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Geometrical- and Substrate-Dependent Photo Response of
Thin-Film Silicon-Based Biointerfaces

Lizhu Li, Yuxiao Zhang, Yunfei Gao, Yuqi Wang, Shirong Wang, Xue Gao, Ke Chen,
Lan Yin, Xing Sheng,* and Dezhong Yao*

Precise control of light-induced electrical signals at the biotic–abiotic interface
remains a central challenge in advancing next-generation bioelectronic
systems. In particular, achieving bidirectional signal modulation is essential
for effective neural interface applications. Here, a spatially resolved,
bidirectional photoelectric response at the silicon (Si) membrane–solution
interface, induced by laser illumination is presented. Notably, a clear reversal
in signal polarity between the illuminated regions (bright zones) and adjacent
non-illuminated areas (dark zones) is observed. This signal orientation can be
dynamically tuned by adjusting the light spot position and tailoring interfacial
properties. To understand the underlying mechanism, the author
systematically examined how various experimental parameters influence
photoelectric behavior. These include the choice of adhesive, substrate
conductivity (conductive vs insulating), boundary conditions (fixed vs free
edges), and membrane geometry (e.g., grids and rectangles). These results
reveal a cooperative effect between intrinsic charge conservation in the Si
membrane and capacitive coupling at the interface. Moreover, in vivo studies
show that integrating a conductive substrate beneath the Si membrane
significantly enhances the modulation of sciatic nerve activity. Together, these
findings define a new framework for light-responsive bioelectronic interfaces
and point toward their broad utility in bioelectronic and neuromodulation
applications.
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1. Introduction

Neuromodulation technologies have
significantly advanced both our un-
derstanding of brain function and the
clinical management of neurological
disorders.[1–4] Recent developments
include wearable neuromodulation sys-
tems capable of recording single-neuron
and local field voltages in non-human
primates and humans during both sta-
tionary and ambulatory states,[5,6] long-
term deep brain stimulation and sensing
devices designed to treat depression,[7,8]

chronic wireless electrodes enabling
adaptive stimulation for Parkinson’s dis-
ease patients,[9] and spinal cord–muscle
electrical interfaces that reconstruct
sensorimotor pathways following spinal
cord injury.[10] While electrical stimula-
tion remains the clinical gold standard
for neuromodulation, recent scientific
advances have propelled optogenetics to
the forefront of neuroscience research
due to its cell-type specificity, spectral
selectivity, and superior temporal and
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spatial resolution.[11–13] However, its application in large mam-
malian brains continues to face major technical barriers and
risks, including off-target effects and limited translational po-
tential. These challenges have considerably hindered its clinical
adoption.[14,15] In contrast, non-genetic optical stimulation tech-
niques have gained growing interest.[16,17] These approaches in-
tegrate conventional silicon-based or organic optoelectronic com-
ponents into neuromodulatory systems,[18] offering promising al-
ternatives that avoid the genetic manipulation required by opto-
genetics while still enabling light-based neural control.
A growing number of optical strategies have emerged,[16,17]

with the goal of replacing invasive, large-scale electrode arrays
and enabling wireless neural stimulation. For example, ultrathin
silicon (Si) membranes have been developed for cardiac pacing
applications,[19–21] while various thin-film Si configurations have
successfully modulated neuronal activity in models of dorsal root
ganglion and cortical injury.[22] Similarly, semiconducting poly-
mers such as poly(3-hexylthiophene) (P3HT) have demonstrated
potential to restore light sensitivity in retinal explants from blind
rodents.[16,23,24] These technologies offer key advantages, includ-
ing wireless operation, low invasiveness, and high biocompatibil-
ity, which help overcome many limitations associated with tradi-
tional implanted electrodes, thereby presenting compelling alter-
natives for neuromodulation.[25–27] Looking ahead, such systems
are poised to play a transformative role in biomedical and clinical
applications.
Despite these advances, a deeper mechanistic understanding

remains crucial for the precise deployment of silicon-based bioin-
terfaces in complex biological environments. In particular, in-
vestigating both capacitive and Faradaic processes at the silicon–
water interface[28] offers essential insights into the physicochem-
ical interactions between silicon materials and biological flu-
ids. These insights will inform the design of optimized silicon-
based platforms for applications ranging from biosensing to tar-
geted drug delivery. By examining the bidirectional voltage re-
sponses induced at silicon–water interfaces during mobile laser
stimulation,[29,30] we can better characterize the underlying laser–
interface interactions, surface charge redistribution, and associ-
ated electrochemical dynamics an important feature with poten-
tial to mimic neural signal encoding and enhance stimulation
resolution.[31,32] Notably, prior studies have reported voltage in-
version phenomena detected by photodetectors, which typically
arise either from varying the wavelength of light sources[33–36]

or from applying the same light source to different device
configurations.[22]

In this study, we reveal a novel phenomenon that laser-
localized illumination of Si membranes in solution generates
reversed photoelectric signal distributions, creating counter-
oriented and intensity-adjustable in-plane electric fields between
illuminated and neighboring dark zones. We investigate the dy-
namic modulation of in-plane voltage gradients along the sili-
con membrane–solution interface by designing a series of exper-
iments to characterize these spatial patterns. By precisely engi-
neering boundary conditions, such as backside and lateral inter-
faces, and manipulating membrane geometries, including grid
patterns and micropore arrays, we achieve fine spatiotemporal
control over voltage polarity, magnitude, and spatial arrange-
ment. Additionally, tuning the conductivity of adhesives and sub-
strates further refines this control. This comprehensive strategy

enables sophisticated modulation of photoelectric parameters,
opening new avenues for applications requiring precise charge
transport directionality and improved neural modulation capa-
bilities. Our findings establish a physical framework for design-
ing biological interfaces that regulate charge flow, advancing the
development of next-generationwireless bioelectronics. Through
systematic experimentation, we elucidate the fundamentalmech-
anisms underlying voltage inversion and deepen understanding
of charge transport across complex photo—liquid–solid multi-
phase interfaces. Furthermore, we define parametric relation-
ships between interfacial properties and field modulation effi-
ciency, providing critical design principles for future bioelec-
tronic technologies.

