threshold responses (defined as the 50% probability a spike was elicited)
occurred at an irradiance level 0.9 mW/mm? with pulse duration of 1 ms and 0.3 mW/mm?
with pulse duration of 4 ms. Bursts of 2-3 spikes were elicited at higher irradiance levels.
Figure 10(b) shows how the number of spikes per burst increases with irradiance and with
pulse width. An example of the raw data with 3 elicited spikes can be seen in figure 7(c).
Spikes are separated by 3—4 ms, corresponding to an increase in spike rate from a
spontaneous background rate of 1-3 Hz to a peak rate of ~250 Hz occurring 25 ms after the
stimulation pulse. A previous study [27], involving pharmacological blockers, has indicated
that the inner retinal neurons are activated with this mode of stimulation.

3.4. In-vivo implantation and electrophysiology

The fabricated implant is thin, small in size and powered through projected NIR light. This
makes the surgical procedure much simpler than that of the other retinal prosthetic
approaches, which are connected by a cable to a power/data supply. Implantation procedure
in the rat involves a small sclerotomy made 1.5 mm posterior to the limbus, followed by a
subretinal injection to create a retinal bleb. The implant is then inserted into the subretinal
space using a custom insertion tool [21]. Optical Coherence Tomography (OCT, 870nm)
(Spectralis, Heidelberg Engineering, Germany) was performed during the 90-day follow-up
period to examine the implant location and anatomy of the retina around it. Importantly, the
imaging could demonstrate how close the inner nuclear layer of the retina to the stimulation
electrodes was. The colour fundus photo shown in figure 11(a) demonstrates a medium-size
pixel implant located under the retina in an 18-week old Long-Evans rat. Figure 11(b)
demonstrates an IR image of the same implant, showing retinal blood vessels crossing the
device. The OCT image in figure 11(c) demonstrates a cross section of the retina with the
subretinal implant (along the line marked in figure 11(b)). OCT measures the optical path
length, therefore due to the much larger refractive index of silicon at 870 nm wavelength
(n=3.6) [23] than that of water (n=1.3) [28], the implant appears in OCT almost 3 times as
thick as it actually is. The OCT image in figure 11(c) demonstrates very close and uniform
proximity between the implant surface and the inner nuclear layer 90 days after
implantation. Visual evoked potential (VEP) was measured with a 915 nm wavelength beam
projected into 1 mm-diameter spot on the subretinal implant in wild-type (WT) and Royal
College of Surgeons (RCS) rats [29] using 2 Hz repetition rate of stimulation. Threshold
peak irradiance with large- and medium-size pixels using 4 ms pulses was 0.5 mW/mm? in
both species. With small-size pixels the stimulation threshold increased to 1 mW/mm?2.
When the spot was directed on the retina away from the implant, no response could be
detected.

To illustrate positioning of the implant above retinal pigment epithelium (RPE), and to
provide realistic size comparison, an array with small-size pixels was placed on RPE in a
porcine eye, and imaged with a scanning electron microscope. Figure 12 demonstrates the
hexagonal RPE mosaic with cell sizes of about 15 pum in width, and a 30pm-thick
photovoltaic array with 70 wm pixels.

4. Discussion

Several groups have investigated photosensitive subretinal prostheses. Optobionics Inc.
conducted clinical testing of a 2-mm-diameter 25 wm thick microphotodiode array (artificial
silicon retina [ASR]) powered solely by ambient light [30, 31]. These implants have shown
some beneficial neurotrophic effect on the retina remote from the chip [32, 33], but failed to
produce patterned stimulation and elicit phosphenes due to (a) insufficiently bright and (b)
continuous nature of ambient light on the retina, issues we specifically addressed with our
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pulsed NIR approach. Retina Implant AG developed and tested a subretinal implant with
1500 pixels, each of which has a microphotodiode, an amplifier and a stimulation electrode
[19]. Clinical trial demonstrated that this implant provided meaningful vision in patients
blinded by Retinitis Pigmentosa [19]. However, the cable connecting the subretinal implant
to extraocular power supply greatly complicates the surgical procedure, and the global return
electrode in this system is likely to reduce current confinement and cause signal spreading,
an effect that we have addressed through the local return electrodes in each of our pixels.
The possible drawback of having a local return electrode in each pixel is that the current
penetration depth into the tissue is reduced [21], thereby increasing the stimulation
threshold. Our in-vitro studies have demonstrated that retinal stimulation can be achieved
even with small-size (70 m) pixels [27]. Stimulation threshold could be reduced using
pillar electrodes that penetrate into the inner nuclear layer, thereby providing much closer
proximity to the target neurons [21, 34]. This is likely to be especially significant in case of
the build-up of a glial layer, which may isolate the remnant retinal neurons [35].

