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Photodiode Circuits for Retinal Prostheses
James D. Loudin, Stuart F. Cogan, Keith Mathieson, Alexander Sher, and Daniel V. Palanker

Abstract—Photodiode circuits show promise for the development of high-resolution retinal prostheses. While several of
these systems have been constructed and some even implanted in
humans, existing descriptions of the complex optoelectronic interaction between light, photodiode, and the electrode/electrolyte
load are limited. This study examines this interaction in depth
with theoretical calculations and experimental measurements.
Actively biased photoconductive and passive photovoltaic circuits
are investigated, with the photovoltaic circuits consisting of one or
more diodes connected in series, and the photoconductive circuits
consisting of a single diode in series with a pulsed bias voltage.
Circuit behavior and charge injection levels were markedly different for platinum and sputtered iridium–oxide film (SIROF)
electrodes. Photovoltaic circuits were able to deliver 0.038 mC/cm2
(0.75 nC/phase) per photodiode with 50- m platinum electrodes,
and 0.54-mC/cm2 (11 nC/phase) per photodiode with 50- m
SIROF electrodes driven with 0.5-ms pulses of light at 25 Hz.
The same pulses applied to photoconductive circuits with the
same electrodes were able to deliver charge injections as high as
0.38 and 7.6 mC/cm2 (7.5 and 150 nC/phase), respectively. We
demonstrate photovoltaic stimulation of rabbit retina in-vitro,
with 0.5-ms pulses of 905-nm light using peak irradiance of 1
mW/mm2 . Based on the experimental data, we derive electrochemical and optical safety limits for pixel density and charge
injection in various circuits. While photoconductive circuits offer
smaller pixels, photovoltaic systems do not require an external bias
voltage. Both classes of circuits show promise for the development
of high-resolution optoelectronic retinal prostheses.
Index Terms—Biomedical electrodes, biomedical telemetry,
neural stimulation, photodiodes, retinal prosthesis.
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I. INTRODUCTION
HE development of neural prostheses has spurred extensive research into implantable power and data delivery
systems. Visual prostheses, in particular, have relatively high
data and power delivery requirements since they require neural
stimulation arrays of up to several thousand electrodes [1]–[3].
Several retinal prosthetic systems utilize percutaneous cables
[4]–[6]; however, these connections are difficult to keep sterile
and can cause severe scarring [7]. Wireless systems utilize either radio-frequency [8]–[10] (RF) or optical [1], [2], [10]–[12]
telemetry systems to deliver visual information without these
directly wired connections. RF telemetry systems typically use
pairs of inductively coupled coils to receive power and/or data,
while optical systems generally use photodiodes to convert light
into electrical signals.
Several photodiode-based prostheses have so far been constructed and tested. The first generation of photodiode prostheses utilized passive, photovoltaic photodiode circuits, with
photodiodes directly connected to retinal stimulation electrodes
and driven with the ambient light entering the eye [1], [2]. However, these devices were unable to provide direct neural stimulation for two reasons. First, ambient illumination provides insufficient light intensity to power photodiode-based retinal stimulation by several orders of magnitude [13]. Second, the interface between the electrode and retinal tissue polarizes to oppose
charge injection under steady-state illumination; thus, passive
photodiode devices are best driven by pulsed light [12], [13],
not by relatively continuous ambient light. Both of these limitations may be overcome by using pulsed, near-infrared (IR) (to
avoid interfering with surviving photoreceptors) light several orders of magnitude brighter than ambient. Indeed, IR flashes have
been shown to produce neural activity in the superior colliculus
(a region of the brain which receives visual input from the optic
nerve) of both blind and sighted rats implanted with subretinal
photodiode arrays; the same flashes evoked no response in control animals implanted with electrically inactive devices [14].
Alternatively, extra power may be supplied to amplify the photodiode signals. One of these active devices has successfully restored basic reading ability to a previously blind subject [3].
In this study, we investigate the use of several different
passive (photovoltaic) and active (photoconductive) photodiode circuits to convert high-intensity, pulsed near-IR light
to stimulation current. This illumination may be delivered by
video goggles utilizing near-IR lasers (870–920 nm) without
interfering with remaining vision [12]. Since the retina is
transparent at these wavelengths (with an absorption coefficient
not exceeding 0.1 cm ) [15], an array of these circuits may be
placed either epiretinally or subretinally. The charge injection
characteristics and limits of each circuit have been measured in
phosphate buffered saline (PBS) using platinum and sputtered
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iridium–oxide film (SIROF) electrodes, two materials often
used in neural stimulation. Finally, we report a measurement
of photovoltaic stimulation threshold in the rabbit retina using
a photodiode array.
II. CIRCUITS
A. Photodiode Operation
When photons of sufficient energy strike a photodiode, they
can excite mobile electron-hole pairs, producing a photocurrent
that travels against the polarity of the diode. This photocurrent is linearly proportional to incident light power , with the
proportionality constant known as responsivity
(1)
This current is usually modeled [16] as a current source in paris given
allel with the diode, so that the total diode current
by
(2)
The first term is the Shockley ideal diode equation [17], which
and
parameterizes diode behavior by the saturation current
ideality factor , which varies from 1 to about 2 depending on
is the
the fabrication process and semiconductor material.
thermal voltage, which is approximately 26.7 mV at body temperature [17] (310 K). In practice, any photodiode will also have
series resistance due to the ohmic behavior of device characteristics, such as semiconductor contacts, so a full model must include the voltage lost across this resistor
(3)

Fig. 1. Examples of current–voltage sweeps for (a) one, two, and three photodiodes in series operating photovoltaically. (b) A single diode operating photoconductively, and (c) again three photodiodes in series, with a shunt resistor to
increase conductivity during the light off, “recharge” phase. The photocurrent
I is proportional to the light power incident on each photodiode.