2. Results

2.1. The Reverse Photovoltaic Phenomenon and its Mechanism

We fabricated pn-junction diodes using thin-film monocrys-
talline silicon by ion implantation of boron and phosphorus into
n-type and p-type silicon wafers (n-Si and p-Si), forming np+ and
pn+ Si membranes based on a silicon-on-insulator (SOI) struc-
ture. Gold nanoparticle treatment of these silicon films reduces
surface impedance, enabling enhanced voltage signal detection.
Upon immersing thesemembranes in phosphate-buffered saline
(PBS) and irradiating them with a 635 nm red laser at controlled
intensity, we observed the formation of opposing electric voltage
fields between the illuminated and non-illuminated regions of
the same Si membrane. This inverted voltage distribution was
consistently detected not only in the fabricated np+ and pn+

membranes but also in undoped n-Si and p-Si membranes, indi-
cating that the phenomenon arises from dynamic carrier redis-
tribution within the Si rather than from specific doping profiles.
Traditionally, laser exposure generates electron–hole pairs in

silicon, with their separation driven by the built-in electric field
within the space charge region.[37] In np+ membranes with the
non-implanted surface facing upward, electrons migrate toward
the n-region, while holes move toward the p-region. In freestand-
ing membranes or those supported on non-conductive insulat-
ing substrates, this charge separation results in the local accu-
mulation of one carrier type (e.g., holes) in the illuminated area.
To maintain electrostatic balance, the opposing carrier (e.g., elec-
trons) accumulates in adjacent dark zones, creating an in-plane
voltage gradient across the surface (Figure 1a). This spatial redis-
tribution of photogenerated carriers also drives the directional
migration of ions within the PBS solution, further contributing
to the observed photoelectric behavior.
Importantly, the voltage polarity difference between illumi-

nated and dark zones strongly depends on the conductivity of the
underlying substrate. When a conductive adhesive layer such as
PEDOT: PSS establishes intimate contact between the Si mem-
brane and a gold substrate, it forms a closed-loop, low-impedance
pathway that rapidly extracts photo-generated charges. This ef-
ficient charge drainage prevents carrier accumulation in dark
zones, thereby eliminating voltage inversion and producing a
monotonic decay of voltage from the illuminated center out-
ward (Figure 1b). Moreover, this conductive configuration am-
plifies the overall electric field strength by nearly threefold com-
pared to freestanding membranes or those encapsulated with
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Figure 1. The reverse photovoltaic effect phenomenon and its mechanism. a) Cross-sectional schematic of pn+ silicon with a non-conductive substrate
in PBS buffer under light illumination. The dark region exhibits a voltage opposite to the illuminated area. b) Cross-sectional schematic of pn+ silicon
with a conductive substrate in PBS buffer under light illumination. The voltage gradually decreases with increasing distance from the illumination central.

insulating SU8 layers. This enhancement results from improved
carrier transport and reduced recombination losses, emphasiz-
ing the pivotal role of interfacial charge extraction in optimiz-
ing optoelectronic device performance. These results establish a
theoretical foundation for designing high-efficiency bioelectronic
stimulation interfaces.
In summary, Si membranes paired with conductive metallic

substrates achieve maximal electrical output when used as neu-
ral interfaces for biological tissue stimulation. This arrangement
not only strengthens the electric field but also suppresses coun-
terproductive voltage inversion caused by lateral carrier migra-
tion. Conversely, insulating substrates support dynamic spatial
modulation of stimulation zones, providing versatile control for
adaptive bioelectronic applications.

2.2. Mechanistic Analysis of Voltage Inversion via Interfacial
Charge Dynamics

We fabricated four primary types of Si membranes: intrinsic p-
type, intrinsic n-type, pn+-type, and np+-type, with respective
thicknesses of 2.5, 25, and 16 μm. As shown in Figure 2a, a rep-
resentative circular membrane with a thickness of 25 μm and a
diameter of 5 mm was configured with the phosphorus-doped
n+-side oriented downward and the undoped p-side facing up-
ward. We used a conductive PEDOT: PSS aqueous solution as
the adhesive layer, and paired it with an interchangeable rigid
gold substrate. Detailed fabrication procedures, material compo-
sitions, and instrumentation are described in the Experimental
Section and Figure S1 (Supporting Information).
For optoelectronic measurements, we directed a vertically

aligned 635 nm red laser beam with a fiber-coupled spot size
of 200 μm onto the membrane surface. To map spatial voltage
distributions across both illuminated and dark regions, we used
a patch-clamp glass electrode integrated with an Ag/AgCl wire,
precisely positioned using a micromanipulator[38] (Figure 2b).
The energy band diagram of the illuminated pn+-type mem-
brane (Figure 2c) exhibits downward band bending at the inter-
face between the p-type semiconductor and the electrolyte solu-
tion. Upon laser excitation, the membrane generates electron–
hole pairs. Due to the stronger built-in electric field across the
pn-junction relative to that at the semiconductor–solution in-
terface, electrons are driven toward the n-region. This charge
migration underscores the dominant role of the internal elec-
tric field in facilitating efficient carrier separation and transport
within the Si membrane. Notably, charge transfer at the silicon-

PBS interface equilibrates the system’s Fermi level with the
solution redox potential (Figure 2c). Photogenerated electrons,
driven by conduction band energetics, accumulate at the surface
and mediate reduction reactions—a Faradaic process evidenced
by non-baseline-aligned voltage transients during illumination
(Figure 3d). These light-triggered redox dynamics play an indis-
pensable role in interfacial behavior under prolonged or intense
illumination.
We elucidate the polarity inversion between illuminated and

dark zones by thoroughly examining charge transport at the
pn-junction and the Si-solution interface. When non-conductive
substrates and adhesives are used, photo-generated carriers–
holes in p-type regions and electrons in n-type regions-move
laterally because vertical charge extraction pathways are absent.
This confinement enforces charge conservation by causing op-
posite carriers to accumulate in the adjacent non-illuminated ar-
eas (Figure 2d). Specifically, in pn+-type membranes, holes ac-
cumulate in illuminated p-regions, attracting anions from the
surrounding PBS solution. Meanwhile, electrons accumulate
in neighboring dark zones to maintain charge neutrality. Con-
versely, in illuminated n-regions, electron concentration domi-
nates, balanced by hole accumulation in adjacent dark areas. This
dynamic interplay reveals a complex equilibrium of carrier gen-
eration, lateral transport, and compensatory charge buildup be-
tween bright and dark zones.
To quantitatively describe this behavior, we model the system

as a series of discrete longitudinal unit cells (Figure 2e), each
represented by an equivalent circuit comprising: 1) resistive PBS
electrolyte, which accounts for ionic collisions and associated re-
sistance; 2) a capacitive double layer at the Si-solution interface,
formed by electron–cation interactions on n+ surfaces; 3) resis-
tive p- and n-type bulk Si regions; and 4) a variable current source
representing photo-generated carriers driven by illumination-
dependent built-in electric fields. In insulating substrate config-
urations, the substrate interface acts as an open circuit, limiting
charge dissipation. Upon initial illumination, transient capaci-
tive charging produces voltage signals, which are recorded by the
patch-clamp amplifier.
Using the pn+ type Si film as an example, we focus on mea-

surements at the p-side (Figure 2e). Considering the energy band
barrier of the pn junction and the band bending that occurs at the
Si-solution interface, vertical laser irradiation excites electron–
hole pairs through photon absorption. Under illumination, holes
accumulate on the p-side while electrons migrate toward the n+

