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Abstract !

High mi anic semiconductors such as [1]Benzothieno[3,2-b]benzothiophene (BTBT)

derivatives are ;tential candidates for ultra-sensitive biosensors. Here 2,7-dioctyl BTBT
(C8-BTBT- sed liquid-gated organic electronic devices are demonstrated with two
device ar res, viz. Electrolyte-Gated Organic Field-Effect Transistor (EGOFET) and
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Synapstor (EGOS), and different electrode materials, viz. gold and and poly-(3.,4-

ethylenedioxythiophene):poly-styrene sulfonate (PEDOT:PSS). EGOFETs exhibit a mean

transcondu of about 45 puS, on a par with literature, and a max value up to 256 uS at the
state-of-t eous electrolyte astarge-as2651S, with a mean product of charge
N

mobility sd effective capacitance of about 0.112 uS-V"' and 0.044 pS-V™' for gold and
PEDOT:P trodes, respectively. EGOSs exhibit a dynamic response with 15 ms
characteristi escale with Au electrodes and about twice with PEDOT:PSS electrodes.

These rewnonstrate a promising route for sensing applications in physiological

environment ba5d on fully solution-processed whole-organic electronic devices featuring

ultra-high &"'ty and fast response.

1. In jon
Liquid-gamnic transistors are emerging as ultra-sensitive devices for the detection of
bio-m§on5,[4’5] and molecular analytes,[6’7] as well as for the transduction of
bioele ignals.*” The gate electrode in these devices is immersed in a liquid phase,
typically an aqueous electrolytic solution; application of a Gate potential (Vgs) results in the

build-up of two ¢lectrical double layers (at the gate/electrolyte and electrolyte/active material

interfacesre responsible of charge modulation in the semi-conductive organic layer

and of ﬂquent change of the source-drain current (/ps). Amongst a variety of

architectuis usii as organic-electronic bio-sensors, the lowest detection levels (i.e.
minimum le variations in analyte concentration) were obtained with Electrolyte-

Gated Or leld-Effect Transistors (EGOFETs)!¢-1012] operated in accumulation mode

A0 g-sexithiophene,!''* and poly(3-hexylthiophene-2,5-diyl) (P3HT)!"

channels. Figure Ta shows the schematic layout of EGOFETs. A quantitative estimator of the
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sensitivity of a transistor as a sensor is the transconductance g, defined as the derivative of

the transfer characteristics 0lps/0Vgs. In the linear regime, the transconductance reads as:

al I w
(1)
N —

In Equatis 1 W and L are channel width and length, C.yis the effective areal capacitance, u

is the chagge caffier mobility and Vps is the potential difference between Source and Drain

electrodes. it it is not obvious that equation 1, derived for thin film transistors with solid-
an be adopted for EGOFET, this equation hints to the fact that high field-
effect mobility isi\esirable for devising transistors with high sensitivity.

High tran;ance in EGOFET-based sensors is ascribed to the intrinsic large capacitive

coupling gate electrode and semiconductor that enables device operations with
voltage ng from a few tens up to a few hundred mV, and yields a large Ips
modul ponse to small activity modifications at either the electrolyte/gate or
electrol el interfaces. As suggested by equation 1, transconductance (and hence

sensitivity) enhancement can be achieved by maximizing C,yand u, i.e. by tailoring both the
electrolytehsition and the chemical nature and morphology of the semiconductor thin
film. The @ capacitance C,p, whose value can be modulated by electrolyte pH and gate

15]

voltage,! lly exceeds the one of the electrolyte double layer; however, the apparent

charge iymis observed to generally decrease in liquid-gated architectures (typically in

the range lg'!—lO"‘ e’ V' s with respect to solid-state devices with bottom gate.