Like all photosensitive retinal implants, our prosthetic system allows parallel transmission of
visual information to each pixel and is scalable to a large number of stimulating electrodes.
It also maintains the natural link between eye movements and visual perception. The NIR
image parameters can be easily adjusted on video goggles according to each individual, and
patients can still use any remaining natural vision [20, 21, 22]. Operating the implants
photovoltaically eliminates the need for power cables and greatly simplifies the surgery.
Multiple arrays can be placed through the same retinotomy to cover larger visual field. The
local return electrode in each pixel reduces cross-talk between pixels by confining the
electric fields, and channels opened between pixels allow perfusion of nutrient to the retina.

We have demonstrated retinal stimulation with pixel sizes down to 70 wm. Reliable spike
bursts were elicited in-vitro at irradiance levels below 5 mW/mm?, whereas retinal damage
limits at NIR wavelengths (4ms pulse width and 15 Hz repetition rate) are at least one order
of magnitude above this [22]. OCT images of the implanted 30 pm-thick device with
perfusion channels surrounding each pixel demonstrated good acceptance of the array in the
subretinal space and close proximity to the Inner Nuclear Layer.

Future improvements of the implant will include: optimization of the number of diodes per
pixel, optimization of the ratio of the photosensitive area to electrode size, perfecting the
anti-reflection coating, adding a biocompatible Parylene coating. Another aspect that can be
optimized is the polarity of the stimulation waveform. In the current design, the central
active electrode is driven negatively relative to the return electrode, which is the cathodal
stimulation configuration [22]. Subretinal anodal stimulation (the reverse polarity) has been
shown in recent studies [36—39] to provide stimulation thresholds several times lower.
Therefore, a future design will focus on the anodal version of the device. Such devices will
be fabricated on a lightly phosphorus doped (n~) silicon device layer with the central active
electrode connected to a p* region. In addition, adding a shunt resistor will help speed-up the
discharge phase of the stimulation waveform [22]. We did not integrate shunt resistors into
the current devices to reduce process complexity. The current devices have been proven
functional in-vitro and in-vivo, operating at repetition rates below 15 Hz. Future devices
may require such shunts to attain larger peak current at higher repetition rate.

5. Conclusions

We have designed and fabricated a two-dimensional silicon photodiode array capable of
photovoltaic conversion of pulsed near-IR illumination into bi-phasic electrical current in
each pixel, and successfully stimulated the retina. The 30 wm device thickness is sufficiently
small to allow subretinal implantation, but on the other hand is sufficient to absorb the near-
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IR light. The fabrication process consists of eight mask layers, and includes a deep reactive-
ion etch isolation process. Reverse-bias dark current levels (<100 pA) and breakdown
voltages (>20 V) are sufficient for neural stimulation application. Pixels with three
photodiodes connected in series have turn-on voltages of about 1.8 V. For pixel sizes of 280
pm, 140 wm, and 70 pm, the measured photo-responsivity per diode ranges from 0.33to 0.4
A/W. Retinal stimulation was achieved in-vitro at peak irradiance of 0.3 mW/mm? and in-
vivo at 0.5 mW/mm? using 4 ms pulse duration.
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(a) Window opening for deep (b) Deep reactive ion etching (c) LPCVD polysilicon deposition
trench etching and thermal oxidation
(d) Chemical mechanical polishing (e) Phosphorus predeposition (f) Boron ion implantation
(g) Thermal oxide anti-reflection (h) Metal (Ti/Pt) deposition and liftoff (i) Silicon nitride anti-reflection
coating growth and anneal coating deposition and via opening
(j) Polysilicon etching between pixels (k) Iridium oxide deposition and liftoff (1) Handle wafer removal by wafer

grinding and chemical etching

Figurel.
Fabrication process flow.
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Figure2.
Cross-sectional SEM of trench profile after DRIE etch.
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buried oxide