side. Simultaneously, surface charges are dynamically screened
by double-layer interactions at the interface. In the adjacent dark
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Figure 2. Mechanistic analysis of voltage inversion via interfacial charge dynamics. a) Schematic of freestanding silicon films (2.5 μm thick, 5 mm
diameter) transferred onto glass substrates with gold, using PEDOT: PSS as an adhesive. b) Patch-clamp setup for measuring the photoresponse of the
silicon thin film. A 635 nm laser (200 μmspot size) excites the photoelectric response in PBS solution, with photovoltaic voltage recorded in current-clamp
mode. c) Band diagram illustrating photogenerated carrier flow (electrons, e− holes, h+) in the pn junction and cation/anion accumulation at the Si/PBS
interface under illumination (pn+ Si film shown). Dashed lines indicate quasi-Fermi levels. d–f) Reverse surface voltage phenomenon in silicon films
on insulating substrates. d) Carrier distribution at the pn junction and Si/PBS interface for a non-conductive substrate. e) Equivalent RC circuit model.
f) Time-dependent voltage signals in illuminated and dark regions (non-conductive substrate, e.g., glass/SU8). The surface voltage heatmap reveals an
inverted voltage distribution between light/dark zones. Grey dashed lines indicate the silicon film boundary; red circles mark laser illumination spots. g)
Carrier distribution at the pn junction and Si/PBS interface for a conductive substrate. h) Equivalent RC circuit model. i) Time-dependent voltage signals
in illuminated and dark regions (conductive substrate, e.g., Au/PEDOT: PSS). The surface voltage heatmap shows uniformly negative voltage across the
film. Grey dashed lines indicate the silicon film boundary; red circles mark laser illumination spots.

region, charge conservation requires compensatory carrier accu-
mulation to balance the deficit caused by photoexcitation. Mi-
nority carriers, specifically holes, accumulate in the n+ side dark
zone opposite the illuminated area. This redistribution leads to
a reversal of the electrical voltage between the illuminated and
non-illuminated zones on the same Si surface, producing the ob-
served voltage polarity inversion.
This dual mechanism—vertical carrier separation driven by

the pn junction coupled with lateral charge compensation—fully
accounts for the voltage inversion observed in non-conductive
systems. Our model aligns well with experimental results across

multiple doping types and device geometries, establishing a uni-
versal framework for designing optoelectronic biointerfaces with
precisely controllable electric field distributions. This framework
provides a solid theoretical basis for future developments in the
field. We employed a patch-clamp system paired with a maneu-
verable glass microelectrode to map the spatial distribution of
photo-induced voltages. The microelectrode was raster-scanned
over a square area encompassing the 5 mm-diameter Si mem-
brane. Voltage maxima were recorded at predefined grid points,
producing high-resolution voltage heatmaps (Figure 2f). For
SU8-bonded membranes on glass substrates (non-conductive),
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Figure 3. The critical role of interfacial environments. a) Schematic of AFM testing on a pn+ sample in air. b) Surface voltage inversion in non-illuminated
regions; illuminated areas show similar behavior to dark regions. c) Schematic of patch-clamp testing on a pn+ sample in PBS solution. d) Voltage
response to light activation: illuminated regions show an abrupt voltage increase while non-illuminated regions exhibit an instantaneous voltage drop.
e) Schematic of AFM testing on an np+ sample in air. f) Surface voltage decreases in non-illuminated regions; illuminated areas show similar behavior.
g) Schematic of patch-clamp testing on an np+ sample in PBS solution. h) Voltage response to illumination: decreases abruptly in light-exposed regions
while increasing immediately in dark areas upon light activation. i) Schematic of AFM testing on an n-type sample in air. j) Surface voltage increases in
dark regions; illuminated areas show identical behavior. k) Schematic of patch-clamp testing on an n-type sample in PBS solution. l) Voltage response to
illumination: increases abruptly in light-exposed regions while decreasing immediately in dark areas. m) Schematic of AFM testing on a p-type sample
in air. n) Surface voltage reduction in dark regions; illuminated areas show identical behavior. o) Schematic of patch-clamp testing on a p-type sample
in PBS. p) Voltage response to illumination: increases in light-exposed regions while decreasing abruptly in dark areas.
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polarity inversion begins near the geometric center (2.5 mm
along the x-axis). The boundaries separating positive and neg-
ative voltages form arc-shaped contours that closely match the
circular laser spot profile. These curved transition zones reflect
the radial symmetry of lateral carrier redistribution constrained
by the membrane edges.
By contrast, the PEDOT: PSS-Au configuration (conductive ad-

hesive) effectively eliminated polarity inversion (Figure 2g). The
conductive network enables seamless electron transfer from the
n+ region through the gold substrate, preventing charge accu-
mulation in the dark zones. Consequently, free electrons accu-
mulate on the exposed gold surface, attracting solution-phase
cations that were previously localized in the p-side dark zones.
This redistribution promotes hole diffusion-dominated behav-
ior in the p-side dark zones, closely resembling the charge dy-
namics observed under illumination. Direct contact of the sili-
con film’s n+ side with a conductor (such as Indium Tin Oxides
(ITO)) similarly suppresses local charge accumulation, mirror-
ing photovoltaic/photodetector architectures.[39] Top and bottom
electrodes enable bidirectional carrier extraction and synergisti-
cally boost charge-carrier diffusion along the silicon film surface,
amplifying lateral transport efficiency. The conductive system
forms a closed-loop circuit (Figure 2h), where photo-generated
charges at the variable current source (pn-junction) traverse bulk
silicon resistances (p/n regions), interfacial capacitive double lay-
ers, and the PBS resistor, before returning via the gold substrate.
This continuous pathway averts localized charge buildup and en-
sures voltage uniformity across the membrane. Spatial voltage
mapping confirms the absence of polarity inversion in conduc-
tive setups (Figure 2i), showing a monotonic decrease in signal
intensity with distance from the illumination center. This pat-
tern sharply contrasts with that of insulating systems and high-
lights the essential role of substrate-mediated charge dissipation
in preventing lateral compensation effects. In addition, the laser
spots exhibit near-Gaussian profiles, with intensity peaking cen-
trally and decaying radially. On conductive substrates, the voltage
signal attenuates with beam-center distance (Figure 2i), directly
tracking the local photoexcitation intensity. This spatial coupling
confirms that optical excitation geometry governs signal ampli-
tude, suggesting that expanded spot sizes or uniform LED illu-
mination would enhance signal uniformity.