Within thj work, water-stable high-mobility organic semiconductors operating in
aqueous nment would lead to further g, enhancement and would impact on the
performance electrolyte-gated organic devices also when not operated in EGOFET

configuration, as in the case of synapstors.
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The organic synapstor (synapse-transistor) is a neuromorphic two-terminal device (two of the

transistor terminals are short circuited) that exhibits the electrical signature of a biological

synapse.[ll’lg] a neural network, synapses modulate signal transmission from a pre-synaptic
neuron to aptic one by delivering neurotransmitters across the synaptic cleft;
o I . ..

dependi gsn the spiking frequency at the pre-synaptic neuron, the ionic current at the post-
synaptic oge cam, decay (depressing behavior) or rise (facilitating behavior) exponentially.
This comp ulation mechanism, termed Short-Term Plasticity (STP), is mimicked by the

organic S)w which exhibits frequency-dependent modulation of the current evoked by

potential pu!sesj the gate. Frequencies higher or lower than a characteristic frequency v

yield depressi r facilitating behavior, respectively. The time scale v is the result of a
network ﬁ

tive and resistive elements that are present in the device. The Electrolyte-
Gated Organ napstor (EGOS) is the liquid-gated counterpart of Nanoparticle Organic
Memo 1 ect Transistor (NOMFET)!"® and it has recently been demonstrated to
operate in ¢ with a population of neural cells,*”’ hinting that hybrid bio-electronic
synapses may be possibly useful in prosthetics of damaged neural circuits.?" ¥ Also in
EGOSs a Wobility should yield a decrease of the characteristic timescale.

M ike [1]Benzothieno[3,2-b]benzothiophene (BTBT) derivatives are attractive
for high pe ance organic electronics applications.** The material of the present study
belongs to&2.7-dialkylated BTBTs whose hole mobility exceeds 10 cm® V' s™ in Organic
Thin—FMtors (OTFTs)*> " and 170 cm® V''s™ as measured with field-induced time-

resolved microwive conductivity (FI-TRMC).*™ In addition, they possess other attractive

features for 4 cing them to living matter: i) ease of synthesis and purification;***" ii)
solubility -chlorinated organic solvents;"" iii) ease of processing as thin films;** 37 iv)
[38,39]

low T (=100°C) post-processing yielding to high molecular order; v) limited dynamic
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disorder.”! Further desirable properties for their use in bio-interfacing devices are their
ambient stability (a work function of 5.3 eV makes them less prone to oxidative
processes),bjgl d their transparency in the visible region that allows the exploitation of the

spectromi echniques typically used for the -characterization of biological

. p— . .
matrices. s BTBT OFETs operated in aqueous environment have not been reported to date.

Thudemonstrates 2,7-dioctyl BTBT (C8-BTBT-CS) as active material both in

EGOFET a GOS architecture (Figure 3a). The transconductance of the EGOFETsS is in

S

the order puS, with a maximum observed value as large as 265 uS, while EGOSs
exhibit the fastes time scale (15 ms) observed to date. These figures of merit prompt this

BTBT deriyativesas an attractive material for organic bioelectronics.

Results a ssion

E@nd EGOS were fabricated on transparent quartz substrates featuring either

metalli r polymeric electrodes made of poly(3,4-ethylenedioxythiophene):
polystyrene ate (PEDOT:PSS). Thin films of C8-BTBT-CS, synthesized according to
literature, ave been deposited on the test patterns by spin coating and their morphology

has been (!aracterized by means of Atomic Force Microscopy (AFM), as shown in Figure 1b

and Figur@l devices were electrically characterized.
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Figure 1. G@T featuring gold source and drain: a) schematics of the device depicting
electrical cOnm€tions, gold source and drain, platinum top gate electrode and molecular
structu BT-CS; b) 20 um x 20 um AFM image of the semiconductor film at the
edge (das ic) between quartz substrate (right) and gold electrode (left); c) transfer
characteristd orded at Vps = -0.2V; d) output characteristics. Transistor parameters
avera devices are Vi, = -0.356 (£ 0.014) V; g, = 45 (£32) uS and Iovlorr =

103-38C0.06)