Since the voltage across the entire device is the sum of
and
, the full voltage/current relationship is given by
(4)
This can be solved easily, either numerically or analytically,
with the Lambert
function [18]. The measured I–V curves
of the commercially purchased diodes used in this study were
2,
140 nA, and
200 ;
well-described by
however, significant diode-to-diode variation was observed. Fig.
1(a) shows examples of – curves for a single diode. The –
curve of a non-illuminated photodiode exists solely in quadrants
product is positive, indicating that
I and III, where the
the circuit draws power. However, the – curve of an illuminated photodiode passes through quadrant IV (positive voltage
product is negative. In this
and negative current), where the
quadrant, the circuit can supply power to an external load. Physically, this power is derived from the energy of the photons which
create the electron-hole pairs that make up the photocurrent.
B. Photovoltaic versus Photoconductive Circuits
When one or more photodiodes are directly connected to a
passive load, they are said to be operating photovoltaically. The
photovoltage of a single silicon diode is limited to about 0.5 V at
physiologically safe light intensities [12], only a fraction of the

approximately 1.4-V size of the “water window” range of potentials through which a platinum or SIROF electrode may be
polarized while avoiding the electrolysis of water, a frequently
used criterion for safe stimulation in a physiological environment (see Section III). The 1.4-V water window is defined as
the voltage between the oxidation and reduction potentials of
at pH 7).
water ( 0.6 and 0.8 V versus
The maximum photocircuit voltage can be increased by
placing photodiodes in series so that their individual voltages
sum. Assuming that each diode is illuminated equally, the –
relationship for photodiodes connected in series is
(5)
Setting
0 determines the maximum voltage which may be
delivered photovoltaically
(6)
where
is the maximum potential produced by a single photodiode, called the photovoltage. The – curves for two and
three diodes in series are shown in Fig. 1(a). Three photodiodes
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provide three times more voltage than a single diode system;
however, they require three times more light power.
Deliverable voltage may also be increased by placing a pulsed
across a single photodiode, as shown in Fig.
bias potential
is a simple pulse function, aligned
1(b). Mathematically,
with the incoming light pulse
during light pulse
between pulses.
Adding a bias simply shifts the –
diode

(7)

curve of a single photo-

due to the presence of highly nonconductive cell membranes
in the retina. Thus, in vivo tests of the same circuits will likely
yield smaller charge injection values (see Section V).
Charge injection for both platinum and SIROF occurs with
a combination of double-layer charging and Faradaic reactions
at the electrode-tissue interface. For platinum, the Faradaic reactions are confined to the electrode surface with double-layer
capacitance also contributing significantly to the overall charge
transfer. Reversible Faradaic reactions are more dominant for
the higher charge capacity SIROF, occurring throughout the 3-D
structure of the SIROF film which, in these studies, is about 300
nm thick.

(8)
D. Shunt Resistor
with the maximum stimulation voltage given by

(9)
is chosen to bias
In the interpulse, the “recharge” phase
the microelectrode at one end of the water window.
is then
1.4 V is the size of the water window.
chosen so that
By biasing the electrode, the full electrochemical charge capacity of the electrode can be accessed (though sometimes other
values may be chosen, as will be discussed later). The –
curves of a photoconductive circuit are shown in Fig. 1(b).

During the stimulation pulse, the electrode accumulates
charge. After the pulse, the electrode discharges through the
photodiodes, ensuring charge balance. Placing photodiodes in
series decreases the overall conductance of the circuit, which
can lead to incomplete discharging of the electrode between
light pulses, especially for the larger SIROF charge capacity.
For this reason, we experimented with placing a shunt resistor
across the series of photodiodes. This resistance should be
larger than the load resistance so that it does not divert a lot of
current from the stimulation pulse, but small enough so that it
appreciably accelerates interpulse electrode equilibration. In
and
this case, total current is the sum of the diode current
the current conducted through the parallel resistor

C. Electrode/Tissue Load
Regardless of the circuit/illumination specifications, the electrical interface between a retinal prosthesis and the tissue is
through patterned microelectrodes. Stimulation current is driven
from an “active” electrode placed close to the target cells to a
(typically much larger) counter electrode located some distance
from the active electrode. The maximum amount of charge that
can be driven into the electrode without causing irreversible
Faradaic reactions is called the charge injection limit, and depends strongly on how the electrodes are driven. These limits
are defined as the charge necessary to polarize the electrode to
either the water reduction or oxidation limit during a stimulation pulse. Much research [19]–[24] has concentrated on ways
of maximizing the electrochemical charge capacity within this
water window. The consequences of exceeding these voltage
limits include gas generation, tissue damage, and electrode delamination [23].
In addition to this capacitive charge storage at the electrodeelectrolyte interface, the load impedance also has a strong resistive component from the resistance of tissue between the two
electrodes, which is a function of electrode size and geometry.
of a disk electrode with a distant
The access resistance
large-area return can be expressed as [25]
(10)
where is tissue conductivity and is the electrode radius.
Thus, for the 50- m-diameter microelectrodes used in this
study, the 26-mS/cm conductivity PBS represents a load of
approximately 4 k . The conductivity of the PBS used in this
study is significantly higher than the retinal conductivity [21],

