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Abstract

CrossMark

Optically driven electronic neuromodulation devices are a novel tool in basic research and offer
new prospects in medical therapeutic applications. Optimal operation of such devices requires
efficient light capture and charge generation, effective electrical communication across the
device’s bioelectronic interface, conformal adhesion to the target tissue, and mechanical stability
of the device during the lifetime of the implant—all of which can be tuned by spatial structuring
of the device. We demonstrate a 3D structured opto-bioelectronic device—an organic
electrolytic photocapacitor spatially designed by depositing the active device layers on an
inverted micropyramid-shaped substrate. Ultrathin, transparent, and flexible micropyramid-
shaped foil was fabricated by chemical vapour deposition of parylene C on silicon moulds
containing arrays of inverted micropyramids, followed by a peel-off procedure. The capacitive
current delivered by the devices showed a strong dependency on the underlying spatial structure.
The device performance was evaluated by numerical modelling. We propose that the developed
numerical model can be used as a basis for the design of future functional 3D design of opto-

bioelectronic devices and electrodes.

Supplementary material for this article is available online
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1. Introduction

Wireless neuromodulation has been a widely researched topic
[1-4] resulting in different practical approaches such as
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battery-powered [5, 6] and remotely operated [7, 8] devices,
as well as remotely powered and controlled devices. Implants
can be remotely powered by ultrasound [7, 9], magnetic
induction [2, 10], radiofrequency electromagnetic waves
[11-13], as well as driven by light [14—17]. Intrinsically
remotely controllable neuromodulation methods have been
developed, such as optical thermo-capacitive neurostimula-
tion [18-20] and optogenetics [21-23]. All of the aforemen-
tioned methods have the advantage for in vivo experimental
and therapeutic usage in comparison to wired devices.
However, most of them are attached to a set of limitations and

© 2022 The Author(s). Published by IOP Publishing Ltd
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disadvantages, such as a large form factor [24], limited tissue
penetration [25] and the need for complex external apparatus
for powering and controlling the implants [26]. Implants
offering effective and stable operation, minimally invasive
form-factor and simple remote power and control would have
a distinct advantage over the competing technologies. More-
over, tunability of the device operation when being to a
specific usage scenario is desirable.

Organic electrolytic photocapacitors (OEPCs), thin-film
based devices for extracellular electric neurostimulation have
been used in single-cell models [27], in vitro in explanted
retina and neuronal cell cultures [28], as well as in vivo in
animal models, in both acute and chronic examples [29]. The
OEPC devices showed effective, reproducible and stable
performance for over 100 d in chronic in vivo experiments.
The devices consist of an optically transparent substrate act-
ing as mechanical support, covered by a conductive and
transparent back electrode, on which an active pn organic
semiconductor bilayer thin film is grown and patterned by
physical vapour deposition (PVD). The substrate of choice for
planar devices used in chronic peripheral nerve implantation
was ultrathin (<10 pm) flexible parylene C foil, topped with a
transparent conductive thin film of gold. Recently, a fabri-
cation method of spatially structured parylene C foils for
applications in stretchable electronics was demonstrated,
using parylene C chemical vapour deposition (CVD) on
silicon microgroove moulds, followed by a peel-off process
[30]. A similar method, based on parylene C CVD on silicon
micropyramid moulds, followed by a structured parylene film
transfer was used in this work for the fabrication of parylene
C micropyramid arrays.

Thin films of small-molecule organic pigments metal-free
phthalocyanine (H,Pc) and a perylene derivative N,N’-dime-
thyl perylenetetracarboxylic diimide (PTCDI) were used as
optically active p and n-type semiconducting layers. Hydro-
gen bonded organic pigments were shown to be stable in
devices operating in aqueous conditions [31], thus the top
n-type PTCDI layer was in direct contact with the excitable
cells and/or living tissue. All the constituent materials used in
OEPC devices, namely parylene C, gold and H,Pc and
PTCDI have well established biocompatibility record [29].
The parylene C planar devices’ thin and flexible form factor
had enabled conformal wrapping of the device around the
peripheral nerve. However, the geometry’s inherent limita-
tions, such as low friction between the device and the tissue,
non-elasticity and highly directionally dependent light
absorption were noted. Therefore, to address some of the
limitations of the planar geometry, the OPEC devices were
used as model devices and were fabricated on 3D micro-
pyramid structured parylene C foilsto demonstrate the effects
of spatial structuring of thin-film opto-bioelectronic inter-
faces. The spatially structured devices have inherited the
intrinsic flexibility of the parylene C substrate (figure 1), as
well as a level of elasticity afforded by the folded parylene C
geometry. The improved mechanical traits of the device may
be of use for future bioelectronic applications.

