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(Abstract)

Electrolyte-gated organic field effect transistors (EGOFETs) exploit the transduction of
interfacial phenomena, such as biorecognition or redox processes, into detectable changes of
electrical response. Here, we show that, beyond sensing applications, EGOFETs may act
effectively as memory devices, through the functionalization of the gate electrode with a self-
assembly monolayer comprising a switching molecule undergoing a large and persistent
change of dipole moment, upon application of a small (0.6 V) programming potential. This
first example of a switchable EGOFET device with memory retention is based on a
tetrathiafulvalene derivative self-assembled on gold and an aqueous buffer as electrolyte in a
microfluidic assembly. Changes of the SAM redox state lead to variations of the gate
electrochemical potential and, as a consequence, the EGOFET’s threshold voltage undergoes

reversible shifts larger than 100 mV. The distinctive electrical readout upon different redox



states opens the possibility of writing and erasing information, thus making the transistor as a

single memory cell.

1. Introduction

Electrolyte-Gated Organic Field Effect Transistors (EGOFETS) are ideal candidates for the
next generation of (bio-)sensors in aqueous media due to their ultra-high sensitivity to minute
potential changes induced at the electrolyte/device interfaces.[*? The electrolyte yields a large
effective capacitance (<10%-10% pF/cm?),B which significantly lowers the operational gate
voltage with respect to that of solid-state gated Organic Field Effect Transistors (OFETS). A
physico-chemical change of either the gate/electrolyte or the electrolyte/semiconductor
interfaces induces a response, which can be phenomenologically ascribed to a change of the
effective capacitance or a sizable change of the threshold voltage or both, and amplified into
large current modulation. As a result, EGOFETs were shown to successfully detect a variety
of relevant biological events,™ such as DNA immobilization and hybridization,[”! recognition
of odorant protein binding,'® dopamine detection, neural signals and action potentials upon
extracellular stimulation™ and antibody-antigen interactions.[***4

Organic transistors™™>*® are also key components in logic Boolean circuits, where they have
been used as inverters,*"*® ring oscillators,**?”! and non-volatile memories.™*! Apart from
bio-sensing applications, EGOFETSs have seldom been explored as basic components in logic
architectures.*?*! Recent propositions?®% concern the use of organic transistors in aqueous
electrolytes as neuromorphic logic components.

In this work, we present an EGOFET operated as a two-state memory element that is able to
withstand repeated write/erase cycles. The memory response has been conferred by exploiting
the redox characteristics of an electroactive self-assembled monolayer (SAM) grafted on the
gate electrode. The use of electroactive SAMs as active components for memory devices has

been widely investigated,'** however, their application in electronic devices is still rare.l**!
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To the best of our knowledge, this is the first report of an EGOFET device with memory
retention capabilities. The use of EGOFET as memory devices would provide some
significant advantages over largely explored OFETs, in particular with respect to the
possibility of working in aqueous environment under low potential (< 1 V) without need of
encapsulation: these features make EGOFETS ideal devices to be interfaced to or implanted in
living systems.

Our EGOFET layout has two top gate electrodes defined as “working electrode” (WE) and
“reference electrode” (RE), respectively. The former is SAM-functionalized with the
electroactive molecule and is responsible for tuning the device electrical characteristics, the
latter has a three-fold role: i) to serve as a counter-electrode in the redox switching process, ii)
to provide an internal control assessment of the stability of the device over time and iii) to
unambiguously assign changes in the device response to the modulation of the redox state of
the electroactive SAM. We demonstrate that the switching of the SAM redox state is strongly
correlated to the change of EGOFET threshold voltage. The process is reversible and robust
across several writing/erasing/reading cycles, thus leading to a response mimicking that of a
one-bit memory device that can be read through the differential current from the integrated

reference electrode, thus proving the relevance of this novel multiple-gate EGOFET.

