Water-gated organic transistors on polyethylene naphthalate films
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Abstract

Water-gated organic transistors have been successfully exploited as potentiometric
transducers in a variety of sensing applications. The device response does not depend
exclusively on the intrinsic properties of the active materials, as the substrate and the device
interfaces play a central role. It is therefore important to fine-tune the choice of materials and
layout in order to optimize the final device performance. Here, polyethylene naphthalate
(PEN) has been chosen as the reference substrate to fabricate and test flexible transistors as

bioelectronic transducers in liquid. PEN is a biocompatible substrate that fulfills the



requirements for both bio-applications and micro-fabrication technology. Three different
semiconducting or conducting polymer thin films employing pentacene, poly(3-
hexylthiophene) -P3HT- or poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) -
PEDOT:PSS - were compared in terms of transconductance, potentiometric sensitivity and
response time. The different results allow us to identify material properties crucial for the

optimization of organic transistor-based transducers operating in water.
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1. Introduction

Organic bioelectronics aims to develop electronic devices that can be interfaced or
integrated with living matter in-vitro and in-vivo. A variety of applications including ultra-
sensitive and highly-specific label-free biosensors [1-3], electrically-triggered drug delivery
systems [4,5], electrochemical ion pumps [6] and electronic transducers of neuronal signals
has been demonstrated [7-10]. The devices are designed to fulfill the requirements quested by
the envisioned application. Implantable devices must be minimally invasive and mechanically
compliant with biological tissues [11,12], whereas sensors need to be highly sensitive,
specific, fast and standalone [1,12—14].

Among the explored layouts, water-gated organic transistors have proven most
effective in converting (bio-)chemical events into electrical signals still relying on a versatile
and easy-to-standardize architectures [8,10,11,15]. Two thin-film device configurations have
been extensively used for biosensors: (i) electrolyte-gated organic field-effect transistors
(EGOFETs) [1,16,17] and (ii) organic electrochemical transistors (OECTs) [8,11]. The
channel bridging source-drain electrodes patterned on a substrate consists of organic

semiconductor and polymer conductor thin film, respectively. The channel is exposed to an



aqueous solution, whose electrochemical potential is set by an immersed metal gate electrode,
as depicted in Fig. 1. The features of EGOFET and OECT that make them attractive for
biomedical applications are: the large amplification of the (small) interfacial voltages, the low
operational voltages, the multi-parametric response, and the straightforward integration of
(bio-)recognition groups in the device. [1,5,16]

In EGOFET, the capacitive coupling between ions in the aqueous solution and
electronic charges within the organic thin-film enables the modulation of the source-drain
current (Ips) [12,17]. The electrical double layer (EDL) formed at electrolyte-semiconductor
interface is controlled by the gate-source voltage (VGs). Due to the (sub-)nm thickness of
EDL, its capacitance is in the order of tens of pF/cm?, which lowers the operational voltages
down to < 1V. This prevents as water electrolysis and faradaic reactions [12,17].

The EGOFET Ips can be described by the usual organic thin-film transistor equations

[14,18]:
w

Ips = T Cit(Vgs — Vry)Vps Vps & (Vs = Vry) (1)
w

Ips = oL Ciu(Vgs — Vry)? Vps > (Vs — Vry). (2)

Eq.s 1 and 2 describe the EGOFET response current (/ps) vs. voltage in linear and saturation
regimes, respectively. The geometrical ratio /L includes the channel width /" and length L,
Ci is the EDL capacitance per unit of area, u is the semiconductor charge carrier mobility, Vi
is the threshold voltage, Vs and Vps are the gate-source and drain-source voltages,

respectively. The transconductance (g,) is defined as:
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Eq. 3 expresses how current is efficiently modulated by the Vgs at a constant Vps value.
In sensing applications, changes in one or more transistor parameters (charge carrier

mobility - x -, transconductance - g, -, threshold voltage - V'7i -) are investigated as a function
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of a (bio-)chemical event occurring at one of the device interfaces involving gate, source,
drain and the organic semiconductor in contact with the solution [12]. These functionalized
interfaces endow the EGOFET with specific recognition and ultra-high sensitivity [1,2,16,19].
A variety of EGOFET sensors and biosensors have been already demonstrated in literature
[20-23].

