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Abstract
Objective. The wireless transfer of power for driving implantable neural stimulation devices has
garnered significant attention in the bioelectronics field. This study explores the potential of
photovoltaic (PV) power transfer, utilizing tissue-penetrating deep-red light—a novel and
promising approach that has received less attention compared to traditional induction or
ultrasound techniques. Our objective is to critically assess key parameters for directly powering
neurostimulation electrodes with PVs, converting light impulses into neurostimulation currents.
Approach.We systematically investigate varying PV cell size, optional series configurations, and
coupling with microelectrodes fabricated from a range of materials such as Pt, TiN, IrOx, Ti, W,
PtOx, Au, or poly(3,4 ethylenedioxythiophene):poly(styrene sulfonate). Additionally, two types of
PVs, ultrathin organic PVs and monocrystalline silicon PVs, are compared. These combinations
are employed to drive pairs of electrodes with different sizes and impedances. The readout method
involves measuring electrolytic current using a straightforward amplifier circuit.Main results.
Optimal PV selection is crucial, necessitating sufficiently large PV cells to generate the desired
photocurrent. Arranging PVs in series is essential to produce the appropriate voltage for driving
current across electrode/electrolyte impedances. By carefully choosing the PV arrangement and
electrode type, it becomes possible to emulate electrical stimulation protocols in terms of charge
and frequency. An important consideration is whether the circuit is photovoltage-limited or
photocurrent-limited. High charge-injection capacity electrodes made from pseudo-faradaic
materials impose a photocurrent limit, while more capacitive materials like Pt are
photovoltage-limited. Although organic PVs exhibit lower efficiency than silicon PVs, in many
practical scenarios, stimulation current is primarily limited by the electrodes rather than the PV
driver, leading to potential parity between the two types. Significance. This study provides a
foundational guide for designing a PV-powered neurostimulation circuit. The insights gained are
applicable to both in vitro and in vivo applications, offering a resource to the neural engineering
community.
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1. Introduction

1.1. Background on implantable photovoltaics
(PVs) in the context of wireless power
transmissionmethods
Implantable neurostimulation devices are a ubiquit-
ous tool for in vivo neuroscience research and a crit-
ical component in bioelectronic medicine [1–3]. In
all these applications, miniaturization and wireless
powering are in high demand [4–6]. This is import-
ant to make next-generation bioelectronics medi-
cine devices surgically less invasive. Moreover, for
basic research using small animalmodels, device foot-
print is often a serious limitation, therefore find-
ing efficient ways to accomplish wireless electrical
neurostimulation can also translate to novel research
experiments in neuroscience [7]. Many electromag-
netic induction protocols exist to wirelessly trans-
mit power to implantable devices [5, 8, 9]. These
solutions, however, suffer from low power transfer
efficiency and geometric size/position constraints of
both sending and receiving antennas. At least some
level of analog circuitry is always necessary on the
receiver side to convert the incoming electromag-
netic signal into a charge-balanced, biphasic electrical
stimulation pulse. Therefore, the device must con-
sist, at minimum, of receiving coil, electronic circuit
components like rectifiers, and finally the stimula-
tion electrodes interfaced with the target tissue. A
promising alternative technique is ultrasound power
transfer, which, per unit area, often represents a
more efficient alternative to inductive power trans-
fer, but with the necessity of close contact of the
transmitter on the surface of the skin [10, 11]. These
devices require a piezoelectric transducer to convert
acoustic energy into electrical signals. Unfortunately,
most of the efficient piezoelectric materials are toxic
compounds, creating a barrier to practical adoption.
A combination of resonant magnetic power trans-
fer and piezoelectrics is the magnetoelectric power
transfer concept elaborated by Singer et al [12].
These approaches show an impressive shrinking of
device footprint, nevertheless the piezoelectricmater-
ial remains an issue, and relatively large and ineffi-
cient transmitting coils must be used. Optical power
transfer using light wavelengths in the tissue transpar-
ency window represents an emerging concept which
has been explored relatively less than inductive or
ultrasound power transfer. This is likely because intu-
itively anyone can observe that most biological tissues
are highly opaque due to absorption and scattering.
However, there are regions of the visible and near-
infrared spectrumwhere localmaxima for light trans-
mittance exist. These are sometimes referred to as tis-
sue transparency windows, where absorption from
biomolecules is largely absent, and scattering is also
minimized. The first ‘window’ is between roughly
630–900 nm, and the second is between 1000 and
1350 nm [13, 14]. Wavelengths in these regions can

penetrate into tissue to some degree. Several examples
of implantable PVs have been shown to effectively and
safely operate at depths of a few mm below the skin,
even down to around 10 mm, with red or infrared
light being delivered from outside of the body [15,
16]. Since PVs are diodes, the simple connection
of a PV to two electrodes shorted by an electrolyte
already acts as a rectifier circuit that will transduce
a square pulse of light (basically light on/off), into a
biphasic current pulse with a high degree of charge
balance just from the nature of this simple circuit
[17, 18]. If the stimulation electrodes are integrated
directly onto the PV itself as thin-films, this repres-
ents a very simple and compact system with compet-
itive charge per unit area (or per unit volume) that
exceeds the aforementioned technologies [16]. The
concept of PV neurostimulation has been deployed
in various ways over the past two decades. The most
prominent are examples of PV devices for optoelec-
tronic stimulation of the retina, which must be seen
as a special use case. Here, light ingress is trivial due
to the pupil, and red/infrared light is not absolutely
required [19–21]. In these applications, a focused
light beam is used to actuate a PV pixel which in
turn locally stimulates the retina. The low scatter-
ing in the eye vitreous allows laser excitation to be
highly collimated and thus it is possible to raster
scan across an implant to produce spatially-precise
stimulation. These devices comprise a PV cell con-
nected to a primary and return stimulation elec-
trode. In the system reported by Palanker et al, sil-
icon PV cells (a series of 2 or 3 to increase the voltage)
aremonolithically integrated with stimulation/return
microelectrodes [19, 22, 23]. These PV stimulators
have been tested in animal experiments and there are
promising results from clinical trials [24]. Ghezzi et al
[20, 25] and Rand et al [17] have reported organic
PV analogs, successfully testing these devices in vitro
and in vivo.

