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regulating growth, facilitating move-
ment, and processing external stimuli.l’]

Recording, processing, and interpreta-
tion of biological signals is pivotal when
aiming at the investigation of biological
systems and at diagnostics, as the detec-
tion of altered signals might unveil patho-

Ambipolar materials integrating both p-type and n-type charge transport in
Electrolyte-Gated transistors (EGTs) are attractive for simplification of circuit
design and power reduction. They are demonstrated as promising candidates
for the development of advanced computing systems and sensors. However,
the investigation of ambipolar materials for signal processing is still largely

unexplored. Among ambipolar materials, reduced graphene oxide (rGO) is
shown to be suitable for EGTs, due to its high conductivity (conductivity >
1000 S cm™") and its processability starting from aqueous graphene oxide
dispersions. This work presents ambipolar rGO-EGTs that autonomously
perform mathematical operations on oscillatory input signals: phase reversal,
full- and half-wave rectification, band-stop and high-pass filtering, according

logical states. Devices engineered to per-
form these functions should operate in a
bidirectional fashion, interfacing biolog-
ical systems to collect signals and send
them feedback. A breakthrough would be
to carry out these bidirectional communi-
cations locally and autonomously, open-

to the operating EGT gate voltage. These results prompt rGO-EGTs as
embedded building blocks for in situ real time analog signal processing.

1. Introduction

In living organisms, thel' transmission of electrical and/or
chemical signals enables communication between cells, tissues
and organs, and plays a crucial role in maintaining homeostasis,
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ing the way to theranostics operated in an
unsupervised closed-loop modality.[’-1!

Organic bioelectronics is an en-
abling technology toward these goals!'!]
as its potential in applications from
biosensing!'*! to electrical and electrochemical signal record-
ing in vivol>"'7l was demonstrated. Organic bioelectronic devices
rely on organic mixed ionic-electronic conductive (OMIEC) mate-
rials whose electronic conductivity is modulated by ion displace-
ment in and out of the materials. The strong ion-pi interactions
enable the conversion of ionic currents into electronic ones, thus
enabling straightforward interfacing to biological systems.[18-22]
Such devices exhibit spiking current output in response to time-
pulsed signals, with memory retention both in the short- and in
the long-term.[?>-%%) Such features lead to the development of or-
ganic neuromorphic electronics and of architectures capable of
signal transduction, processing, and memory, all embedded in a
single device unit, or in simple circuits made of a few devices. Or-
ganic neuromorphic devices were demonstrated as specific sen-
sors, as signal classifiers, and to perform logic operations in real-
time at the hardware level.[26-3]

The most studied organic bioelectronic device is the
Electrolyte-Gated Organic Transistor (EGOT), a three-terminal
device constituted by two conductive leads - termed source ()
and drain (D) electrodes - bridged by a (semi-)conductive organic
film. A third terminal - the gate (G) — controls the electrochemical
potential of an electrolyte bath in contact with the channel, which
then is capacitively coupled to the gate. To operate EGO'TS, two
different biases are applied: one (V) between S and D is respon-
sible for the current (I,¢) flowing in the channel; the other (V)
between G and S sets the channel conductivity by displacing
ions toward/away from the channel. The modulation of channel
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conductivity by the gate makes EGOTs excellent amplifiers of
minute changes of electrostatic potential occurring at any device
interface, either by displacement or reorganization of ions, or
by electrochemical reactions.[?*31-33] EGOT-based transducers
of chemicall®**>1 and electrophysiologicall3*3’] signals were also
demonstrated in vivo. They were also explored for a broader
ensemble of functionalities, making them candidates for multi-
functional devices and circuits aimed at performing local signal
processing, without relying on off-line data analysis.[283839]

Most of the reported EGOTs are based on unipolar OMIECs.
This makes the design of circuitry for logic operations more com-
plicated as it requires channels of both p- and n-type. An example
that will be relevant to the present paper is a recently reported
rectifier that requires at least two transistors.[*"] Graphene-based
ambipolar EGTs exhibit large charge carrier mobilities of both
electrons and holes, greater flexibility in device design/operation,
and conductivities of holes and electrons controlled by the V¢
value. These features allow one to design compact circuitry with
a smaller amount of electronic devices if compared to unipo-
lar counterparts, else integration of multiple functionality into
one device, all desirable features for devising novel autonomous
closed-loop architectures.[1#1]