2. Results and Discussion

In Figure 1, the EGOFET architecture is presented. It consists of the following components:
i) interdigitated source/drain (S/D) electrodes, ii) thin-film OSC, iii) a microfluidic cell and
iv) two top gate electrodes. Figure 1a and 1b show the electrical configuration used for the
SAM redox switch and the standard I-V characterization of the EGOFET, respectively.
(Figure 1. Device structure and configuration for SAM switching: a) device architecture with
assembled microfluidic chamber on top of the S/D electrodes covered with OSC and
integration of two top planar gate gold electrodes (WE functionalized with TTFS, SAM, RE

bare gold) with the electrical circuit used for the application of redox potential; b) device
structure showing an oxidized WE electrode and the electrical circuit used for the

3



characterization of the dual gate EGOFET; c) structure of TTFS, SAM in reduced and
oxidized states; d) assembled device with 3D printed fluidic connector (1/32” outer diameter)
for integration with peristaltic or syringe perfusion pumps.)

a) Redox Potential (V)

source and drain

The width-to-length ratio W/L of S/D electrodes is equal to 690. The organic semiconductor
(OSC) of choice was Bis(triethylsilylethynyl)-anthradithiophene (diF-TES-ADT), which was
deposited blended with polystyrene by means of the “Bar-Assisted Meniscus Shearing”
technique previously reported.**3® A flexible double-sided adhesive tape was used to create a
microfluidics chamber, which was assembled on top of the source and drain (S/D) gold
electrodes. The microfluidic cell implemented into the device enables a controlled flux and
storage of the aqueous buffer, as well as firmly fixing the two top Au gate electrodes, thereby
avoiding any adventitious alteration of wetted gate area. A controlled electrolyte aqueous flux
was realized by a peristaltic pump connected via 3D printed connectors. The final assembly of

the device is shown in Figure 1d.



As electroactive switchable SAM, the tetrathiafulvalene derivative [2-2’-bi(1,3-
dithiolylidene)]-4-ylmethyl5-(1,2-dithiolan-3-yl)pentanoate (TTFS,, Figure 1c), that can be
easily converted to a stable radical cation, was used. SAMs of TTFS, were prepared on gold
electrodes following the procedure previously reported.” Please see the paper by Marchante
et al.B” for thorough characterization of TTFS, SAMs on gold. Figure S2 reports
electrochemical assessment of the TTFS, SAM on gold by cyclic voltammetry before device
assembly and operation. An aqueous solution of a buffer phosphate (pH=6.9) and NaClO,
was employed as electrolyte, to ensure the stabilization of the oxidized state of the molecule.
As previously mentioned, our EGOFET architecture features two independent planar gold
gate electrodes. The WE electrode was functionalized with TTFS,. By applying the proper
potential (+0.6 V/-0.6 V) between WE and RE electrodes (Figure 1a), the switch of TTFS,-
based SAM from the reduced (neutral) to the oxidized (charged) state, and vice versa, was
achieved. To investigate the influence of the electroactive SAM on the EGOFET response, a
differential measurement was carried out by means of recording the response of the device to
the gate sweeping of each top gate electrode, then comparing the transfer curves. We will
refer to RE-EGOFET, when the EGOFET is operated using the RE electrode as gate contact,
and to WE-EGOFET, when the device is gated by WE electrode functionalized by TTFS,-
based SAM. The internal RE gate electrode thus provides a reference 1-V characteristics of
the device and enables the TTF electrochemical switch without causing any electrical stress to
the OSC.

In order to electrically characterize the redox-dependent response of the device, we performed
oxidation/reduction cycles of the electroactive SAM as follows: i) I-V recordings of the
transfer characteristics of RE-EGOFET and WE-EGOFET; ii) electrochemical
oxidation/reduction of TTFS, SAM by applying a bias equal to +0.6 V/-0.6 V between WE
and RE (where RE is used as the ground upon application of these potentials); iii) 1-V

recordings of the transfer device characteristics of RE-EGOFET and WE-EGOFET to be
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compared with those recorded at step i). The I-V transfer characteristics of five
oxidation/reduction cycles obtained for one device are shown in Figure 2a, where the solid red
and blue lines represent the current of the WE-EGOFET featuring TTFS; in its oxidized and
reduced state, respectively, and dashed black lines were used to depict the transfer
characteristics of RE-EGOFET.