Figure 1. (a) [llustration of a finished self-standing device with array
of micropyramids of base size D and spacing S and (b) a finished
silicon mould with arrays of etched inverted micropyramids; (c) a
cross-section photograph of the finished devices on a glass wafer and
a PDMS backing layer and (d) peeling off a micropyramid structured
parylene C foil with OEPC devices from the PDMS backing layer.

2. Experimental methods

2.1. Mould fabrication

A 10 cm diameter (100) crystallographically oriented silicon
wafer was used to fabricate the mould for microstructuring the
parylene C substrate for the OEPC devices (figure 2). A 140
nm thick silicon nitride (SiN) layer was deposited by plasma-
enhanced chemical vapour deposition (PECVD) on both sides
of the silicon wafer and used as an etch mask layer for ani-
sotropic wet etching of silicon. Square openings designating
the micropyramid patterned areas were defined by photo-
lithography. Adhesion promoter hexamethyl disilazane
(HMDS) was vapour-phase deposited on the bake-dried SiN
surface. Wafers were rinsed with acetone, isopropanol, and
deionized water, and finally thoroughly rinsed and dried using
an acetone-DI water spin dryer. Patterning of SiN was done
using Dow S1818 G2 (S1818) photoresist. S1818 was spin-
cast by ramping from 500 rpm to 4000 rpm for 5 sand con-
tinuing at 4000 rpm for 30 s, followed by a soft-bake at 90 °C
for 90 s, typically giving a photoresist thickness of 2 pym. A
chromium glass photomask was designed and used for
defining the micropyramid arrays. Each array consisted of 10
mm by 10 mm area, patterned with square openings of base
size D (D = 2, 4, 6, 18 and 54 pm) and spacing S (S = 2, 3,
4, 6, 18 and 54 um), giving a total of 30 arrays with different
combinations of pyramid base size and spacing per one sili-
con wafer mould.

The photoresist was exposed by a Karl Siiss MA6/BA6
mask aligner using a 350 W mercury vapour lamp calibrated
to the power of 15 mW cm ™2 at a wavelength of 405 nm for 4
s using a high vacuum mode. The photoresist was developed
using the Microposit MF-319 developer. Post-exposure bake
was done at 110 °C for 60 s. The exposed areas of SiN were
removed by CF,/O, reactive ion etching (RIE) under the
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Figure 2. (a) Fabrication steps of the OEPC device on top of structured flexible parylene C substrates: (i) SiN hard mask deposition on (100)
Si wafer, (ii) anisotropic etching of silicon, (iii) silicon mould after the removal of the hard mask, (iv) deposition of anti-adhesion treatment,
followed by parylene C via CVD on a silicon mould, (v) drop casting of PDMS elastomer mechanical support layer, (vi) peel-off of the

PDMS and structured parylene C, (vii) flipping and transfer of the sample to a transparent glass wafer, (viii) deposition of a thin Au layer, and
(ix) deposition of active organic semiconductor layers. (b) Layout of micropyramid arrays with base length D and spacing S on a test device,
with indicated flat reference measurement areas. An outline of a 100 mm (100) oriented silicon wafer is shown in red. Scale bar is 10 mm.

working pressure of 100 mbar, with gas flows of 500 sccm
and 25 sccm respectively. Plasma was excited by a 50 W RF
source. Photoresist stripper 1112A (MicroChem) heated to
60 °C was used for stripping of the remaining photoresist.
Wafers were oxygen plasma de-scummed using a plasma
cleaner (Diener electronic GmbH + Co. KG) for 10 min
using plasma excited by a 200 W RF source.

