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How to Achieve High Spatial Resolution in Organic
Optobioelectronic Devices?
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Cristiano Tamarozzi, Stefan A.L. Weber, Beatrice Fraboni, Eric Daniel Glowacki,*
and Tobias Cramer*

Light activated local stimulation and sensing of biological cells hold great
promise for minimally invasive bioelectronic interfaces. Organic
semiconductors are particularly appealing for these applications due to their
optoelectronic properties and biocompatibility. This study examines the
material properties necessary to localize the optical excitation and achieve
optoelectronic transduction with high spatial resolution. Using photovoltage
and photocurrent microscopy, we investigate spatial broadening of local
optical excitation in Phthalocyanine/3,4,9,10-Perylenetetracarboxylic diimide
(H,PC/PTCDI) planar heterojunctions. Our measurements reveal that
resolution losses are tied to the effective diffusion length of charge carriers at
the heterojunction. For the H,PC/PTCDI heterojunction, the diffusion length
is determined to be 1; = 1.5 + 0.1 um, attributed to reduced carrier mobility.
Covering the heterojunction with poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) improves the charge generation

the biocompatibility, stability, selectivity,
and sensitivity of microelectrodes for dif-
ferent bioelectronic experiments.>-¢! De-
spite such advances, two fundamental
problems of microelectrode arrays re-
main to be solved. First, each electrode
requires a connecting wire causing com-
plex routing and connection problems for
large arrays. Integrated circuits have been
developed to simplify this problem, but
a general solution is still outstanding.”8!
Second, once placed in contact with
the biological tissue, the position of the
microelectrodes is fixed and cannot be
adapted to achieve spatial proximity to
cells of interest or to follow changes in
the biological tissue as caused by cell mi-

performance but increases the carrier diffusion length to 1, = 7.0 + 0.3 um
due to longer lifetime and higher carrier mobility. These findings elucidate the
physical mechanisms underlying transduction and provide design principles
for organic semiconductor devices aimed at achieving high efficiency and high
spatial resolution for wireless and optically activated bioelectronics.

1. Introduction

Microelectrode arrays have been established as a powerful tool
to stimulate and record single electroactive cells in in-vitro and
in vivo experiments and are the main working horse for bio-
electronic experiments with single cell resolution.[?] Recent re-
search in materials science has further improved and optimized

gration or tissue restructuration. To over-
come these issues, novel bioelectronic in-
terfaces based on light activated materials
are being explored.>-!!l

A promising solution to these prob-
lems levers on the optoelectronic prop-
erties of semiconductors as used in so-
lar cells where light absorption causes
the generation of electronic charges and
subsequent photoconductivity and polarization of the solar
cell.’12-14] Following this principle, semiconductor based photo-
electrodes have been realized that are stable in aqueous biologi-
cal environments and that show polarization upon illumination
with light pulses. Cells in close vicinity to such photoelectrodes
are subjected to a transient electric field or photoelectrochem-
ical reactions when illuminated.''>) Optimized photoelectrodes
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and sufficiently strong light pulses enable the stimulation of neu-
ronal tissue by light without the need for electrical wires. The ef-
fect opens immense opportunities for novel bioelectronic inter-
faces with reduced invasiveness. An example regards the devel-
opment of retinal prothesis to restore visual capability when the
retina loses functionality due to disease.!'31] For this purpose,
different semiconductor-based arrays have been developed and
were demonstrated to stimulate selectively retinal neurons upon
light activation and without any invasive wired connection.121417]
Other applications of semiconductor optobioelectronic devices
regard the optical stimulation of peripheral nerves,'8! the opti-
cal control of cell-differentiation in in-vitro experiments!!%2% and
the development of novel microscopy methods.[2!]

The crucial factor in the development of optobioelectronic
technology is the semiconductor’s materials science, merging
biocompatibility with optoelectronic capabilities. Device opera-
tion in the biological media requires high (electro)chemical sta-
bility in aqueous, saline environments as well as soft and flexi-
ble mechanical properties to adapt to the curved shapes and the
continuous motion of living tissue. At the same time, a high
photoelectric activity is needed to achieve efficient charge gen-
eration and polarization, activated by the reduced amounts of
light that penetrate biological tissue. Organic semiconductors
are an emerging material platform that potentially complies to
such needs.!??24] Recent articles report small molecules or poly-
meric semiconductors as active layers in light activated stimu-
lation devices.'1#%] Strong light-activated polarization for cell
stimulation was observed in heterojunctions made with organic
semiconductors.l?] The energy level alignment at the interface
between p-type (donor) and n-type (acceptor) semiconductors en-
ables efficient separation of optical excitations into free holes
and electronic charges causing surface polarization of the de-
vice and the generation of transient electric fields on the photo-
electrode surface. The resulting photocapacitive effect was ex-
plored in in-vitro experiments to stimulate neurons with light
using organic heterojunctions originally developed for organic
solar cells such as P3HT (poly(3-hexylthiophene)) and PCBM
(phenyl-C61-butyric-acid-methylester) or H, PC (Phthalocyanine)
and PTCDI (3,4,9,10-Perylenetetracarboxylic diimide).!21* An
alternative transduction mechanism relies on photoelectrochem-
istry, where excited electrons or holes are transferred from the
semiconductor into the biological medium to generate biological
messenger molecules such as hydrogen peroxide or protons.[207]
In this photofaradic mechanism, the photocurrent controls the
release of the active messenger molecules and impact locally on
cell phenotype and differentiation with applications for example
in regenerative medicine. P-type organic semiconducting poly-
mers have been demonstrated to be particularly suited for such a
transduction pathway.[?8! Recent in-vitro experiments show how
p-type semiconducting polymers enable to control cardiovascular
tissue formation with light pulses.[2029-31]