While the eye presents a kind of ‘ideal’ scenario
for precise light-based stimulation, every other kind
of implantable target (i.e. brain, peripheral nerve)
involves transcutaneous operation and will be faced
with higher loss of transmitted light power, and also
light scattering in the intervening tissues. This fact
necessitates the use of wavelengths in the red/near
infrared region, to more effectively penetrate hard
and soft tissues. Thin-conformable PVs have been
shown to operate as cortical stimulators, actuated
transcranially in mice [26], and several examples
of transdermal PV stimulators have been published
[27], operating down to a depth of roughly 1 cm.
There have been recent reports of using PV arrays
to recharge implantable pacemaker devices, even via
harvesting ambient light [28, 29]. There are two
approaches to reach deeper stimulation targets. The
first is to create leads between the stimulation elec-
trodes and the PV, which can be implanted in a shal-
lower region closer to the skin interface [30]. The
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second is to use implantable fiber optics to channel
the light to the region of interest [15].

1.2. Semiconductor materials for implantable PVs
Three categories of light-absorbing semiconductor
materials have been explored for implantable PVs:
Silicon, inorganic compound semiconductors, and
organic semiconductors. The distinctions between
these different PV types are important, as each
approach has advantages and disadvantages that will
affect which type of PV is the best for a given applica-
tion. The basic figures of merit to consider are power
conversion efficiency and quantum efficiency. Silicon
PVs have 2–10 times higher power conversion effi-
ciency and quantum efficiency than OPVs, depend-
ing on the particular organic or silicon device con-
sidered. Meanwhile, optimized compound inorgan-
ics like GaAs can have even higher power conver-
sion and quantum efficiency numbers, higher than
silicon by several percent. In terms of efficiency,
GaAs > Si ≫ Organics. The next consideration is
absorption coefficient, which will dictate the prac-
tical thickness of the semiconductor layer to effi-
ciently absorb light. Organic semiconductors typic-
ally excel in this category, having absorption coeffi-
cients over an order ofmagnitude higher than Silicon,
and on par or slightly higher than the best inor-
ganic compound materials. Therefore, if minimiza-
tion of thickness and volume is important for a given
application, compound semiconductors or organics
will outperform silicon. Silicon approaches benefit
from a mature and highly-accessible microfabrica-
tion pathway, and the opportunity to use different
commercial silicon wafers or thin-film silicon from
chemical vapor deposition methods. The main draw-
backs of silicon are mechanical rigidity, low optical
absorption coefficient, and necessity of high-quality
passivation to prevent surface recombination losses
and thus photovoltage drops. Finally, there is the
issue of stability. Silicon needs careful passivation
and encapsulation to remain stable to corrosion in
physiological environment [31]. On the other hand,
this can be an advantage. Silicon can dissolve in the
body in a relatively harmless way, prompting demon-
strations of transient, dissolvable, implantable power
sources [31]. Recently, the group of Bozhi Tian has
published a high-performance and versatile silicon
platform of this type [32]. OPVs suffer from lower
efficiency, yet can be made extremely thin (sub-
100 nm), on account of the high absorbance coef-
ficient, and are intrinsically mechanically soft and
flexible. Compatibility with thin-film polymeric sub-
strates like parylene-c or polyimide is ensured by
low-temperature processibility of OPVs. Moreover,
some organic semiconductors appear to be very
stable in direct contact with physiological medium,
without any passivation. Thus, for applications where
conformal application is desired, such as a nerve
cuff or cortical surface electrode, thin and flexible

devices based on organic semiconductors can be
favorable. While compound inorganic semiconduct-
ors can be very thin and of highest performance, they
present processing difficulties. GaAs and its derivat-
ives are produced via specialized and expensive epi-
taxial deposition processes requiring toxic gases and
high temperatures. The presence of potentially toxic
arsenic is a barrier to adoption, though it has been
reported that leeching of arsenic from the implant is
within safe limits [33]. To-date, the smallest-footprint
devices in terms of volume and thickness are made
of GaAs [15] or organic semiconductors [16, 34].
In terms of optimized high-performance compound
inorganic PV stacks, Sahin and colleagues have pub-
lished a series of papers on floating light activated
micro-electrical stimulators (FLAMESs), comprising
optimized heterojunctions of GaAs, giving photo-
voltage up to 0.7 V [15, 35, 36]. The FLAMES devices
were on the size order of several hundred micromet-
ers, and could achieve wireless intraspinal stimula-
tion in the rat spinal cord. Larger arrays of GaAs cells
were recently demonstrated in a transdermal power
transfer system for wireless powering of implant-
able electronics. Here, series and parallel connections
were used to give a max of 2.4 V and overall sev-
eral microwatts of power [8]. On the OPV side, our
research group has reported efficacious organic stim-
ulation devices implanted up to 15 mm below skin
and soft tissue/bone for the stimulation of peripheral
nerves or the cortical surface [16, 26, 30]. These latter
devices are based on the minimalistic organic pho-
tocapacitor design, where the PV diode is itself the
stimulation electrode, the whole device is ultraflex-
ible and has a thickness of under 5 µm [34]. Ferlauto
et al have developed flexible and foldable OPV-based
stimulators [20], which present a surgical advant-
age of being implantable through a small incision
and then unfolded in the target area. Overall, organic
semiconductors have good indications from com-
bined biocompatibility and nontoxicity, while being
stable and inert in the body without need of extens-
ive passivation which would be required for inorganic
semiconductors. However, the question of long-term
reliability and safety of implantable PVs remains an
open one that must be rigorously confronted to allow
progress in this field.