Prior to the anisotropic etching of the silicon, a thin layer
of SiO, created during the plasma cleaning process had to be
removed for improved Si etching uniformity. Buffered oxide
etch, BOE 7:1 (Microchemicals) etching solution was used at
room temperature for 5 s followed by a DI water rinse cycle.
Anisotropic etching of the silicon was performed in a reflux
condenser-covered container, in a 30% wt potassium hydro-
xide (KOH) aqueous solution saturated with 2-propanol at 80
°C, with the solution being mixed with a magnetic mixer at
800 rpm, using a setup described in [32]. Time of etching
depended on the desired microstructured pyramid size for the
mould [33]. Etched wafers were thoroughly rinsed with DI
water. The remaining SiN passivation layer was removed
using a BOE etching solution at room temperature for 2 min,
followed by a DI water rinse.

To facilitate the parylene C peel off, an anti-adhesion
layer had to be deposited on the finished mould by vapour
phase silanization. Before the silanization, the hydrogen-ter-
minated Si mould surface was oxygen plasma treated to create
the anchoring points for the silanization process, using an
oxygen plasma cleaner (Diener), with 100 W RF plasma
excitation for 10 min. Silanization was conducted using a neat
100 p aliquot of trichloro (1H, 1H, 2H, 2H-perflourooctyl)
silane (FOTS) in a closed container for 2 h at room temper-
ature. Silanized moulds were then sonicated in acetone,

2-propanol and DI water for 15 min each to remove possible
FOTS multilayers.

2.2. Structured parylene C substrate fabrication

Parylene C film of 2 um thickness was deposited on the
silanized moulds using a parylene C deposition system
(Diener electronic GmbH + Co. KG) with 10 g of granular
parylene-C dimer (TiXX Coatings GmbH). The dimer was
vaporized at a temperature of 170 °C at a system pressure of
1072 mbar and then pyrolyzed at 650 °C in the pyrolyzing
tube furnace. The deposition was carried out at room temp-
erature, with wafers placed on a rotating carousel in the
deposition chamber. Oxygen plasma activation of the
deposited parylene C surface was conducted using a plasma
cleaner at 50 W RF plasma excitation for 3 min. The mould
with the conformally deposited parylene C film was placed in
a plastic petri dish, and a 2-3 mm thick layer of SYLGARD
184 polydimethylsiloxane (PDMS) with a 10:1 ratio of base
versus curing agent was cast on top of the parylene C covered
mould surface and cured at 40 °C overnight. Low curing
temperatures are required to prevent the formation of wrinkles
after the peel off. A surgical scalpel was used to manually
circumcise the PDMS and parylene C layers from the edges of
the silicon mould. The obtained PDMS /parylene C film was
carefully separated from the mould and, with the PDMS side
facing downwards, transferred to a clean glass wafer, with the
micropyramid arrays being faithfully reproduced in the thin
parylene C film, with the PDMS layer acting as mechanical
support for the parylene C film.
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Figure 3. COMSOL Multiphysics finite element model of (a)
deposited film thickness inside a thermal evaporator, using the
Molecular Flow module with (i) sample stage containing the
micropyramid structured substrate and (ii) circular evaporation
source, mimicking sample stage rotation; and (b) light trapping,
using the parametric study by the Wave Optics module, fora D = 4
and S = 2 unit cell. E; shows the light enhancement factor over the
planar substrate.

2.3. OEPC device fabrication

Before deposition of a transparent gold layer, the parylene C
surface was oxygen plasma activated using a plasma cleaner
under a 50 W RF excitation for 3 min. Gold was deposited in
a thermal PVD system pumped down to 2 x 10~° mbar at a
rate of 1.5-2.5 A s™' to a thickness of 20 nm. After the
deposition of gold, strips between the micropyramid arrays
were masked using PVC adhesive tape. Deposition of the
organic semiconductors was done with a multisource organic
thermal PVD system (Moorfield/Edwards 306A) pumped
down to 1 x 107 mbar. H,Pc was evaporated at a rate of
1-2 A 57! to a thickness of 50 nm, and PTCDI was evapo-
rated at a rate of 1.5-2.5 A s~ to a thickness of 50 nm. Both
materials were purified three times by temperature gradient
sublimation.