(11)
is, as defined previously in (5). Fig. 1(c), shows the
where
effect of a shunt resistor on the - curve of three photodiodes
in series.
III. METHODS
A. Electrolytes
Phosphate-buffered saline (PBS) was used as the electrolyte
,
in this study. The PBS (130 mM NaCl, 22 mM
) had a conductivity of 26 mS/cm, and
81 mM
a pH of
. The active and counter electrodes were placed
reference
in a beaker with PBS, along with a standard
electrode. Argon was bubbled through the electrolyte to reduce
oxygen content, consistent with a physiological environment.
All electrodes were allowed to equilibrate in the electrolyte for
15 min before measurements were taken.
B. Illumination and Photocircuits
A 905-nm laser diode was used to project square, 0.5-ms
light pulses onto a 1.0-cm, homogenous spot of uniform intensity using a microlens array diffuser (ThorLabs part #ED1-C20).
Discrete photodiodes (sDigiKey PDB-V601-1-ND) were placed
in this spot, and could be wired into one, two, three, four, and
five photodiode circuits. Light power was controlled by the current driven through the laser diode, and measured by deflecting
some of the laser beam onto a power meter (Fig. 2). This measurement was calibrated to provide the total light power falling
on each diode. The diodes were relatively large (1.4 mm ), but
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Fig. 2. Diagram of the experimental setup. Active and reference electrode potentials are monitored while a laser diode pulses light onto the photocircuit with
the counter electrode connected to ground. A small series resistor measures current, while a photodetector measures light power and beam shape.

are still useful for measuring circuit dynamics from similarly
performing smaller devices, which will necessitate larger irradiances to achieve the same light power.
The 905-nm measurement wavelength was chosen since
it maximized the (wavelength-dependent) responsivity of the
chosen photodiodes. In a prosthetic system, other wavelengths
775 nm) and are
can be used as long as they are not visible
relatively efficiently converted to electrical current by silicon
1000 nm).
photodiodes
Diode current-voltage characteristics were measured using
an Agilent 4145C Semiconductor Parameter Analyzer. Photovoltaic measurements were taken by placing a series of 1–5 photodiodes between the active and counter electrodes. An active
electrode is “anodally stimulated” when it is driven to a positive
potential with respect to the counter electrode. When driven to
a negative potential, it is said to be “cathodally stimulated.” In
photovoltaic circuits, stimulation polarity can be switched by
reversing the diode terminals. Anodal stimulation is provided
when the active electrode is connected to the -doped region of
the diode, while the counter is connected to an -doped region;
for cathodal stimulation, it is the opposite.
Photoconductive measurements were taken by placing a
single photodiode in series with a pulsed dc voltage source.
During the stimulation phase, when the light is turned ON, the
dc voltage reverse-biases the diode so that it acts as a light-controlled current-limiting element. During the OFF phase, the dc
voltage biases the electrodes to one end of the water window:
reference
either 0.6 V or 0.8 V with respect to the
electrode. A system biased at 0.8 V can provide cathodal
stimulation, while a system biased at 0.6 V can provide
anodal stimulation. In all, six circuits (5 photovoltaic and 1
photoconductive) were investigated in anodal and cathodal
polarities for platinum and SIROF electrodes, for a total of
6 2 2 24 different configurations.
C. Active and Counter Electrodes
Platinum disk electrodes were fabricated by melting the tip
of a 50- L glass capillary tube around 50- m platinum wire.
The resulting glass-embedded wire was polished so that only
a 50- m disk was exposed, resulting in a geometric surface
area (GSA) of 1960 m . Similarly, 50- m SIROF disk electrodes with the same GSA were fabricated in an array on a
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Fig. 3. Cyclic voltammograms of the 50-m platinum and 50-m SIROF disk
electrodes, taken in PBS at a sweep rate of 50 mV/s. The platinum microelectrode had a charge injection of CSC = 2:1 mC=cm , while the SIROF microelectrode had a CSC of 57 mC/cm .

polyimide substrate, as described in [26]. Insulated gold leads
were patterned along the surface of the polyimide from the electrode array to connection pads 5 cm away. The cathodic charge
of both microelectrodes was evaluated
storage capacity
by integrating the cathodic current measured during a single
sweep of a cyclic voltammogram (EG&G Princeton Applied
Research potentiostat/galvanostat Model 273A) between 0.8
of 2.1
and 0.6 V (Fig. 3). The platinum electrode had a
mC/cm , while the SIROF electrode had a
of 57 mC/cm ,
both consistent with values reported in the literature [27]. Large
cm were also fabricated from
counter electrodes
both materials.
D. Data Recording
A diagram of the measurement system is shown in Fig. 2.
The photodiode system converts incident light into an electrical
signal that is delivered to the electrode/electrolyte load. A small
series resistor was used to measure current waveforms, while
potentials on the active and reference electrodes were measured
using 10-M input-impedance voltage probes; the counter
electrode was connected to the ground of the oscilloscope.
Measurements were made at several different light powers for
each photodiode circuit. Light was pulsed until a steady state
was achieved, and then the current and voltage waveforms
were recorded. An electronically controlled switch was used
to disconnect the active electrode from the circuit for 10 s,
immediately after the light pulse ends, to stop current flow and
directly measure electrode polarization. The measurement was
terminated if this polarization reached either end of the water
window. The illumination system could provide a maximum
500 W per diode, which greatly exceeded
light power of
the light-to-current conversion range of interest.
IV. RESULTS AND DISCUSSION
A. Charge Injection Dynamics
Fig. 4 shows the light power, current, and voltage waveforms
for two of the circuits investigated: 1) a photoconductive platinum system and 2) a three-diode photovoltaic SIROF system,
both configured for anodal stimulation. Though these are only
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Fig. 4. (a) Pulsed bias voltage, (b) current, and (c) active electrode voltage for a 50-m platinum microelectrode driven at 25 Hz by the photoconductive circuit
shown inset in (a) at the light intensities shown in (e). Pulse dynamics can be understood by (d) plotting resistive load lines on top of the photocircuit I –V curves.
All pulses begin at the same initial condition 1. Their 1-2-3-4-1 cyclical movement in potential versus current phase space is confined to the photocircuit I –V
curves. The plots in the second column show (f) current and (g) active electrode voltage for a 50-m SIROF microelectrode driven at 25 Hz by the photovoltaic
circuit and light intensities shown in (e). Again, pulse dynamics can be understood as the 1-2-3-4-1 cyclical movement in potential versus current phase space (h).