It is noteworthy that in parallel to PV-driven
neurostimulator devices, there is a growing body of
research describing micro or nanoparticle interfaces
which, when excited by light, can deliver stimula-
tion to cells and tissues with a variety of mechan-
isms, including often an interplay of photothermal
and photoelectric effects [37–45]. Such microscaled
materials can form single-cell interfaces. These types
of particle-based photostimulation concepts hold
great promise in pushing the limits ofminiaturization
and obtaining the least surgically-invasive solution.
Ideas of untethered and injectable particles have been
proposed. The various stimulation mechanisms have

3



J. Neural Eng. 21 (2024) 046003 M Jakěsová et al

been reviewed in detail to some extent for micro/n-
anoparticles [42, 46–50]. A fraction of the reported
particles operate via a PV mechanism. For those that
do, the findings discussed in this paper should in
principle apply as well. To perform optimal extracel-
lular stimulation, a microparticle should have a cath-
ode and anode component to optimize photocharge
density and spatially separate the charges to maxim-
ize the resultant electric field. In this way, the device
operates according to the measurements laid out in
this work.

This work concerns direct PV stimulation, where
a PV diode is connected to a stimulation neural inter-
face. To date, the quantity of successful implanted PV
stimulation demonstrations is relatively small, and
a primary reason is that specialists from the opto-
electronics/PV field do not often overlap with the
neural interface device field. We seek to bridge this
gap and we have performed this study to map and
explain the parameters needed when combining a PV
driver with neurostimulation electrodes (figure 1(a)).
In this work, we have endeavored to give a roadmap
for designing PV neurostimulation devices, giving
attention to critical parameters: stimulation electrode
type, electrode impedance, PV driver type, serial/par-
allel connections, and optical pulse intensity and fre-
quency. With these details determined, it is possible
to design a PV neurostimulation device tailored to a
specific application.

1.3. Measuring the PV-driven neurostimulation
circuit
An illuminated PV is a power source, behaving
neither as an ideal current nor an ideal voltage source.
The current drawn from the PV will depend on the
amount of photocurrent generated by the cell, as
well as the impedance of the load that is attached to
the cell. The maximum photovoltage produced by a
single PV is limited by thermodynamics, specifically
by the parameter of bandgap of the semiconductor
material comprising the cell [51]. Other losses, like
charge recombination and series resistance will prac-
tically limit cell voltage. Generally, a single-junction Si
PV can provide around 0.5 V at open-circuit. OPVs,
depending on the materials used, generate between
0.4 and 0.8 V [52]. The OPV tested in this work is
made from a heterojunction of phthalocyanine and
perylene tetracarboxylicdiimide derivatives [53], a
combination we have optimized, and which yields an
open-circuit voltage of 0.5 V [54]. Therefore, the two
PV types compared in this work are essentially equi-
valent in terms of open-circuit voltage. The OPV and
Si PV used in this work are schematized in figure 1(b).
We used commercial monocrystalline silicon solar
cell wafers, with contact lines and passivation already
deposited. These were diced to yield different chip
sizes. The OPVs were fabricated at the desired size
directly in-house. Arrays of (micro)electrodes were

prepared on glass or silicon wafers, using photolitho-
graphy techniques (figure 1(c)). The characterization
of PV-driven neurostimulation electrodes was per-
formed by connecting the terminals of the PV with
a given combination of electrodes which are bridged
by electrolyte, and measuring the current that flows
through this circuit upon application of a pulse of red
light (figure 1(d)). This setup allows evaluation of dif-
ferent permutations of PV drivers with different elec-
trodes. The overall configuration can be regarded as a
PV diode short-circuited by a load consisting of two
electrolytic contacts and the intervening electrolyte
(figure 1(e)). The electrolytic contacts can be under-
stood in terms of the Randles model, of a capacit-
ive component in parallel with a resistive compon-
ent. The resistive components correspond to faradaic
reactions, while the capacitance will be given by the
charge injection capacity of the electrodematerial. An
illuminated PV will act as a power source, capable of
generating a photovoltage and a photocurrent. The
magnitude of current that flows over the whole cir-
cuit will depend on the impedance and charge injec-
tion capacity of the electrode/electrolyte interfaces.
The fundamental limitation of PV neurostimulator
approaches is that it is challenging to obtain high driv-
ing voltages—a single PN junction, in practice, can
rarely produce more than>1 V.