2.4. Measurements

OEPC device performance was evaluated by measuring
photocurrent traces after the square light pulse excitation (100
ms on, 5000 ms off) from below the device (figure 7). Light
excitation was achieved with a 630 nm 3 W LED placed
behind a transparent glass window below the sample stage,
giving an irradiance of 60 mW cm ™2 at the sample position on
the stage. At 630 nm mainly the H,Pc material is absorbing
light and generating charges, while PTCDI is optoelec-
tronically mostly passive—thus, H,Pc is the dominantly
absorbing layer (SI 1 (available online at stacks.iop.org/
NANO/33/245302 /mmedia)) [28]. Contact to the gold back
electrode of the devices was established with a needle probe,
while the electrolyte contact was achieved with an Ag/AgCl
electrode immersed in 0.1 M KCl electrolyte in a 1 ml syringe
placed on an xyz-stage above the sample. Using an empty
syringe connected by flexible tubing to the electrode-con-
taining syringe, the level of the electrolyte in the electrode-
containing syringe was controlled manually by adjusting the
pressure. Contact with the device was established by a drop of
electrolyte, without mechanical contact with the syringe. The

contact area of the drop was controlled and kept constant at
~3 mm’ for all measurements. At least four measurements
were taken for each sample. In this work we have not con-
ducted mechanical and opto-electronic stability studies.
However, the samples have been measured repetedly over
periods of months, and the opto-electronic degradation was
on par with previously reported planar devices [27, 29]. The
photocurrent data was collected using a high-resolution 15 bit
two-channel oscilloscope (PicoScope 5243B), connected to a
low-impedance low-noise current amplifier (FEMTO
DLPCA-200). All measurements were conducted inside a
dark faraday cage. Scanning electron micrographs were taken
using a Zeiss Sigma 500 field-emission SEM with the Inlens
secondary electron detector and an acceleration voltage of
1 kV.

3. Numerical modelling

Numerical modelling was conducted using a finite-element
analysis software COMSOL Multiphysics 5.6, using the
Molecular Flow module for studying the effect of the geo-
metric structuring on the thickness of films deposited by
physical vapour deposition and using the Wave Optics
module for a study of light trapping (figure 3). To understand
how the geometrical structuring affects the device perfor-
mance, geometric models of the devices with different D and
S parameters were designed and used for numerical modelling
of properties of interest for a given device. Micropyramids
were modelled as upright four-sided pyramids with base D

and height of /2 g, given by the symmetry properties of the

silicon monocrystal. A faithful to-scale 3D model of the
thermal evaporator chamber used for the thin film deposition
(for both gold electrode and the organic pigment active lay-
ers) was designed, with a linear array of micropyramids on a
flat substrate modelled at the height of the rotating substrate
holder. A circular evaporation boat was modelled by rota-
tional extruding the evaporation crucible over a full angle, to
mimic the effects of the rotation of the sample holder. The
model was run in the regime of free molecular flow, where the
mean free path length of evaporated material is larger than the
chamber size, thus the evaporated material was deposited on
the substrate following the lines of sight between the source
and the substrate.

For understanding light trapping, a parametric study in
the scattered field regime was designed using a micropyramid
with a given side dimension D and spacing S/2 until the edge
of the elementary cell, using a Floquet periodic condition on
the sides of the elementary cell. Below and above the ele-
mentary cell, swept-mesh domains of perfectly matched lay-
ers were placed. A background plane wave was emitted below
the micropyramid, perpendicular to its base. A thin 20 nm
gold layer was modelled at the device plane, and the root
mean square of the time average of the power flow 10 nm
above the gold surface was monitored, signifying the light
power present at the position of the device’s active absorbing
layer. For comparison, a planar device of the same size was


http://stacks.iop.org/NANO/33/245302/mmedia
http://stacks.iop.org/NANO/33/245302/mmedia

Nanotechnology 33 (2022) 245302

M Niki¢ et al

Figure 4. SEM micrographs of free-standing micropyramid struc-
tured parylene C foil. Scale bars are (a) 100 um, (b) and (c) 10 um
and (d) 1 pm.

modelled at the same time. A ratio of integrated power flows
over the structured and planar device area was taken and used
in further analysis as a light-trapping enhancement factor for a
given geometry.