OECTs have also been extensively used in bio-electronic applications [8,11]. State-of-
the-art OECTs are produced using poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) -
PEDOT:PSS, a conducting polymer with high electrical conductivity (ca. 100-1000 S/cm),
good chemical stability and biocompatibility [8,24]. Potential difference between the organic
layer and the electrolyte leads to a bidirectional exchange of ions between the polymer bulk
and the solution to maintain the charge neutrality [13,25]. lon exchange is accompanied by a
change of the charge carriers density, either in depletion or accumulation, along the whole
volume of the organic layer [13]. The large conductivity of PEDOT:PSS results in unrivaled
values of transconductance [11]. Different OECTs have been used in sensing applications
[26-29] or like electronic transducers for monitoring electrocardiographic signals [11] and in-
vivo electrophysiological recordings of neuronal activity [8].

One important aspect that has been overlooked so far is the role of the substrate where
the EGOFET or OECT is fabricated. The substrate should act as a bottom gate with floating
potential that is determined by its chemical nature, the processing, as well as the interaction
with the electrolyte solution. It is reasonable to expect that both V7, [16] and the capacitive
coupling [30] might be sensitive to these factors. In addition, the substrate can have a
fundamental impact on the morphology of the semiconducting thin film and consequently
affect charge carrier mobility. This is of particular relevance for field-effect based transistors
where the conducting channel forms in a thin (~ 1 nm) region adjacent to the dielectric.

In this work, polyethylene naphthalate (PEN) foil has been chosen as the substrate of



interest due to its biocompatibility, flexibility, chemical inertness and transparency. PEN is
widely used in organic electronics as substrate for photolithography, high vacuum processes
and solution-based coating [30,31,32]. To understand the impact of intrinsic materials
properties and device design on the sensing performance of EGOFETs and OECTs,
parameters as transconductance, potentiometric sensitivity and response time were
systematically evaluated. Different device architectures and geometries have been explored in
order to achieve optimal transduction. This work provides valuable information about the
transduction performance of different water-gated transistors necessary to consolidate
biosensing platforms and in perspective overcome the present limits of potentiometric

sensing.
2. Experimental

2.1 Materials and instrumentation

Pentacene, sublimated grade, > 99.995% trace metal basis and poly(3-hexylthiophene-
2,5 diyl) (P3HT), heat-to-tail regioregularity > 95%, electronic grade 99.995%, were
purchased from Sigma-Aldrich. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEDOT:PSS suspension was acquired from Clevios™. All water-gated devices were
fabricated onto poly(ethylene 2,6-naphthalate) (PEN) Teonex™ Q51 plastic film purchased
from DuPont Teijin Films. PEN foils (150 pm thick) were laminated on top of a 6” blank
silicon wafer, using a dual stage adhesive for thermal release of the free standing film after
device fabrication, and diced in 1x1 cm? substrates. Test patterns of source and drain
electrodes were designed with channel length L = 40 um and width/length ratio (W/L) of 5
and 48, and with channel length L = 10 pm and width/length ratio (W/L) of 10, 107 and 382.
The source and drain electrodes were patterned onto PEN through photolithographic
processes and thin film deposition (Au/Cr). Morphological characteristics of test patterns on

PEN substrate were characterized by atomic force microscopy (AFM) using a NT-MDT



Smena instrument in tapping mode, and contact angle measurements (Digidrop GBX
goniometer — Model D). The devices were completed by deposition of the organic layer onto
the active area corresponding to the source and drain electrodes of test patterns. Electrical
measurements of the device operation were carried out in a probe station with an Agilent
source-meter instrument (B2912A), in ambient atmosphere.

2.2 Fabrication

The PEN test patterns were cleaned in ethanol and isopropanol under sonication for 15
min each. Pentacene-based EGOFETs were produced depositing a 10-monolayer (15 nm)
pentacene film in a high vacuum chamber at a rate of 3.5 A/min (pressure of 10”7 mbar). The
substrate was kept at room temperature during the deposition and the film thickness was
monitored by a quartz crystal microbalance inserted into the chamber.