In addition to the efficiency of the wireless optical stimulation,
also the spatial resolution is a critical aspect to consider.l) Light
pulses can be focussed on small spatial areas potentially enabling
precise local stimulation of a single biological cell. Furthermore,
the light spot can be moved and adapted in real time allowing
to follow dynamic biological processes and overcoming the lim-
itations of microelectrode arrays. To achieve this vision, high re-
quirements on the spatial resolution of the optoelectronic trans-
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duction process must be fulfilled. Basic reasoning clarifies that
the spatial resolution in optobioelectronic interfaces is defined at
three different levels. First, the size of the light spot that activates
the semiconductor matters. Theoretically, here only limitations
due to the diffraction limit occur and sub-cellular resolution can
be achieved. Second, excitons and separated charge carriers gen-
erated in the semiconducting layer are subjected to diffusion and
hence cause a broadening of the excitation that reduces the spa-
tial resolution. In crystalline inorganic semiconductors the diffu-
sion length extends over several tens of micrometers and spatial
resolution can only be obtained by structuring the semiconduc-
tor into physically separated pixels to limit the dispersion of the
local excitation.[3>734] Such photopixel arrays still allow wireless
excitation but limit the resolution and adaptation of the stimu-
lation area to the size of the patterened pixels. Third, once the
optical excitation is transduced into a physico-chemical stimu-
lus (i.e., an electric field or a released chemical), further broad-
ening occurs in the biological medium before the signal reaches
its target. The smallest resolution of the transduction process is
determined by all three contributions. Materials research can op-
timize organic semiconductor properties to minimize resolution
losses. To guide this optimization and to reach the intrinsic reso-
lution limit of organic optobioelectronic interfaces, a detailed un-
derstanding of the processes that impact on resolution in organic
optobioelectronic devices are necessary.

In this work, we investigate the spatial resolution limits in or-
ganic optobioelectronic devices with a p-n heterojunction fab-
ricated with the organic semiconductors H,PC and PTCDI.
Such photo-capacitor devices have been developed as photo-
transducers in in-vitro and in-vivo experiments. Furthermore,
exceptional long-term stability in biological environment was
demonstrated.'>%) Upon illumination, charge separation gen-
erates strong enough electric fields to depolarize neuronal cells
in close vicinity to the illuminated spot.'**! To investigate the
spatial and temporal properties of the excitation profile gener-
ated in the planar heterojunction we exploit Kelvin Probe Force
Microscopy (KPFM) and transient photovoltage measurements.
The findings are analyzed with a carrier diffusion and recombina-
tion model. Our results show how carrier mobility and lifetime
control the broadening of the excitation in the semiconducting
layer. We apply our findings to demonstrate spatial resolution in
the range of cellular length scales in devices with unpatterned p-
n heterojunction layers in photocurrent mapping experiments.
From our findings we deduce design principles for future or-
ganic semiconductor junctions combining high efficiency and
high spatial resolution.

2. Results

Figure 1 introduces the KPFM experiments performed on the
planar H,PC/PTCDI heterojunction to measure the broadening
of the local optical excitation. Illumination is done through the
transparent substrate with a laser diode of wavelength 520 nm
at which both p and n semiconducting layers exhibit strong
absorption.?®%”] The laser is focused through a 2 um pinhole
and optical lenses to yield a spot on the semiconductor with
a gaussian profile of ogpor = (2.59 = 0.03) um (see Figure S3,
Supporting Information). With KPFM, we measure the sur-
face morphology and the local surface photovoltage defined as
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Figure 1. a) Schematic of the experimental setup and the physical mechanism causing resolution losses in the semiconductor. b,c) AFM morphology
images of the investigated samples consisting of the organic p-n heterojunction without (b) and with (c) a top layer of PEDOT:PSS. d,e) Photovoltage
image of the sample without (d) and with (e) the layer of PEDOT:PSS. f) Comparison of photovoltage profiles of H,PC/PTCDI heterojunction (blue
curve) and H,PC/PTCDI + PEDOT:PSS (green curve) for a common light power of 126 nW.