4. Results and discussion

Chemical vapour deposition of parylene C enables conformal
and uniform thickness coating of 3D surfaces [34]. Parylene
C was deposited on a prepared mould, and 2 pm thick free-
standing structured films were peeled off and examined by
electron microscopy. Parylene C foil had faithfully repro-
duced the smallest features of the mould. Structured free-
standing thin foils are flexible and prone to wrinkling
(figure 4). Thus, parylene C thin films deposited on the mould
were covered with a PDMS support layer and transferred to a
glass wafer (see Methods section) for further processing steps
and measurements. Glass wafer and the PDMS supporting
layer enable easy handling of the sample, as well as optical
transparency needed for the bottom illumination. At the end
of the fabrication procedure, parylene C foil could be easily
peeled off from the PDMS backing layer, liberating the free-
standing device (figure 1).

4.1. PVD of the device active layers

Active layers of the OEPC-thin gold as the transparent back
electrode and a pn bilayer consisting of H,Pc and PTCDI,
were deposited by thermal vacuum evaporation in the free
molecular flow regime, yielding a line-of-sight non-3D con-
formal deposition process. To even out the contributions due
to the non-central placement of the evaporation sources, the
substrate holder was rotated during the deposition process.
The thickness of the deposited films was controlled by a
quartz crystal microbalance. In contrast to CVD methods,
PVD will produce conformal films of uniform thickness only
on planar substrates, while evaporation on tilted or spatially
structured substrates may produce films of different thick-
nesses [35]. Controlling the film thickness is of critical
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Figure 5. Relative photocurrent versus H,Pc/PTCDI layer thickness.
Gray x-marks represent measured values, red dotted line is an
exponentially modified Gaussian fit curve serving as an eye-guide
and for extrapolation of up to 50 nm of thickness. Blue and green
arrows show the delivered current from a 50/50 nm planar and all—
micropyramid structured film (S = 0) respectively. The orange circle
represents the best performing geometry measured on a micropyr-
amid structured film.

importance for the OEPC devices. The thickness of the bot-
tom gold layer determines the back-electrode transparency,
while the thickness of the absorbing material H,Pc sets the
maximum current the device can provide given a constant
illuminance. While the optical absorbance of a gold film is a
linear function of its thickness and thus can easily be taken
into account, the dependence of the delivered current on the
thickness of the semiconductor absorbing layer is more
complicated as it involves optical absorption, charge gen-
eration and recombination. Thus, a series of planar devices
with different thicknesses of pn layers in the range of 2—45
nm were fabricated. It was found that the thickness of the
absorbing layer which delivers the maximal current is about
15 nm (figure 5). In thinner layers the delivered current is
dominantly limited by the amount of absorbed light, since
majority of the photo-generated excitons can reach the
charge-separating pn interface. In thicker layers the dominant
current limiting factor is the recombination of excitons close
to the Au/H,Pc interface due to the short mean exciton dif-
fusion length in H,Pc, thus the delivered current falls off with
increasing thickness [36]. Additionally, a series of planar
devices with H,Pc thickness fixed to 15 nm and varying
thickness of the PTCDI in the range of 2-45 nm was fabri-
cated. It was found that the thickness of the PTCDI does not
influence the delivered current when the PTCDI thickness is
above 5 nm. This shows that the thickness of the absorbing
semiconductor layer is critical to the performance of the
OEPC device. To elucidate thickness effects on differently
structured substrates, a to-scale numerical finite element
model of the PVD chamber used for evaporation of gold and
organic semiconductor materials was designed, with a linear
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Figure 6. Results of a finite element numerical model for thickness
of evaporated films on micropyramid structured substrate—top view
of the slice of a sample stage with a radially ordered linear array of
micropyramids.

array of micropyramids modelled radially from the centre of
the sample stage.