two of the 24 systems investigated, the results are broadly representative. The measured access resistance of the 50- m electrode in PBS was measured to be 14 k , of which approximately
4 k is calculated ohmic resistance from the 26-mS/cm electrolyte (10). The remaining access resistance originates from
the current-sensing resistor, electrode contacts, and additional
overpotential contributions which are difficult to separate from

purely resistive elements of the circuit [22]. This resistance determines the slope of the load lines in Fig. 4(d) and (h) and,
hence, governs the electrical dynamics of the stimulation pulse.
1) Platinum: As shown in Fig. 4(b) and (c), two fundamental
regimes could be discerned: current limited and voltage limited. The circuit dynamics can be understood by viewing the
experimentally observed circuit – curves at the light intensi-
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ties shown in Fig. 4(e), with the photocircuit current and voltage
plotted at four time points: just before the light pulse arrives (1),
right after it arrives (2), right before it ends (3), and right after
it ends (4).
For low light intensities, the load line intersects the diode –
curve close to the origin, where it is very flat. In this case, the
stimulation current is limited by the photocurrent, which is proportional to light intensity. The resulting stimulation pulses are
“current-limited,” and current waveforms linearly replicate the
light intensity waveforms, thereby providing simple linear optical control of the stimulating electrodes. However, the amplitude of these current pulses is limited by the finite voltage produced by the photocircuit, given by (6) and (9). At high light intensities, the load line intersects the diode - curve close to its
maximum voltage, producing constant-voltage pulses. There is
a transitional region between low and high intensities where the
pulse starts out as current limited and ends as voltage limited.
The second, “recharge” current phase begins immediately
after the light turns off. The photocircuit – curve moves
to its non-illuminated position, biased to
with respect
. The current/voltage again moves along a 14-k
to
load line from 3 to 4, as seen in Fig. 4(d). The electrode then
discharges through the diode to the potential of the return
electrode, before repeating the stimulation cycle again when
the next light pulse arrives.
2) SIROF: The three-diode photovoltaic anodal-stimulation
SIROF system [Fig. 4(e)–(h)] displays qualitatively similar
pulse dynamics, with a stimulation phase governed by the
illuminated photodiode I–V curve in the third quadrant and
a discharge through diodes in the interpulse recharge phase.
Current and voltage-limited regimes are again observed, and
are again defined by the location of point 2 on the illuminated
photocircuit curve. However, SIROF has much higher electrochemical capacity than platinum (27 higher when measured
by cyclic voltammetry as in Fig. 3). Thus, SIROF does not
charge as quickly as platinum. Indeed, while the platinum electrode fully polarizes through the full 1.4-V water window by
the end of the 0.5-ms pulse at high light intensities, the SIROF
electrode never polarizes more than 0.2 V with a 3-diode
system. As a result of this low polarization and the fact that
discharge occurs through three diodes in series, point 3 always
lands on a rather nonconductive portion of the nonilluminated
- curve. This has two significant effects as follows.
• The electrode never fully discharges back to the potential
of the return at the 25-Hz pulse rate of the displayed data.
Rather, a steady state is reached where the electrode partially discharges before recharging again.
• There is no large, temporally confined electrode discharge
phase. Rather, the discharge is slow, occurring during the
entire interpulse period.
This is in contrast to the platinum photoconductive circuit,
where the electrode fully discharged, and there was a large
current pulse immediately following the cessation of illumination [Fig. 4(b)]. This difference is due to the smaller electrode
charge capacity of platinum and the faster discharge through a
single diode. As mentioned previously [see Fig. 1(c)], a shunt
resistor can be used to speed electrode discharge through series
photodiodes.
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B. Charge Injection
Current as a function of light power per diode for various circuit configurations is plotted in Fig. 5(a)–(b), and total light
power as a function of stimulation current is plotted in Fig.
5(c) and (d). At low light intensities, the pulses are current-limited, causing all of the curves to be linear with a slope equal to
the photodiode responsivity of 0.6 A/W (dashed line). At high
light intensities, the pulses are voltage-limited with slow-rising
curves due to the logarithmic dependence of the photovoltage
on light power (6). While all curves show this same qualitative
behavior, there are large quantitative differences in where the
transition between linear and logarithmic behavior occurs.
1) Factors Determining Maximum Charge Injection: Maximum charge injection is limited by three factors: 1) the charge
capacity of the electrode, 2) the voltage produced by the photocircuit, and 3) the 1.4-V water window. Photoconductive
circuits bias the electrode toward one side of this potential
range, and then drive it toward the other. Photovoltaic circuits
drive the active electrode anodally or cathodally from the
electrode resting potential, which was measured to be approxreference
imately 0.05 0.05 V with respect to a
electrode for platinum and SIROF electrodes. Thus, electrochemistry limits the change in electrode polarization to 1.4 V
for photoconductive circuits, 0.6–0.7 V for cathodal-stimulation photovoltaic circuits, and 0.7–0.8 V for anodal-stimulation
photovoltaic circuits.
The finite charge capacity also provides a hard limit on how
much current may be safely driven through the electrodes. Since
SIROF has a much higher charge capacity than platinum, it can
deliver much more charge when polarized through the same potential range (see Fig. 3). Indeed, comparing Fig. 4(b) and 4(f)
illustrates that under the same illumination conditions, platinum
quickly polarizes upon the arrival of light, resulting in a steep
current fall-off, while SIROF polarizes much more slowly, resulting in a larger current transient. For this reason, SIROF electrodes can provide much higher currents than platinum ones.
Finally, current injection levels also depend on the voltage
that is available from the photocircuit. This voltage affects
charge injection in two fundamental ways as follows.
• It limits the maximum potential through which an electrode
may be polarized. For the relatively easily polarized platinum electrode, this is the dominant effect.
• It determines the maximum current which may be driven
through the electrode/tissue load via the standard ohmic
relation
. This is the dominant effect for the
relatively high charge capacity SIROF electrodes.
2) Photovoltaic Charge Injection: Fig. 6 plots charge
injection versus the number of diodes for photovoltaically
driven series photodiodes with platinum and SIROF electrodes.
For both electrode materials, charge injection increases approximately linearly for 1–3 photodiodes. For platinum, this
0.038 mC cm increase per diode is because each additional diode provides more voltage, allowing the electrode to
be polarized through a greater fraction of the water window.
0.6 A W 25 W
A,
An estimate from (6) (
,
,
25.85 mV at room temperature)
330 mV, so that
diodes
gives a photovoltage of
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are necessary to polarize the electrode to either end of the
water window. Four diodes are sometimes more efficient than
three at delivering the largest stimulation currents, as then
each diode can be driven in the linear rather than logarithmic
light-to-current conversion region. Five diodes behave similar
to four diodes, but require 25% more total light, and so are
never optimal.
The SIROF electrode measurements showed the same linear
increase in charge injection per diode, but with a larger, 0.54
mC/cm per diode slope. However, this increment is due to the
approximately linear increase in current due to the additional
voltage available with each additional diode. Unlike platinum
where it is the low electrode charge capacity which limits charge
injection per diode, the current at the SIROF electrode is limited
by the voltage drop in the electrolyte which is effectively linear
with current. The SIROF electrode capacity is high enough that
in all measurements it is never polarized by more than 300 mV
during a single 0.5-ms pulse. Thus, while measurements were
only made for 1–5 series photodiodes, charge injection likely
will continue to increase with additional diodes.
Since the SIROF is not polarized to a water electrolysis
limit, charge injection can also be enhanced by increasing the
pulsewidth. Indeed, during the 0.5-ms pulse, the current only
falls by 15% for the largest, voltage-limited pulse [see Fig. 4(f)].
Assuming an exponential current transient (as expected from
circuit model), the corresponding time
a zeroth order
3.1 ms. For the
constant can be estimated as 0.5 ms/ 0.85
Pt electrode, the corresponding time constant is approximately
0.15 ms. Since electrode charge capacity scales with its area,
while the medium resistance is reciprocal to the electrode
radius (10), the charging time constant will increase with larger
electrodes.
At high pulse repetition rates, the SIROF electrodes are unable to fully discharge during the OFF phase, as photodiodes are
only weakly conductive for voltages below a few hundred millivolts. This incomplete discharge gets worse as stimulation currents increase, as can be seen in Fig. 4(g)—the electrode voltage
refdoes not fully return to 0.05 V with respect to the
erence before the next pulse begins. This effect decreases maximum charge injection, as the electrode can no longer be driven
through the full photovoltaically available range if it does not
fully discharge. This effect is worse for cathodal stimulation
0.05 V) is closer to
pulses, as the resting potential of SIROF
the cathodal limit of the water window
0.6 V) than it is to the
anodal limit (0.8 V), and because the charge capacity of SIROF
is less at potentials below 0.05 V than at potentials greater than
(Fig. 3). Due to this asymmetry, the anwith respect to
odal current injection increases linearly at a rate of 0.54 mC/cm
for 1–5 diodes, while cathodal current injection remains approximately constant for 2–4 diodes.
3) Shunt Resistor: Adding a shunt resistor in parallel with the
photodiodes can hasten the interpulse recharge, as it increases
circuit conductance during the recharge phase [see Fig. 1(c)].
The shunt resistor increases maximum charge injection for 3–5
cathodal photodiodes [see Fig. 6(b)], leading to a linear slope
of 0.44 mC/cm . This is less than the 0.54 mC/cm observed
for anodal photodiodes simply because of the aforementioned
asymmetry of the SIROF charge capacity. While the shunt