Here we use reduced graphene oxide (rGO), a cost-effective
and scalable alternative to pristine graphene.l'l GO is a versa-
tile material for electronic devices operated in electrolytic en-
vironments, including transistors and sensors.[*>#2%3] We fab-
ricate our rGO channels in EGTs by the direct electrodeposi-
tion of graphene oxide in water dispersions.[*By a suitable post-
deposition reduction, we then condition the rGO channel to
attain a charge neutrality point close to zero volts.[***] These
rGO channels can be used in rGO-based electrolyte-gated tran-
sistors (rGO-EGTs) with excellent -V characteristics, neuro-
morphic functionalities and as non-volatile multi-state memory
retention.[2344]

The present work delves into the investigation of such rGO-
EGTs in response to stereotypical frequency-encoded voltage pat-
terns. Importantly, solid-state transistors based on graphene and
on carbon nanotubes were already characterized in terms of
signal response for radiofrequency applications in the MHz-
GHz frequency range.*'*#8] This range largely exceeds the
range of interest for biological system operation. Instead, our
rGO-EGTs are shown to respond in electrolytes at physiological
frequencies.*”) Here, for the first time, we demonstrate rGO-
EGTs operated as autonomous dynamic filters and rectifiers of
signals in physiologically relevant frequency ranges.

2. Results and Discussion

2.1. Quasi-Static I-V Characteristics of rtGO-EGTs

rGO-EGTs are fabricated via direct electrodeposition of rGO on
gold interdigitated electrodes patterned on a quartz substrate, fol-
lowing the procedure of fabrication and conditioning reported
recentlyl** (Figure 1a). Transfer curves related to the condition-
ing procedure are shown in Figure S1 (Supporting Informa-
tion). After the conditioning process, the quasi-static electrical
characteristics are investigated, and the results are reported in
Figure 1b—d.
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Figure 1b displays a typical rtGO-EGT transfer characteristic
(top panel) and the corresponding g, profile (bottom panel).
Transfer characteristics exhibit symmetrical ambipolar channel
current (Ip,) trend upon V., sweeping, with a region of domi-
nant hole conduction (p-branch, red solid line) and a region of
dominant electron conduction (n-branch, blue solid line). The
crossing point between these two regimes, where hole conduc-
tivity equals electron conductivity, is the charge-neutrality point
voltage, Vyp- Such a figure of merit can be determined via fit-
ting of the rGO-EGTs transfer characteristics.®® The proposed
procedure yields Vi, values close to 0 V, which is a condi-
tion of utmost importance if planning to deal with physiologi-
cal input signals, i.e., with signals consisting of small frequency-
encoded oscillations centered ~0 V. Noteworthy, the device in
Figure 1b exhibits negligible counterclockwise hysteresis, with
transconductances as high as 390 pS for the p-branch and
340 uS for the n-branch, at Vg = —0.4 V and Vg = 04V,
respectively.

Figure S2 (Supporting Information) reports an example of
transfer characteristics fitting, together with a typical “leakage”
current, I . In particular, the I profile shows a markedly ca-
pacitive current, three orders of magnitude lower than I, within
the operational VGS window and a negligible faradaic activity,
due solely to the non-ideality of the Pt electrode.>'>%] Fitting pa-
rameters for this device according to the universal EGT fitting
modell>% are reported in Table S1 (Supporting Information). Sta-
bility of V-yp over more than 400 transfer sweeps (i.e., more than
3 h of continuous operation) is reported in Figure S3 (Supporting
Information).

Output characteristics of the rGO-EGT were also investigated.
The results are shown in Figure 1c,d, for the p-branch (V¢ <
Venp) and the n-branch (V¢ > Vyp), respectively. Output charac-
teristics exhibit Vs-dependent slopes, consistent with the state-
of-the-art concerning carbon-based transistors.[>°!