2. Materials andmethods

2.1. Fabrication of OPVs
Glass wafers (500 ± 20 µm) were coated with a
base layer of 2 µm parylene-C grown by CVD (SCS
Labcoter PDS 2010). Then, a stack of 1 nm Pd, 9 nm
Au, 30 nm Ti, 50 nm Au, 10 nm Ti were deposited
via magnetron sputtering (Bestec GmbH). The first
photolithography step defined the shape of the PV
bottom electrode, anode/cathode leads, and contact
pads. AZ 1518 photoresist spin-coated at 4000 rpm
was exposed through a soda lime mask using a SÜSS
MicroTec MA8 mask aligner equipped with an i-line
filter. The resist was developed in AZ 400 K developer
diluted 1:4 in deionized water (DI). The metal layers
were etched in a KI/I2 (Au, Pd) and HF/H2O2/H2O
(Ti) etchmixtures. The resist was stripped using acet-
one. Using the same processing, the second photo-
lithography step was used to remove the top Ti/Au/Ti
layers to yield a defined, semi-transparent PV bottom
electrode area. Next, the organic PN layer was depos-
ited through a shadowmask. Metal free phthalocyan-
ine (H2Pc, Alfa Aesar) and N,N′-dimethyl-3,4,9,10-
perylenetetracarboxylic diimide (PTCDI, BASF) were
purified by threefold temperature-gradient sublima-
tion. Layers of 40 nm H2Pc and 50 nm PTCDI were
thermally evaporated from resistively heated crucibles
(Edwards 306, <2 × 10−6 Torr, rates of 1–6 Å s−1).
The OPV top electrode was a 70 nm layer of Ti, which
was deposited through a shadow mask using an E-
beam evaporator (Bestec GmbH,<1× 10−7 Torr, at a
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Figure 1. (a) Conceptual illustration of a possible use case of an implantable photovoltaic-driven neurostimulator, where
tissue-penetrating red light reaches a subdermally placed PV, which converts the light impulse into an electrical current that is
transferred to a pair of stimulation electrodes. These electrodes can be interfaced with a peripheral nerve via a cuff electrode (1),
or a deep brain target by a depth probe (2). (b) Cross-sectional diagrams of the heterojunction OPV used in this work, and a
monocrystalline Si PV. OPV is less efficient, but is≈100 times thinner and highly flexible. (c) Test pattern of differently-sized
electrodes, deposited on glass wafer. These allow creation of a ‘dry’ contact to an electrode pad using a microprobe needle, and
using drops of electrolyte to bridge a pair of tested stimulation electrodes. (d) Schematic of the experimental setup. A given PV
driver is connected via microprobe needles to a pair of stimulation electrodes, which are in phosphate-buffered saline solution. A
transimpedance amplifier (TIA) is in series with this circuit, and converts the measured current into an output voltage, which is
fed into a high-resolution digital oscilloscope (osc). The oscilloscope is triggered by an LED pulse generator, which in turn
provides controlled current to an LED that outputs the optical impulse to the PV (660 nm light was used). (e) Simplified
equivalent circuit diagram of the PV driving a pair of stimulation electrodes. PVs can be connected in series, to sum up higher
photovoltage, or in parallel, to sum up to higher photocurrent. The neurostimulation circuit is represented by the series resistance
of device leads (RS) and electrolyte (RE), and the two microelectrodes, µE, which are regarded as Randles circuits (parallel
capacitance, CµE and faradaic charge-transfer resistance, RµE).

rate of 5 Å s−1). The devices were encapsulated with a
2µmparylene-C layerwith 3-(trimethoxysilyl)propyl
methacrylate (A-174) present in the CVD chamber as
an adhesion promoter. The third photolithography
step was used to expose the contact pads. A thicker
layer of AZ 1518 was spin coated at 1000 rpm to serve
as an etch mask during reactive ion etching (RIE,
Oxford Instruments PlasmaPro 80, 200 W, 50 sccm
O2, 100mTorr) of the parylene-C layer. The resist was
stripped in acetone and the top 10 nmTi layer was wet
etched to expose Au-coated contact pads.

2.2. Fabrication of electrode arrays
Glass or Si wafers with a thermally grown SiO2 layer
(525± 25 µm and 2.6 µm, respectively) were used as

substrates. In all cases, the electrode area, leads, and
contact pads were composed of E-beam evaporated
20 nm of Ti and 50 nmAu (and 30 nmTi for titanium
electrode arrays) deposited onto O2 plasma activated
substrates (Diener NANO Plasma Cleaner). The lay-
out was patterned with AZ 1518 (4000 rpm) and wet
etching as specified in OPV fabrication section. Next,
the surface was activated by O2 plasma (Diener) and
a 2 µm parylene-C encapsulation layer was deposited
using the A-174 adhesion promoter. The contact pads
were exposed through a thick AZ 1518 (1000 rpm)
etchmask using RIE (200W, 50 sccmO2, 100mTorr).
In case of the Au and Ti electrode arrays, the elec-
trode areas were opened directly after using the third
lithography mask. All other electrode materials were
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patterned by the parylene peel-off technique. For
that purpose, an anti-adhesive layer of 2% Micro
90 soap (International Products) was spin coated at
1000 rpm and left to air dry before deposition of
the sacrificial 2 µm parylene-C layer. The electrode
area was opened through an AZ 12XT (3000 rpm,
AZ 326 MIF developer) thick etch mask using RIE
(200 W, 50 sccm O2, 100 mTorr). The residual res-
ist was stripped in acetone. Before deposition of the
electrode material, the substrates were O2 plasma
activated. W was deposited by magnetron sputter-
ing (100 nm, Bestec GmbH), Pt and TiN by ion beam
sputtering (100 nmwith 5 nmTi sticking layer, Bestec
GmbH) [55], IrOx and PtOx by reactive magnetron
sputtering (240 nm, [56]). The sacrificial parylene-
C was carefully peeled off under DI. The poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) layer was deposited by spin coating.
The solution was prepared freshly before depos-
ition and contained PEDOT:PSS (PH1000, Heraeus
GmbH), 5 wt% ethylene glycol (EG), 0.1 wt% 4-
dodecylbenzenesulfonic acid (DBSA) and 1 wt%
(3-glycidyloxypropyl)trimethoxysilane (GOPS). The
mixture of PH1000, EG and DBSA was sonicated for
45 min to ensure homogeneity, GOPS was added
just before use and sonicated for 2 min. PEDOT:PSS
filtered through a 0.45 µm polyvinylidene fluoride
membrane filter was spincoated in three layers (3000,
750 and 750 rpm) with a 40 s bake at 90 ◦C after each
layer. After the last coat, the sacrificial parylene-C
layer was peeled off yielding the microelectrodes. The
wafer was finally annealed at 140 ◦C for 1 h and then
washed in DI to remove the residual soap and other
chemicals.

