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Organic field-effect transistors are demonstrated in which the
insulator—semiconductor stack of the poly(vinylidene fluoride)
(PVDF) and polystyrene (PS):dibenzo-tetrathiavulfalene (DB-TTF)
blend is deposited by two low-cost and scalable solution shearing
steps onto plastic substrates. The PS vertically phase separates upon
coating the DB-TTF:PS blend solution and acts as a smoothening and
depolarisation layer for the underlying PVDF. The transistors exhibit a
mean mobility of 0.2 cm?V~1s7%, an on/off ratio of 10* and near-zero
threshold voltage with high reproducibility, the same performance as

on previously reported Si/SiO, substrates.

Organic electronics technology utilises materials from solution
to enable the production of devices at low cost, on large areas,
with high throughput, and onto a variety of substrates including
flexible transparent plastics and papers." These devices are
promising for a large variety of applications such as vapour,
pressure and biological sensors,>* analog and digital electronic
circuits, electrophoretic and even light emitting diode display
drivers.! The fabrication of OFETs on flexible substrates can be
challenging due to solvent compatibility issues as well as the
high surface roughness of plastics. Often, additional processing
steps are required to deposit planarization layers.” Also, OFETs
on plastic substrates can perform inferiorly as compared to those
on rigid Si/Si0, substrates® since the morphology of the semi-
conductor thin film can be strongly affected by different underlying
surfaces. In order to realise low-cost and mass-produced devices,
it is imperative to investigate cheap and easily-processable
semiconductors and insulators, the main components of organic
field-effect transistors (OFETs), that can be applied on plastic
substrates. Those materials must be soluble in orthogonal
solvents to prevent damage to the first layer by the deposition
of the subsequent layer. Additionally the deposition of the materials
should employ solution processing techniques that can be up-scaled.
Various examples of semiconductor and insulator printing have
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been reported utilising techniques such as ink-jet, spray or
gravure printing.”

A polymer insulator of interest is poly(vinylidene fluoride)
(PVDF). PVDF stores more charge than typical solution processable
insulators® such as Cytop®, poly(vinylphenol) (PVP) and poly-
(methylmethacrylate) (PMMA) owing to its high permittivity
(PVDF ¢, = 8, Cytop®™ & = 2.1, PVP and PMMA ¢, = 3-4). PVDF is
commonly dissolved in highly polar organic solvents (ie. DMF,
DMAc, DMSO) but it is unaffected by other solvents. Thus this
polymer is an ideal candidate for bottom-gate applications in which
the semiconductor is deposited on top of the insulator and is directly
exposed to the environment, which is ideal for vapour and aqueous
medium sensing applications that are rapidly gaining momentum in
organic electronics.? In this configuration, spin-coated cross-linked
polymers or Cytop® are typically employed, but the current market
price of PVDF is significantly lower.

PVDF exhibits multiple morphological phases with paraelectric
and ferroelectric properties.’ This material is almost exclusively
used in the tetrafluoroethylene copolymer form P(VDF-TrFE),
which is more crystalline and exhibits higher ferroelectric
response and higher permittivity (P(VDF-TTFE) &, = 10)."® The
spin-coated films of P(VDF-TrFE) have been used to demon-
strate inorganic™'! and organic'®'** memristors. Many of the
aforementioned studies utilise bilayer or trilayer insulator
structures to reduce gate leakage where each layer is deposited
in a different step (i.e. spin-coating of PVDF followed by spin-
coating of PMMA). There is very limited work on the utilisation
of paraelectric thin films for OFETs. Jung et al.'® have reported
OFETs with no hysteresis based on a P(VDF-TrFE)-PVDF-PMMA
blend insulator and F8T2 semiconductor with mobility of
10~* em® V' 57, It is noted that the charge carrier mobility
in OFETs has been shown to be inversely proportional to the
permittivity of the insulator, as polar insulators contribute to
static dipolar disorder.>?