2.2. Frequency Response

In the following, we investigate the frequency-dependent char-
acteristics of rGO-EGTs in both p- and n-branches, using
monochromatic sinusoidal waves of given frequency (f) and am-
plitude (peak-to-peak voltage, V,,) as input signals. The contin-
uous offset underlying such sinusoidal perturbations, termed
Vis,op Spans the entire V¢ operational window. The connection
layout schematics for frequency-dependent characterization are
depicted in Figure 2a.

Figure 2b shows the device response to 1 Hz sinusoidal Vg
wave superimposed to a Vg o5 = -0.3 V (Vp,p = 0.1 V), which lies
within the p-branch of the device’s operation. The corresponding
I, shows an out-of-phase transduction of the input signal. This
is coherent with the fact that less negative V¢ values lead to lower
Is, and vice versa. Conversely, Figure 2c shows the very same
wave superimposed to a Vg o = +0.3 V (i.e,, in the n-branch).
In this case, the input signal is transduced in phase, albeit with
a lower relative magnitude if compared to Figure 2b, due to the

-, difference between the two branches (see Figure 1Db, bottom
panel).

The frequency-dependent response of rGO-EGTs was explored
with sinusoidal waves of varying frequencies (from 1 to 500 Hz)
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Figure 1. a) Flowchart depicting the procedure of rGO-EGTs fabrication and conditioning, as from Ref. [44]. b) Typical rGO-EGT transfer characteristic
(top panel), and the respective g, profile (bottom panel) obtained by numerical differentiation of /55 with respect to V5. The color code is used to
distinguish between the region of p-conduction (p-branch, red solid line) and the region of n-conduction (n-branch, blue solid line); c) Typical rGO-EGT
output characteristics in the p-branch; d) Typical output characteristics in the n-branch.

and V,, values (from 0.2 to 0.013 V), aiming at the evalua-
tion of rGO-EGTS’ filtering capability. To provide a quantitative
descriptor of frequency-dependent transduction, the (transcon-
ductance) parameter y is introduced, defined as the ratio be-
tween I peak-to-peak amplitude, I and V), at different f
values.

DS,pp’

IDS,pp
=27 1
7 (f) v, (1)

For all the investigated sinusoidal waves, the analysis is carried
out on segments of V., and I, traces, with durations equal to
the period T=1/f.

The multivariate dependency of y upon fand V¢ of is show-
cased for both the conduction branches, in Figure 2d,e, for the p-
and the n-branch, respectively.

Concerning the p-branch, the Bode plot in Figure 2d exhibits
a y trend resembling the response of a band-stop filter, attenu-
ating signal transduction within a specific frequency range. The
frequency of maximum attenuation is termed f,. The value of f,
depends on Vs op as testified by the shifting of f, from 23 Hz at
Vs op = —0.15 V o 103 Hz at Vg o5 = —0.3 V.

Such band-stop capability can be further characterized by ex-
tracting the cut-off frequencies for f> f, (we term this cut-off fre-
quency fy;) and f<f, (we term this cut-off frequency f;). In partic-
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ular, f}; exhibits a linear increase on Vg oy moving from 45 Hz to
256 Hz; differently, ﬂ remains equal to 1 Hz (i.e., the minimum
investigated frequency value) apart from the cases of Vi o val-
ues lying deep in the p-branch (i.e., for V5o < -0.25 V). The
bandwidth (BW) of such band-stop filters, defined as the differ-
ence fy; f;, can be tuned with Vg o to range from 114 to 230 Hz
in this experiment. For —0.2 V < V¢ o5 < Viyp, 1GO-EGTs be-
have as high-pass filters with a cut-off frequency (f.) equal to f;,.

For the n-branch, the Bode plot in Figure 2e shows a response
typical of high-pass filters, where f. is only mildly influenced
by Vgsop The dependency of characteristic frequencies of fil-
tering responses on Vg o is shown in Figure S4 (Supporting
Information).