2.3. The Critical Role of Interfacial Environments

Previous studies have primarily focused on silicon morpholo-
gies such as porous and nanostructured forms;[21,40,41] however,
investigating the silicon-biointerface remains equally important.
As shown in Figure 3a,e,i,m, we used atomic force microscopy
(AFM) to measure surface voltages of four silicon membrane
types—pn+, np+, n-type, and p-type—under 635 nm laser ir-
radiation (200 μm spot diameter) in air. Simultaneously, we
recorded quantitative voltage signals in PBS using patch-clamp
techniques. For the pn+ and np+ membranes, measurements
targeted the non-implanted surfaces. During AFM scanning,
the probe moves ≈0.4 μm over the sample, while an external
635 nm red laser irradiates either the scanned (illuminated) or
non-scanned (dark) zones over a ≈0.2 μm length. A complete
1 by 1 μm voltage scan map is provided in Figure S2 (Support-

ing Information). AFM scans of the pn+ silicon membrane in
air yielded a full voltage map at 1 μm2 resolution (Figure 3b).
We redrew the perpendicular central line in this map for clar-
ity. Comparing these results with solution-phase measurements
(Figure 3c), we observe that illuminated areas show positive
voltage, while adjacent dark regions exhibit negative polarity
(Figure 3d). In contrast, np+ membranes demonstrate decreased
voltages in air at dark zones (Figure 3f) but show polarity inver-
sion in solution (Figure 3g,h). Similar interface-dependent be-
haviors appear for n-type (Figure 3i–l) and p-type membranes
(Figure 3m–p), measured both in air (Figure 3i,m) and in solu-
tion (Figure 3k,o). Notably, the 1.5 μm-thick p-type membranes
display mechanical instability in air during AFM probing, likely
due to deformation (Figure 3m).
Importantly, AFM grounding prevents voltage inversion in air

by allowing efficient charge dissipation. By contrast, membranes
immersed in solution without conductive pathways show polar-
ity reversal in the dark zones. This difference arises from the di-
electric properties at the interface: in solution, ionic compensa-
tion via double-layer capacitance enables dynamic charge equi-
libration. By comparison, air interfaces restrict charge redistri-
bution to carrier recombination within the silicon bulk. Consis-
tent with the finding, conductive substrates in PBS likewise sup-
pressed voltage signal reversal (Figure 2g). Substrate conductiv-
ity enabled electron transfer to the gold surface, which has three
advantages: i) prevented dark-region charge accumulation; ii) at-
tracted P-surface cations from dark areas; and iii) established
charge-balanced carrier diffusion (holes at p-surface, electrons
at n+-surface). This ionic redistribution enhanced bulk recombi-
nation in silicon. These results underscore the critical influence
of interfacial ionic mobility on the relaxation behavior of photo-
generated charges.

2.4. Boundary Condition Effects on Spatial Voltage Distribution

The heatmap derived from peak voltage signals visually captures
the spatial distribution of voltage at the silicon–solution interface
under illumination. To evaluate whether the surface charge dis-
tribution on the Si membrane is modulated by the adhesive solu-
tion or the underlying substrate, we tested two distinct adhesives:
the insulating photoresist SU8-3005 and the conductive polymer
PEDOT: PSS. In parallel, we paired these adhesives with four dif-
ferent substrates—glass, gold, ceramic, and ITO–coated conduc-
tive glass (Figure 4a)—to analyze variations in heatmap patterns
upon laser exposure. As shown in Figure 4b, when SU8 is used as
the adhesive with rigid substrates such as glass, gold, or opaque
ceramic, the surface voltage on the Simembrane reverses polarity
as the distance from the laser’s focal point increases. In contrast,
Figure 4c reveals that when PEDOT: PSS serves as the adhesive in
combination with substrates like glass, gold, or ITO, the surface
voltage of the Si membrane gradually diminishes, approaching
zero with increasing distance from the irradiated center. These
results demonstrate that while the substrate type exerts minimal
effect on the heatmap when the adhesive remains constant, the
voltage distribution varies significantly with changes in the adhe-
sive solution—even when the substrate is unchanged. This high-
lights the adhesive layer as a primary factor in determining the
surface voltage landscape under optical stimulation.

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (6 of 14)
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Figure 4. Boundary condition effects on spatial voltage distribution. The distribution of surface photovoltage peaks on pn+ silicon film (5 mm diameter,
25 μm thickness, 1 × 1015 ions cm−2 implantation dose) under three cases:1) Adhesion solutions: SU8 versus PEDOT: PSS. 2) Substrates: glass, Au,
ceramics, and ITO. 3) Boundary conditions. a) Schematic of patch-clamp testing for a pn+ sample on SU8-adhered glass substrate in PBS. b) Surface
voltage variation versus distance from irradiation center for samples with SU8 adhesive on different substrates (glass, Au, ceramic). c) Surface voltage
variation versus distance from irradiation center for samples with PEDOT: PSS adhesive on different substrates (glass, Au, ITO). d) Schematic of patch-
clamp testing for a pn+ sample in PBS with SU8 sidewall barrier and glass/SU8 substrate. e) Surface voltage versus distance from irradiation center for
SU8-adhered samples with different sidewall barriers (none, transparent SU8, light-blocking SU8). f) Surface voltage versus distance from irradiation
center for PEDOT: PSS-adhered samples with different sidewall barriers (none, transparent SU8, light-blocking SU8). g) Voltage distribution heatmap
for an 8 mm diameter pn+ sample on SU8-adhered glass. h) Central X-axis voltage profiles for 5 and 8 mm diameter samples at different laser intensities
(0.2–1 mW). i) X-axis voltage distribution comparison for 5 and 8 mm samples under edge irradiation.

In conclusion, the adhesive solution critically determines the
spatial voltage distribution observed in the heatmaps. Notably,
the electrical and optical characteristics of the material in di-
rect contact with the underside of the Si membrane are key to
this behavior. The heatmaps for all six tested configurations are

provided in Appendix Figure S3 (Supporting Information). Addi-
tionally, the dynamic changes in voltage distribution upon laser
activation and deactivation—under conditions where the silicon
membrane functions as either a conductive or non-conductive
medium—are shown inMovies S1,S2 (Supporting Information).

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (7 of 14)

 23669608, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202501228 by T
singhua U

niversity L
ibrary, W

iley O
nline L

ibrary on [16/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Analysis of Figure 4b,c reveals that the location of peak voltage
does not coincide with the center of laser illumination, diverging
from theoretical expectations. We propose a plausible explana-
tion: the glass electrode partially obstructs incident light. When
the red laser beam is aligned vertically with the tip of the glass
electrode, the electrode casts a shadow that attenuates the light in-
tensity reaching the Si membrane directly beneath it. As a result,
the voltage response in this region is lower than in surrounding
areas, where the membrane is more fully exposed to light.
To minimize interference from ion exchange between the