¢ (%) = Verpiign — Verpaak Where Vipp denotes the contact
potential measured at the exposed surface of the heterojunc-
tion in darkness (Vcpp ) and during illumination (Vepp jighe)-
To improve the signal to noise ratio in the photovoltage mea-
surement, we modulate the light source with a frequency of
720 Hz and measure directly the modulation of the off-resonance
electrostatic force microscopy signal (see methods section for
details). Typical KPFM images of the investigated samples are
shown in Figure 1b,c. We compare the pure p-n junction to
a junction covered with a 200 nm thin film of PEDOT:PSS
(poly[3,4-ethylenedioxythiophene]:poly[styrene sulfonate]). Such
PEDOT:PSS films have been demonstrated to increase photovolt-
age and photocurrent generation in heterojunctions.®*#% The
sample without PEDOT:PSS exhibits a morphology with evenly
distributed nanometric structures corresponding to nanocrys-
tals formed during the thermal deposition process.[? Instead
the PEDOT:PSS layer displays a different morphology where
the roughness of the underlying nanocrystalline film disappears
and instead some larger accumulations of polymeric material
emerge. The corresponding photovoltage maps are shown in
Figure 1d,e. In both images, the center of the light spot is
clearly visible and corresponds to the region with the maxi-
mum intensity. In the pure H,PC/PTCDI sample, the photo-
voltage remains localized and in some parts the diffraction pat-
tern due to the circular aperture emerges. Instead on the PE-
DOT:PSS covered surface, the photovoltage signal is more de-
localized. This impression is confirmed in Figure 1f that pro-
vides profiles of the photovoltage maps as indicated (blue dashed
lines). In addition to the broadening, also a strong reduction
in maximum photovoltage value is observed in the presence of
PEDOT:PSS.
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To analyze our findings, we consider the basic physical pro-
cesses determining the spatial resolution for optoelectronic exci-
tations in organic p-n heterojunctions as depicted in Figure la.
Excitons are generated in the semiconducting layer in the focused
light spot (1) and dissociate at the p-n interface into charge sep-
arated states (2). As positive and negative charges accumulate in
the respective p and n layer, a shift in the vacuum level happens
and the photovoltage is built-up. Photogenerated charges are sub-
jected to diffusive motion along the heterojunction and charge
spreads out of the illuminated area (3) causing a reduction in
spatial confinement of the optoelectronic excitation. Finally, re-
combination (4) reduces the local concentration of photogener-
ated carriers. Combining these processes, the local variation of
charge carrier density n(x, t) is given by:

@ = G(x,1) + DVn(x 1) - ”T(z;)t)

1)
where G(x, t) is the generation rate due to the incident light, D
is an effective charge carrier diffusion constant and z(n) is the
lifetime of charge carriers whose dependence on carrier concen-
tration is governed by the type of recombination mechanism. As
usual, we introduce the carrier diffusion length as 4, = 1/D z(n).
In general, the charge carrier concentration n(x, t) is a function of
the three spatial coordinates. For the case of a planar heterojunc-
tion made with organic semiconductors with low doping con-
centrations, the motion along the z-direction is faster than the
planar one. This allows to consider the two components sepa-
rately and study the x-y diffusion once the charges already moved
away from the junction. Further, we neglect drift motion caused
by electric fields because at the planar heterojunction the field
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Figure 2. a) Photovoltage as a function of distance r from the light spot center as measured on the H,PC/PTCDI heterojunction. b) Same as (a) but
for a sample with PEDOT:PSS deposited on top of the p-n junction. In both (a) and (b) the photovoltage is reported for different light powers ranging
from 72 nW (lighter curve) to 334 nW (solid curve). c) Normalized photovoltage profiles of H,PC/PTCDI and H,PC/PTCDI+PEDOT:PSS samples for
light power of 126 nW, with numerical fit to diffusion equation. Due ot the normalization, curves obtained with different light power overlap into a single
curve. The inset shows the diffusion length as a function of the local photovoltage V,,.

is perpendicular to the interface. Only at the border of the illu-
minated spot, stray fields with components in the direction of
the junction cause slightly accelerated drift, but it is expected
to be small compared to the impact of thermal diffusive mo-
tion in disordered organic semiconductors. Equation (1) con-
tains all the fundamental contributions determining the intrin-
sic spatial resolution limit for an optically excited semiconduc-
tor transducer device. In such a device, locally generated charge
carriers initiate the biological sensing or stimulation process.
But they can also diffuse out of the illuminated area before trig-
gering the transduction event, reducing in this way the spatial
resolution.

In order to achieve a quantitative analysis of the KPFM
surface photovoltage maps, we assume that the local photo-
voltage ¢(x) is directly proportional to the local concentration
of photogenerated charge n(x) at the heterojunction. This as-
sumption is justified considering that each generated charge
is paired to a counterbalancing charge across the p-n inter-
face to form a dipole. Such a dipole is characterized by an
average distance [ between the centers of charge which does
not depend on carrier concentration or light intensity. Accord-
ingly, we can simplify by approximating that the dipoles in
the p-n junction form a plane capacitor for which the dis-
tance between the two plates is I. Then the photovoltage can be
written as V, = o /c = Y} q; Xl/eeyA =nq, |/ee, demonstrat-
ing the proportionality between photovoltage V, and the carrier
concentration n.