2.3. Preparation of Si PV chips
125 mm × 125 mm monocrystalline silicon PVs,
rated at 2.8 W, were obtained from CincoSolar
(China). 16 variations of silicon PV cells were pre-
pared by mounting them on alumina ceramic sub-
strates (Elceram, Czech Republic). To achieve inter-
connection of 1, 2, or 3 series or 2 parallel combina-
tions of silicon PV cells with active surface area of (1.0,
4.5, 25, and 100) mm2, alumina substrates with silver
leads and pads relying on thick-film technology were
employed. The silicon PV cells were originally manu-
factured with Al metallization that is already partially
oxidized upon delivery. Therefore, a hard mask was
used to expose only the Al metallization of the chip
and RIE was performed to remove aluminum oxides
on both sides. Subsequently, 100 nm of Au were evap-
orated through a shadow mask (Bestec GmbH) to
minimize the risk of undesired contact resistance. In
the next step, the PV cells were covered with pos-
itive photoresist and cut into single chips using a
dicing saw (ESEC 8003). The last step of silicon PV

cell fabrication involved removal of the photoresist
before mounting on the alumina substrate. Such pre-
pared PV cells were glued to alumina with silver-
filled epoxy glue (Epo-tek H21D, Epoxy technology,
USA) from the bottom side providing strong mech-
anical adhesion and low-ohmic electrical contact,
while the top side of the PV cells was connected to
the Ag pad on alumina using 25 µm Au wire with
wedge–wedge thermosonic wire-bonding technique
(TPT HB 16).

2.4. Electrochemical and optoelectrochemical
characterization
The first experiment was focused on electrical imped-
ance spectroscopymeasurements of fabricatedmicro-
electrodes from Ti, TiN, Pt, Au, W, IrOx, PEDOT:PSS
and PtOx in a domain of frequencies ranging from
100 kHz to 1 Hz at a voltage amplitude of 10 mV. Our
optoelectrical devices were then utilized in custom-
made docking station created by 3D printing method
from polylactic acid. Alumina with silicon PV cells
was glued to the sample holder and inserted into a
station equipped with pogo-pins for electrical con-
tact and red LED array for sample irradiation with
wavelength of ≈656–660 nm peak. Intensity was cal-
ibrated using a Thorlabs SM1PD1A photodiode. The
LED was driven using a Thorlabs DC2200, using the
internal pulse generator to trigger the oscilloscope.
The functionality of prepared devices was verified via
J(V) characteristicmeasurements in a range from0 to
2V at different continuous red light irradiation power
densities of (0, 0.38, 0.62, 0.86 and 1.20) mWmm−2.
The final experiment was carried out by optoelec-
trochemical characterisation of PV cells connected to
microelectrodes using microprobers. Dynamic meas-
urements of photocurrent were transduced to voltage
using a transimpedance amplifier (FEMTO GmbH,
DLPCA-200, gain set to 1000) and captured by oscil-
loscope (Picoscope 4262).

3. Results

3.1. Key characteristics of the PV and stimulation
electrodes measured independently
The most common method of PV characterization
is a J(V) sweep, where current density (J) is meas-
ured while applying different voltages to the cell.
Representative J(V) curves for Si PVs are plotted in
figure 2(a), showing the dependance on light intens-
ity and the serial connection of 2 and 3 PVs to boost
the voltage. J(V) plots can be used as a guide to estim-
ate how much charge a PV can deliver over a given
stimulation circuit, and to choose PV size and series
arrangement appropriately. High-impedance loads,
such as small microelectrodes, will require series con-
nections to provide sufficient photovoltage to deliver
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Figure 2. (a) Current density (Voltage), J(V), characteristics of silicon PVs: single PVs and 2-PV and 3-PV series connections, at
different light intensities (660 nm) representative of those transmittable through several mm of skin and soft tissue. The dotted
lines represent different resistive loads, conceptually showing the example of low-impedance loads resulting in a
photocurrent-limit and high-impedance loads imposing a photovoltage limit. (b) Bode plots of absolute impedance |Z| as a
function of frequency for the 8 electrode materials tested in this study, with results for 105 µm2 area electrodes shown. N = 12
samples,±SD. (c) Impedance bode plots for |Z| of PEDOT:PSS electrodes of different sizes N = 12 samples,±SD.

the current/charge necessary for a given neural tar-
get. To reproduce practically-relevant scenarios in
neural engineering applications, we used eight dif-
ferent neural interface electrode materials, which
give a range of impedances and charge injection
mechanisms (e.g. capacitive versus faradaic versus
pseudo-capacitive). A comparison of absolute imped-
ance values, |Z|, as a function of frequency, is shown
in figure 2(b). The lowest impedance values are gen-
erally provided by the high charge-injection capacity
materials PEDOT:PSS, IrOx, and PtOx (nanoporous
Pt). The former two materials support bulk volu-
metric capacitance due to highly reversible faradaic
reactions, while the latter PtOx is simply a very high
surface-area material. Other materials, like Pt and

TiN which are commonly used in clinical implants,
have moderate impedance values. Ti has the highest
impedance, due to its native TiOx layer. Electrode
size-dependence impedance plots are shown for the
overall best-performing material in terms of low
impedance: PEDOT:PSS (figure 2(c)).