Si membrane’s lateral edges and the surrounding solution—as
well as to suppress photogalvanic effects caused by lateral light
exposure—we varied the light intensity during measurements.
We then compared the heatmaps of voltage peak values across
the interfaces between the sealed boundaries (hereafter referred
to as “seals”) and the solution under various substrate conditions.
We also analyzed how these voltage peaks varied along the x-axis.
To investigate the impact of boundary conditions, we designed
two distinct seal configurations. In the first, we used SU8, a non-
conductive yet optically transparent photoresist, as the barrier
layer. In the second, we incorporated a black dye into the SU8 to
create a boundary that blocks light while remaining electrically
insulating (Figure 4d).
To represent non-conductive and conductive substrate condi-

tions, we selected SU8-glass and PEDOT: PSS-Au, respectively.
A 635 nm red laser with a 200 μm spot diameter was used to
irradiate the center of the left edge of the Si membrane. The
membrane, 25 μm thick and of the pn+ type, was measured at
the injection surface (n+ side) to monitor the voltage response.
Figure 4e presents the voltage distribution for the SU8-glass sub-
strate under three sealing conditions: unsealed, sealedwith trans-
parent SU8, and sealed with light-blocking SU8. In all cases,
the illuminated region exhibited a negative voltage, while the
dark region showed a positive voltage. The point of voltage po-
larity reversal remained fixed across all sealing types. In con-
trast, Figure 4f shows the variation in peak voltage values along
the x-axis when the substrate is PEDOT: PSS-Au, again un-
der unsealed, SU8-sealed, and light-blocking SU8-sealed condi-
tions. The corresponding heatmap is shown in Figure S4 (Sup-
porting Information). Across all three configurations, the volt-
age profiles remained similar, and no polarity reversal was ob-
served. This consistency indicates that changes in boundary seal-
ing do not affect the polarity behavior, confirming that the sub-
strate material itself is the dominant factor governing surface
voltage distribution. Interestingly, regardless of whether the re-
gion is illuminated or in darkness, and independent of whether
the substrate is conductive or non-conductive, the peak voltage
values consistently shift closer to the center of the Si mem-
brane in the following order: unsealed, sealed with SU8, and
sealed with light-blocking SU8. Correspondingly, the signal am-
plitudes decrease in the same sequence. This pattern indicates
that both ion exchange at the membrane–solution boundary and
the presence or absence of light exposure significantly influ-
ence the magnitude of the surface voltage. However, these fac-
tors do not alter the occurrence or location of the voltage polarity
reversal.
To further investigate what governs the reversal phenomenon,

we examined whether the membrane’s size plays a role. For this
purpose, we fabricated a pn+ Si membrane with a diameter of 8

mm while maintaining the same 25 μm thickness as the previ-
ously studied 5 mm membrane. A 2D spatial heatmap was then
generated for the largermembrane, and its distribution was com-
pared to that of the 5 mm Si membrane (see Figure S5, Sup-
porting Information). The results show that the voltage signal
remains negative in the illuminated region and positive in the
non-illuminated region of the Si membrane (Figure 4g). We plot-
ted the peak voltage values along the central x-axis at the mo-
ment of laser activation for both the 8 and 5 mm diameter mem-
branes on a single graph for direct comparison (Figure 4i). The
data sets were centrally aligned to highlight differences in voltage
distribution. Remarkably, regardless of whether the membrane
diameter is 5 or 8 mm, and with the laser spot size held con-
stant, a voltage polarity reversal consistently occurs at the center
of the membrane. This observation confirms that the reversal is
not size-dependent, but rather results from the lateral migration
of photoinduced charge carriers within the Si membrane as they
move to restore electrostatic equilibrium.
We further investigated this behavior by varying the light in-

tensity during irradiation of the 8 mm-diameter Si membrane
(Figure 4h: 0.2, 0.5, and 1 mW). Despite changes in intensity, the
overall voltage distribution and the reversal position remained
unchanged. At lower intensities (0.2 and 0.5 mW), the voltage
signal was weak, but a substantial increase in amplitude was ob-
served when the intensity was raised to 1 mW.

2.5. Geometry-Dependent Voltage Distribution in Si Membranes

Building on observations from 8 mm-diameter membranes, we
systematically examined how membrane geometry influences
charge redistribution. We studied 25 μm-thick pn+ type silicon
membranes bonded to insulating SU8-glass substrates across
four geometries: circular (5 mm diameter, Figure 5a-i), grid
(3 × 2 mm2, Figure 5b-i), square (2 mm edge length, Figure 5c-i),
and ribbon (5 × 1 mm2, Figure 5d-i). Illumination at the n+ side
edge using a 635 nm laser with a 200 μm spot size consistently
induced voltage polarity reversals between illuminated and dark
regions in all insulating samples.
The circular and grid-shaped membranes (Figure 5a-ii,b-ii) ex-

hibited symmetric inversion boundaries centered on their geo-
metric midpoints. Notably, grid-like voltage contours appeared
along these polarity transition zones, confirming that membrane
morphology dictates the local electric field distribution. By con-
trast, square and ribbon membranes (Figure 5c-ii,d-ii) showed
axis-dependent responses. Illumination predominantly along the
x-axis suppressed polarity reversal when the entire area was ex-
posed. However, the ribbon’s elongation along the y-axis facili-
tated inversion through lateral charge migration confined near
the edges. These results demonstrate that the location and oc-
currence of voltage polarity inversion depend on charge con-
finement imposed by the membrane boundaries, rather than on
the membrane’s absolute size. While increasing laser intensity
raised signal amplitude, it did not affect the threshold for inver-
sion, indicating that carrier concentration gradients—rather than
photon flux—govern the polarity reversal. Together, these find-
ings highlight the critical influence of membrane geometry and
charge dynamics in controlling voltage inversion in these silicon
membrane systems.

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (8 of 14)
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Figure 5. Geometry-dependent voltage distribution in silicon membranes. a) Circular film (5 mm diameter): i) schematic and ii) voltage peak heatmap.
b) Mesh film (3 × 2 mm2): i) schematic and ii) voltage peak heatmap. c) Square film (2 mm side length): i) schematic and ii) voltage peak heatmap. d)
Strip film (5.4 × 1 mm2): i) schematic and ii) voltage peak heatmap. e) Position-dependent voltage measurements in silicon membranes. Experimental
design: i) Schematic of glass electrode movement relative to laser spot position. Voltage profiles during electrode scans: ii) Left-to-right scan with edge
illumination (left/right edges). iii) Top-to-bottom scan with edge illumination (upper/lower edges). iv) Left-to-right scan with illumination (left/center).

To eliminate positional artifacts from the recording site and the
patch clamp ground wire in the solution, we varied both the illu-
mination location and the electrode’s scanning direction during
measurements. Specifically, for the Si membrane bonded with
SU8 on a glass substrate (as in the prior experiment), we recorded
the peak voltage at the moment the light switched on. We also
measured voltage changes along both the x- and y-axes of the
membrane.
Figure 5e-i shows that when illumination occurs on the mem-

brane’s left side and recording begins from the left along the x-
axis, the voltage signal initially registers negative values before
switching to positive, with polarity reversal near the membrane
center. Conversely, when illumination is applied to the right side
(Figure 5e-ii) while recording still starts from the left, the volt-
age signal initially appears positive then shifts negative. This pat-
tern demonstratesmirror-symmetric voltage inversion across the

membrane’s geometric center during lateral illumination along
both the x- and y-axes.
Figure 5e-iii,iv display the voltage distributionwhen the illumi-

nation points are positioned above and below the circular Si film,
respectively, with data collection starting from the upper section
of the Y-axis. These images show that the illuminated regions ex-
hibit negative voltages, while the central area undergoes polarity
inversion, and the unilluminated (dark) regions display positive
voltages. This voltage distribution forms an almost symmetrical
pattern. These results demonstrate that the voltage reversal ob-
served in the circular Si film exhibits mirror symmetry, with the
film’s center serving as the axis of symmetry. The intrinsic rota-
tional symmetry of the circular Si structure governs the symme-
try of lateral charge migration pathways. Changing the illumina-
tion position produces only a spatial mirror inversion of the volt-
age profile; the overall distribution pattern remains unchanged.

