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OPEN A hybrid OTFT-SPR system for

simultaneous electronic and optical
sensing
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Wolfgang Knoll? & Annalisa Bonfiglio***

In this study, we present the development of an advanced multivariable sensing platform that
combines a flexible extended-gate organic thin-film transistor (ExG-OTFT) with a surface plasmon
resonance (SPR) readout of its sensing surface. This device architecture overcomes the limitations of
prior combined SPR and field-effect transistor (FET)-based systems, thanks to the spatial separation of
the sensing surface from the transistor body, and the implementation of a pseudo-reference electrode,
which significantly improves the system reliability. We demonstrate the potential of this solution
through the simultaneous electrical and optical detection of layer-by-layer formation of polyelectrolyte
multilayers in real-time. While the SPR-based transduction is sensitive to local refractive index
changes associated with a mass uptake on the sensing surface, the electronic transduction provides
complementary information about collective charge carrier distribution. The ExG-OTFT architecture
ensures compatibility with commercially available SPR instrumentation, enabling straightforward
upgrades to SPR/FET functionality with minimal modifications. More interestingly, we introduce
aflexible SPR/FET sensor, offering a scalable, robust and cost-effective solution (thanks to the use

of convenient printing techniques for the fabrication of the organic FET) for multivariable sensing
applications across diverse fields to advance the next generation of sensing platforms.

Keywords SPR, Extended Gate-OFET, Simultaneous electronic and optical detection, Organic electronic
sensors and biosensors

The development of advanced and reliable sensor technologies is key to tackling the challenges of modern
diagnostics, environmental monitoring, and industrial applications. Among these technologies, surface
plasmon resonance (SPR) and field-effect transistors (FETs) have emerged as promising platforms for biosensing
applications. SPR excels in real-time, label-free optical sensing of biomolecular interactions occurring at the
surface of a thin metal film. One of the key advantages of SPR is its ability to provide quantitative data on
the affinity of biomolecular binding events, thus offering insights into molecular recognition processes that are
crucial for understanding biological systems!—. On the other hand, FETs based on thin film transistors (TFTs)
and their organic counterparts (OTFTs) provide electrical outputs with high sensitivity to surface interactions
combined with unique characteristics such as flexibility, transparency, and compatibility with large-area, cost-
effective fabrication processes*™. However, each of these approaches has intrinsic limitations that restrict its
performance in complex and dynamic sensing environments.

SPR-based sensors are constrained by their sensitivity to changes in the bulk refractive index, which varies
with temperature and solvent composition, leading to increased sensor baseline drift and decreased accuracy in
SPR measurements'®!!, particularly affecting the measurement of small molecule-bioreceptor interactions or
conformational changes of molecules at the interface!>!*. Moreover, unexpected negative SPR shifts resulting
from ligand-receptor binding have been reported but remain poorly understood!*!*. Conversely, FETs face
challenges in achieving the precision needed for accurate sensor readings requiring careful control of both,
the fabrication procedure as well as the system architecture and measurement setup'®~'. Ensuring high
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reproducibility and long-term stability of key device parameters such as threshold voltage, carrier mobility, and
consistent behavior over the entire measurement period is essential for reliable sensor performance.

A possibility to overcome these challenges is the development of dual-mode sensor systems combining
complementary transducing mechanisms. Recently, combined systems integrating SPR and FET technologies
have been introduced by taking advantage of a SPR active gold layer serving as the gate of a graphene- based FET,
leveraging their respective strengths and offering significant advantages in terms of sensitivity, reliability, and
functionality compared to their single-mode counterparts?®. With the SPR-based transduction being sensitive
to refractive index changes associated with an increase in mass on the sensing surface, electronic transduction
provides information about collective charge carrier distribution, thus providing additional insights compared
to SPR when charged analytes are involved.