3.2. Photocurrent measured from
PV+ stimulation electrode combinations
Different PV drivers were wired together with stim-
ulation electrode pairs as shown in figure 1(d) and
detailed in section 2.4. As a starting point, we consider
a single 4.5 mm2 Si PV, illuminated with 0.1 or 1 ms
impulses of light with an intensity of 1.2 mWmm−2,
andwe vary the size of the stimulation electrodes. The
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Figure 3. (a) Photocurrent transients registered for a 1 ms light pulse on 105 µm2 electrodes (corresponds to data points in grey
box of panel (b)). (b) Integrated charge delivered by a 1 ms light pulse incident on a 4.5 mm2 PV as a function of electrode size
and material (c) integrated charge delivered over 0.1 ms.

measured current transients and integrated charge are
shown in figure 3. Stark differences in current tran-
sients occur due to the material type (figure 3(a)).
The relatively low voltage afforded by PVs (com-
pared to a typical neurostimulation current isolator
that can have compliance voltage of several volts or
more) means that for most typical metallic electrode
materials (Ti, TiN, Pt, W, Au) the current transients
are essentially purely double-layer capacitive, with
minimal faradaic component. The pseudo-capacitive
materials IrOx, PEDOT:PSS, and PtOx, all have high
capacitance values and thus can accommodate much
more charge at a given voltage. For this reason, the
total delivered charges can be 10 times higher for these
materials (figure 3(b)). For short pulse times, 0.1 ms,
the advantage of the pseudo-capacitive materials is
not as great (figure 3(c)). It is clear, however, that for
a single PV where the total available driving voltage
will not exceed 0.5 V, choosing as low-impedance

electrode materials as possible is critical to building
a practical stimulator.

In the next set of presented experiments, we vary
Si PV size (1 mm2 versus 4.5 mm2) and evaluate
the effect of series connection of 2 or 3 cells, as
well as a parallel connection of two discrete cells
(figure 4). Light intensity and pulse length are held
constant. Several clear trends emerge. Adding series
connection increases the amount of delivered charge
only in the case of voltage-limited circuits, that
is those comprising small electrodes and/or higher
impedance materials. For materials like PEDOT:PSS,
using a double or triple series only helps for elec-
trodes < 104 µm2. Larger PV size boosts charge for
low-impedance electrodes, whereas if the circuit is
voltage-limited increasing the PV size will not res-
ult in any more delivered charge. This is critical, as
increasing PV device size can be wasteful and only
makes sense if impedance of the stimulation circuit is
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Figure 4. Total measured charge in nC delivered over a 1 ms pulse at 1.2 mWmm−2. Panels (a)–(d) correspond to a 1 mm2 PV in
single PV, 2-series, 3-series, and 2-parallel configuration, respectively. The diode diagrams in the inset of the panels show the PV
configuration. Panels (e)–(h) are measured with 4.5 mm2 PVs, in single PV, 2-series, 3-series, and 2-parellel configuration,
respectively.

low enough. This principle also applies when consid-
ering conversion efficiency of PVs: higher efficiency
may not be of significant benefit if the circuit is
photovoltage-limited.

With these principles of photovoltage and pho-
tocurrent limitations clearly demonstrated, we next
moved to compare Si PVs with OPVs (all PVs had
the same area = 4.5 mm2), as well as the effect of
light pulse frequency, using PEDOT:PSS and Pt as
two representative electrode materials. Both types of
PVs give the same open-circuit voltage. In the case
of high-impedance electrodes, (small PEDOT:PSS or
all but the largest Pt electrodes) OPV and Si PV
deliver the same charge (figures 5(a) and (b)). Adding
series connections of either type of PV follows the
same general trend as established previously, more
charge can be loaded onto higher-impedance elec-
trodes (figures 5(c) and (d)). The advantage provided
by the more efficient Si PVs becomes apparent only
in cases of large stimulation electrodes, where the
total charge will become limited by the photocur-
rent generation efficiency. We tested pulse frequen-
cies between 1 and 60 Hz (figures 5(e) and (f)). In
general, there is always some decline in the charge
delivered in each 1 ms pulse as frequency increases.
This is due to the issue of PV diodes discharging in
the dark between light pulses. If the next pulse arrives
before the circuit is fully discharged, the subsequent

total charging voltage will be lower. This effect is
mild in Si PV-driven circuits, while in OPV the fre-
quency roll-off in current amplitude is significantly
larger. This is caused by the fact that OPVs have
very low charge mobility in the dark, therefore the
OPVs do not discharge quickly. Si has high mobil-
ity and charges can recombine inside the device relat-
ively rapidly, ensuring that the whole circuit can dis-
charge before the next pulse arrives. In case of the
larger PEDOT:PSS electrodes, we can also observe a
frequency roll-off also with Si PV, as this is imposed
by the slow discharge kinetics of the PEDOT:PSS
electrode. The issue of discharge kinetics causing
frequency roll-off can be resolved by engineering a
shunt resistor in parallel with the PV diode, a solu-
tion suggested by Palanker et al for PV-driven retinal
stimulators [19]. Exploring higher-frequency opera-
tion (>1 kHz) may be uniquely relevant in the case of
PV stimulators which have an intrinsic voltage limit-
ation. The use of high-frequency pulse trains, where
numerous subthreshold-amplitude pulses arrive at
the cell in short succession, can result in the sum-
mation effect, causing effective depolarization of cell
membrane despite the fact that each individual pulse
has too low amplitude to depolarize cells [57, 58].
This kind of high-frequency approach has not been
used in PV stimulation to our knowledge, but would
be interesting to try.
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Figure 5. Comparisons between Si PV and OPV, with PEDOT:PSS (a), (c), (e) versus Pt (b), (d), (f) electrodes. (a), (b) Electrodes
driven by a single OPV or Si PV, as a function of electrode size, at two different light intensities. (c), (d) Electrodes driven by a
series of two OPVs or Si PVs, as a function of electrode size, at two different light intensities. (e), (f) Effects of pulse frequency,
from 1–60 Hz, for PEDOT:PSS and Pt, respectively. Light pulse length= 1 ms in all cases.