We have previously reported* on the deposition of a blend based
on the small molecule semiconductor dibenzo-tetrathiafulvalene
(DB-TTF) and the polystyrene insulator (PS) on SiO,, employing
a solution meniscus shearing technique that is highly compatible
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Fig. 1 (a) Cross-sectional structure of the sample. (b) Materials used for
an active layer and an insulator: DB-TTF, PS, PVDF. (c) Photograph of a
finished substrate of 6 cm x 6 cm area. (d) Polarised microscopy image
showing the electrodes and large crystalline domains of DB-TTF.

with roll-to-roll production. The deposited films undergo
vertical phase separation forming a bottom PS layer and a top
DB-TTF layer. This technique has produced thin films of
excellent performance and reproducibility with high mobilities
(mean 0.2 cm® V™' s7'), near-zero threshold voltage (Vy), and no
hysteresis. This value is very close to the mobility of solution-
processed single crystals® and evaporated polyctystalline films*® of
DB-TTF, with which the maxim mobilities of 1 em* V' s™" and
0.55 cm® V' s, respectively, have been reported. In this work we
demonstrate OFETs on flexible poly(ethyleneterephthalate) (PET)
substrates (Fig. 1), utilising the PVDF homopolymer to solution-
shear paraelectric thin films that exhibit limited hysteresis as
compared to reported studies on memristors. The subsequent
solution shearing of the semiconducting DB-TTF:PS blend works
exceptionally well in combination with PVDF, as the phase
separation of the PS layer depolarises (PS ¢, = 2.4) and smoothens
the underlying PVDF layer and the resulting OFETs exhibit the
same mobility and reproducibility as on SiO,, without having to
coat the PS in a separate step. Importantly, all the fabrication
and characterisation steps were performed under ambient con-
ditions and no degradation in the electrical performance of the
devices was observed one week after fabrication.

An overview of the fabrication process is given, with a more
detailed description in the ESIL.{ The as-bought PET substrates
coated with indium tin oxide (ITO) underwent photolithography
and etching processes to pattern gate structures.

PVDF (180000 g mol ') was dissolved in DMF at 10 wt%
concentration. The substrate was placed on a coater bed at
120 °C, and a flat blade applicator located 0.88 mm above the
substrate sheared the solution forward at a speed of 5 mm s~ .
The final layer was 1 pm thick as measured by profilometry. The
surface was imaged by atomic force microscopy (AFM), exhibiting
circular domains of 5-10 pm diameter and an rms roughness of
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Fig. 2 AFM height image of (a) PVDF layer (b) DB-TTF:PS layer. The RMS
surface roughness is 53 nm and 28 nm respectively. The grey area on the
scale bars displays the exact height distribution.

approximately 53 nm (Fig. 2a). The measured roughness is high
and would undoubtedly negatively influence OFET performance
without being further smoothened. The measured FTIR spectrum
of the PVDF surface (Fig. S1, ESIt) is in good agreement with the
reported o-phase’ (also reported as form-11*’). The capacitance was
measured over frequency for a capacitor of known area (Fig. S2,
ESIt) and a relative permittivity of 8 was extracted with a corres-
ponding capacitance per unit area of 7.1 nF cm 2.

Cr/Au source-drain electrodes (5 nm/35 nm thick respectively)
were patterned on top of the PVDF layer by photolithography,
evaporation and liftoff.

The surface of PVDF is highly hydrophobic and to improve
surface wetting and achieve the subsequent deposition of the
active layer, the sample was exposed to argon plasma in a
reactive ion etcher at 100 mTorr, 50 W, for 30 s. No change in
the surface roughness could be observed by AFM before and
after the plasma exposure. Shorter exposure times can work
though a wider OFET parameter spread is measured.

DB-TTF (Sigma Aldrich) was used without further purification
and blended with polystyrene (3000 g mol ') in a ratio of 1:3 in
4 wt% in anhydrous chlorobenzene and heated at 105 °C. The
sample was placed on a coater bed at 105 °C, and a smooth bar
located 0.3 mm above the sample sheared the solution forward
at a speed of 10 mm s~ .