Despite the progress, current SPR/FET combinations face significant hurdles, including system or fabrication
complexity, incompatibility with flexible and scalable substrates, and difficulty in achieving seamless integration
of optical and electronic transducing principles, which hinders their practical application. Moreover, a FET
architecture where the channel material is isolated from the test solution, minimizing crosstalk from surfaces
other than the SPR-active electrode, and the combination with a reference electrode is envisioned to considerably
improve the reliability of the platform.

In this work, we present the development and fabrication of a novel extended-gate OTFT (ExG-OTFT)
with an integrated SPR readout, allowing a simultaneous optical and electronic probing of its sensing surface.
Moreover, it addresses the shortcomings of previously established SPR/FET systems by employing an extended-
gate architecture allowing the spatial separation of the sensor surface from the transistor body. It also facilitates
the efficient integration with SPR components while maintaining mechanical flexibility and compatibility with
low-cost fabrication processes. To align with a cost-effective fabrication and readout, SPR is implemented
based on a multiperiodic grating (MPG) structure for wavelength interrogation of resonantly excited surface
plasmons?!. In addition, the ExG-OTFT structure enables the use of a pseudo-reference electrode even in a dual-
mode sensing configuration, greatly improving the system’s reliability. We demonstrate the platform’s potential
through a layer-by-layer (LbL) assembly of differently charged polyelectrolytes, a strategic experimental
choice designed to validate the sensor’s ability to detect both positive and negative charges. This alternating
multilayer structure serves as a universal paradigm for biomolecular recognition events that involve changes in
the immobilized charge at the sensing interface. By sequentially adsorbing oppositely charged polyelectrolytes,
we in fact simulate a broad range of real-world sensing scenarios, demonstrating the device’s sensitivity to
charge variations independent of the specific molecular identity. More interestingly, for the first time, we aim
to demonstrate the feasibility and potential of a fully printable, flexible SPR/FET sensor that serves as a robust
and scalable solution for sensing applications, paving the way for the next generation of multifunctional sensing
platforms capable of tackling real-world challenges across a wide range of fields.

Experimental section

Extended-gate OFET fabrication

Electrical measurements were done using a bottom-gate, bottom-contact ExG-OTFT structure, made on a 175
pm thick polyethylene terephthalate substrate (PET); a detailed fabrication process and dimensions could be
found in our previous work®?. As active channel material 6,13-bis (triisopropylsilylethynyl)-pentacene (Sigma-
Aldrich) was drop casted on the channel area. After fabrication of the transistor, a 2 um thick layer of Parylene
C (Specialty Coating Systems, SCS) was deposited on the whole structure, acting as an encapsulant, by means of
chemical vapor deposition (CVD) to improve the device life-time and stability. It is worth mentioning that the
transistors were made almost a year prior to the time used for the current study.

Preparation of Multi-periodic gratings (MPG) on a PET substrate

The utilized MPG structure was developed by Hageneder et al. using UV laser interference lithography and a
detailed description can be found in our previous work?!. Polydimethylsiloxane (PDMS, Sylgard 184 from Dow
Corning, USA) based-stamps were prepared by casting the MPG master structure to the soft PDMS by its curing
at 60 °C overnight as described previously?*. The resulting PDMS stamp was detached from the master substrate,
leaving a negative copy of the MPG in the PDMS. PET substrates were cleaned and coated with a UV-curable
polymer (Amonil MMS 10, AMO GmbH, Germany) by spin-coating (3000 rpm for 120 s). The PDMS stamp
was then placed onto the Amonil-coated PET substrate and residual trapped air was allowed to escape for 10
min, followed by UV curing of the polymer at 365 nm with a dose of 2 Jem™ (UV lamp Bio-Link 365, Vilber
Lourmat). The PDMS stamp was detached from the substrate, leaving a copy of the MPG master structure, and
the substrate was coated with 50 nm of gold using thermal evaporation (HHV AUTO 306 from HHV Ltd, UK).