4. Conclusions

PV neurostimulation is a unique approach to wire-
less modulation of central or peripheral nervous tar-
gets. Conceptually, it represents something of a mid-
point between conventional implantable microelec-
trodes and fully noninvasive electrical stimulation.
Implantable electrodes are invasive and require a
pulse generator and power source, yet can precisely
interface to a neural target. Noninvasive electrical
stimulation requires no surgery, however the spa-
tial precision of stimulation is low, and the depth of
possible penetration limited to superficial targets. By
using PV stimulator circuits, one can secure the pre-
cision and depth of a traditional implantable stimu-
lator, yet with a simpler surgery and less bulky device
which can be addressed from outside in a way ana-
logous to noninvasive electrical stimulation. It can
therefore be labeled as ‘minimally invasive’ during
implantation, and ‘noninvasive’ during actual opera-
tion as a stimulator. Further, there are some unique

practical advantages to using noninvasive optical
power transmission. The light source does not have
to be in contact with the skin, nor does it have to
be particularly close, due to the possibility of collim-
ated light sources like laser diodes. A big advantage
of having the optical stimulation from the point of
view of electrophysiology experiments is the possib-
ility to eliminate sources of electrical noise, as the
light beam will not add any electrical noise. The only
electrical artifact present will be the photogenerated
stimulation pulse from the implanted PV, thus mak-
ing recording easier, without complex filtered often
required during noninvasive electrical stimulation.
Overall, for any situation, animal or human, where
space is limited and precludes implantation of bulky
devices, a PV stimulator can be highly competitive.

As a wireless powering source for neuroelectron-
ics, PVs present favorable opportunities, yet also
impose unique design criteria. In this work, we have
provided a range of practical parameters in terms of
electrode size, material, and impedance, to facilitate
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efficient design of light-powered wireless neurostim-
ulators. Depending on the desired application, easily
obtainable Si PVs or ultrathin and flexible OPVs may
be optimal. In other cases, highly-efficient compound
semiconductor devicesmay provide the best solution,
despite their complexity relative to Si or organics. In
this work, we have tested total currents and voltages
using light illumination conditions which we assume
to be practical based on our earlier research on in vivo
PVneurostimulation, i.e. tens ofmWcm−2 at a depth
of roughly 1 cm of tissue, using 660 nm light [16].
However, light transmission is highly tissue-specific
and experimental verification of the light intensities
pertinent to the specific application with consider-
ation of established safety and photothermal limits
should be pursued. In general, PVs are a power source
with a voltage limit dictated by the band gap of the
semiconductor, and practically single-junction PVs
absorbing red light will provide roughly up to 0.5 V.
Therefore, when electrodes with high impedance are
used, PVs must be connected in series to provide suf-
ficient voltage. In the measurements we have presen-
ted, the two stimulation electrodes connected to the
PV were always the same size, and therefore contrib-
ute equal impedance and charge injection capacity.
It is important to note that if the two stimulation
electrodes are different, the total delivered charge will
always be limited by the electrode with the lowest
charge injection capacity or highest impedance.

Our present work, built on demonstrations of
direct PV neurostimulation over the past decade,
describes the most minimalistic case of PVs directly
driving neurostimulation electrodes. The advant-
age of such an approach is unparalleled simplicity.
However, there are certain practical consequences
and limitations. This minimalistic PV + stimulation
‘floating’ electrode arrangement does not enable feed-
back about the current being delivered. This means
that practically, such PV stimulation could be used in
cases where an easily quantifiable biomarker for stim-
ulation exists that allows tracking of the stimulation
effect. Examples include evokedmotor activity, cardi-
ovascular markers, downstream electrophysiological
recording. All of these markers can be fed back to
the optical light source delivering stimulation from
outside. Therefore, a ‘closed loop’ kind of control
is possible. Since the optical light source must be
placed near the skin, we envision that PV stimulators
would be appropriate for short and on-demand types
of neuromodulation applications, rather than neur-
omodulation schemes which are running constantly.
Another practical limitation is number of stimulation
channels. To selectively activate a given photostimu-
lation electrode, either the electrode sites must be far
enough away from each other to limit cross illumin-
ation, or different band-gap semiconductors and/or