Frequency dependency of the proposed architecture is also in-
vestigated by means of electrochemical impedance spectroscopy
in a two-electrode configuration (see Experimental Section).
Figure S4 (Supporting Information) summarizes electrochemi-
cal impedance spectroscopy results.

The difference between the frequency responses of the two
branches can be rationalized by referring to chemo-physical
features of the operational electrolyte. In particular, in both
cases, the high-pass response is caused by the transition from
a capacitor-like to a resistor-like impedance response of the
electrolyte, occurring approaching the Maxwell-Wagner relax-
ation frequency,*”**! which exhibits a Vg oy dependency. The
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Figure 2. a) Connection layout for frequency-dependent features investigation of rGO-EGTs, highlighting the wavefunction generator connected to the
gate terminal and the details of the input sinusoidal voltage wave. The driving voltage (Vps= +0.3 V) is kept constant throughout the measurements.
b) Representative trace of administered Vs (black solid line, left axis) and recorded Ips (red solid line, right axis) for Vs o = —0.3 V (p-branch).
c) Representative trace of administered Vs (black solid line, left axis) and recorded Ips (blue solid line, right axis) for Vgg o = 0.3 V (n-branch).
d) frequency-dependent y profiles for p-conductive branch at different Vs o Markers are averages over 4 devices, with standard errors as error bars.
e) frequency-dependent y profiles for n-conductive branch at different Vg o Markers are averages over 4 devices, with standard errors as error bars.

fact that devices operated in their p-branch yield band-stop fil-
ters, while behaving only as high-pass filters when operated
in the n-branch, can be rationalized in terms of the complex
interplay between the asymmetry of p-branch and n-branch
transconductances t(already discussed for the comparison be-
tween amplitudes of I in Figure 2b,c) and the dynamics of
the electrolyte, independent on the sign of the majoritary car-
riers. Regarding the phenomenological band-stop behavior in
the p-branch, it is important to stress that it arises from a
drop of the p-type transconductance upon frequency increase,
while remaining in the resistor-like trait of the impedance
spectrum.

Adv. Electron. Mater. 2025, e00445 e00445 (4 of 9)

If, on the one hand, this does not rule out possible parasitic
resonance effects in determining it, on the other hand, it shows
a previously unexplored way of technologically exploiting such
transconductance drops and parasitic effects, which could be
modulated also by acting on the geometry and the composition
of the electrolyte.

Interestingly, the grand average of y values at all frequencies
and at all V;, values exhibits a linear trend with Vi op with
a negative slope for the p-type branch and a positive slope for
the n-type one. Importantly, the grand average of y values at
all frequencies and at all V55 does not depend on Vpp. All
these evidences, reported in Figure S5 (Supporting Information),
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Figure 3. Ips and Vs profiles versus time with insets representing the different operational regions of the rGO-EGT rectifier, highlighting the operation

performed on the input signal.

support the claim that y can be qualitatively regarded as a
frequency-dependent transconductance.

2.3. rGO-EGT as a Single-Unit Rectifier

In the previous sections, quasi-static and frequency-dependent
characteristics of ambipolar rGO-EGTs were presented, high-
lighting their tunable filtering capabilities.

This section is focused on the demonstration of a single rGO-
EGT for more sophisticated mathematical operations on the in-
put signal, which becomes possible when operating devices in
the vicinity of their charge-neutrality point, Vyp.

This experiment is performed using a custom-designed input
signal, represented by Equation (2):

chs,oﬂ

Ves (t) = % sin (2zf *t) + # £+ Vs oo ()

Equation (2) represents the input Vg as a function of time
(), resulting from the combination of a sinusoidal wave with fre-
quency fand peak-to-peak amplitude V,,, superimposed to a lin-
ear sweep of Vg o starting at Vi o5 and increasing with a con-
stant rate equal to dVg o / dt.

Figure 3 represents the input signal and the corresponding I ¢
versus time, along with the magnifications of different time win-
dows, corresponding to different operational regimes. Here, f=
1 Hz, V5050 = —0.3 Vand dV o5 /dt = 1.3 mV s7'. As a con-
sequence, the chosen time window of 450 s enables to span the
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entire V¢ range of the transfer characteristics. Interestingly, as
the Vg o varies from —0.3 to 0.3 V, the amplitude of the sinu-
soidal I}); response changes, straightforwardly mirroring the de-
vice transfer characteristic.