resistor can increase the maximum charge injection, it also
diverts a portion of the photocurrent away from the load and
thereby decreases efficiency. A shunt resistor should therefore
be avoided when unnecessary, as with platinum systems and
anodal stimulation SIROF systems with 1–5 series diodes.
When necessary to improve maximum charge injection, the
value of the shunt resistance should be carefully chosen to be
small enough to ensure full electrical discharge of the electrode,
while being relatively large compared to the electrode/retina
load to minimize efficiency loss. The 50-k shunt resistor
used to make the measurements shown in Fig. 6(b) diverts
only a small fraction of the current which drives the 14-k
electrode load. Since retinal tissue resistances in vivo can be
several times greater than the electrolyte resistances [21], it
is likely that a larger shunt resistance will be required in
vivo to avoid inefficient stimulation.
4) Photoconductive Charge Injection: The platinum electrode charges through the full 1.4-V water window for both
anodal and cathodal stimulation and, therefore, gives the same
0.38 mC/cm charge injection for each. However, for the same
1.4-V voltage, the SIROF electrode does not fully polarize to the
opposing water electrolysis limit during the 0.5-ms pulse. The
photoconductive charge injection for the SIROF electrode with
the same bias voltage is 0.97 mC/cm for anodal stimulation and
2.0 mC/cm for cathodal stimulation. This asymmetry is due to
the lower charge capacity of SIROF when biased at 0.6 V than
when biased at 0.8 V (see the cyclic voltammagram in Fig. 3).
The resistive current limitation can be compensated by a corre. With a bias voltage
sponding increase in the bias voltage
4-V currents as large as 300 A (corresponding to
of
7.6 mC/cm of charge injection) could be elicited for anodal
and cathodal stimulation without fully polarizing the electrode.
More current can be provided by these circuits, but 300 A is
the largest which could be achieved given the 500 W per diode
limitation of our illumination system.
V. IN-VITRO SUBRETINAL STIMULATION
A. Methods
Ganglion cell activation thresholds were measured by placing
an explanted rabbit retina between a stimulating photodiode
array and a 512-electrode recording array as shown in Fig. 7(b).
The artificial silicon retina (ASR) photodiode array used in this
experiment was originally fabricated by Optobionics Corporation [1]. It consists of 25- m square pixels, each containing a
m stimulating SIROF electrode surrounded by the
central
photosensitive area of a single diode, as shown in Fig. 7(a). All
pixels share a single large SIROF return electrode located on the
back of the 25- m-thick ASR, creating an array of single-diode,
anodal-stimulation SIROF photodiode circuits.
The 512-electrode recording array consists of platinum-black
electrodes 5 m in diameter spaced 60 m apart on a transparent
substrate and has an active area of 0.9 1.8 mm as described
in [28] and [29]. The signals from each electrode were measured
through indium tin–oxide tracks formed on top of the glass substrate, and digitized at a 20-kHz sampling rate. The recorded
signals were analyzed to extract spikes and then identify spikes
from individual neurons using custom-made software [28].
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Fig. 5. Current as a function of light power per diode for 1–5 photovoltaic (PV) series photodiodes and 1 photoconductive (PC) diode, measured at a 25-Hz
pulse rate with (a) a 50-m platinum electrode with cathodal current pulses (asterisks show where the electrochemical safety limit was reached) and (b) a 50-m
SIROF electrode driven with anodal current pulses. (c) and (d) show the total light power required for a desired stimulation current for each circuit, with the optimal
photovoltaic circuit (the circuit which minimizes necessary light power for a given current) indicated by a colored bar beneath the curves. Five diodes are not shown
in (c), as they are never optimal. Light-to-current conversion behavior is qualitatively similar for anodal and cathodal polarities, and for both electrode materials.
Photoconductive measurements were taken as described in Section II-B.