L

Figure 1c igure 1d show /-7 characteristics of EGOFETs featuring Au contacts. The
output ch: ics in Figure 1d exhibit ohmic response at low voltages and an incomplete

plateau isaturation. In these devices, we observed time evolution of the transfer

charactWh the performances improving upon repeated measurement cycles up to a

stability (Figure S1, Supporting Information); transistor parameters have been
extractedg sfer curves recorded after reaching the stability regime. From the transfer
curve i{;‘ we extracted the best EGOFET parameters obtained in this work Vy, = -
0.360 (+ 0.010) V, Iovlopr = 10>47¢ %9 syb-threshold slope = 79 (+ 2) mV dec” and

transconductance g, = 265 (£ 5) uS. These values are comparable to state-of-the-art
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parameters of EGOFETs with aqueous electrolyte that are summarized in Table S1,

7,14,17,42-46] It

Supporting Information.! should be noticed that the estimator we choose for

comparison dsathe product of the charge mobility x4 by the capacitance C.y, as the device
geometry the operation regime may differ. In this respect, our devices with Au
H . C .

electrodesgexhibit an average u-Cep= 0.112 (£ 0.080) uS-V™, which is in line with most of

the experigaentalyyalues.

Thge current /gs is more than two orders of magnitude lower than the channel
current Ipwpurely capacitive as solely due to the build-up of the electrical double layer
responsibl@gating; no evidence of faradaic reactions was observed in the relevant Vgg
range. The clockwise hysteresis recorded in /ps, and not observed in /gs, points to the
asymmetrﬁ‘ processes of “electrostatic doping and de-doping”™’** which should be
ascribed t@eraction between the organic semiconductor and the gate-modulated anion

distrib dynamics. The detailed nature of this modulation is not addressed in our

experiment.
PSS test patterns were prototyped from spin cast films subjected to direct
laser ablaffon with a CAD-driven laser scan marker. Figure 2a shows an optical micrograph
of the int ed PEDOT:PSS source and drain electrodes patterned by laser ablation.
Optimizatio ablation parameters yields channel lengths as small as 20 um, resulting in
W/L = 16& The edge roughness of the electrodes is lower than 1 pm and cannot be resolved
within twmage. The process takes a few minutes and is fully reproducible.
Th@ology of the C8-BTBT-CS8 film that is spin cast on the PEDOT:PSS test
pattern is s n Figure 2b. The AFM image at the edge between the electrode and the
channe% that in Figure 1b. The best obtained transfer characteristic for these
0168 (= 003)

devices is reported in Figure 2c¢, yielding Vi, = -554 (= 2) mV, Ioy/Ilorr = 1 sub-
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7

95U8917 SUOLIWOD dAERID 9|qeal|dde au Aq peusenof a1e SapILe VO ‘N JO SN 10} Akeiqi8UlUO A1 UO (SUONIPUOI-PUE-SULIBIA0D AS | IM"ARe.q 1 U1 UO//:SdL) SUONIPUOD pUe SWid | 841 89S *[7202/T0/9T] uo Ariqiauliuo A|1m euspoiN A1sieAiun Ad 65T002TOZ WIB/Z00T OT/I0P/LL0d" A8 | 1M AJeld Ul |uoy/:sdny Wwouy papeojumod ‘6 ‘LTOZ ‘X09T66TZ



WILEY-VCH

threshold slope = 154 (+ 1) mV dec™ and transconductance g,, = 24 (+ 5) uS. The hysteresis
in the source-drain current is much smaller than in the case in Figure lc. The transistor

parameters ﬁerfecﬂy comparable to those extracted from typical devices featuring Au

electrodes ighted by the statistical analysis reported in the captions of Figure 1 and

, N — . , o
Figure 2. SOm Table S1, our devices with PEDOT:PSS electrodes exhibit an average u-C.p=

44 (£9) lwmch compares to the average value obtained with Au electrodes.