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (9 of 14)
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In contrast, when the illumination point is positioned at the
center of the circular film and recording begins from the left side
of the X-axis, the voltage signal reverses at ≈4 mm. Interestingly,
the voltage changesmore sharply on the reversed side than on the
non-reversed side. This asymmetry suggests that central illumi-
nation drives isotropic carrier diffusion outward from the center.
However, the finite physical boundaries of the Si film constrain
the outward spread of charges, leading to a pronounced local in-
crease in the carrier concentration gradient.

2.6. Modulation of Sciatic Nerve Activity

Integrating conductive substrates effectively suppresses the for-
mation of reverse electric fields while enhancing the photoelec-
tric performance of thin-film Si. We first conducted in vivo ex-
periments to evaluate neural modulation of the sciatic nerves
in Sprague–Dawley (SD) rats. These studies employed Si thin-
film electrodes fabricated on both non-conductive and conduc-
tive substrates. To quantify stimulation efficiency, we simulta-
neously recorded compound muscle action voltages (CMAPs)
through implanted electrodes and monitored limb displacement
using high-speed videography (Figure 6a). Additional details of
the high-speed imaging setup are provided in Movie S3 (Sup-
porting Information). Device fabrication involved transferring
Si membranes onto two substrate types: polydimethylsiloxane
(PDMS) films (0.5 mm thick) for non-conductive electrodes,
and gold-patterned PDMS with stripe-shaped metallic intercon-
nects for conductive electrodes (Figure 6b,c). The submillimeter-
scale PDMS substrate provided excellent conformal contact with
exposed neural tissue, eliminating the need for external fixa-
tion (Figure 6b). A schematic diagram of the setup for elec-
tromyographic signal recording appears in Figure S6 (Supporting
Information).
We used a 635 nm laser (10 Hz repetition rate, 100 ms

pulse width, 2 mm spot size) to uniformly photostimulate
5 mm-diameter Si electrodes. At an illumination intensity of
8 mWmm−2, non-conductive substrates failed to evoke measur-
able neural responses, with CMAP amplitudes remaining below
0.1 mV (Figure 6d). In contrast, conductive substrates produced
strong CMAP responses reaching up to 8 mV (Figure 6e). Ad-
ditional CMAP signals generated by conductive substrates un-
der varying light intensities are presented in Figure S7 (Support-
ing Information). The stimulus-response curve demonstrated
clear intensity dependence, with CMAP amplitude increasing
proportionally with illumination strength (Figure 6f). Notably,
transient CMAP signals appeared at both the onset and offset
of illumination (Figure 6g). Quantitative kinematic analysis re-
vealed distinct motion patterns: light onset induced≈10° of plan-
tarflexion (Figure 6h), while light offset triggered 15° of dorsiflex-
ion (Figure 6i), resulting in a combined angular displacement
of 25°, closely resembling the biomechanics of natural bipedal
gait (Movie S4, Supporting Information). This phenomenonmay
have caused by rebound excitation. When the light intensity is
high enough, at themoment of light activation, the voltage signal
stimulates the sciatic nerve, inducing depolarization of the sciatic
nerve signals. This leads to neuronal excitation targeting the plan-
tarflexor muscles, resulting in plantarflexion. At the moment of
light deactivation, a reverse capacitive current is generated, caus-

ing hyperpolarization of the sciatic nerve signals. This triggers
rebound excitation, activating antagonistic muscle groups and
leading to dorsiflexion.[42]

Previous approaches employed distinct strategies for bidi-
rectional optogenetic control: distinct thin-film silicon diodes
generating different photoelectric fields to induce depolariza-
tion and hyperpolarization,[43] or parameter-modulated pho-
tostimulation using brief, high-intensity pulses (exploiting
photothermal/photo-capacitive effects) for excitation and sus-
tained low-intensity irradiation (utilizing diffusion-limited car-
rier dynamics) for inhibition.[44] In contrast, our observed bidi-
rectional modulation emerges from the dual-phase capacitive
voltage induces dual stimulations of the sciatic nerve, and the
second stimulation induced rebound excitation, resulting in an
antagonistic motor outcome. This bidirectional neuromodula-
tion capability offers significant potential for restoring locomotor
function in spinal cord injurymodels. By alternating photostimu-
lation, itmay be possible to emulate the coordinated activity of ag-
onist and antagonist muscle groups essential for walking. These
results provide a promising framework for developing optoelec-
tronic neural interfaces with clinical relevance in neuroprosthetic
applications.

3. Discussion

In this study, we systematically investigated the optoelectronic
response of pn junction diodes (np+ and pn+ type Si films) fab-
ricated from thin-film single-crystal Si in a PBS buffer solution.
Our focus centered on characterizing the surface voltage distri-
bution of the Si film under illumination and elucidating the un-
derlying mechanisms governing its behavior. Through a combi-
nation of systematic experiments and theoretical modeling, we
uncovered the complex optoelectronic response of Si-based de-
vices operating in biological environments. At the core of this
mechanism is the dynamic interplay between two competing pro-
cesses: longitudinal separation of photogenerated carriers driven
by the built-in electric field of the pn junction, and lateral carrier
migration constrained by charge conservation. This competition
plays a critical role in determining device performance at bio-
logical interfaces. Notably, we found that employing conductive
substrates significantly improves electrical stimulation efficiency
by suppressing lateral charge migration, although this enhance-
ment comes with a trade-off in spatial resolution. Additionally,
we examined how multiple factors—including substrate mate-
rial, the physicochemical properties of the interfacing solution,
and the geometric configuration of the Si film—affect the spatial
distribution of surface voltage. These findings provide important
design principles for optimizing Si-based optoelectronic devices
for bioelectronic interface applications.
While adhesive bonding (e.g., PEDOT: PSS) facilitates uni-

form carrier diffusion and enhances lateral transport through op-
erational simplicity, it imposes three fundamental constraints:
i) increased interfacial resistance, ii) uncontrolled layer thick-
ness, and iii) electrolyte penetration through microporous net-
works. For optimized device performance, direct backside depo-
sition (e.g., Au, ITO) provides atomic-scale interfacial control—
reducing resistance, preserving intrinsic silicon thickness, and
eliminating porous degradation pathways.[45]

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (10 of 14)
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Figure 6. Modulation of sciatic nerve activity. a) Experimental setup: silicon membrane with conductive substrate attached to rat sciatic nerve, with EMG
electrodes in the gastrocnemius muscle for CMAP recording. b) Implantation photographs: conductive substrate (top) and non-conductive substrate
(bottom) on the sciatic nerve. c) Substrate schematics: PDMS-supported silicon membrane with strip-shaped Au (conductive, top) and without metal
(non-conductive, bottom). d) No detectable CMAP signal at 8 mWmm−2 illumination with non-conductive substrate. e) Clear CMAP signal at the same
intensity (8 mW mm−2) with a conductive substrate. f) CMAP signal amplitude increases with light intensity. g) CMAP signal from single stimulation
using conductive-substrate silicon membrane. h) Bidirectional thigh movement upon light activation/deactivation, with amplitude dependent on light
intensity. i) Total thigh displacement versus laser intensity.