Dual-mode sensing setup

The fabricated MPG-structured PET substrate (“sensing surface”) was inserted into a 3D-printed holder and a
custom PDMS-based flow-cell (80 pL total volume) was attached on top. The flow-cell is designed to house a
chlorinated silver wire, acting as a pseudo-reference electrode to bias the OTFT through the solution, and the
MPG SPR active gold film simultaneously serving as the sensing part of the OFET (Fig. 1A-B). For the optical
readout out, polychromatic light from a halogen light source (12 V, HL2000-LL, Ocean Insight) was coupled
into one arm of a Y-fiber optic splitter (400 um core diameter, Thorlabs Inc.) and delivered to the backside
of the sensing surface. The light beam was reflected at the gold-coated MPG structure, collected by the same
fiber optic splitter, and launched via its second arm to a spectrometer (HR4000, Ocean Insight). The obtained
wavelength spectra were processed using a custom software FunBIMS (developed at FZU-Institute of Physics,
Czech Academy of Sciences) and normalized with a spectrum of a reference flat gold surface in air. Reflectivity
spectra were acquired with an integration time of 4 ms and averaging of 300 was used to reduce noise. To
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Fig. 1. Schematic representation of the dual-mode platform indicating EG-OTFT architecture and optical
probing for (A) RE-biased configuration and (B) SS-biased configuration. (C) Photograph of a gold coated
MPG structure fabricated on PET substrate along with an SEM image illustrating long rang replication of
nanostructure on the surface. (D) Schematic representation of sequential LBL assembly of two charged
polyelectrolytes namely PDADMAC and PSS on MPG monitored optically and electrically. It is important

to notice that while only the portion of the sensing area illuminated by the light beam contributes to the
refractive index variation responsible for the SPR signal, the entire sensing area (i.e., the entire metalized
surface, including any deposited molecular layers) plays a role in the charge variation that generates the OFET
response.

enable a simultaneous electronic readout, the sensing surface was electrically connected to the fabricated ExG-
OFET (Fig. 1A-B). The transistor, connected to a Keithley 4200-SCS probe station, was kept in a grounded
incubator covered with aluminum foil to avoid abrupt temperature and humidity variations and to protect it
from background light.

Polyelectrolyte multilayer (PEM) assembly

Two polyelectrolyte solutions (1 mg/ml in 0.1 M KCI), namely poly-diallyldimethylammonium chloride,
(PDADMAC, Mw <100 kDa, Sigma-Aldrich), and poly (sodium 4-styrenesulfonate) (PSS, low molecular
weight, average weight ~ 70 kDa, Sigma-Aldrich) with opposite charges were prepared. 0.1 M KCI solution was
used for preconditioning of the sensing area and for the washing steps after PEM deposition.

In order to monitor the effect of layer-by-layer (LbL) assembly of PEMs on the electronic and optical signal
in real-time, the following steps were taken: (1) output and transfer characteristics (Sup material, Figure S1 and
Figure S2) of the transistor were taken in two different configurations, reference-electrode biased (RE-biased)
and sensing-surface biased (SS-biased) configurations Fig. 1), while a 0.1 M KCl solution was being pumped
into the cell (50 uL/min flow rate) by means of a peristaltic pump (Ismatec); (2) in a real-time experiment over
a prolonged time period, the noise-level of the transistor current in saturation region (Vg =-3V, V, = =5V)
was thoroughly investigated under a flow of 0.1 M KCl solution revealing important features (see Sup materials,
Figure S3); (3) Finally, PEM assembly was performed on the sensing surface. While continuously monitoring
the I ¢ current, simultaneously, the wavelength spectra of reflected light from the sensing surface was recorded.
After 10 min of stabilization in KCl, PDADMAC solution was pumped into the cell for 10 min in order to make
the first layer followed by another 10 min of rinsing with KCl to remove loosely bound polymer chains. Then
the same procedure was repeated to grow the subsequent layers, up to a maximum of 8 layers, by sequential
pumping of PSS and PDADAMAC solutions into the cell. At the end, both current and spectra were acquired
for an hour in continuous flow of KCI solution in order to further verify the noise level and to ensure that the
observed response is not just an artifact of electrolyte flow.