The model’s result shows a 4% decrease of thickness on
the planar part of the substrate from the centre of the stage to
the radial distance of 40 mm, which is the position where the
most distant micropyramid array was located during the
evaporation, as expected for a planar substrate and a point-
like thermal evaporation source. The thickness of the eva-
porated layer at the sides of the micropyramid positioned at
the centre of the sample stage is uniform over all of the
pyramid sides due to the rotational symmetry. The thickness
of the pyramid sides is reduced due to their tilt relative to the
base plane, defined by the angle between the (100) and (111)
crystal planes of silicon equal to cos~! (1/+/3) &~ 54.74°. The
surface area of the pyramid sides relative to the pyramid base
is larger by a factor of +/3, causing the reduction of the
thickness of the deposited layer at the pyramid sides to
the 1/+/3 of the planar layer thickness next to the sides of the
pyramid. Moving away from the centre of the sample stage in
the radial direction, the rotational symmetry is no longer valid
and the placement of the evaporation source favours the inner
sides of the micropyramids, giving increased thickness there,
while layer thickness at the azimuthal sides remains the same,
within the limits of the radial thickness variation as observed
at the planar substrate (figure 6). At the extreme radial posi-
tion of interest at r = 40 mm, the inner micropyramid side is
17% thicker than the azimuthal sides, while the outer side
is 17% thinner. This considerable difference in thickness is
important to take into account when analyzing the device
performance. The total current delivered from the device is a
sum of the currents delivered from each pyramid side and the
base plane. If the current shows linear dependence on the
active layer thickness, as can be approximated in the thick-
ness regime between ~10 and 50 nm (figure 5), the con-
tributions to the total delivered current from the device given
by the respective increase and decrease of the inner and outer

Figure 7. Current density traces of micropyramid-structured devices
in comparison to a flat device, when excited with a rectangular

100 ms light pulse (red line). Traces are shown for devices with the
same pyramid base size D = 4 ymand § = 2, 3,4, 5, 18 and 54 um.

pyramid sides cancel out. Thus, this variation of thickness
does not have to be taken into account in further analysis.
However, the average reduction of thickness by a factor of
1/+/3 on the sides of the pyramids leads to an increase of
delivered current by a factor of approximately 2.5 for a planar
layer thickness of 50 nm, under the conditions of equal light
irradiation. The effective surface area of the micropyramid is
larger by a factor of /3 than the area of the base of the
pyramid. However, this cannot lead to an increase of the
delivered current in comparison to the planar device since the
delivered light is decreased by the same factor. Nevertheless,
the thickness modulation factor gives a theoretical maximal
increase of the delivered current by a factor of 2.5 in com-
parison to the planar device deposited under the same con-
ditions, for a case where S = 0.

4.2. Geometric enhancement of the delivered current

The entire sample, together with the PDMS backing layer and
a carrier glass, was placed at a fixed height above a LED light
source. The maximum delivered current of the prepared
devices on micropyramid structured parylene C foils was
measured at four positions within each array. The OEPC
shows a capacitive response to a rectangular light pulse, and
the average value of the peak current was taken of all mea-
surements. Response from a planar substrate was measured at
four pre-defined planar locations on the sample positioned so
that each structured array is adjacent to a planar control
device (figure 2(b)). The thickness of the gold layer (20 nm)
and the active pn layer (50 nm) was chosen so that the geo-
metric thinning effects keep the device within the limits of
previously reported [28] thickness values (10 nm for Au,
30/30 nm for the pn layer). A ratio of the delivered current
of the structured device versus the neighbouring planar
device is reported. Due to the limits of available photo-
lithography tools, the minimal spacing between the pyramids
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Figure 8. Light trapping enhancement factor obtained by numerical
modelling for OEPC devices fabricated on micropyramid structured
parylene C substrate.

was § = 2 um, so the limiting case with S = 0 could not be
tested. The maximum current enhancement factor due to the
geometric thining, according to the data from (figure 5)
should be the largest for S = 0 and not larger than 2.5. The
highest enhancement factor measured was 2.37.

4.3. Light trapping effects

The effects of multiple light reflections at the internal sides of
the micropyramid at the interface with the active layer, as well
as wave diffraction effects in the tips of the micropyramids
whose dimensions are comparable to the wavelength of the
light, could not be measured separately from the geometric
enhancement effects. To study the light trapping, a parametric
3D numerical study of electromagnetic wave propagation at
the interface of the transparent back electrode and the opti-
cally active semiconductor layer was conducted. The results
show increased light absorption by up to a factor of 2 due to
the light trapping for D = 4 ym and S = 2 um (figure 8), and
are valid for the used wavelength of 630 nm. Similar num-
erical analysis can be used for the rational design of other
light-trapping structures for the desired wavelength.