I s is naturally bound with V¢ through the transconductance
(g,,). From the numerical definition of g,, as the numerical deriva-
tive of I g with respect to V¢ (see Figure 1b), it follows that the
p-branch is characterized by a negative g,,. This is, clearly, a math-
ematical artifact since, in the p-branch, a positive variation of
voltage is the hallmark of a less negative voltage, which causes
a decrement of the population of the HOMO density of states
and, subsequently, a lower p-type current. In the following treat-
ment, both transconductances of the p-type branch (g,,,) and of
the n-type branch (g,, ,) are taken as positive quantities, to main-
tain physical consistency.

The I; response can be rationalized as:

1) if Ves (1)
A Vs (1)

> Venp
< Venp

Iosty o { & Vs o)

_gm,p * VGS (t)

Equation (3) can be expanded, including Equation (2):

v, . av, .
G * [% sin (2zf * t) + %Oﬁ # b4 VGS,QI}‘,O] Jif Vs () > Venp

Ips () o v, csoj ;
—gy, [7 sin (2zf = t) + ==L x4 VGS,Oﬂ,()] Jif Vs () < Venp

As already discussed for Figure 2b,c, when Vi o is strongly
negative or positive, tGO-EGTs produce a current that retains the
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sinusoidal behavior of the input signal. This may be regarded as
in this regime, the device exhibits full transduction of the Vg
sinusoidal component. According to the operational regime, I}
is transduced either in-phase, when V¢ o lies deeply in the n-
branch (red solid line in Figure 3), or out-of-phase when Vg o
lies deeply in the p-branch (violet solid line in Figure 3). In a sig-
nal processing perspective, this endows rGO-EGTs with phase-
reversal capability, namely the possibility to select the phase of
the transduced signal according to the operator’s will. As envi-
sioned by Equation (3), the overall I, magnitude is set accord-
ing to the devices’ g, value in the corresponding operational
regime.

The peculiar transconductance of ambipolar devices, which
shows decreasing trends for both p- and n-branches until reach-
ing its null point at V¢ = V-, (Figure 1), results in the possibil-
ity to achieve other desirable signal processing features. Indeed,
when the sinusoidal V4 input (black solid line in Figure 3) ap-
proaches Vi, there is a progressively more marked asymmetry
of the magnitudes of the currents elicited by the positive and the
negative half-cycle of the sinusoidal perturbation, eventually re-
sulting in the complete suppression of one of the two, achieving
half-wave rectification. In this case, it is possible to distinguish
between two different scenarios:

1) When Vo5 is mildly negative, the negative sinusoid half cy-
cle is phase reverted, as discussed before, while the positive
half cycle falls in a null transconductance region and is hence
suppressed (Figure 3, light blue solid line);
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tandfin the full-wave rectification regime at different fvalues.

2) When Vi oris mildly positive, the positive sinusoid half-cycle
is fully transduced without phase reversal, and the negative
half-cycle is suppressed (Figure 3, orange solid line).

A last scenario is achieved when the input Vs meets the
condition Vg5 o5 = Venp. In this case, both the sinusoidal half-
cycles are transduced with equal g, albeit the negative half-
cycle is phase reverted. This yields a fully rectified I, current
(Figure 3, green solid line). This feature is not commonly re-
ported in single-component electrolyte-gated circuitry, and has
been only marginally explored for sensing purposes®! without
discussing its relevance in signal processing applications. Over-
all, the response in Figure 3 convincingly shows that five differ-
ent types of wave operations on the channel current can be per-
formed by changing the offset voltage of the rGO-EGT.

As quantitative descriptors of the rectification performances,
it is possible to introduce two novel figures of merit on the out-
put signal, namely At,, and AI,,. A graphical representation
of their operational definition is provided in Figure 4a.