P3HT-based EGOFETs were fabricated by spin-coating a 1 mg/mL P3HT solution in
chloroform at 2000 rpm for 60s, yielding a thickness of approximately 150 nm as determined
by contact profilometry. The P3HT samples were annealed at 90°C (in air) for 30 min to
remove solvent traces.

For the OECTs fabrication, PEN test patterns were previously treated with air plasma
for 3 min to improve the adhesion of spin-casted PEDOT:PSS film. The PEDOT:PSS solution
containing 5% Y/ of DMSO (dimethyl sulfoxide) and 0.2% Y/v of Silquest (3-
glycidoxypropyltrimethoxysilane) was used in a 3-step spin-coating process: i) 500 rpm for
5s, i1) 1000 rpm for 10s and iii) 2000 rpm for 35s. The samples were annealed at 50°C for 30
min to improve their stability in water. The PEDOT:PSS film thickness was estimated as
being around 100-200 nm (contact profilometry).

A polydimethylsiloxane (PDMS) reservoir was placed on top of the device to confine
the electrolyte onto the active layer. A platinum wire (& = 1mm) acts as gate electrode for the

electrical characterization of the devices, as shown in Fig. 1.
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Figure 1: Schematic layout of the water-gated organic transistor. Source-drain electrodes are
covered by the organic layer. A PDMS reservoir confines the aqueous solution onto the active
layer.

3. Results and Discussion

3.1 Morphological characterization of PEN

AFM imaging has been carried out for the PEN substrates before the deposition of the
active material, to assess the morphological properties of the biocompatible surface (Fig. 2).
Fig. 2a shows the presence of microscopic defects on the bare PEN. The surface roughness
(root-mean-square — rms values) is 10(+£3) nm on 20x20 um? scanned areas. The roughness is
approximately 6(=1) nm on smaller scan lengths deprived of defects. Fig. 2b shows the AFM
image of an interdigitated electrode and its step profile. The electrode height is 55 nm (Fig. 2b
inset). The same features observed on the bare PEN are transferred to the electrode surface
that exhibits 11(£2) nm rms roughness.

PEN exhibits water contact angles centered at 80°, in agreement with reported data
[31]. As previously described (see experimental section), plasma treatment yields robust

adhesion of water-based PEDOT:PSS on PEN substrate.
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Figure 2: On the left, AFM image of a bare test pattern showing the morphology of the PEN
substrate. On the right, an image of the source-drain electrode. Inset: electrode height profile.

3.2 Electrical characterization of water-gated organic transistors

The electrical measurements of pentacene and P3HT-based EGOFETs were recorded
in deionized water (DI) whereas the OECT was measured in 100 mM NacCl solution due to its
working principle. The I-V output characteristics (Ipsvs. Vps) of our devices were acquired by
sweeping the drain-source voltage (Vps) from 0.0 V to -0.5 V at different Vs, as depicted in
Fig. 3. I-V transfer characteristics related to EGOFETs (Ips vs. Vgs) were obtained varying
Vs from 0.2 V to -0.5 V at constant Vps = -0.5 V (Fig. S1). On the other hand, I-V transfer
characteristics of OECT were carried out sweeping Vgs from 0.0 Vto 1.0 V at Vps=-1.0 V
(Fig. S1). These small working potentials are suitable for the device operation in aqueous
solutions to avoid water electrolysis and undesired faradaic reactions that might degrade the
organic layer [12]. Important devices parameters such as g,, ¢ and Vy are extracted from
transfer curves as described elsewhere [14].

The EGOFET and OECT output characteristics (Fig. 3) exhibit the typical transistor
response at low-voltage operation for all fabricated devices. In particular, pentacene

EGOFETs showed well-defined saturation plateaus in the whole Vgsrange (Fig. 3a). The



operation of pentacene-based devices required the use of source-drain electrodes with the
highest W/L ratio (e.g. 382), as shown in the inset, to yield recordable Ips. As a result, we
obtained devices with u around 5.9 x 10 c¢cm?/Vs by assuming the electrical double layer
capacitance for the water/pentacene interface as 7 — 8.5 pF/cm? [32]. The extracted Vi
exhibits values around -0.21 V while the device transconductance was evaluated as being
approximately 0.012 £ 0.002 uS.