We can further simplify Equation (1) due to the radial symme-
try of the system and the isotropic diffusion of the photogener-
ated charges in the direction parallel to the heterojunction. The
only coordinate that needs to be considered is r describing the
distance from the center of the illumination spot. Further, for the
KPFM experiment with continuous illumination, we have to con-
sider the steady state solution of Equation (1) with on(r, t)/ot = 0
so that the carrier concentration n(r) is only a function of the
radial coordinate r. In our experiment we are mostly interested
in understanding the diffusion processes outside of the illumi-
nated region causing the reduction in resolution. In this region
no charge carrier generation occurs and we can set G = 0. The
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resulting differential equation that determines the tail of photo-
voltage profile then reads

dZVp (r) N 1 de (r)
dr? r dr

1 —_—
_Dr(vp)v” (=0 (2)

We substitute the charge carrier lifetime with the expres-
sionz (V,) =a~* K! Vp‘1 based on a bimolecular recombination
mechanism as determined with transient photovoltage measure-
ments (see below). Equation (2) has no simple analytical solution,
and we use a numerical Runge-Kutta scheme to fit the equation
to the experimental data. Boundary conditions are given by the
experimental photovoltage and its first derivative at the border
of the light spot (ry,), i.€., V, (rg) = Vo and V) (r,,) = V{ as
obtained from the experimental data.

To compare the model to our KPFM data, we determine aver-
aged radial photovoltage profiles from the images taken at dif-
ferent light intensities. They are shown in Figure 2a,b for the
pure p-n heterojunction (blue squares) and for the one with the
top PEDOT:PSS layer (green triangles). Profiles were obtained
with different laser powers ranging from 72 to 334 nW. In both
devices, the photovoltage increases with increasing laser power
while the shape of the curves is not affected. In Figure 2c, we
present the normalized KPFM photovoltage profiles for both the
pn and p-n+PEDOT:PSS samples as obtained at a power of
126 nW, along with their respective numerical fits using equa-
tion (2). The fitting range is determined by the size of the light
spot, exclusively considering the region where carrier generation
is not present. The boundary conditions are directly calculated
from experimental data at the left border of the fitting range.
The thinner curves correspond to the other profiles reported in
Figure 2a,b, confirming that the average photovoltage shape re-
mains consistent across various power values. From our fitting
procedure with the diffusion equation we obtain the combined
parameter p* = a? K,;D™! from which we can compute the dif-

1/1/pV, (details described in the Suppl.

Inf)). The resulting values are shown in the inset of Figure 2c.
Values of diffusion length at the border of the illumination spot

fusion length by 4, =
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Figure 3. Photovoltage transient analysis during illumination with 50 us duration pulses. a) Schematic of the experimental setup. b) Photovoltage
transients recorded at different power densities for the p-n sample and c) for the p-n junction with the top PEDOT:PSS layer. d) Transients of both
samples obtained at a power density P = 531 mW cm~2 with fit to the model. e) Average charge carrier lifetime as a function of local photovoltage Vp.
f) Mobility of the two samples as a function of laser power (color scale) and local photovoltage.

are A; (PN) = (L5 + 0.1) um and 4, (PN + PEDOT: PSS) = (7.0
+ 0.3) um. The full profile takes the shape of a gaussian bell
curve with V, ~ CXP(%:;) with 67 = o] + A; where the o), de-
scribes the gaussian profile of the focused light spot. For the
standard deviation o, describing the profile of the excitation we
find 6, (PN) = (3.11 = 0.01) um for the p-n junction and o, (PN
+ PEDOT: PSS) = (7.78 + 0.08) um for the p-n+PEDOT:PSS
sample.

Our findings demonstrate that the carrier diffusion length in
the p-n sample is much shorter than in the pn-PEDOT:PSS sam-
ple. Accordingly the PEDOT:PSS layer causes a broader, more
diffuse photovoltage signal. The increased diffusion length is
also associated to the lower photovoltage magnitude in the cen-
ter of the light spot of the PEDOT:PSS functionalized sam-
ple. Still, the causes for the extended diffusion length observed
in the p-n+PEDOT:PSS sample cannot be clarified from these
data: an increased diffusion length could be attributed to en-
hanced charge carrier diffusion but also to extended carrier
lifetime.