Future research should advance along several key directions.
i) By integrating semiconductor energy band theory with double-
layer dynamics and ion transport equations, it will be possible to
develop a multiscale, coupled physical model capable of quanti-
tatively predicting voltage distributions under diverse interface
conditions. ii) Engineering the substrate architecture or intro-
ducing microstructural features on the Si film surface—such
as patterned substrates or nanopore arrays—can tailor charge
extraction pathways and ion diffusion channels. This approach

could enable the coordinated optimization of both voltage am-
plitude and spatial precision. iii) The sciatic nerve experiment
in this study serves as a preliminary demonstration, providing
design principles for scenarios requiring higher-precision stim-
ulation across substrate selection, material properties, and opti-
mization of spatial stimulation distribution. For example, in pho-
tovoltaic retinal research,[24,46,47] precise regional voltagemodula-
tion allows silicon membranes to closely replicate photoreceptor
cell responses. Simultaneously, controlling voltage gradients can

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (11 of 14)
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Table 1. Estimation Table of Equivalent Circuit Components.

Element Formula Estimated Value

Csc Csc = 𝜀Si × 𝜀0 × A

Wdep
254.8 nF

CH CH = 𝜀H × 𝜀0 × A

dH
0.22 μF

Cdl
1
Cdl

= 1
Csc

+ 1
CH

118 nF

Rfaraday Rfaraday ≈ d𝜂
di
𝜂 =0

≈ RT
nFj0A

128 MΩ

RSi RSi =
𝜌Si × L

A
0.127 Ω

improve the overall efficiency of photovoltaic materials, enhanc-
ing image resolution and contrast for retinal prosthetic applica-
tions.
In summary, this study establishes a crucial experimental

foundation for advancing interface engineering in Si-based bio-
electronic devices. These findings are particularly relevant for
neural interfaces and optically controlled electrical stimulation
technologies, both of which have promising applications in
neuro-engineering and healthcare. Future efforts can further en-
hance device performance through interdisciplinary approaches.
Specifically, rationally designing substrate conductivity and de-
vice geometry will enable precise regulation of photogenerated
voltages, supporting the development of next-generation pro-
grammable optoelectronic neural interfaces and accelerating
their translation into clinical applications.

4. Experimental Section
Fabrication of Silicon Film Samples: The SOI substrate underwent se-

quential cleaning in NH4OH: H2O2:H2O (1:1:5) at 80 °C (10 min), di-
luted HF (1:50, 20 s), and HCl: H2O2:H2O (1:1:6) at 80 °C (10 min),
with DI water rinsing between steps. Phosphorus doping was achieved
via ion implantation (30 keV, 1 e15 ions cm−2), followed by H2SO4:H2O2
(3:1) cleaning (120 °C, 30 min) and annealing. Photolithography utilized
SPR-220 for thin films (1.5–2.5 μm; spin-coated at 3000 rpm, exposed
at 45 mJ cm−2, developed in AZ developer) or AZ4620 for thick films
(25 μm; 2000 rpm, 400 mJ cm−2 exposure). Patterns were defined via SF6-
based RIE (150 sccm, 80 Pa, 100 W; 240 s for 2.5 μm, 2200 s for 25 μm).
The buried oxide was removed by HF etching (4 h for thin films, 8 h for
thick films). Released silicon membranes were transferred onto adhesion-
coated substrates (PEDOT: PSS or SU8 on Au/glass/ceramic/ITO) by ther-
mal release tape or PDMS stamps, followed by bonding (130 °C, 30 min).
Surface conductivity was enhanced by coating Au nanoparticles via 2-min
treatment in HAuCl4·H2O:HF: H2O (100 μL:125 μL:5 mL) solution.

Measurement of the Voltage Signal: The prepared device was im-
mersed in a PBS solution, and a standard patch clamp system was used to
measure the photoresponse of the optoelectronic device. A red laser beam
(635 nm laser, 10 Hz, pulse width of 10 ms, spot size of 200 microme-
ters) was incident on the device through an optical fiber. The voltage-clamp
and current-clamp proto were controlled by an Axonpatch 200B amplifier
controlled by p-Clamp software (Molecular Devices). A glass pipette filled
with PBS solution (≈1 MΩ) was brought close to the surface of the device
within a distance of 5–10 μm and could be freely moved in the X and Y
directions by a micromanipulator. The voltage or current clamp (filtered
at 10 kHz and sampled at 200 kHz) was used to record the transient pho-
toresponse of the device.

Acute Sciatic Nerve Stimulation: All procedures related to animal re-
search complied with the institutional guidelines of Tsinghua University.
The Animal Care and Use Committee of Tsinghua University reviewed and
approved the experimental protocol. All Sprague–Dawley (SD) rats were
intraperitoneally injected with a 1% sodium pentobarbital solution at 0.3

ml/100 g body weight. Then, the hair on the right femur was removed. An
incisionwasmade along themidline of the skin, and the fascia between the
gluteusmaximusmuscle and the anterior head of the biceps femoris mus-
cle was separated with forceps to expose the sciatic nerve. The optoelec-
tronic device was curled and connected to the sciatic nerve, and parallel
recording electrodes were placed on the gastrocnemius muscle to record
the CMAP. The CMAP data were collected using the RM6240E device from
Chengdu Instrument Factory, and a camera recorded the movement of the
right hind limb. The entire experiment was conducted in a shielded cage
to block external signals.

The Capacitive Double Layer at the Silicon–Solution Interface: The ca-
pacitive double layer at silicon–electrolyte interfaces governs critical elec-
trochemical processes through five key elements: space charge capac-
itance (Csc), Helmholtz capacitance (CH), interfacial capacitance (Cdl),
Faradaic resistance Rf), and bulk resistance (RSi). These components col-
lectively dictate interfacial dynamics from picosecond charge redistribu-
tion to second-scale electrochemical reactions, with direct implications
for energy and sensing technologies. The formulas and estimated values
of each component are shown in Table 1.

i. Space charge capacitance[48] (Csc) emerged from Fermi-level-driven
band bending in silicon, where carrier redistribution (nanosecond-
microsecond timescales) responded to applied bias. Its magnitude
reflected doping concentration and defines operational regimes (de-
pletion, inversion). 𝜖Si = 11.7 for silicon,Wdep ≈ 8 μm is the depletion
width, and A = 19.6 mm2 (5-mm-diameter membrane).