Results and discussion

A dual-mode sensing platform was established by combining grating-coupled SPR with an ExG-OTFT device.
Two different sensing configurations (Fig. 1A-B), based on an ExG-OTFT architecture, are proposed in order to
overcome the limitations observed in the previous SPR/FET dual-mode platforms®*?%. In both configurations
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the transistor channel is spatially separated from the optically and electronically active sensing area. In this
first realization, the transistor structure has been fabricated on a distinct, flexible substrate (PET), with a
connection established between the transistor’s extended gate and the sensing substrate via an external wire,
rendering the sensing surface as the simultaneously probed optical and electrical interface. This choice is aimed
at demonstrating the possibility to leverage existing commercially available SPR substrates for conducting dual-
mode SPR/FET measurements, with minimal modifications required to the measurement setup. Additionally,
this strategy could allow the potential reuse of a single transistor for multiple times over an extended period.

In RE-biased configuration, the extended gate is directly connected to the grating, and the entire structure
is biased by a pseudo-reference electrode submerged in the electrolyte solution. Alternatively, in SS-biased
configuration the extended gate is connected to the reference electrode, while the electrostatic potential is
directly applied on the sensing surface. In both configurations, the sensing surface is corrugated by a MPG-
structured, gold-coated PET substrate (Fig. 1C). The transistor output and transfer characteristics, using 0.1 M
KCl as electrolyte, are shown in Figure S1 and S2 for both configurations. They illustrate almost ideal ExG-OTFT
characteristics with pronounced, well-defined pinch-oft voltage and negligible hysteresis indicating high enough
charge carrier mobility of both holes and ions along with low density of trap sites at the semiconductor-dielectric
interface (Parylene C). Furthermore, special care has been taken to minimize electronic noise and mitigate
the effects of interfering factors such as humidity, temperature, and the formation of electrolyte junctions. A
comprehensive description of the countermeasures taken can be found in the SL It is worth mentioning that
Parylene C, employed as gate dielectric, has almost three orders of magnitude lower specific capacitance (15
nF/cm?)* compared to the capacitances at the sensing surface-electrolyte and gate-electrolyte interfaces which
are known to be in microfarad range?. Consequently, the total capacitance of the system, made by a series of
capacitors, is practically coincident with the gate dielectric capacitance and negligibly affected by what happens
at the sensing part of the system in both configurations (see Sup Materials).

The implementation of the MPG structure, coated with a thin gold film, enables the resonant excitation of
surface plasmons, offering means for optical probing of the sensing surface in parallel to the electronic readout.
As previously established?, the utilized MPG allows, along with the transparency of the substrate (PET), for a
back-side excitation of the SPR without requiring optical matching of the substrate to a high refractive index
prism. This is possible due to its design, which cross-couples diffraction grating - excited surface plasmons at
the inner side of the thin gold film (in contact with the transparent substrate) to the other sensor side (in contact
with liquid samples)?. This mechanism is associated with the occurrence of splitting of SPR reflectivity dip and
thus the sensor response was defined as a ratio of their depth [R(A,)/R(Ay)], as developed already in our precious
works?®?2, Direct optical probing in reflection mode of the interface is achieved using portable instrumentation
with improved SPR measurement stability due to avoiding addressing the light beam through the solution. A
representative optical signal obtained from the flexible, MPG-structured sensing surface is shown in SI together
with further indications on how the SPR response is derived. For both configurations, the influence of an applied
potential on the reflected light spectra is investigated (Figure S4), showing a perfect match of the spectra with
and without an applied potential, at least up to the required resolution level, allowing the simultaneous operation
of the two transducing principles. However, one could totally avoid any undesired and unknown influence of a
direct applied electrostatic potential on SPR signal using the RE-biased configuration, providing an additional
advantage of using the ExG-OTFT architecture for this dual-sensing mode approach.