filters [36]must be used to allowwavelength tuning as
a mode of control. Another promising strategy relies
on semiconductormaterials engineering. By choosing
materials with intrinsically low lateral conductivity,
it is possible to create monolithic devices which will
only have active stimulation in the area that is illu-
minated, while the ‘dark’ parts of the device serve as
a return electrode. This type of operation is possible
with certain types of organic semiconductors [17],
or with properly-tuned silicon [32]. While effect-
ive multielectrode operation is possible, practically
achieving high-density stimulation arrays is a chal-
lenge. However, possibilities can be extended greatly
if one considers PV as the mode of power trans-
fer only, to power or recharge an implanted device
with onboard electronics. This type of approach has
been demonstrated for subdermal electronics and
PV-rechargeable pacemakers [8, 33]. We believe that
PV actuation of neurostimulator circuits presents
an excellent experimental technique for free-moving
animal experiments, where the small device size and
easy implantation is a premium feature. Light can
be delivered through small, wearable LED sources,
via larger illumination of whole enclosures or smal-
ler structures like tunnels/tubes (LEDs are cheap and
efficient). Clinical applications will likely be indic-
ated for neuromodulation therapies that are patient
self-administered for several minutes per day, thus
the patient can bring a handheld light source over
their implant site to deliver stimulation in an on-
demand fashion. The long-term efficacy and safety of
PV power transfer approaches has yet to be demon-
strated. We hope that the present work outlines
actionable design principles so that neural engin-
eers can fabricate devices appropriate to their given
application.
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Sahin M and Selim Ünlü M 2014 Improved selectivity from a
wavelength addressable device for wireless stimulation of
neural tissue Front. Neuroeng. 7 1–12

[37] Carvalho-de-Souza J L, Treger J S, Dang B, Kent S B H,
Pepperberg D R and Bezanilla F 2015 Photosensitivity of

12

https://orcid.org/0000-0003-4218-1287
https://orcid.org/0000-0003-4218-1287
https://orcid.org/0000-0003-4218-1287
https://orcid.org/0000-0002-0280-8017
https://orcid.org/0000-0002-0280-8017
https://orcid.org/0000-0002-0280-8017
https://doi.org/10.1111/joim.12624
https://doi.org/10.1111/joim.12624
https://doi.org/10.1038/nrd4351
https://doi.org/10.1038/nrd4351
https://doi.org/10.1038/natrevmats.2016.93
https://doi.org/10.1038/natrevmats.2016.93
https://doi.org/10.2217/bem-2018-0005
https://doi.org/10.2217/bem-2018-0005
https://doi.org/10.1038/s41551-017-0051
https://doi.org/10.1038/s41551-017-0051
https://doi.org/10.1038/s41928-018-0175-0
https://doi.org/10.1038/s41928-018-0175-0
https://doi.org/10.1073/pnas.2002201117
https://doi.org/10.1073/pnas.2002201117
https://doi.org/10.1038/s41551-021-00683-3
https://doi.org/10.1038/s41551-021-00683-3
https://doi.org/10.1016/j.ultrasmedbio.2018.12.015
https://doi.org/10.1016/j.ultrasmedbio.2018.12.015
https://doi.org/10.1038/s41551-020-0518-9
https://doi.org/10.1038/s41551-020-0518-9
https://doi.org/10.1016/j.neuron.2020.05.019
https://doi.org/10.1016/j.neuron.2020.05.019
https://doi.org/10.1088/0022-3727/38/15/004
https://doi.org/10.1088/0022-3727/38/15/004
https://doi.org/10.1039/c5pp00132c
https://doi.org/10.1039/c5pp00132c
https://doi.org/10.1088/1741-2560/8/5/056012
https://doi.org/10.1088/1741-2560/8/5/056012
https://doi.org/10.1038/s41551-021-00817-7
https://doi.org/10.1038/s41551-021-00817-7
https://doi.org/10.1002/adma.201707292
https://doi.org/10.1002/adma.201707292
https://doi.org/10.1002/adfm.202010116
https://doi.org/10.1002/adfm.202010116
https://doi.org/10.1088/1741-2560/9/4/046014
https://doi.org/10.1088/1741-2560/9/4/046014
https://doi.org/10.1038/s41467-018-03386-7
https://doi.org/10.1038/s41467-018-03386-7
https://doi.org/10.1038/s41467-022-34353-y
https://doi.org/10.1038/s41467-022-34353-y
https://doi.org/10.1088/1741-2560/2/1/012
https://doi.org/10.1088/1741-2560/2/1/012
https://doi.org/10.1038/nphoton.2012.104
https://doi.org/10.1038/nphoton.2012.104
https://doi.org/10.1088/1741-2552/ab8f70
https://doi.org/10.1088/1741-2552/ab8f70
https://doi.org/10.1038/nphoton.2013.34
https://doi.org/10.1038/nphoton.2013.34
https://doi.org/10.1088/1741-2552/ac37a6
https://doi.org/10.1088/1741-2552/ac37a6
https://doi.org/10.1126/sciadv.aaw0873
https://doi.org/10.1126/sciadv.aaw0873
https://doi.org/10.1016/j.hrthm.2015.02.032
https://doi.org/10.1016/j.hrthm.2015.02.032
https://doi.org/10.1109/TED.2017.2681694
https://doi.org/10.1109/TED.2017.2681694
https://doi.org/10.1088/1741-2552/aca1e3
https://doi.org/10.1088/1741-2552/aca1e3
https://doi.org/10.1002/aenm.201703035
https://doi.org/10.1002/aenm.201703035
https://doi.org/10.1038/s41586-024-07016-9
https://doi.org/10.1038/s41586-024-07016-9
https://doi.org/10.1002/adhm.201600222
https://doi.org/10.1002/adhm.201600222
https://doi.org/10.1126/sciadv.aav5265
https://doi.org/10.1126/sciadv.aav5265
https://doi.org/10.1109/TBCAS.2011.2114882
https://doi.org/10.1109/TBCAS.2011.2114882
https://doi.org/10.3389/fneng.2014.00005
https://doi.org/10.3389/fneng.2014.00005


J. Neural Eng. 21 (2024) 046003 M Jakěsová et al
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