At is defined as the time interval between two consecutive
positive peaks of the output current. It can be equal to the period
(T) of the sinusoidal wave, when the device is operated in non-
rectifying regimes, or to its half (T/2) when the device acts as a
rectifier. Notice how rectification implies frequency doubling.
Al is defined as the difference in Ip; magnitude be-
tween two consecutive positive peaks. This index is a numerical
representation of the already discussed asymmetry of transduc-
tion between the two half-waves. In particular, it equals 0 only if

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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the sinusoidal wave is fully transduced or fully rectified, while it
assumes non-zero values in the context of asymmetrical trans-
duction of the input signal.

1) The At,, and Al,, profiles versus Vgop shown in
Figure 4b, enable analytical discrimination between the five
distinct signal processing “scenarios” discussed in Figure 3:

tyeak = T Al = 0,and Vig op << Vyp: the rGO-EGT trans-
duces and ampliﬁes the input signal, the output I is out-of-
phase (violet background region in Figure 4b);

Aty =T Al =0,and Vg o5 >> Veyp: the tGO-EGT trans-
duces and ampliﬁes the input signal, the output I, is in-
phase (red background region in Figure 4b);

4) At,, = T/2 and Al < 0: the rtGO-EGT exhibits half-wave
rectification of the Wave’s negative half-cycle (light blue back-
ground in Figure 4b);

5) At,,, = T/2 and AL, > 0: the rtGO-EGT exhibits in-phase

half-wave transductlon of the wave’s positive half-cycle (or-

ange background in Figure 4b);

Aty =T/2and Al = 0: the rtGO-EGT shows full-wave rec-
tification of the input waveform. This happens under the spe-
cific condition of a waveform centered in a voltage window
around the Vp of the rGO-EGT (Figure 4D, green dashed
line).

2) A

Typical At and AL, versus V¢ op profiles are extracted for
all the investigated fvalues and reported in Figure S6 (Supporting
Information), showing a decrease in the width of the rectifying
voltage window. This can be operationally defined as the V¢, Off
range for which At = T/2, and it progressively narrows as the
frequency approaches 100 Hz. Here, At equals T atall Vi o
values, and, subsequently, the input signal is exclusively trans-
duced. The dependency of the rectification voltage window width
upon frequency is presented in Figure S7 (Supporting Informa-
tion).

The influence of V,,, and fon the I, response was also inves-
tigated, in the condition of full-wave rectification, the results are
depicted in Figure 4c,d, respectively.

In particular, Figure 4d depicts results for a set of experiments
performed at constant f= 1 Hz while varying V,,, values. As seen,
there is perfect rectification down to V,,, = 0.025 V, below which
rectification does not occur. Figure 4d, concerning the response
to sinusoidal waves of constant V,,, and different fvalues, shows
the existence of a threshold frequency above which rectification
does not occur anymore. The recorded I for each frequency is
normalized within the range of 0-1 it is plotted against the prod-
uct of time and frequency, enabling direct comparison. At low
frequency, I, shows two distinct rectified peaks up to the fre-
quency of 100 Hz, where the two peaks start to collapse. At 500 Hz
the signal is transduced perfectly out-of-phase, abiding the defini-
tion of displacement current in the electrolyte above the Maxwell-
Wagner frequency.

3. Conclusion

This work presents how the ambipolar rGO-EGTs respond as fil-
ters to periodic input signals and as signal processing units. The
range of frequencies subjected of filtering is tuned with the gate
voltage, in good agreement with what was already observed with
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unipolar conductive polymers and organic semiconductors.[2328]
Besides this, when driven with gate voltage offset close to their
charge neutrality point, rtGO-EGTs exhibit both half-wave and
full-wave rectification, showcasing good rectification capability in
the range 1-100 Hz and with an input amplitude threshold of
25 mV, envisioning the possibility for real-time signal rectifica-
tion in a single EGT. This signal processing paradigm, of utmost
importance in electrophysiology, typically requires more complex
circuitry, featuring at least two different EGTs, when using unipo-
lar semi-conductive moieties.!*”]

4. Experimental Section

Test Patterns:  Devices are fabricated on quartz test patterns purchased
from Fondazione Bruno Kessler (FBK, Trento, Italy), featuring gold in-
terdigitated electrodes (geometric factor W/L = 500) patterned by pho-
tolithography and lift-off techniques. Pristine test patterns feature a pro-
tective photoresist layer over gold electrodes, which is removed by acetone
rinsing. After photoresist layer removal, the test patterns are dried with ni-
trogen flux.