It is observed that, when the EGOFET is in accumulation mode, the oxidized state exhibits
higher drain-source current (Ips) with respect to the reduced one. This can be understood as
the result of oxidation decreasing the electrochemical potential of Au electrode, increasing the
work function,'®® and then increasing the voltage drop at the gate/electrolyte interface that is
mirrored by a larger voltage drop across the OSC/electrolyte interface (see Figure 2b).°! This
effect leads to a Ips current increase as a consequence of the positive threshold voltage shift of
the oxidized WE-EGOFET curves. Such shift is in line with previous reports on the effect of
the gate work function on the threshold voltage of EGOFETs.***?! Phenomenologically, our
redox gated device responds as a two-state ISFET.[*142

(Figure 2. a) EGOFETSs I-V transfer characteristics: Working Electrode within oxidized and
reduced states and the Reference Electrode; b) schematic of potential drop at the

gate/electrolyte and electrolyte/OSC interfaces reflecting the measured threshold voltage
shift.)
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Since EGOFETSs are multiparametric devices, different figures of merit might exhibit changes

related to the redox state of the SAM headgroup. The behavior of the maximum drain current
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(Ibs,max), the threshold voltage (Vi) and transconductance (gm) along five oxidation/reduction
cycles of a single device are shown in Figures 3a, 3b and 3c, respectively.
(Figure 3. EGOFET’s parameters: a) maximum value of drain-source current, b) threshold

voltage and c) transconductance and respective changes upon variation of the electroactive
molecule redox state, switching from oxidized (O) to reduced (R).)
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Ips,max and Vy, appear as the two parameters that are most sensitive to the oxidation state of
the SAM, whereas the transconductance gn exhibits overall a marginal difference between the
values extracted from either oxidized or reduced WE-EGOFET and the value of the RE-
EGOFET. This evidence hints to the proposition that Ipsmax and Vi, could be good figures of
merit to quantitatively assess the presence of either one of the two states (oxidized or reduced)
and to validate the stability of the memory effect in WE-EGOFET compared to the RE-
EGOFET. Indeed, at each cycle, the WE-EGOFET Ipsmax displays changes as high as about
1.5 pA and Vi, exhibits reversible shifts of about 100 mV for each cycle. At variance with
what is observed for the WE-EGOFET, the RE-EGOFET response exhibits much smaller
fluctuations that are independent from repeated voltage cycling: in particular, average Ipsmax
and Vi, changes are as small as 0.2 pA and 3 mV, respectively. For this particular device,
transconductance g, does not show reversible redox-dependent changes for WE-EGOFET,
instead a drift towards smaller values along repeated cycling is apparent. This trend is
mirrored by that of RE-EGOFET hinting to the possibility of a bias stress in the device upon

repeated redox cycles.



The low sensitivity of gy, to the WE redox state and the highly correlated, redox dependent
variations of Ipsmax and Vi, let us infer the working mechanism of the device. The redox
reaction between the two different states switches the electrochemical potential of the gate
electrode modulating the density of interfacial charges and causing a Vi, shift that governs the
WE-EGOFET response.

The large, reproducible and reversible variations of Ipsmax and Vi, impart a one-bit memory
character to the device: the oxidized state of the TTFS, on the WE is obtained upon writing,
while the reduced state re-emerges upon the erasing of “data”. The comparison with the
response of RE allows one to address in which state the electronic memory is.

To assess both the robustness and reproducibility of the electrochemically switchable
response, we characterized the electrical properties of a total of five different WE-EGOFET
devices and measured redox-dependent changes in the transfer characteristics over repeated
cycling. The overlay of all the transfer characteristics recorded for distinct devices after each
application of an oxidizing potential at the WE is reported in Figure 4a. It is evident, as
known in organic electronics devices, that a sizable dispersion is observed when processing is
not standardized. This frequent occurrence undermines the meaning of mean values and may
discourage one from analyzing the data in a quantitative manner, especially when the relevant
parameters are related to derivatives of the experimental curves.