Fig. 3b shows the I-V output characteristics of the P3HT-based EGOFET. These
devices provided recordable currents even using lower geometrical ratio, namely W/L = 107,
compared to pentacene-based ones. From the electrical characteristics of P3HT-based
EGOFETs, mobility values of approximately u = 2 x 10 ¢cm?/Vs, by considering Cepr =3 — 6
uF/cm? for P3HT/water interface [17], Vi around 0.28 V and g, = 0.003 £ 0.0001 uS were
extracted.

Both pentacene- and P3HT-based EGOFETs exhibited limited but finite hysteresis and
contact resistances (Fig. 3a and 3b). The small hysteresis commonly observed for EGOFETs
is attributed to the EDL formation, which depends on 1) ionic strength of the aqueous solution,
ii) morphology and others intrinsic property of the active thin-film, iii) type of metal and area
of the gate electrode [17,33]. No electrochemical doping is occurring in both pentacene and
P3HT devices due to the low leakage gate currents (below 5 nA) observed and the absence of
electrochemical redox peaks on these curves (see Fig. S2). Therefore, the charge
accumulation within the pentacene and P3HT-based conductive channels is mainly due to the
capacitive coupling of the EDL ions and the organic semiconductor charge carriers.

Fig. 3c illustrates the output curve of the OECT. OECTs operate in depletion mode
and charge modulation is due to electrochemical de-doping of the conducting polymer. When
Vs bias is not applied, the OECT responds as a conductor, whereas semiconductor behavior

takes place when Vgs is positively biased. The intrinsic conductivity of PEDOT:PSS is



sufficiently high to provide substantial electrical currents (in mA range) even using electrodes
with the lowest available W/L ratio (namely, equal to 5), as well as to overcome possible
contact resistance effects related to the imperfections on the PEN surface. From the electrical
characteristics of OECT, g, values as high as 2000 = 300 uS were determined. These values

are typically much higher than g,, calculated for EGOFETs.

VGs
—0.0V
—0.2V
— 0.4V
—06V
—0.8V
—1.0V

VGs
—0.2V
—0.1V
—0.0V
—-01V
—-02V
——-0.3V
—-04V
—-05V

Ips (nA)
Ips (NA)

. . . . : 7 : . . . 0.0 . . : . .
aj,o 01 -02 -03 -04 -05 -06 b 00 01 -02 -03 -04 -05 -06 C) 00 01 -02 -03 -04 -05 -06
Vps (V) ) Vps (V) Vps (V)

Figure 3: I-V Output characteristics of water-gated organic transistors based on pentacene

(a), P3HT (b) and PEDOT:PSS (c). Inset of each panel shows the source-drain electrode
geometry.

3.3 Potentiometric sensitivity and response time

The potentiometric sensitivity of the studied devices was probed by applying small
gate voltage modulation (4Vss) for constant source-drain voltage (Vps = -0.5 V) during a
fixed time interval. The Fig. 4a shows the resulting drain current changes of a PEDOT:PSS
OECT after polynomial treatment for current drift correction. These devices showed
reasonable sensibility to small potential fluctuations (limit down to 5 mV) with signal-to-
noise (S/N) ratios of approximately 100, as calculated for |[AVgs = 10 mV|. The ability of
water-gated devices to sense small potential variations (from hundreds of pV to a few mV)
with high S/N ratios is important, for example, in the transduction of transmembrane action
potentials of neuronal cells [36]. This type of application requires also fast operational speeds,

since action potentials have a timescale of milliseconds [34]. A switching timing of 7 = 4 ms
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was estimated for the PEDOT:PSS device by fitting a first order exponential decay curve, as
depicted in Fig. 4b. The integration time for extracting the switching speeds of water-gated
transistors was set as 1 ms. Pentacene EGOFETs demonstrated better sensitivity
(approximately doubled S/N ratios) compared to PEDOT:PSS-based OECTs, but switching
speeds 3-5 times slower (Fig. S3). P3HT EGOFETs exhibited the poorest sensitivity among
the tested devices (S/N ratio of 4.5) with the slowest switching speeds. The respective curves
for the EGOFETs are described in the Supporting Information (Fig. S3 and S4). All the

parameters that characterize the potentiometric response of the tested devices are summarized

in Table I.
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Figure 4: (a) Potentiometric sensing experiment showing high sensibility of /ps to small gate
potential variations (4Vs) for a PEDOT:PSS OECT (Vps=-0.5 V). (b) Operational speed plot
for a PEDOT:PSS OECT showing estimated switching times approximately 4 ms (Vps = -0.5
V).