To compare the performance of electronic and optical measurements, the LbL deposition of polyelectrolyte
multilayers (PEMs) on the sensing surface was monitored in real-time using the proposed dual-mode
transduction system in both configurations (Fig. 1D). Therefore, alternating layers of opposite charged
polyelectrolytes, namely positively charged PDADMAC and negatively charged PSS were assembled on the
sensing surface. Figure 2A shows the simultaneously recorded response of SPR (Fig. 2A top) and EG-OTFT
(Fig. 2A bottom) in RE-biased configuration during the PEM deposition. In this set up, no electrostatic potential
is directly applied to the sensing surface and the transistor is biased by an Ag/AgCl pseudo-reference electrode.

The SPR response shows a rapid and gradual increase upon the deposition of PDADMAC and PSS layers
which is ascribed to local refractive index changes associated with a mass uptake on the sensing surface. The SPR
signal could, in principle, be directly correlated to an adsorbed surface mass density using a calibration curve as
is already established for the same MPG®. Interestingly, in the electronic readout channel I, shows a different
character with alternating sign of the change upon depositing PDADMAC and PSS layers and slowed down
kinetics when compared to SPR (Fig. 2A middle). In addition, it is worth noting that the leakage current, I
(Fig. 2A bottom) remains in pico-ampere region with no changes indicating that the observed electronic signa
is not caused by undesired Faradaic electrochemical reactions at the gate-electrolyte interface. The electronic
signal is sensitive to the charge buildup of the PEMs, with a large current increase for the first PDAMAC layer,
followed by a recovery of some of the I, current upon addition of PSS (Fig. 2A) that has an opposite charge
with respect to PDADMAC. This phenomenon is, in fact, in agreement with that of other groups?®2°. It is
established that the electron distribution in the active transistor material is coupled to the ion distribution in
the electrolyte which could be modulated by the adsorption of even a few molecules, randomly distributed on
the whole sensing area?’. In other words, while electronic transduction provides information about the overall
charge carrier distribution across the entire sensing area, optical transduction is sensitive to local refractive
index variations, which may remain almost unaffected by the adsorption of low-mass-density molecules. This
explains the minimal SPR response observed for the first PDADMAC layer.

Further supporting this distinction is the observed delay in the SPR signal compared to the electronic
response during PEM assembly. This delay can be attributed to the volume of the flow cell (80 pL) and the flow
rate (50 uL/min). Since the electronic signal depends on the collective charge carrier distribution, it responds
immediately when charged molecules reach any part of the sensing surface. In contrast, the SPR signal changes
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Fig. 2. Dual-mode LbL assembly in (A) RE-biased configuration and (B) SS-biased configuration: (Top) Real-
time SPR response during LbL assembly of PDADMAC (red bars) and PSS (blue bars). (Middle) Simultaneous
monitoring of the drift-modified I, current, in saturation region of the OFET (V=-3 V and V; =-5V).
(Bottom) Leakage current during the whole experiment (all data have been reported as obtained without post
processing for noise reduction).

only when a significant local mass adsorption occurs within the small optically probed area, which is defined by
the 400 um diameter of the fiber coupler attached to the backside of the sensing surface.

Thus, these two techniques complement each other in monitoring interfacial reactions, with electronic
transduction capturing global charge distribution changes and optical transduction detecting localized mass
adsorption events. Another observation pertains to the decrease in electrical signal amplitude as the number of
layers increases, which, although in complete agreement with results published by others?, is non-trivial and
requires further investigations.