The retinas were explanted from an anesthetized (75-mg/kg
ketamine, 5-mg/kg xylazine, 0.01-mg/kg glycopyrolate) Dutchbelt rabbit, which was then immediately euthanized. An approximate 2 2-mm section of retina was placed with the ganglion-cell layer facing the recording electrode array and with
the photoreceptor layer facing the ASR to facilitate subretinal
stimulation. The retina was continuously perfused with Ames
solution bubbled with 95% oxygen and 5% carbon dioxide at a
flow rate of 2–4 mL/min. An inline heater was used to keep the
retina at 30 C. 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.
Pulses of 905-nm light, 0.5 ms in duration were projected
onto the ASR through the transparent recording electrode array
and retina at 2 Hz, as shown in Fig. 7(b). Approximately 1
mm of the ASR was illuminated. A recorded ganglion cell’s
response to IR stimulus was characterized by its peristimulus
time histogram.

B. Results
Fig. 7(c) shows the peristimulus histogram of one retinal ganglion cell response to the 2 Hz, 0.5 ms, 1 mW/mm IR stimulus.
Clear stimulation peaks can be observed at 9 and 11 ms after the
stimulus. A comparison of this distribution to the null hypothesis (that the IR pulse has no effect) distribution gives a value
using the standard Kolmogrov–Smirnov
of less than 10
[30] test. Stimulated spikes for this neuron were observed with
a threshold ( 50% stimulation efficiency) peak irradiance of 1
mW/mm with 0.5-ms pulses. If delivered at 25 Hz, this corresponds to an average irradiance of 0.013 mW/mm . While the
9–11 ms stimulation latency suggests that the stimulation may
be mediated by the bipolar cells, direct ganglion cell stimulation
cannot be ruled out. The presence of short, submillisecond latency spikes was impossible to determine with the current setup
due to saturation of the recording amplifiers by the stimulation
artifact.
The ASR photodiode array produces about 0.3 A/W when
illuminated by a homogenous, full-field 905-nm source. The
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Fig. 6. Maximum charge injection measured for 50 m (a) platinum and (b) SIROF microelectrodes for 1-5 photodiodes in series driven photovoltaically at 25
Hz. In both cases, the charge injection initially increases linearly with an increasing number of photodiodes due to an increase in the available voltage. Series
photodiodes slow the interpulse discharge of SIROF electrodes and can inhibit full utilization of their electrochemical charge capacity. This can be corrected by
inserting a shunt resistor in the circuit. A shunt resistor does not improve a platinum circuit since its lower charge capacity is completely discharged between the
pulses.

VI. IMPLICATIONS FOR OPTOELECTRONIC PROSTHESIS DESIGN
A. Charge Delivery

Fig. 7. (a) Scanning electron micrograph of a section of the photodiode array
(ASR, Optobionics Inc.) (b) The 25-m photodiodes convert pulsed IR light
projected through the retina into electrical current which is delivered to the retina
via 10-m microelectrodes positioned in the center of each photovoltaic pixel.
A 512-electrode array facing the ganglion cell layer records their spiking action
potentials in response to this stimulation. (c) Peristimulus time histogram of one
cell’s response to IR stimulus shows two stimulated action potentials with 9- and
11-ms latency. Results from 240 stimulation pulses are shown. IR stimulation
occurred at time equal zero.

1-mW/mm threshold value therefore corresponds to approximately 0.3 mA/mm of stimulating current density during the
0.5-ms pulse, giving a total charge density of 0.15 C mm ,
or 0.015 mC/cm . Total charge injection per 25- m pixel was
thus approximately 94 pC/phase, with a charge density of 0.094
mC/cm on the 10 m electrode.
A previous in vivo study of implanted ASRs in RCS rats
(a common model of retinal degeneration) has demonstrated
activation of the superior colliculus in response to IR flashes
[14], but did not measure retinal stimulation threshold. It has
been observed that retinal load impedance can increase significantly post-implantation [21], and electrical stimulation thresholds may be higher for degenerated retinas. It is therefore possible that more light power will be required in vivo than in vitro.
However, it is nevertheless clear that in both cases, photovoltaic
retinal stimulation is possible with even single photodiode circuits. The multidiode circuits analyzed in this paper can provide
additional charge injection for increased pixel densities and enhanced dynamic range of stimulation.