In order to cope with such large dispersion of the transfer curves, we have devised a statistical
treatment of the data which is briefly described in the following. Our treatment is based on
calculating first an “average” transfer curve for the RE-EGOFET and the WE-EGOFET
responses upon oxidation or upon reduction from all the recorded curves (see Figure 4b,
where the “average” transfer curve calculated in the case of WE-EGOFET oxidation is
reported). Then we extract the parameters from this “average” curve, with their statistical
errors. These values of Ipsmax, Vin and gn are representative for the whole set of transfer

curves (from different devices and number of cycles).
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We first took all transfer curves from different devices and cycles for oxidized TTFS, and
calculated their logarithm as In(lps /A) . The division of Ips by ampere (A) is necessary to
make the argument dimensionless. We then evaluate the logarithmic mean as <In(lps/A)>,
where the brackets indicate an arithmetic mean over the whole data set of transfer
characteristics. We estimate the associated error at each Vgs, 6<In(lps/A)>, as the standard
error of the mean over the data set. We then calculate what we term the representative transfer
curve <lps> vs Vs as:

Q) < Ipg >= e<tnUps)>

A rigorous justification of eq. 1 will be given elsewhere, here suffices to say that it is a widely
used approximation for exponentially-varying properties on an ensemble that in graph theory
corresponds to the lowest order of a cluster expansion of the exponential mean (often termed
“mean field” in the description of the free energy or many-body Hamiltonian).

The associated error 6<Ips> was estimated by propagating the 6<In(Ips/A)> as:

2 6 <Ipg >=<Ips > 6 <In(Ipg/A)

The approximation symbol follows from the fact that the representative transfer curve eq. 1 is
an approximation to the actual mean transfer curve. The representative transfer characteristics
are shown in Figure 4c for TTFS; oxidized state (red), reduced state (blue) and for the RE-
EGOFET (black). We notice that the error bars for the RE-EGOFET curves and the reduced-
WE-EGOFET are much smaller than the one for oxidized WE-EGOFET. The representative
curves (continuous lines) of reduced WE-EGOFET and RE-EGOFET are closely matching,
indicating that the SAM does not (statistically) alter significantly the device response with
respect to the bare Au gate. The three representative curves with their error bars overlap in the
off-current region and the onset of the sub-threshold regime (Vgs >>-0.4 V) whereas the
representative curve for the oxidized state separates from the other two in the saturation and

linear regions (a reliable separation at a precise gate voltage must be three times the sum of



the error bars). This result shows that the most reliable region for readout of the SAM state is
the saturation region (Vgs ranging from -0.3 V to -0.5 V), even better than the linear region
(where smaller differences between Ips values can be observed) and especially much better
than the sub-threshold region, although this is known to be the most sensitive regime for small
variations. The Ipsmax values are 4.26 (£ 0.33) YA and 1.44 (+ 0.04) pA for oxidized and
reduced WE-EGOFET, and Ipswax = 1.72 (+ 0.08) pA for RE-EGOFET.

We can also extract Vi, and gn, from the representative transfer curves for both oxidized and
reduced WE-EGOFET. The Vi, values are -0.435 (x 0.074) V and -0.559 (£ 0.060) V for the
oxidized and reduced state, respectively; gn changes from 17.8 (£ 1.2) uS in the TTFS;
oxidized state to 10.1 (x 0.5) uS for the reduced one.

We are now in the position to assess the optimum voltage for readout of the SAM redox state.
In consistency with our earlier proposition™!, we define the relative variation of the Ips
current of WE-EGOFET as the signal S=[lwe (Ves)- Ire(Ves)l/ 1re(Ves), where Iwe (Ves) and
Ire(Vgs) are the transfer curves for WE-EGOFETs and RE-EGOFET, respectively. We
replace the signal S from individual curves, as used in ref. [Berto et al.] with the

corresponding representative <S>:

(36.) <Sox) = Box-we) _ 1
{IRE)

(3b) (Srea) ~ rettel _
(IRg)

In Figure 4d we plot <S> as a function of Vgs. There is a peak in <Sy> at Vgs= -0.380 (*
0.002) V (with <Sq> = 21.1), whereas <S¢q> takes its maximum value (as low as 0.7) at Vgs
= -0.156 (= 0.002) V. This confirms that the maximum sensitivity is achieved at Vgs= -0.380
(£ 0.002) V . These data show two crucial aspects of this molecular electronic switch: i) the
stability of the device response S across repeated cycling and devices and ii) the fact that the
value taken by <S> at -0.380 V in the oxidized state is well distinct from the value of <Syq>
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at the same potential. Then, we infer that Vgs=-0.380 V is the optimum voltage for which the
readout of the oxidation state which corresponds to the content of information of the memory.
In view of potential memory applications, we have a device whose writing potential is +0.600
V, readout potential is -0.380 V and erase potential is - 0.600 V.