The overall direction of the current variation during the PEM assembly, in our proposed ExG-OTFT
architecture which includes a floating gate mediating the potential applied is as expected since it is well-
consistent with the established sensing mechanism of these kind of FETs*®. In RE-biased configuration, the
adsorption of positively charged molecules, PDADMAC, on the sensing area reduces the gold work-function by
pushing the vacuum energy to more negative values®. In this condition, previous research demonstrated that
the threshold voltage of the FET is shifted to more positive values® leading to a higher I ¢ current if a p-type
semiconductor is used, as it is the case in our current study. An opposite behavior for I, current is expected
for adsorption of negatively charged PSS molecules. Although the overall direction of the current variation is
in agreement with the established working principle, the transistor response exhibits a slower kinetic than the
optical signal, apart from the first layer. This phenomenon was also reported by Aspermair et al.?®using a GFET
architecture. The explanation of the phenomenon relies on the assumption of the existence of two competing
contributions including PEM formation, molecules adsorption, and a kinetically slow ion diffusion through
the PEM to the PEM-electrolyte interface which delays the current response. Interestingly, in a recent study?’,
researchers demonstrated that by using a true reference electrode (RE) instead of a SPR-active gold electrode, in
a GFET architecture, (and avoiding PEM deposition on the gate during assembly) both transductions provide
kinetically consistent responses with no observed competing contributions in the electronic signal. It is worth
noting that, in this example, the optical and the electronic measurements were done separately.

Although it’s unlikely to encounter a multilayer deposition of highly charged macromolecules, readily
adsorbed everywhere, in real applications, this experiment still serves as a highly effective benchmark for testing
our dual mode sensing system and studying its behavior. In particular, the mentioned instructive studies reveal
the crucial role that a true reference electrode, whose electrochemical potential is fixed and not affected by
charged molecule adsorption, plays in these systems. In our current study, we suspect that the presence of highly
charged macromolecules potentially contaminating the Ag/AgCl pseudo-reference electrode, even though its
electrochemical potential is mostly dominated by chloride ion activity which is almost fixed during experiment,
could be at least one of the causes for electrical and optical discrepancy, especially after the first layer formation.
In order to verify the validity of our assumption, the same experiment is conducted with the ExG-OTFT
in SS-biased configuration (Fig. 2B). A dedicated study is, in fact, required to fully investigate the substrate
effect, plastic-based ones, on the calibration curve of SPR response (as made for glass-based substrates?®) to
quantitatively evaluate the adsorbed surface mass densities I in both configurations. Nevertheless, the relative
comparison of SPR shifts (see supplementary materials) determined from the stable SPR response in KCI after
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washing off loosely bound polymer chains, indicates almost 30% higher overall surface mass density I for the
formation of the first six layers in SS-biased configuration (Fig. 2B top), where a direct negative potential is applied
to sensing surface, with respect to that of the RE-biased configuration. The same phenomenon was previously
reported?” using a more complicated SPR setup. Apart from higher growth rate of PEMs, the experiment in
SS-biased configuration remains intriguing when observing the electrical signal. Once again, the sensitivity
of the electronic transduction to the first layer formation is evident in comparison with SPR transduction,
along with the tendency of the electronic signal amplitude to decrease with the deposition of multiple layers.
Interestingly, an inversion of the overall direction of the transistor response is observed compared to the RE-
biased configuration for the same sequence of LBL assembly, in addition to different kinetic behavior of electrical
and optical transductions especially after the first layer formation. Inversion of the transistor response in SS-
biased configuration is caused by work function modulation of the electrode named as “control gate” rather than
that of the floating gate present in the same solution, which has been also predicted by a model demonstrated by
White et al.?%. This indicates that, indeed, in both proposed architectures, the optical and electronic signals are
dominated by phenomena happening at the sensing surface, independently of the applied potential. In addition,
it phenomenologically illustrates that the modulation of the gate electrodes’ electrochemical potential or work
function could cause not only a competing contribution but also the dominating effect to the transistor response.
This is in particularly evident if the use of true reference electrodes is avoided which is the case for most FET-
based sensor architectures due to miniaturization and integration-related problems of reference electrodes.
More importantly, it shows how the collective information gathered from a multi-transduction system could be
used for improving the reliability of chemosensors and overcoming the limitations in real sensing applications.

