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Abstract: In-liquid biosensing is the new frontier of cells real time monitoring and biomarkers
detection. In order to improve the stability and electrical properties of an Electrolyte Gated Organic
Field Effect Transistor (EGOFET) biosensor, in this study we investigate the effect of the solvent
and of the substrate modification on thin films of organic semiconductor Poly(3-hexylthiophene)
(P3HT). The studied surface is the relevant interface between the P3HT and the electrolyte acting as
gate dielectric for in-liquid detection of an analyte. AFM and XPS characterizations were employed
to study the effect of two solvents (toluene and 1,2-dichlorobenzene) and of the adhesion promoter
(Ti prime) on the morphological structure and electronic properties of P3HT film. Combining the
results from the surface characterizations with electrical measurements, we investigate the changes
on the EGOFET performances and stability in DI water with an Ag/AgCl gate electrode.
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1. Introduction

Electrolyte Gated Organic Field Effect Transistors (EGOFETs) are emerging as a promising
technology for biosensing applications due to their high sensibility, low-voltage operation,
biocompatibility and low-cost fabrication [1].

Poly(3-hexylthiophene) (P3HT) is one of the most used materials for this kind of devices due to
its relatively high carrier mobility and easy processability [2]. Recent works have exploited P3HT as
organic semiconductor for EGOFET biosensors [3], but the main drawback still affecting these
devices is their fast degradation when working in ambient conditions [4], also with respect to similar
devices as Organic Electro Chemical Transistors (OECTs), which exhibit a better stability in-liquid
[5] and a tailorable conductive behavior [6].

In this study we investigate the effect of solvents and adhesion promoter on the morphology
and electronic structure of a P3HT film surface. Being this surface the interface between the organic
semiconductor and the liquid dielectric in an EGOFET, by optimizing the surface properties we can
optimize device performances and stability.
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2. Materials and Methods

2.1. Materials and Reagents

Poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Rieke Metals (Mw= 37 kDa,
regioregularity > 96%, RMIO01-EE), Ti prime adhesion promoter was purchased from
MicroChemicals, all other chemicals were purchased from Sigma Aldrich.

2.2. Device Fabrication

Ti adhesion layer (10 nm) and Au layer (100 nm) were e-beam evaporated on Si/SiO:2 substrates.
Afterwards, source and drain electrodes were photolithographically patterned (channel length = 20
pm, channel width = 2000 pm). After photolithography, half of the samples were treated with the
adhesion promoter: Ti prime was spin coated at 4000 rpm for 30 s and dried at 120 °C for 2 minutes
on a hot plate. P3HT solutions were prepared with concentration of 2.5 mg/ml in toluene or in
1,2-dichlorobenzene (0DCB) and spin coated at 2000 rpm for 30 s. Finally, the devices were dried
overnight at 120 °C under vacuum to completely remove any solvent residues.

Samples for XPS and AFM analyses were fabricated following the same procedures but on clean
5i/5iO2 substrates without patterned source and drain electrodes.

2.3. Characterizations

AFM characterization have been performed in tapping mode with a Bruker Atomic Force
Microscope to monitor the quality of P3HT film surface.

XPS analysis has been performed using the X-ray source Al Ka 1486.6 eV, pass energy 187.85 eV
for survey analysis and 23.50 eV for peaks and valence band analysis.

Electrical characterizations have been performed with a Keysight B2912A Source/Measure unit.
Sheet resistances of P3HT films (thickness 30 nm) were measured first. Then the devices were
characterized in EGOFET configuration using DI water as gate electrolyte and an Ag/AgCl leak free
reference electrode as gate electrode.

3. Results and Discussion

3.1. Tapping Mode AFM

AFM analysis has been carried out on each of the 4 different samples (toluene or oDCB based
P3HT solutions, with or without Ti prime). Figure 1a and Figure 1b show P3HT deposited using
toluene solution on clean substrate and on SiO:treated with adhesion promoter. The presence of Ti
prime results in a slightly smoother surface topography, with an RMS roughness of 2.41 nm
compared to 2.85nm of the film without adhesion promoter. In both cases the surface is strongly
disordered. In contrast, films obtained using oDCB as solvent (Figure 1c,d) present a flatter surface
topography with RMS roughness around 0.65 nm for both samples and organization in
nano-crystalline domains.
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Figure 1. AFM images acquired in tapping mode of P3HT deposited on Si/SiO:substrate: (a) from
toluene solution without adhesion promoter; (b) from toluene solution with Ti prime; (c) from oDCB
solution without adhesion promoter; (d) from oDCB solution with Ti prime.
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3.2. XPS Characterization

The density of states in the valence band region has been investigated via XPS spectroscopy.
Figure 2 shows the spectra obtained for the different samples. Contributions at high binding energy
(B.E. > 5 eV) are due to binding o orbitals from the alkyl chains, while between 0 and 5 eV there are
only contributions coming from 7 orbitals of the conjugated backbones. The peak at 3.4 eV in the
spectra of P3HT deposited from the toluene solution can be attributed to localized states, and its
broadening in the spectra of P3HT deposited from oDCB solution may be related to a higher degree
of delocalization of the molecular orbital, possibly indicating a higher degree of 7-1t conjugation of
different polymer backbones, which could improve the electrical properties of the material [7].
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Figure 2. Density of states in the valence band region measured for the four different films.

3.3. Electrical Characterization

Sheet resistance measurements (Figure 3) show that films obtained using oDCB as solvent
instead of toluene are three orders of magnitude more conductive. This result supports the
hypothesis of a better delocalization of states coming from the XPS spectra analysis. Moreover,
samples treated with Ti prime show lower standard deviation independently on the solvent,
suggesting that the presence of the adhesion promoter can improve the device-to-device
reproducibility.
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Figure 3. Sheet resistances measured on a set of minimum three devices for each kind of sample.
Devices obtained from oDCB solution generally show a three-orders-of-magnitude improvement in
conductivity, while samples treated with Ti prime show higher reproducibility for both solvents.

Transfer characteristics (Iss vs. Vgs) measured using DI water as gate electrolyte are shown in
Figure 4, the same measurement has been repeated several times on the same device. The device
fabricated from toluene solution without Ti prime (Figure 4a) shows lower transconductance and
faster degradation with respect to the one fabricated from oDCB solution with Ti prime (Figure 4b)
which remains stable throughout multiple measurements and is able to work in a smaller voltage
window.
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Figure 4. Transfer characteristics measured multiple times of EGOFET fabricated using P3HT
dissolved in: (a) toluene without adhesion promoter; (b) oDCB with Ti prime adhesion promoter.

4. Conclusions

In conclusion, AFM and XPS results suggest that the use of oDCB improves the polymer
crystallization, resulting in a film with smoother surface and a higher degree of delocalization of
electronic states at the HOMO level (valence band). Sheet resistance measurements quantitatively
assess the improvement in conductivity due to the choice of the solvent and suggest that an
adhesion promoter treatment may reduce device-to-device variations. Finally, EGOFETs
characterization demonstrates that a device fabricated using oDCB as solvent and Ti prime as
adhesion promoter is stable during multiple measurements and can work in a smaller voltage
window, avoiding the fast degradation obtained for the EGOFET fabricated with toluene solution
and no adhesion promoter.
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