4.4. Model of geometric performance enhancement

We propose a comprehensive model of the generated photo-
current by the micropyramid structured devices. The model
separates the photocurrent enhancement into the contributions
from the flat and the micropyramid-structured part of the
sample and is given as a factor of the incident light power P,
sample effective surface area factor A, active layer thickness-
dependent current factor k, and a light-trapping current
enhancement factor I, as:

If = kﬂatPﬂatAﬂat + kpyrllthyrApyr- (1)

Due to the geometry of the micropyramids, the incident light

Figure 9. Measured (black) and modelled (red) current enhancement
ratios. High enhancement ratios are observed and predicted for small
unit cells with small spacing, giving high surface area ratios, in
agreement with the model (ii).

intensity at the pyramid and the flat part is defined as:
1
— Py
Ve
At the same time, the effective area of the pyramid structured

part of the sample is larger by a +/3 factor than the area of the
base of the pyramid:

Byr =

Apyr = ﬁAbase-

Thus, the +/3 factor cancels out in equation (i), and the only
contribution to the current enhancement comes from the
enhancement by the thickness factors and the light trapping.
Equation (i) can thus be given by the parameters of the unit
cell D + S of the micropyramid array, and the measured
thickness and light trapping enhancement factors:

Apase = D?
A = (D + 8)? — Al = 2DS + S?
kpyr
T _—25=k
kﬂat

Finally,

Iy = Ppot(2.5 - Iy - D* + 2Ds + S?). (i)

The measured current enhancement factors for the geo-
metries given by the combinations of D and S were least-
squares fitted to the equation (ii), where the light trapping
factors I, were taken from the numerical model, and the
thickness enhancement factor k was used as a fitting
parameter. The fitting procedure gave the result of
kg = (2.2 & 0.2) with the reduced chi-squared value of 0.16
—as shown in (figure 9). The model predicts the largest
current for small and closely packed pyramids (D = 4 pm
and § =2 pm), which is in general agreement with the
experiment, with the highest measured currennts for D = 6
pm and S = 2 pum. The presented model can be used for the
optimization of the delivered current given by the
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micropyramid structured OEPC, given the thickness
enhancement factors and light trapping enhancement factors.

5. Conclusions

A method for fabrication of optoelectronic devices on
micropyramid-structured free-standing ultrathin parylene C
foils was presented. Presented fabrication and optimisation
methods may present significant advantages for future min-
iaturized high efficiency optoelectronic stimulators with
improved mechanical properties and tissue adhesion. Current
enhancement factors of the 3D structures in comparison to the
flat devices were measured. A study was conducted of the
thickness dependence of the optoelectronically active layers
on the delivered current by the devices, accompanied by the
numerical model of the PVD thermal evaporation process on
the 3D structured substrates. Light trapping in the micro-
pyramid structured devices was studied by a numerical wave-
optics model, and light absorption enhancement by the
micropyramid structures was evaluated. A comprehensive
model of the delivered current depending on the geometry of
the structured substrate, the thickness enhancement and the
light-trapping enhancement was presented, giving reasonable
agreement with the measurements. A presented model can be
used for the optimization of the micropyramid structured
OEPC devices but can also serve as a basis for the study of
other similarly structured opto-bioelectronic devices. Using
moulded micropyramid structures, we increase photo-
capacitive charge density by up to 2.5 times. Charge density
is a critical parameter for neurostimulation electrodes [37]. In
photo-driven devices, light power to charge conversion effi-
ciency is crucial. Our results inform how to use thickness and
microstructure to influence this parameter. It is of vital
importance to emphasize the need for careful consideration of
the active layer thickness deposited on non-planar substrates
by PVD in a free molecular flow regime. Rational use of the
thickness dependant current delivery capability of the 3D
structured active layers deposited by PVD processes may
provide important advantages in a new generation of 3D opto-
bioelectronic devices, along with the optimization of the light
absorption enhancement by the light trapping effects.
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