An interesting observation of LbL assembly, in both configurations, pertains to the decrease in electrical
signal amplitude as the number of layers increases along with the capability of electronic transduction to monitor
multilayers of charged molecules adsorption, reaching some nanometers thick film?, in a high ionic strength
medium, 0.1 M KCI, with the Debye length as short as 0.9 nm. Although these considerations have been also
reported by others?®and attributed to a much lower decay of the electric potential inside the PEM with respect to
that of the bulk solution, beyond the Debye length, sensing capabilities of FET- based sensors have been, indeed,
investigated and confirmed by many researchers even in real biosensing applications®-2. As discussed above,
in our FET architecture, the total capacitance of the system could be assumed to be fixed by the gate dielectric,
parylene C, with a good approximation. In this condition, the current variation of the FET, Al, during PEM
assembly could be attributed to threshold potential modulation of the transistor, AV, using Eq. 1, which is an
accepted model for OFETs working in saturation regime,

W
Alps = TH Cparc (Vg — Vin) A Vi, (1)

where W, L are the channel width and channel length respectively, y is the semiconductor holes mobility and
Cpy ¢ is the gate dielectric specific capacitance. AV, extracted from the FET real-time response of FET (see
Supp materials), using Eq. 1, for both configurations (Fig. 3A top&bottom) could, in fact, be attributed to Fermi
level variation of the semiconductor as a result of sensing area/electrolyte interface properties modulation
during LbL assembly. In other words, the work function of the metal (which is very sensitive to the surface
electric field state”, E, is modulated by adsorption/desorption of charged molecules at the sensing area which is
then translated in the Fermi level of channel material. From the Maxwell equation, electric/magnetic fields are
equivalent to the energy density U stored in a region of a medium, or even in vacuum, with a dielectric constant
eas
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U:ieeoEQ. (2)

Thus, equivalently, it could be said that the work function of a metal is very sensitive to the interface energy
density modulations. In case the electric field is not uniform, Eq. 2 could be rewritten in an integral form as

d
€€o 2
_ 3
U= 5d /OE(X) dx, (3)

where d is the thickness of the considered region and it has been assumed that electric field varies in just one space
direction, x, in that region. The well-known Debye-Hiickel model** can be employed to derive the electric field
state, E(x), within the PEM, induced by surface potential variation, v, at the PEM/solution interface (Fig. 3B).

d d _=x
E() =~ () = = (e TFm ) @

In Eq. 4, x represent the distance of a point in PEM from the PEM/solution interface and A, is the associated

Debye screening length in PEM. Surface potential variation, y,, corresponds to changes of surface charge density,
0, upon mass adsorption during LbL, as (Debye-Hiickel model)

APEM O
o= T (5)
€ PEM €0

where ¢, is the dielectric constant of PEM in a wet environment (0.1 M KCl solution).
Inserting Eqs. 4 and 5 in Eq. 3 result in
2 d _o
(o) X
/ e *PEM dx (6)

2d epeEM €0

dmin

(d,,;, is the closest distance one could get to a charge molecule). The analytical solution of Eq. 6 could be used to
describe how the average energy density at the sensing area/PEM interface region varies, during PEM assembly,
as

U

APEM — e APEM

7

A PEM o2 |:e —2dpEM —2 dmin:|

4dpeEM € PEM €0

where dp,,, is the PEM thickness. In fact, the average energy density variation, U, defined in Eq. 7 could be seen
globally as an electric field modulation at the interface which changes the work function of the metal manifesting
as Fermi level variation of the semiconductor and, consequently, I, current variation. Since, for sufficiently
thick film (d,,;,,,>>\,..,,), the absolute value of U could be approximated as

A o2 —2dmnin
_ _APEMY |, FpeM
4 dpeM € PEM €0

PEM PEM!