To answer this question, we perform transient photovoltage
measurements that provide access to the carrier lifetime. In such
experiments the spatial resolution is not relevant, as we are in-
terested in measuring the time-dependent photovoltage build-up
and decay. To perform macroscopic time-resolved photovoltage
measurements we use a setup as introduced in Figure 3a. The
p-n photoelectrode sample is mounted on a holder and a thin
dielectric spacer is used to position an ITO covered class slide
above the photoelectrode. This structure functions as a capaci-
tor, with the p-n junction of the photoelectrode serving as one

Adv. Mater. Interfaces 2025, 2400822 2400822 (5 of 9)

plate and the ITO electrode as the other. Importantly the dielec-
tric spacer avoids any direct contact between the p-n junction
and the ITO electrode to avoid direct current generation. An LED
(4 = 530 nm) produces light pulses of 50 us duration illuminat-
ing uniformly the heterojunction. The photovoltage that builds
up over the capacitor is measured with a high impedance ampli-
fier and visualized on an oscilloscope screen. In Figure 3b,c, we
present the recorded photovoltage transients for both the p-n and
p-n+PEDOT:PSS samples obtained at different light power den-
sities ranging from 108 to 531 mW c¢m™2, comparable to the val-
ues used in the KPFM experiment. The yellow region in the plots
indicates the duration of light illumination. In both samples, we
observe a consistent increase in the maximum photovoltage val-
ues as power density increases, ranging from approximately 4 to
10 mV. Notably, in this experiment the p-n+PEDOT:PSS sample
exhibits a higher photovoltage response than the pure p-n hetero-
junction sample.

In order to analyze the data quantitatively, we consider Equa-
tion (1) describing generation and recombination processes caus-
ing photovoltage transients. In the experiment, we illuminate the
whole p-n junction area, therefore the photovoltage is no longer
a function of position x and we can neglect diffusion processes.
Furthermore, we consider only the photovoltage decay when the
light source is switched off. Removing the diffusion and genera-
tion terms we obtain the differential equation that describes the
photovoltage decay:

dn(t) : n(t)

d ~  z(n ()

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOILIOD AT 3[R0l [dde 8y} Aq pausenof aie sajolie YO '8N JO S8 Joj AiqIT8UIUO A8]IM UO (SUORIPUOD-pUR-SWBILI0Y B 1M Afeiq 1 jBu Uo//Scy) SUORIPUOD pue SWiS | 84} 88S [S5202/20/ET] U0 Akiqiaulu A8|IM ‘UBpseIq SRYI0NIGSIEISIBAIUN PUN SIS YRUlo!|qIgsapUe ] 8Uas SIS Aq 22800202 ILUPe/Z00T OT/I0p/W0d™A8 |1 Akeiq 1 |euljuo'psoueApe//Sdny WOl papeojumoq ‘0 ‘0SEL96TE


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

By substituting the characteristic time z with the expres-
sion for bimolecular recombination and the concentration
with photovoltage, we can obtain an analytical solution for
Equation (3):

L (4)
14 V,obK,it

v, ()=
where V,, =V, (t = 0) and b is the constant that relates the tran-
sient photovoltage to the charge carrier concentration in the p-n
junction. In Figure 3d, we present the photovoltage transients
for both samples measured at a power density of 531 mW cm™2,
along with their corresponding fits to Equation (4). Figure 3e
shows the carriers lifetime as function of photovoltage (and
thus as function of laser power density) for the two samples.
In both cases the lifetime increases when the local photovolt-
age decreases. Comparing the lifetimes averaged over the pho-
tovoltage, we find that in the p-n+PEDOT:PSS sample the life-
time is approximately ten times larger than in the p-n sample.
With the knowledge of the carrier lifetimes, we can also calculate
the local effective diffusivity D = A3 7" from the diffusion length
obtained in the KPFM experiment. Using the Einstein relation,
we further compute the effective carrier mobility y = D k! T~
The dependence of mobility on total photovoltage and light in-
tensity is reported in Figure 3f where the strong difference be-
tween the two samples is clearly appreciable. The average values
for the two samples at the border of the light spot are p (PN) =
(0.02 + 0.01) cm? V! 572 and p (PN + PEDOT: PSS) = (0.58 +
0.02) cm? V-1 s72 showing that p-n+PEDOT:PSS sample entails
a mobility that is approximately thirty times the one of the pure
p-n junction.