(Figure 4. Statistic treatment of 1-V transfer characteristics of distinct set of devices: b)
“average” transfer characteristic curves with error propagation of a) raw measurements upon
application of oxidizing potential at the WE; c) same treatment for the WE reduced and RE

demonstrating the favorable region for memory readout, which is justified by d) average
signal for oxidized <S> with its peak value at gate-source voltage equal to -0.38.)
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The main potential advantages of EGOFET-based memory architectures with respect to
OFETs are the high-current/low-voltage operation to write/read/erase!®>***%! and the
possibility to work with biological solutions in vitro and potentially in vivo. Nevertheless, one
disadvantage is that the EGOFET relies on ion displacement, and this may limit the switching

speed of the memory with respect to the OFET.
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In order to assess how volatile the memory is, else what is the retention time of the
information, the stability of the oxidized state with time was also explored. It was observed
that the written state (oxidized) is retained up to 20 minutes (see Figure 5a) before slowly
relaxing back to the erased state. This response indicates that the switch behaves as a “semi-
volatile” memory. Despite still being too short for practical applications, the retention time
exhibited by our device is promising, upon comparison with the recent production of novel
memory paradigms in the Organic Bioelectronics field, with typical state retention time in the

ol47-52]

seconds timescal if based on electrochemical doping, although memory effects

achieved through charge trapping exhibit retention times up to a few hours.>>*4

Control experiments were carried out in order to verify that the device changes observed were
exclusively due to the redox state of the TTF molecule and not to other ionic polarization
effects. To this end, an EGOFET device featuring a non-electroactive SAM (viz. 1-
Decanethiol) replacing the TTFS,-based SAM was fabricated and characterized. The same
switching experiments were then performed without observing appreciable changes in the
device electrical characteristics upon the application of the write/erase voltages (see Figure
5b). This result unambiguously proves that the redox features of TTFS, molecules are the sole
responsible for the observed electrochemical memory.

(Figure 5. a) extracted threshold voltage values for studying stability of oxidized state during
time (red circles) showing memory retention for duration of 20 minutes until it reaches the
reduced state (half blue circle); b) control experiment carried with non-electroactive SAM (viz

1-Decanethiol) representing small threshold voltage values shifts to random direction when
following the same protocol for oxidation and reduction of WE.)
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3. Conclusions

In conclusion, we have designed and fabricated an externally electrochemically switchable
EGOFET employing two gate electrodes: 1) a reference RE and ii) a working electrode WE,
the latter functionalized with an electroactive TTF-based SAM. The former is exploited as an
internal counter-electrode to switch efficiently between the two redox states of the TTF SAM
(i.e. oxidized and reduced state). The latter is responsible for driving the device into a readout
mode, as the EGOFET response is sensitive to the redox state of the electroactive SAM at the
WE in a voltage range corresponding to the saturation regime. The main parameter for
readout is Vy,, which changes by >100 mV upon switching from oxidized reduced state. Upon
global data analysis of the representative transfer curves, we find that transconductance is also
altered and that the saturation region is the most reliable for readout of the SAM oxidation
state, with the largest Ips changes at Vgs = - 0.380 V. Our results show a semi-volatile 1-bit
memory element integrated into a dual gate EGOFET, where an electroactive switchable
SAM is assembled on one of the gate electrodes. One can envision that a SAM with a
molecule withstanding multiple redox states, else a multigate device with different SAMs on
each gate electrode, could be a viable route for multi-bit memories integrated into a single

electronic device.