[U] ~ (8)

which is a monotonically decreasing function with d,,,,,, one should expect a reduced FET sensitivity as the PEM
thickness grows (Fig. 3A). In fact, U, defined in Eq. 8 is inversely proportional to the film thickness, unlike the
surface potential which decays exponentially through the film. Interestingly, the threshold potential variations
of the FET, which are experimentally extracted from real-time measurement, seems to have approximately the
same dependency to d,p, ., as U, in both configurations. It has been shown that a linear growth of film thickness
could be assumed?, for the first few layers, after each complete PEM layer, including a layer of PDADMAC
and PSS, deposition. In this condition, it is worth considering the average extracted AV, of 141 mV, 68 mV,
53 mV and 44 mV after the first, second, third and fourth, respectively, PEM layer deposition from the FET
real-time response in RE-biased configuration. Also, in SS-biased configuration, the average AV, of 142 mV,
76 mV, 48 mV after the first, second and third, respectively, PEM layer deposition are extracted which further
supports the assumption that electronic response is not decaying exponentially with respect to surface charge
distance from the sensing area. In addition, in light of the previous discussion, the role of the Debye length in
FET-based biosensors could be reconsidered as being responsible of the energy density storage variation at the
sensing surface/electrolyte interface, rather than imposing a strict value of the distance from the sensing area for
the detection of interface events. One could also explain the collective ion distribution dependency of the FET
response by looking at the system from an energetic point of view. A random distribution of charge molecules
on the surface, with low surface mass density, could be associated to a global average energy density variation,
using Eq. 7, which could also justify the apparent discrepancy of SPR and FET responses in monitoring the first
layer formation.

As demonstrated, the ExG-OTFT architecture provides the possibility of running a dual-mode transduction
monitoring system by a simple and cost-effective device configuration, with the sensing area physically separated
from the extended gate structure. Nonetheless, the integration of the two components onto the same plastic
substrates by a low cost and high degree of freedom fabrication process could pave the way to develop new
analytical devices, i.e. cost-effective and disposable multi-sensing platforms for multiplex analysis in complex
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Fig. 4. (A) Schematic representation and photograph of a printed dual-mode ExG-OTFT, integrating all
necessary parts on a single, flexible substrate. (B) Optical signal obtained from the sensing surface exposed to
0.1 M KCl solution. (C) Output and (D) transfer characteristics of the printed FET biased by the coplanar gate
in 0.1 M KCl solution (V= =3 V).

media®*. In order to demonstrate its feasibility, we developed an inkjet printed ExG-OTFT including a MPG-
structured sensing area all integrated on a single plastic substrate (Fig. 4A) for optical and electrical monitoring
of interface processes. Although more details and analysis about this system will be provided in follow up
studies, almost ideal and expected characteristics of both SPR (Fig. 4B) and FET (Fig. 4C-D)-based transducers
acquired in 0.1 M KCl electrolyte have been obtained, including well pronounced minima for the SPR transducer
and negligible hysteresis for the FET-based one. Besides, the large-area fabrication process involved allows for
integration of even multiple dual-mode transduction devices in one substrate which would be indeed ideal for
development of multi-sensing platforms.

Conclusion

We successfully demonstrated the fabrication and operation of MPG-structured thin films on flexible plastic
substrates for optical monitoring of surface events. The ExG-OTFT architecture enables the incorporation of
such MPG-structured, SPR-active gold films as the sensing surface without removing the pseudo-reference
electrode from the device architecture. This represents a significant advancement in FET-based sensor systems,
offering enhanced reliability and compatibility with any commercial SPR substrate. A detailed comparison of the
simultaneously obtained optical and electronic readout of PEM formation highlights the complementary nature
of the information provided by the SPR/ExG-OTFT platform. Specifically, the SPR readout delivers surface
mass information through refractive index changes, while the electronic transduction allows for the extraction
of the threshold voltage from real-time current recordings, enabling the identification of charge types involved
in the process. Moreover, we have demonstrated seamless integration of the SPR and FET components onto
a unified SPR/FET device on a single substrate through low-cost printing techniques. This paves the way for
cost-effective, disposable multivariable sensors that use collective information to overcome the limitations of
individual transducing principles. Together with the potential for further miniaturization and multiplexing, we
envision this platform contributing to advancing the next generation of sensor systems across a wide range of
applications.
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