Our findings explain the effect of the outer PEDOT:PSS layer
on the charge separation, photovoltage, and photocurrent gener-
ation in photoelectrodes. We find that PEDOT:PSS increases sig-
nificantly the lifetime of carriers or in other words, it slows down
recombination processes. As a consequence the PEDOT:PSS
coating improves the charge generation. Most notably this causes
increased photocurrents. For example when illuminating the
photoelectrodes immersed in electrolyte with a focussed laser
spot (see below) a photocurrent of 320 pA is observed. In the
pure p-n junction with faster recombination a value of 140 uA
is measured. The disadvantage of the PEDOT:PSS coated pho-
toelectrode is instead the increased carrier mobility. As a conse-
quence, carriers diffuse faster and transfer energy out of the illu-
minated region. The latter effect reduces strongly the resolution
of optobiolelectronic interfaces as observed in the photovoltage
microscopy experiment. Knowing the electronic properties of PE-
DOT:PSS, we try to rationalize why the outer layer of PEDOT:PSS
increases the lifetime and effective carrier mobility. Upon illu-
mination negative carriers are accumulated in the outer PTCDI
layer of the heterojunction. If these carriers remain close to the
interface, they can rapidly recombine with the positive charges
in the H,PC layer. In the presence of a PEDOT:PSS layer bound
to PTCDI layer, negative carriers can be stabilized due to image
charges in the highly doped (metallic) PEDOT:PSS layer. Such
an image charge effect pulls the generated carriers away from
the junction. Additionally, the high doping of PEDOT:PSS en-
ables that some negative charges are transferred into PEDOT:PSS
where they fill the mobile hole states. The consequence is that
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generated carriers are more distant from the junction and hence
less likely to recombine with positive carriers in the H,PC layer.
Furthermore, space charge present in PEDOT:PSS is expected
to have a much higher effective mobility. Values from transport
measurements in PEDOT:PSS demonstrate mobilities of up to
10 cm? V-1 57141 exceeding by more than an order of magnitude
mobilities associated to PTCDI or H,PC.

Our measurements demonstrate that the organic p-n junc-
tion without PEDOT:PSS coating is advantageous for interfaces
where a high spatial resolution is important. Due to the small dif-
fusion length in the organic heterojunction, the optoelectronic
excitation remains localized and a spatial resolution of below
3 um is feasible following the results from the KPFM photo-
voltage measurements. However, when photocapacitors are op-
erated in electrolyte, the spatial resolution is further altered due
to additional mechanisms. For example, water is a strongly polar-
izable medium and impacts on optoelectronic processes in the
semiconductor.[*?] In addition, the electric field diverges in the
semi-infinite space of the electrolyte and high resolution requires
that transduction processes occur in close vicinity to the semi-
conductor/electrolyte interface. To investigate such issues and to
demonstrate the potential to achieve high resolution we perform
a model imaging experiment with the semiconductor in contact
with an aqueous electrolyte.

Figure 4a illustrates the experimental setup for the photoelec-
trochemical current imaging. The system consists of a motor-
ized micrometric x-y stage that enables precise scanning move-
ment of the focussed laser spot over the sample surface. The
sample is fixed in position with a dedicated holder that avoids
any movement of the electrolyte and acts as a Faraday cage. The
distance between the sample and the laser is controlled by a
micrometric screw to focus the the laser spot on the p-n junc-
tion. The electrolyte is connected to the electrical ground with an
Ag/AgCl wire. The photoelectrode is connected to a current am-
plifier. Upon switching on and off the light source the p-n junc-
tion gets polarized and an ionic displacement current is gener-
ated in the electrolyte. Due to the small size of the illuminated
spot (ca. 2 um), the photocurrent signal is small (<1 nA). To ob-
tain a stable signal we modulate the light source intensity at f=
4.4 kHz and use a lock-in amplifier to measure amplitude and
phase of the AC current signal. Images of photocurrent ampli-
tude and phase are generated by scanning the light spot over the
photoelectrode and collecting for each pixel amplitude and phase
values with a data acquisition board. Similar electrochemical pho-
tocurrent microscopy setups have been used to monitor local
electrochemical currents at inorganic semiconductor/electrolyte
interfaces.[**44]

The electrochemical photocurrent image of the p-n junction
electrode with a diameter of 500 um is presented in Figure 4b
and compared to the optical microscopy image. One clearly no-
tices the shape of the circular p-n junction corresponding to
the region where photocurrent is generated. A part of the cir-
cular electrode is covered by an isolating layer of polydimethyl-
siloxane (PDMS). Even though the p-n junction is present below
the PDMS, no photocurrent is generated in this area. Figure 4d
shows a profile of the photocurrent amplitude taken across the
border of the PDMS layer along with the corresponding fit to the
cumulative error function. The profile shows a clear transition
from the covered to the uncovered regions, revealing a gaussian
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Figure 4. Photoelectrochemical current microscopy with organic planar p-n junction to determine the spatial resolution. a) Scheme of the experiment in
which a part of the p-n junction is covered by a dielectric PDMS layer. b) Optical micrograph of the p-n-junction electrode covered partially with PDMS.
c) AC photoelectrochemical current image of the electrode. d) Profile of the current map and fit to error function. The red lines in (b,c) show the location

of the profile.

shaped excitation profile described by o, ppys = (6.5 + 0.9) ym as
extracted from the error function fit. The finding demonstrates
that a micrometric resolution can be obtained with the p-n junc-
tion in realistic aqueous operation conditions. The resolution
value is similar to the size of single cells (%10 um diameter) and
shows that single cell transduction is feasible in optically acti-
vated organic bioelectronic devices. It is interesting to compare
our resolution with other inorganic semiconductors used in opto-
electronic transduction experiments as reported in the literature
(Table 1).