The thickness of the DB-TTF:PS layer was approximately
200 nm as measured by profilometry. In the films large DB-TTF
crystallites can be seen by polarised optical microscopy (Fig. 1d).
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Fig. 3 XPS spectrum of the DB-TTF:PS layer for different incidence
angles. Inset: The carbon/sulfur ratio as a function of depth estimated
from an inelastic mean free path of glassy carbon.
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Fig. 4 (a) Forward and reverse transfer characteristic of an OFET with L = 50 um, W = 4 mm, Vp = —40 V. (b) Output characteristic for V5 0 to —40 V in

steps of —5 V. (c) Peak saturation mobility and (d) threshold voltage spread from 69 OFETs on 3 different substrates.

The roughness of the active layer is estimated to be 28 nm by
AFM (Fig. 2b). To investigate the phase separation between the
DB-TTF and the PS we utilised X-ray photoelectron spectroscopy
(XPS) measurements (Fig. 3) to measure elemental composition
as a function of distance from the surface. This was achieved by
changing the incident angle, as at normal angles the penetration
is higher than in grazing angles. The results show that within the
first several nm from the surface, the carbon to sulphur ratio
is slightly higher than in pure DB-TTF (3.8 measured, 3.5 in
DB-TTF), and it increases with depth (4.6 at about twice the
distance), indicating that the DB-TTF is mainly located at the top
surface of the film, and the PS content increases with depth. This
is consistent with the observations reported in our previous work
of the DB-TTF:PS blend on Si0O,.?* In that work it was also shown
that the top DB-TTF layer is on the top but encapsulated by the PS,
as pure DB-TTF is completely unstable under ambient conditions
resulting in strong p-doping.>® X-ray diffraction measurements
(Fig. S3, ESIT) show that DB-TTF crystallises in the y-phase also as
in previous work on Si0,.*®* No X-ray peaks could be detected
for PVDF.

The devices were characterised in air. The OFET shown in
Fig. 4 exhibits an on/off ratio of 10%, with peak saturation
mobility of 0.2 em® V™' s, Vi of —2 V, subthreshold swing
of 1.7 V per decade and hysteresis of 3.7 V extracted at Vg =
—5 V. Note that in the bidirectional transfer characteristic the
current of the reverse sweep is higher than that of the forward
sweep. This type of hysteresis originates from dielectric polar-
isation and not from the flow of mobile species along the
semiconductor-insulator interface. It is typically observed in
ferroelectric polymers such as PVDF, albeit it is much more
pronounced for the higher crystallinity PVDF-TrFE copolymers
utilised in memristors. The output characteristic at low Vp, is
linear indicating efficient injection from the Au source/drain
contacts (Fig. 4b). The reproducibility of the OFETs fabricated
on the same substrate and on different substrates is very high
(Fig. 4c and d). In 69 measured OFETs prepared on three
different substrates, the average mobility was found to be
centered at 0.2 cm® V! s7' and the Vy at —1 V, with 100% of
OFETs exhibiting values in the range of 0.1 to 0.4 cm®*V ' s™*
and —2 to 0 V, respectively. The devices kept under ambient
conditions did not show any degradation for over a week. The
influence of bending on the electrical performance was also
investigated. No significant variation was observed in the transfer

This journal is © The Royal Society of Chemistry 2015

characteristics, for inward and outward bending, in the direc-
tion parallel and perpendicular to the OFET channel, down to a
bending radius of 5 mm (Fig. S4, ESIt). Also a unipolar inverter
is demonstrated (Fig. S5, ESIT).

Conclusions

Flexible OFETs based on a low-cost, solution-processable PVDF
insulator and a DB-TTF:PS semiconductor blend are demonstrated.
Both the insulator and semiconductor layers are coated by highly
scalable solution shearing techniques under ambient conditions.
The PVDF layer exhibits high surface roughness. However, thanks to
the fact that the subsequently deposited DB-TTF:PS blend vertically
phase separates with a PS layer separating the PVDF and DB-TTF,
the insulator surface is smoothened and depolarised. The OFETs are
highly reproducible with a narrow mobility and threshold voltage
spread, and mechanically stable down to an inward/outward
bending radius of 5 mm.
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