Figure 3.
Polysilicon deposited by LPCVD fills trenches (SEM).
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Active eldiiirode
(cathode)

Figure 4.

(a) SEM image of the large-, medium- and small-pixel arrays on a 4-inch wafer. (b) Optical
microscope image of a medium-size pixel showing the central active electrode (cathode) and
local concentric return electrode (anode). Diodes 1, 2 and 3 are connected in series; with the
n* and p* regions of diode 1 indicated in the figure. Under illumination, photocurrent flows
into the central active electrode, through the series-connected diodes, and flows out of the
concentric return electrode.
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(a) (b)

Figureb5.

Optical microscope images of the released arrays with medium-size pixels showing (a) the
front side and (b) the back side of the device. Open trenches for nutrient flow can be seen as
the dark lines between the pixels. The yellow lines within each pixel are the polysilicon
filled trenches. The colour difference within each pixel is due to the different thickness of
oxide: ~500 nm inside the trenches compared to 100 nm over the rest of the back surface.
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Figure6.
Schematic of the system used for optical measurements.
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Figure7.

(a) A schematic of the experimental setup. The retina is placed between the recording array
(ganglion cell side) and the photodiode array (photoreceptor side). (b) Optical microscope
image of the implant chip on top of the MEA with the retina in between. Picture was taken
by a camera placed at the bottom-side of the transparent MEA. Transmission illumination by
visible light allows imaging the MEA, while 8380 nm illumination reflected off the prosthesis
surface, passes through a 50% mirror onto the CCD camera. (c) An NIR pulse, with variable
pulse width and intensity, creates a charge-balanced current waveform in each pixel of the
photodiode array. The microelectrode array records the resultant stimulus artefact and retinal
responses from each of the 512 electrodes. Stimulation is repeated at least 400 times for
each setting. The artefact is then subtracted and the recorded action potentials undergo
principal component analysis and automated clustering to attribute spiking waveforms to
over 100 RGCs per experiment. A typical peristimulus time histogram representing the
average number of spikes of a single neuron per 5 ms time bin per trial is shown at the
bottom of (c).
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Figure8.

(a) Semi-log scale 1-V characteristic of a large-size pixel with three diodes connected in
series, showing dark current in the range of 1-10 pA. (b) Linear scale I-V characteristic
showing the turn-on voltages of the large-size pixels with one-diode, two-series-connected-
diode, and three-series-connected-diode structures are 0.6 V, 1.2 VV and 1.8 V, respectively.
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Figure9.

Photocurrent and photo-responsivity for a medium-size one-diode test structure: (a)
Photocurrent as a function of bias voltage at various light intensities. (b) Photo-responsivity
at zero bias voltage of (a).
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(a) PSTH response from a typical RGC under NIR-induced electrical stimulation by the
prosthesis chip. Varying the width of the NIR pulse modulates the strength of the RGC
response. (b) Integration of the PSTH response (with the background spontaneous rate
subtracted) yields the total number of spikes per trial, which can be varied by modulating the

pulse width or NIR irradiance.
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Figure11.

Imaging of the subretinal implant (1.2 mm x 0.8 mm) with medium-size pixels in rat eye 90
days after implantation in-vivo: (a) Colour fundus photo of the implant under the retina. (b)
Front view in OCT showing retinal blood vessels above the subretinal implant. (¢) OCT
image showing the cross section of the retina with the subretinal implant (along the line
marked in (b)). Inner nuclear layer (INL) is indicated by an arrow.
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Figure 12.
SEM image of an array with small-size pixels on retinal pigment epithelium (RPE) in a
porcine eye.
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