Compared to the KPFM experiment, the size of the exci-
tation profile doubled under the electrochemical conditions.
This loss in resolution can be attributed to different effects.
First, the presence of water at the p-n junction interface can
impact on carrier lifetime and diffusion. Due to water po-
larization charge carriers are attracted toward the solid/liquid
interface, reducing the probability for recombination and in-
creasing the carrier diffusion length. For the p-n junction,
the solid/liquid interface is distant 30 nm from the solid lig-
uid interface, and using a simple image charge model a sta-
bilization of up to 0.1 eV can be estimated.*”] Other rea-
sons for the reduced resolution could be undercuts or struc-
tural inhomogeneities at the PDMS border and related current
dispersion.

Table 1. Comparison of estimated resolutions obtained in photocur-
rent scanning measurements. The resolution is estimated from reported
photocurrent profiles or images and describes the radius at which the
photocurrent presents a 40% drop from its maximum assuming a point-
like light source.

Materials Resolution [um] Refs.
Nanoporous silicon ~106 Li et al.l]
BiFeO; thin film ~2.6 Meng et al.[4]
Ultra-thin silicon on sapphire ~2.0 Wang et al.[6]
H,PC/PTCDI thin film ~6.5 This work
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Combining these arguments on resolution, our finding
demonstrates that the overall extension of the excitation at such
semiconductor/electrolyte interfaces is determined by three con-

tributions ¢, = y/o; + A7 + 62 in which o, denotes the exten-

sion of the focused light spot, 4, the effective diffusion length in
the semiconducting layer and o,, additional losses in the semi-
infinite half space of the electrolyte. From these findings we can
propose different options to improve resolution in optobielec-
tronic experiments: i) optical engineering allows to minimize o},
to the diffraction limit. ii) Having the biological system close to
the photoelectrode is fundamental to keep o, small. iii) Mini-
mization of A, regards tuning of the semiconductor properties.
For Silicon reduced diffusion length was achieved by making
ultra-thin layers“®! or by introducing mesoporous structuring.[’!
In both cases carrier scattering is increased so that carrier mobil-
ity drops. For organic semiconductors further strategies are fea-
sible. One possibility could regard the anisotropic transport prop-
erties that can be realized in z-conjugated organic molecules. By
controlling molecular alignment at the heterojunction, one could
orient the fast mobility axis vertical to the junction to facilitate
carrier separation. Instead small mobility would be advantageous
in the direction parallel to the heterojunction to suppress carrier
diffusion.

3. Conclusion

In this work we provide insight into the physical mechanisms
that determine the spatial resolution in organic optobioelectronic
devices. As model system we investigate organic photocapacitor
devices that consist in a planar organic p-n junction made of the
small molecule semiconductors H,PC and PTCDI. Local photo-
voltage measurements with Kelvin Probe Force Microscopy show
how a focussed optoelectronic excitation of a laser spot broadens
due to carrier diffusion. By modeling the diffusion and recom-
bination processes we show that the resolution losses due to the
broadening are directly related to the effective diffusion length

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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A4 of carriers in the organic semiconductor. In our experiments
we determine a diffusion length of 4; = (1.5 + 0.1) um for the
p-n junction and of 4; = (7.0 £ 0.3) um for the p-n junction
with a top coating of PEDOT:PSS. Further insight into the dif-
ferences between these two layers is provided with time-resolved
photovoltage measurements. The PEDOT:PSS coating increases
the carrier lifetime and makes the photocapacitor more effective
in terms of charge carrier generation. However, the PEDOT:PSS
coating increases also significantly the carrier mobility (u (PN) =
(0.02 + 0.01) cm? V-1s7! versus p (PN + PEDOT: PSS) = (0.58 +
0.02) cm? V=2571) explaining the increased diffusion length and
associated losses in resolution.

To demonstrate the strongly localized excitation and the high
resolution predicted for the pure H,PC/PTCDI photocapaci-
tor also under electrochemical conditions, we developed a mi-
croscopy experiment in which we map the alternating ionic cur-
rent generated locally when the p-n junction is immersed in the
electrolyte and illuminated by a focussed laser spot with modu-
lated light intensity. The localization of the photoactivated current
source is quantified by measuring how the current is blocked at
the border of a dielectric layer covering the heterojunction par-
tially. We determine, under these conditions, a gaussian shaped
excitation profile with o, = (6.5 = 0.9) um. The finding demon-
strates that organic small molecule heterojunctions enable to
maintain the excitation localized at the scale of single biological
cells. With the detailed measurements we can quantify how the
overall resolution is determined by the extension of the focused
illumination spot, the carrier diffusion length in the semiconduc-
tor junction and additional losses due to dispersion of the current
in the electrolyte.