0.5um

0.3
0.2
0.1

0.0

d " 5 ol
-200 -800 0 -200 -400

400 -600
Vs (MV) Vs (MV)
Figure GOFET featuring PEDOT:PSS source and drain: a) Optical micrograph of
interdigitate rodes on quartz. Final W/L = 1650; b) 50 um x 50 pm AFM image of the

on quartz substrate and PEDOT:PSS; c) transfer characteristic recorded

at Vps= - ) output characteristics. Statistical analysis on 5 devices yields: Vy, = -0.548
(£ 0.043) V; g,, W 1.8 (£ 4.4) uS and Ioy/Topr = 10°7¢07,
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Analysis of the AFM topography yields semiconductor thickness, roughness and

morphology scaling parameters of C8§-BTBT-CS films, as described in detail in SI (Figure S2

o Py

and Table : Supporting Information). We notice that: i) morphology parameters are

comparab Au and PEDOT:PSS devices; ii)) C8-BTBT-C8 topography in the
N I oo .

channel dss not differ significantly from the one observed on the electrodes (either Au or

PEDOT:PS$); mi) larger roughness of PEDOT:PSS electrodes does not result in sizable

variations -BTBT-CS8 surface area (i.e. only a 3% increase of the surface area moving

from Au two PEDOT:PSS ones). We do not expect a large influence of the mesoscale

surface morp gy of C8-BTBT-C8 on resistance and/or capacitance, regardless the

different na the electrodes. We infer that in our device the EGOFET response is mostly
to be ascri e C8-BTBT-C8 with minimum influence by the electrodes.
-
a) b) S . 50Hz 500Hz_ 100Hz 50Hz 200 Hz
E —mor | r
=R (T
C) = = v=155ms
&:- o
; = d ) . V=316 ms
T SRl ™~

10 12 14

t(s)

Figure 3. EGOS#a) schematics of the device in which are highlighted electrical connections,

gold source drain electrodes and platinum top gate electrode; b) voltammogram of the
input pul s STP characterization of the EGOSs with ¢) Au and d) PEDOT:PSS
electro ntial fits of both the STP responses are shown as green and orange line

segments.l '

EGOS res:onse was also investigated for the two types of electrodes. A schematic
representati EGOS configuration is reported in Figure 3a, where source and drain
electrodes h grounded. To investigate STP response the top Pt electrode was pulsed

with the sequence of spikes depicted in Figure 3b (50 Hz, 500 Hz, 100 Hz, 50 Hz, 200 Hz;
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pulse width = 1 ms, frequency was changed every 100 ms) and the resulting current flowing

in the recording electrode was plotted vs time. Current-time, /-¢, plots are shown in Figure 3¢

{

and 3d. Bo ectrode types yield STP response, although STP in PEDOT:PSS devices

exhibits t values for absolute current intensity and characteristic time scale, o:

[
current inf@nsity increases from 452 nA to 23.094 pA and o from 15.5 ms to 31.6 ms moving

from Au tQ@PERQT:PSS contacts. It is worth noticing that, albeit being about ten times larger

G

than the n of single action potentials in neurons, the observed timescales are

comparab thi&fhose of collective physiological events such as brain waves. For instance,

S

the timescale in reported compares to those typical of B-/y-waves (20-60 Hz) that are

U

evoked in ain cortex and are known to be pathognomonic signatures of neuro-

[49]

1

degenerati seases such as Parkinson’s disease.

As previogisl ed, in the relevant voltage range we did not observe the occurrence of

a

faradai , hence the recorded current is the displacement current which is linearly

correlated e effective capacitance of the device.®” The observed increases of both

WA

current intensity and o (i.e. characteristic time scale of the response of the equivalent circuit

of the device) suggest that a higher capacitance is established in the case of PEDOT:PSS

1

electrodes, pect to Au ones. Since the only difference between the two architectures

0O

resides in the €lectrode chemical nature and morphology, while the surface area of C8-BTBT-

n

C8 fil t change significantly, this noticeable change of capacitance hints to the

{

contact etween the electrodes and the electrolyte, regardless of the presence of the

C8-BTBT-CS8 filih.!'>*"! Under this assumption, the marked difference of capacitance can be

g

ascribed to r electrolyte-accessible electrodic area in the case of polymeric electrodes,
due to hy ghicity (contact angle ®yaier = 30°) and porous nature®®>*¥ in contrast with the

rather hydrophobic (Owaer ® 70°) bulky metallic Au electrodes. Interestingly, as already
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531 the organic semiconductor thin film appears perfectly permeable to the

observed,!

solution and especially to ions.