The current-limited pulses at lower light intensities provide
linear conversion of light into current. This linearity facilitates
information transfer, as modulating the incident light results in
the same modulation of the stimulation current. Between 60%
and 90% (depending on the specific circuit) of the charge injection limit may be delivered in this linear manner. The upper
range of light intensities exhibits much lower and nonlinear
light-to-current conversion, corresponding to voltage-limited
circuit operation.
Since counter electrodes in these measurements had areas
more than two orders of magnitude larger than the area of the
active electrode, the counter electrode potentials moved very
little during the stimulation electrode polarization. In an actual
prosthesis, the counter electrodes are likely to be smaller, and a
larger fraction of the voltage will be lost due to the counter electrode depolarization, thereby yielding slightly reduced chargeinjection limits.
B. Safety Considerations
1) Compliance Supply-Limited Pulses: Compliance supplylimited current sources have been proposed as a practical way of
ensuring that electrode polarizations remain within a safe operating range [31], [32]. Photodiode systems provide such current
sources. They produce current pulses until the available voltage
swing has been exhausted, at which point the pulse becomes
voltage limited. In practice, however, in vivo tissue impedances
are considerably larger than impedances in saline, and can therefore require voltages larger than 1.4 V to fully compensate for
significant resistive losses across the tissue [21]. While past in
vivo experiments in blind rats indicate that even single-diode
photovoltaic implants driven by an IR flash can induce retinal
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stimulation [14], the maximum voltage available determines the
maximum current and dynamic range. In photoconductive systems, the bias may be tuned to provide any desired limiting
voltage. In photovoltaic systems, voltage may be increased by
adding more photodiodes in series.
2) Optical Safety: According to established safety standards
[33], [34], the maximum permissible radiant power
,
which may be delivered to the retina for prolonged exposures,
is
(12)

mW mm falls on the iris on a sunny day, light which leads to
greater tissue heating because melanin is significantly more absorptive at visible than IR wavelengths [35]. A near-to-eye projection system capable of safely delivering this bright IR image
to a 3-mm spot on the retina has previously been described [12].
Such a system uses light collimated to within 8–10 of divergence to create retinal illumination spots that are 2 to 3 mm in
diameter. Larger beam divergences are possible to create larger
spots, if necessary.
C. Maximum Charge Injection

is a wavelength-dependent parameter given by
in the 700–1050 nm range, taking the values
905 nm.
accounts for the angular spread in
of 2.5 at
the incident beam and for retinal spot sizes greater than 1.7
is the pupil
mm in diameter, it is given by 29.3 W/mm .
factor which takes into account pupil constriction in response
to the beam or drug-induced dilation, and is exactly 1 for
invisible IR wavelengths in the absence of dilating drugs.
Taken together, these values give a maximum permissible
exposure of 2.8–8 mW/mm for chronic retinal prosthesis
illumination in the 775–1000 nm wavelength range. For the
905-nm wavelength used for the measurements in this study,
the limit is 5.2 mW/mm . These are limits of average retinal
irradiance, not peak irradiance. As for single-pulse exposure,
the peak-irradiance limit in the 0.05 –70 ms range of durations
is described by the equation [33], [34]
where

(13)
For a pulse duration of 0.5 ms, the limit is 350 mW/mm .
With a pulse duration and a repetition rate of pulses per
second, the corresponding peak irradiance is
. This limits the maximum current injection to
mA mm , where is the fraction of the photosensitive area
photoand is the photodiode responsivity [A/W]. With
diodes connected in series, the light-to-current conversion per
since the light must be
unit area is reduced by a factor of
divided among
photodiodes. The corresponding maximum
average charge density per phase is then
. In terms of charge per pixel (in
units of mC), this corresponds to
(14)
where is the pixel density pixels mm and
is taken at its
most conservative value, 2.8 mW/mm . Note that this function
is independent of pulsewidth since the charge injection and the
average light power are proportional to pulse duration.
Partially collimated IR illumination may be delivered to the
retina through the cornea, pupil, and lens, which are mostly
transparent at these wavelengths. However, eye movements may
result in some or all of this light landing on the iris, where similar thermal heating considerations apply. Since a dark-adapted
pupil has a diameter of at least 3 mm, a retinal spot 2–3 mm
in diameter (corresponding to the typical size of retinal prostheses) may be projected without beam irradiance at the iris
plane exceeding the retinal irradiance, thereby posing no additional danger. Indeed, a comparable amount of sunlight