ii. Helmholtz capacitance[49] (CH) represented the sub-nanometer ion-
solvent layer at the electrode surface, exhibiting ultrafast (picosecond)
polarization dynamics sensitive to interfacial chemistry. 𝜖H ≈ 10 for
PBS, dH ≈ 0.4 nm.

iii. Interfacial capacitance[49] (Cdl) arised from surface states or oxide lay-
ers, displaying state-dependent kinetics (microsecond-second) that
revealed surface quality and passivation effects. The total capacitance
was limited by a smaller value (CH) in the depleted/reversed state.

iv. Faradaic resistance[50] (Rfaraday) quantified charge-transfer barriers for
interfacial reactions (millisecond-second), serving as a direct probe of
catalytic activity and corrosion kinetics. For j0 = 1 μA cm−2, n = 1,
and 19.6 mm2 area(5-mm-diameter membrane). At 298 K(25 °C), the
thermal voltage RT/F equals 25.7 mV.

v. Bulk resistance (RSi) provided the instantaneous ohmic baseline, en-
abling discrimination of interfacial phenomena from material-limited
contributions. 𝜌Si = 10 Ω cm, 19.6 mm2 area(5-mm-diameter mem-
brane), L = 25 μm.

The rise time (temporal resolution) of the voltage signal was mainly
determined by the RC time constant in the circuit:

𝜏interface ≈ (RSi + Rsol) × Cdl ≈ 0.1s (1)

where Rsol ≈ 1 MΩ. The photo-generated charges took time to be con-
ducted through the silicon bulk and the solution to alter the amount of
charge stored on both sides of the interface. This determined the rate at
which the localized interfacial potential difference establishes in illumi-
nated or non-illuminated regions.

Faradaic process time constant 𝜏 faraday:
If Faradaic processes participate in charge transfer (which commonly

occurs in photoelectrochemical systems), another time constant exists:

𝜏faraday ≈ Rfaraday × Cdl ≈ 15.1s (2)

This time constant represented the duration required to transfer suffi-
cient charge through electrochemical reactions to significantly alter inter-
facial states (such as surface state charging or changes in reactant concen-
tration). It was typically significantly greater than 𝜏 interface, indicating that
the charging/discharging of interfacial capacitance occurred much faster
than Faradaic reactions. During the initial transient response phase (e.g.,
immediately after light pulse activation or deactivation), 𝜏 interface tended
to dominate the rapid signal variations. In steady-state or slow-varying

Small Methods 2026, 10, e01228 © 2025 Wiley-VCH GmbHe01228 (12 of 14)
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processes, Faradaic processes and potential diffusion processes (Warburg
impedance) became dominant. This was also consistent with the results
obtained from the experiment.

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

Figure S1 

 

Figure S1. Fabrication process for thin-film silicon devices. 1) Pattern ion-doped np+ silicon 

into 5 mm diameter circles via photolithography and reactive ion etching. 2) Release films from 

the substrate using HF wet etching and thermal tape liftoff. 3) Transfer to target substrates 

(PEDOT: PSS or SU8-coated) using PDMS stamps. 

  



Figure S2 

 

Figure S2. Surface voltage mapping under illumination (1 μm scan area). a) Voltage 

inversion occurs uniformly in both dark and illuminated regions. b) Uniform voltage decrease 

is observed across all regions. c) Consistent voltage increase in dark and illuminated areas. d) 

Voltage reduction occurs uniformly regardless of illumination. 

  



Figure S3 

 

Figure S3. Substrate-dependent surface voltage variations in silicon films. a) Glass/SU8 

configuration: i) schematic and ii) voltage peak heatmap. b) Au/SU8 configuration: i) 

schematic and ii) voltage peak heatmap. c) Ceramic/SU8 configuration: i) schematic and ii) 

voltage peak heatmap. d) Glass/PEDOT:PSS configuration: i) schematic and ii) voltage peak 

heatmap. e) Au/PEDOT:PSS configuration: i) schematic and ii) voltage peak heatmap. f) 

ITO/PEDOT:PSS configuration: i) schematic and ii) voltage peak heatmap. 

  



Figure S4 

 

Figure S4. Boundary effects on surface voltage distribution in illuminated silicon 

membranes. All measurements: 5 mm diameter pn+ silicon (25 μm thick, 1×1015 ions/cm2 

dose) under 10 mW left-edge illumination. a) b) c) Glass/SU8 substrates: a) Uncoated: i) 

schematic and ii) voltage heatmap. b) SU8-coated: i) schematic and ii) voltage heatmap. c) 

Light-blocking coated: i) schematic and ii) voltage heatmap. d) e) f) Au/PEDOT:PSS 

substrates: d) Uncoated: i) schematic and ii) voltage heatmap. e) SU8-coated: i) schematic and 

ii) voltage heatmap. f) Light-blocking coated: i) schematic and ii) voltage heatmap. 

  



Figure S5 

 

Figure S5. Size-dependent voltage distribution in silicon membranes. a) Voltage heatmap 

for 5 mm diameter membrane. b) Voltage heatmap for 8 mm diameter membrane. 

  



Figure S6 

 

Figure S6. Schematic of the experimental connection configuration for EMG 

measurements. 

  



Figure S7 

 

Figure S7. Intensity-dependent CMAP responses to optoelectronic stimulation. a) 0.22 

mW/mm2. b) 0.64 mW/mm2. c) 2.64 mW/mm2. d) 7 mW/mm2. e) 8 mW/mm2. f) 9 mW/mm2. 

g) 9.5 mW/mm2. h) 9.75 mW/mm2. i) 10 mW/mm2. j) 10.5 mW/mm2. k) 11 mW/mm2. l) 

CMAP amplitude shows an intensity-dependent increase. 

  



Movies S1 

 

Movies S1. Dynamic surface voltage redistribution in conductive substrate silicon films. 
Time-resolved 2D heatmap showing voltage changes during laser activation and deactivation 

(Au/PEDOT: PSS substrate). 

  



Movies S2 

 

Movies S2. Dynamic surface voltage redistribution in non-conductive substrate silicon 

films. Time-resolved 2D heatmap showing voltage changes during laser activation and 

deactivation (Glass/SU8 substrate). 

  



Movies S3 

 

Movies S3. High-speed kinematic analysis of optoelectronic stimulation efficiency. Limb 

displacement quantification using high-speed imaging to assess stimulus response dynamics. 

  



Movies S4 

 

Movies S4. Slow-motion video (0.1 × speed) demonstrates the limb movement.  

 


	Geometrical- and Substrate-Dependent Photo Response of Thin-Film Silicon-Based Biointerfaces
	1. Introduction
	2. Results
	2.1. The Reverse Photovoltaic Phenomenon and its Mechanism
	2.2. Mechanistic Analysis of Voltage Inversion via Interfacial Charge Dynamics
	2.3. The Critical Role of Interfacial Environments
	2.4. Boundary Condition Effects on Spatial Voltage Distribution
	2.5. Geometry-Dependent Voltage Distribution in Si Membranes
	2.6. Modulation of Sciatic Nerve Activity

	3. Discussion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