Table I: Operational parameters for different water-gated organic transistors.

Zm (HS) S/N* T (ms)
Pentacene 0.012 £0.002 194 10-20
P3HT 0.003 £0.0001 4.5 >100
PEDOT:PSS 2000 + 300 111 4

* S/N calculated for [AVgs| = 10 mV
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Although P3HT and pentacene EGOFETs have shown comparable g,, and u values,
the potentiometric performance of pentacene devices (S/N ratio and 7) is remarkably better
than the P3HT ones. The potentiometric sensitivity of pentacene EGOFETs is comparable to
that of the PEDOT:PSS OECT which exhibited g values 10° times higher than pentacene
EGOFETs even using lower electrode interdigitation. Higher g, allows one to achieve more
effective amplification of the event of interest during a sensing experiment. However, OECTs
work in depletion and have a large background current due to the high charge carrier densities
which ultimately reduces the signal-to-noise ratio and puts it at a similar scale to the
pentacene EGOFET. PEDOT:PSS OECTs showed switching times consistent to those
reported in the literature (r = 1.5 ms) [11], whereas pentacene EGOFETs showed slightly
slower switching speeds than the devices reported by Cramer et al. fabricated onto Si/SiO»
substrates (r = 4.6 ms) [34]. OECTs exhibited the fastest response speed, although it was
augmented that the slow diffusion of the ions in the organic bulk film could be limiting [12].
However, recent findings have shown that ion transport in hydrated PEDOT:PSS is almost
comparable to transport through water [37]. In addition, OECTs show a much higher
electronic conduction than EGOFETs due to the larger charge densities therefore reducing the
resistance in the RC-circuit that governs the temporal response.

Comparing the performance of the three devices, we find a significant impact of the
PEN substrate on the properties of the EGOFETs. Both, small molecule semiconductor
(pentacene) as well as polymeric semiconductor (P3HT) showed a strong reduction in
transport properties leading to a decrease of the charge mobility by some orders of magnitude
when compared to reference devices prepared on flat SiO, substrates. The deterioration is
attributed to the increased surface roughness of PEN in combination with the increasing of

hydrophobic properties. As a consequence, we hypothesize that ordered thin film morphology
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of pentacene or P3HT cannot be established on PEN substrates. Strong morphology disorder
is of particular relevance for field-effect based devices as the conducting channel is confined
to an ultra-thin region (< 1 nm) adjacent to the liquid interface. Any barrier in this region
emerging, for example, from surface roughness exceeding 10 nm will strongly block
transport. In contrast, OECT devices exploit the whole volume of the semiconducting film for
carrier transport and consequently they more effectively conserve transducer properties even

when fabricated on PEN.
4. Conclusions

Water-gated organic transistors based on pentacene, P3HT and PEDOT:PSS were
fabricated on PEN substrates and their electrical behavior is described. Attention has been
mainly paid to the correlation between materials properties, device architecture and
transduction ability of these devices. Despite some interesting characteristics presented by
PEN substrates for bioelectronic applications (e.g. flexibility, chemical inertness,
transparency, compatibility with photolithographic processes), the surface defects are the
limiting factor for EGOFET configuration regardless of the organic semiconductor used. As a
result, pentacene- and P3HT-based EGOFETS exhibited mobility values around 5.9 x 107 and
2 x 10° cm?/Vs, respectively, which are lower than other devices fabricated on other
substrates. On the other hand, OECTs, have shown better electrical performances than
EGOFETs such as 1) higher g, values (~ 2000 uS), ii) better potentiometric sensitivity (S/N
ratios > 100) and faster response (7 ~ 4 ms). These characteristics are essential for applications
as bioelectronics sensors. This highlights how PEDOT:PSS layer is robust when used on
flexible biocompatible substrates even in the presence of surface morphology with relatively

large roughness.
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