1) SIROF: Charge injection is also limited electrochemically. For photovoltaic SIROF-electrode implants, Fig. 6(b)
demonstrates a linear relationship between maximum charge
injection per unit area
and the number of photodiodes
(15)
where in this study we have measured
for the 0.5-ms pulse. Thus
electrode area
(16)
where is the fraction of pixel area covered by the stimulating
is the charge injection per diode [
per
electrode,
pixel], and where and are as defined above. This is an increasing function of , while the optically attainable charge injection (14) is a decreasing function of ; the optimal design
will be at the intersection of these two functions, calculated as
(17)
which must be rounded to an integer to be physically meaningful. For
25-Hz stimulation with
0.4 photosen0.15 electrode fill factor,
sitive area fill factor,
0.6-A/W responsivity, and
mC mm , we calculate
photodiodes.
as a funcUsing this value of with (14), we can plot
tion of pixel density, as shown in Fig. 8. Since in-vivo retinal
times higher than in vitro saline
resistivity is generally
measurements [21], the current and the associated charge injection per photodiode will likely decrease by the same amount,
mC mm . In this case, the opto approximately
timal number of diodes increases to 13 to overcome the greater
resistance.
This calculation does not take into account that the photosensitive area likely decreases with the number of diodes faster than
linearly due to the fixed width of the nonphotosensitive circuit
features, such as insulation gaps between diodes, conducting
leads, etc. Therefore, the optimal number of diodes per pixel will
be somewhat smaller than this estimate, with the exact number
depending on fabrication details. In addition, some electrodes in
the implanted photodiode array will face lower resistance due to
variation in the distance between electrodes and retinal neurons,
and may polarize to a larger extent than the ones in a more resistive environment. To avoid overpolarization and the associated
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Fig. 8. Charge injection per pixel as a function of pixel density, with SIROF
electrodes. Charge injection per area is constant along these contours, with the
: mC=cm per pixel
values shown. Photovoltaic contours are plotted for q
: mC=cm per pixel, which
(the value measured in this study) and for q
corrects for the roughly
x increase in in vivo resistances [21]. Six diodes is
: mC=cm and 13 diodes is optimal for a prosthesis with
optimal for q
: mC=cm . Three-diode pixels are currently manufactured for photoq
voltaic implants [37]. Photoconductive pixels offer the highest charge injections
(7.6 mC/cm ), but require an external bias.

=01

= 05

5

=01

=05

electrode damage, the number of diodes per pixel should be limited, assuming the lowest possible resistance. Human perceptual
thresholds have been reported to be in the 0.3 –2.4 V range for
50- m electrodes [36]. These voltages can be produced by five
photodiodes in series.
Currently, three is the highest number of diodes per pixel
reported in the literature [37], so in each case, contours for
three-diode pixels are also shown in Fig. 8. For comparison,
the measured lower bound of 7.6 mC/cm for electrochemically
safe charge injection from a photoconductive SIROF implant is
also plotted. Assuming the same values of , , , and , this
level of charge injection can be delivered at light intensity a
factor of two below the optical safety limit [see (14) and (16)].
2) Platinum: As discussed in Section IV-B, three or four
photodiodes are sufficient to fully polarize a photovoltaically
driven platinum electrode through the full width of the water
window, and larger numbers of diodes cannot increase charge
injection. The maximum charge injection is approximately 0.11
mC/cm for cathodal photovoltaic stimulation, 0.14 mC/cm for
anodal photovoltaic stimulation, and 0.38 mC/cm for photoconductive stimulation, all values which can be easily driven
through four diodes (for the photovoltaic circuits) or 1 diode
(for the photoconductive circuits) with light intensities much
less than the 2.8 mW/mm optical safety limit. The limit with
a platinum electrode is clearly electrochemical. This charge injection is likely to remain the same in vivo, since it is limited
by platinum’s relatively small charge capacity, not by the resistance of the electrode load.
D. Charge Injection versus Stimulation Thresholds
1) Charge Density: Our measurements on the
indicate a stimulation threshold of 0.094 mC/cm
mC
ulating electrodes. This is less than the
olds reported for subretinal stimulation of rabbit

ASR device
on the stimcm threshretina using

a single 25- m electrode [38], but greater than the 0.001–0.05
mC/cm reported for 100 m and larger electrodes [39]–[41].
This midrange threshold value between the extremes of stimulation with a single small electrode and a single large electrode
is consistent with the fact that stimulation was produced by simultaneous activation of hundreds of small, 10- m electrodes
mm area with a low 15%) electrode
distributed over a
area fill factor.
Equation (15) indicates a charge injection of
per diode with SIROF electrodes, so that a
dynamic range, two diodes
one-diode circuit provides a
provide a
dynamic range, three provide
, etc. However,
as discussed previously, the increase in retinal impedance after
to 0.1 mC/cm per diode, so in
implantation may decrease
diodes may give a dynamic range of a little more
practice
than times the 0.094 mC/cm stimulation threshold.
The data indicate that at least three diodes per pixel are required for photovoltaic stimulation with platinum electrodes.
Photoconductive platinum electrode systems are able to deliver
charge densities sufficient for stimulation (0.38 mC/cm ), with
a maximum dynamic range of about .
2) Charge per Phase: The approximate 94 pC/phase stimulation threshold measured in this study was for activation of every
pixel at once; single-pixel stimulation thresholds will likely be
higher, as can be seen in the literature. Though there have been
several studies of retinal stimulation thresholds in humans, most
have used relatively large stimulation electrodes, with diameters
exceeding 100 m. For smaller electrodes, studies in various animal models suggest a neural activation threshold in the range
of 1–9 nC/phase for subretinal [39], [41], [42] and 0.02–0.3
nC/phase for epiretinal [43]–[45] stimulation. The position of
the highest of these thresholds (9 nC) on the lowest of the curves
plotted in Fig. 8 (three diodes with the lower charge injection expected in vivo) indicates a worst-case scenario maximum pixel
pixels mm . However, a dynamic range of
density of
stimulation significantly above threshold would be ideal; a pixel
pixels mm could provide 18 nC of charge indensity of
jection (twice the worst-case stimulation threshold). For lower
stimulation thresholds and/or more optimal systems, these photodiode circuits can support hundreds of pixels/mm with this
dynamic range.
VII. CONCLUSION
The performance of various photoconductive and photovoltaic optical circuits has been characterized using platinum
and SIROF microelectrodes. The use of series photodiodes
greatly enhances the charge injection of a photovoltaic circuit,
and makes them potentially suitable for retinal stimulation.
Video rate charge injection can be further increased by including a shunt resistor in parallel with the series photodiodes.
While photoconductive systems have the highest charge injection, they require an active bias voltage. The absence of an
additional power supply in a photovoltaic system can greatly
simplify prosthesis design, fabrication, and the associated
surgical procedures. While we have verified that successful
photovoltaic stimulation of the retina is possible, future studies
are required to determine the responses of the various retinal
neurons to such stimulation.
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