Device Fabrication: To fabricate rGO-EGTs, interdigitated electrodes
are exposed to a commercial GO dispersion (0.4 wt.% in H,O, monolayer
content >95%, 2.2 < pH < 2.5, Graphenea Inc., US). rGO is potentiody-
namically electrodeposited via cyclic voltammetry, short-circuiting the test
pattern’s gold electrodes (used as a single working electrode) to the “high-
force” terminal of one of the two channels of a source/measure unit (SMU,
Keysight B2912 A), closing the circuit by connecting a Pt-wire, bathing in
the same GO dispersion, to the grounded “low-force” terminal (acting as
a counter electrode).

Quiasi-Static Electrical Characterization: The characterization layout is
achieved using a 2-channel Keysight B2912A SMU, connecting the two
interdigitated source and drain electrodes, bridged by the rGO film to the
“low” and “high” terminals of channel 2, respectively. A Pt-wire connected
at channel 1 “high” terminalis used as the Gate electrode. “Low” terminals
of both channels are grounded. A phosphate buffer (1M, pH =7.4, P3619,
Sigma—Aldrich) is used as the working electrolyte. Before the operation,
devices are conditioned as described elsewhere.[44]

|-V transfer characteristics are acquired sweeping Vs from —0.4 to 4 V
(scan rate = 90 mV s~'), while keeping Vs equal to +0.3 V throughout
the measurements.

I-V output characteristics are collected sweeping Vps from —0.3 to
+0.3V, changing the V5 value between the Vy5 sweeps from —0.4 t0 0.4 V
with voltage steps of 0.1 V.

To extract the rGO-EGTs figure of merit, the devices’ transfer character-
istics are fit with the model presented by Zanotti et al., 2024. The transcon-
ductance profile has been numerically extracted as the first derivative of
experimental data.[0]

Frequency-Dependent Electrical Characterization: An arbitrary wave-
form generator (Keysight EDU33212A) is used as a source of voltage si-
nusoidal signals at the gate. In particular, the input Vs is a sinusoidal
wave with a DC offset that varies linearly in time from —0.3 to 0.3 V. Both
frequency (1, 2, 5, 10, 20, 50,100, 20 and 500 Hz) and peak-to-peak ampli-
tude (0.2, 0.1, 0.064, 0.025 and 0.013 V) of input signals are systematically
investigated, while drain-to-source voltage is kept fixed at 0.3 V.

In the assessment of filtering figures of merit, f, is determined as the
frequency value at which y is at its minimum, while cut-off frequencies
(fo, fur f1) are determined as the frequency values at which y is at 70%
of its maximum value. The frequency dependency of y is reproduced by a
phenomenological fitting curve with the expression y = Af8+CfP.

Electrochemical Impedance Spectroscopy: A Gamry Reference 600 po-
tentiostat/galvanostat is used to perform small-signal electrochemical
impedance spectroscopy on the gate/electrolyte/channel/surface elec-
trodes stack, for frequencies ranging from 1 Hz to 10 kHz, with a volt-
age amplitude of 10 mV. Measurements are performed in a two-electrode
configuration, using the short-circuited source and drain terminals of the

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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rGO-EGT as the working electrode and connecting the Pt gate to the short-
circuited counter and reference terminals of the potentiostat. In this con-
figuration, application of a DC offset value at the working electrode —
termed Vpc e _ enables to mimic the situation in which Vs o= - Vpc we
Data Analysis: ~ All the presented data have been analyzed using Mat-
lab (version 9.10, Mathworks, Natick, MA, USA) and plotted using Orig-
inPro2016. Figure panels have been assembled using Adobe Photoshop
CS6, and 3D-device schematics are sketched in SketchUp Make 2017.
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Supporting Information is available from the Wiley Online Library or from
the author.
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