Our findings open new possibilities for optobioelectronic in-
terfaces, where resolution is no longer limited by the pattern-
ing of the active material into discrete photoactive pixels but
is instead governed by the intrinsic properties of the semi-
conductor. This advancement simplifies device fabrication, re-
quiring only the deposition of a single active layer without
the need for additional patterning. The position and shape of
the transduction element are defined dynamically by the light
spot, allowing continuous adaptation to the evolving biologi-
cal system. Moreover, these high-resolution transducer materi-
als enable innovative approaches to photoelectrochemical cur-
rent microscopy, enabling, for example, the monitoring of bio-
logical cells based on their dielectric and ionic current-blocking
properties.

4. Experimental Section

Sample Fabrication: Photocapacitor devices were fabricated through
physical vapor deposition onto glass/ITO slides. The glass surfaces were
subjected to a 10-minute sonication in acetone followed by another 10-
minute sonication in isopropanol. The treated glasses were then exposed
to oxygen plasma for 5 minutes at 3 sccm and maximum power (Diener
plasma cleaner). To enhance the adhesion of subsequent layers, a 2-hour
vapor-phase octyltriethoxysilane (OTS) silanization was performed on the
ITO layer at 90 degrees Celsius. Following OTS, the substrates were rinsed
by sonication in acetone for 10 min to remove any silanization multi-
layer. The OTS layer was found to improve the adhesion of the organic
semiconductor layer and prevent delamination during operation in water,
producing reliably higher photovoltage than with bare ITO substrate. The
organic semiconductors H,PC (p-type) and PTCDI (n-type) were evapo-
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rated respectively at a rate of 0.5 A s71 and 5-6 A s~ at a base pres-
sure of <10% mbar. The total thickness of the photoactive layers is 60 nm
given by 30 nm of H,PC and 30 nm of PTCDI. The additional PEDOT:PSS
layer entails a thickness of approximately 200 nm and it was prepared
from commercial PEDOT:PSS PH 1000 mixed with (3-Glycidyloxypropyl)
Trimethoxysilane (GOPS) 2% V/V. The solution was first sonicated for
15 minutes and then deposited by spin coating (200 rpm 20 s, 650 rpm 30
s,2000 rpm 30's). Further, the sample was baked at 140 degrees Celsius for
30 min and soaked overnight in DI water to remove the small molecular
weight components embedded in the polymer.

Electrostatic Force Microscopy:  Kelvin Probe Force Microscopy (KPFM)
measurements were conducted using the Park NX-10 Atomic Force Mi-
croscope (AFM). For this experiment, an NSC36 cantilever (MikroMasch)
made of n-type silicon and coated with a layer of chromium and gold was
employed. The cantilever has a typical force constant of 2 N/m and res-
onates at a frequency of ~70 kHz. With KPFM, the electrostatic force be-
tween the AFM tip and the sample surface was nullified. In this experiment,
the study measured the surface potential on the exposed surface of the p-n
junction when illuminated, which is directly related to the built-up photo-
voltage in the heterojunction. The light source for KPFM experiments is a
Thorlabs L520P50 laser diode with wavelength A = 520 nm, operated with
a dedicated driver. The optical setup to focus the laser source is home-
made with Thorlabs components. The laser was modulated at a frequency
of 720 Hz, which lies in the range of maximum frequency response of the
devices. The electrostatic force microscopy signal was eventually demod-
ulated with a Zurich MFLI lock-in amplifier. The Suppl. Mat. describes in
more detail how this signal is used to obtain the local photovoltage.

Transient Photovoltage Measurements:  The p-n junction was uniformly
illuminated to measure the photovoltage build-up in the entire device. The
sample was placed inside a custom sample holder to allow the presence of
a second macroscopic ITO contact separated from the p-n junction with a
thin dielectric. The Thorlabs DC220 LED driver was employed to operate
a Thorlabs green LED M505L4 with wavelength 4 = 530 nm to uniformly
illuminate the sample. The modulation duty cycle was chosen to obtain
a pulse time of 50 ps. The transient photovoltage was measured with the
oscilloscope integrated in the Zurich MFLI lock-in amplifier.

Modulated Electrochemical Photocurrent Microscopy:  The electrochem-
ical photocurrent microscope consists of a 2D actuator system built with
two PI (Physik Instrumente) L-406 linear stages controlled by two C-663
drivers connected in daisy chain mode. A vertical alignment system is
fixed on the uppermost stage and allows for a precise focussing of the
laser beam on the photoelectrochemical (PEC) cell. The light source is a
Thorlabs L520P50 laser diode with wavelength 2 =520 nm, powered by the
Thorlabs DC220 LED and modulated at 4.4 kHz. The PEC cell is composed
of a H,PC/PTCDI p-n junction on top of which the desired objects can be
deposited. Everything is enclosed in a Faraday cage to isolate the system
from external noise and allow a correct measurement of small currents
(<nA). On top of the p-n junction, a PDMS waterproof pool was placed
to contain the electrolyte (Phosphate-buffered saline, PBS) which is refer-
enced though an Ag/AgCl electrode. The signal from the p-n junction is
amplified with a Femto current amplifier (DHPCA-100) and demodulated
with the Zurich MFLI lock-in amplifier.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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