T

h&f Figure 3 can be rationalized by assuming that the STP response
—

emerges as a consequence of the RC equivalent of the device, namely a leaking capacitor

|

resulting uic distributions in the electrolyte.”*! This opens unprecedented possibilities

for EGOS: trolling the composition of the electrolyte, the area of the electrodes and the
thickness Wmi-conductive film it is possible to finely tune the characteristic time and
the magmuE“ the STP response. To appreciate the advantage of it, in NOMFET
architectures_this_is done by embedding gold nanoparticles in the semiconductor film, and
tuning theﬁnd density.!"® Noticeably, the ms-response timescales that can be achieved
for C8-B'mbased EGOS compares to the timescales reported for optimized NOMFETs
[19]

in air rform the few seconds timescale measured on Au-NP/pentacene EGOS on

quartz. [20]

2. C(sclusion

Thi presented the first liquid-gated organic electronic devices based on BTBT
derivatives ctive channel material. Both architectures, either with gold or polymeric
electrodes‘ ;ielded state-of-the-art—remarkable transconductance (directly related to
sensitivwhe device is operated as sensor) as EGOFET and fast dynamic response
(few tens ms S;IC) as EGOS. The devices response and the ease of the fabrication
techniques, wa pid prototyping based on laser patterning of the electrodes, prompt for the
developm hole organic and completely solution-processed electronic devices working

in accumulation regime in physiological environments. These BTBT-based organic electronic
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devices have the potential to impact on ultra-sensitive diagnostics and therapeutic

applications.

3. El Section

Gold ¢leciiadess, Gold interdigitated electrodes were fabricated on quartz by means of
photolithohnd lift-off (Fondazione Bruno Kessler FBK, Trento, Italy). They feature

channel lﬂ@ 15 pm and width W = 30 mm (W/L = 2000).

PEDOT:P, rodes: PEDOT:PSS (PH1000, Clevios™) containing 5% DMSO and 0.2%

spin-coati

Silquest (3-glycidoxypropyltrimethoxysilane) was deposited onto clean quartz substrates by
ﬁ@ 500 rpm, 30 s @ 2200 rpm) and cured in thermostatic oven for 20

minutes a . CAD drawing of source and drain interdigitated electrodes (see Figure

£

S3, Suppo formation) was transferred on the resulting film by means of direct laser

d

ablation uSk d:YAG laser scan marker (A = 1064 nm), equipped with three inertial

microm motors that allow precise (displacement accuracy < 1 um) control of the

M

sample lacement along each of the three axes (ScribaR, Scriba Nanotecnologie

Srl, Bologna, Italy).!>”
Semicond.

@ 3500 R 5

standard t t oven at 80°C for 40 minutes.

I

osition: Thin films of C8-BTBT-C8 were deposited by spin-coating (30 s

rpm s™) from a 0.4% w/w solution in chloroform and annealed in a

n

{

AFM: ological characterization was performed using an NT-MDT SMENA Solver

platform , Russia); all images were obtained in semi-contact mode and analyzed

u

using Gw .43 freeware (http://gwyddion.net/).

Electri acterization: Device characterization was performed with an Agilent B2902A.

A

Phosphate buffer Saline (PBS) (pH = 7.4; i.e. 40 mM Na,HPO,, 10 mM KH,PO4) was used as

This article is protected by copyright. All rights reserved.
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electrolyte; a Pt wire (o = 800 pm) immersed in the electrolyte (exposed area = 0.36 cm?) was

used as Gate electrode in EGOFET and as pulsed electrode in EGOS.

Supporting Information
Supportin, @ ation is available from the Wiley Online Library or from the author.
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The first demonstration of benzothieno-benzothiophene (BTBT) derivatives in liquid-
gated organic electronic devices is presented. Two architectures exploiting both organic and
metallic electrodes are wvalidated. Electrolyte-Gated Organic Field-Effect Transistors
(EGOF on thin films of a solution processed dialkylated BTBT show state-of-the-

art electricalggerformances and fast dynamic response when measured as Electrolyte-Gated
Organic S ds (EGOSs).

Keywagdsoreanic transistors, synapstors, organic bioelectronics, PEDOT:PSS, BTBT
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