4. Experimental Section

Gold Source and Drain Electrodes: gold (Au) source and drain interdigitated electrodes (the
channel width and length are 20700 um and 30 um with a geometrical ratio W/L = 690) were
fabricated on a silicon (Si) substrate. The electrodes layout was photo-lithographically
patterned by means of a micro-writer (Microwriter ML™) and the metal evaporation was
achieved by thermal evaporation (system Auto 306 from Boc Edwards). These electrodes

consist of chromium (Cr)/Au (5 nm and 40 nm, respectively), wherein Cr is the adhesive layer.
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Gold Gate Electrodes: gate electrodes were obtained from a 4” Si wafer (with a thickness of
525 + 25 pm, single side polished), which were cut into 4 mm x 1 mm Si dyes. The silicon is
heavily As-doped (n-type), with a resistivity ranging from 1 to 6 mQ-cm. A 50 nm thick Au
layer was deposited on the polished side of the Si wafer using an electron beam evaporator
(ULVAC EBX14D). A 5 nm thick Cr film was deposited as adhesion layer between native
silicon oxide and the Au layer.

Semiconductor Deposition: A solution 2 % wt. of the organic semiconductor 2,8-difluoro-
5,11-bis(triethylsilylethynyl)-anthradithiophene (diF-TES-ADT) mixed with polystyrene (M
= 10000 gmol™) in a 4:1 ratio in chlorobenzene was prepared. The solution was then
deposited by the so-termed “Bar-Assisted Meniscus Shearing” on top of the interdigitated
source and drain electrodes as previously reported.5%!

Microfluidic channel: The microfluidic device was fabricated by sticking two parts of double-
sided adhesive (each 225 pum thick) on top of each other with an intermediate 10 um thick
polyethylene terephthalate layer (PET) layer in order to avoid any leakage of aqueous solution
outside the chamber. The double-sided adhesive was patterned by means of a laser scan
marker “Marko” (Laserpoint SRL, Milan, Italy) which has a pulsed (100 ns width, 20 kHz
repetition rate, 50% duty cycle) Nd:YAG infrared (IR) laser centered at A = 1064 nm. A
chamber for the aqueous solution on one side and a smaller window (2.5mm x 2.5mm) on the
top side were made, which then served to contact the top gate electrodes with the electrolyte
solution. This microfluidic assembly was inserted on top of the source and drain interdigitated
electrodes (already covered by OSC). The upper part of the microfluidic chamber bears two
well-defined openings which enable a precise positioning of two Au gate electrodes ensuring
a proper isolation (discarding any probability of a cross-talk between them) and allowing to
contact the electrodes from the top with spring probes. The flow of aqueous analytes is

guaranteed by a peristaltic pump (Watson-Marlow 120S/DM2).
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Working Electrode: one of the gold gate electrodes was functionalized by [2-2’-bi(1,3-
dithiolylidene)]-4-ylmethyl5-(1,2-dithiolan-3-yl)pentanoate (TTFS;) following the previously
reported methodology.® The SAMs were prepared by immersion of the electrodes in a 1 mm
solution of TTFS; in dry THF under an inert atmosphere and room temperature for 72 h.
Electrical Characterization: cyclic voltammetry (CV) measurements have been carried out
using a potentiostat/galvanostat 263a (EG&G Princeton Applied Research). A three-electrode
setup was used. The TTFS,/Au was employed as the working electrode (WE), while a
platinum and a silver wires (0.5 mm of diameter each one) were used as counter (CE) and
quasi-reference electrodes (RE), respectively. A solution of LiCIO4 (0.1 ™M) in acetonitrile, or
an aqueous solution (0.1 m) of buffer phosphate (pH 6.9) and 0.1 m NaClO, was used as
electrolyte. In order to switch between the gate electrodes, a home-made multiplexer was
built. The input channel was receiving the gate voltage potential from source-measurement
unit (SMU) and delivering in to the output channels where the gate electrodes were
connected. An integrated microcontroller with customized written software provided a
possibility to select the output channel within a “click of mouse button” time.

All the electrical device measurements were performed with Agilent 5100A SMU by Easy
Expert software. The 1-V transfer characteristics were recorded at a scan rate of 60 mV/s with
a fixed Vps at -0.4 V. Prior to oxidation/reduction test, a stability check with both working

gate electrode and reference gate electrode were performed.
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