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The stability of organic semiconductors (OSCs) is strongly hampered by the presence of water
molecules. One approach that has been proved to lead to organic field-effect transistors with
an enhanced performance is the use of blends of OSCs with insulating binding polymers. In
this work, we report the fabrication of OSC thin films based on polymeric ternary blends
including a hydrophobic fluorinated polymer as a novel route to engineer long-term reliable
OFET devices. In particular, we explore here the fabrication of OFETs based on blends of
bis(triisopropylsilylethynyl)pentacene (TIPS) with polystyrene (PS) and
poly(pentafluorostyrene) (PFS). The PS:PFS ratio is tuned in order to find the optimum
formulation. It is shown that films including 20% of PFS in the polymeric blend exhibit an
improved device performance, which is reflected by a low bias stress and an exceptional
environmental stability, without significantly hampering the OFET mobility. Our work
advocates that adding a small percentage of fluorinated polymers in OSC blends is a
promising route to realise more reliable and stable devices without importantly compromising

the device mobility.
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1. Introduction

The performance of printed organic field-effect transistors (OFETs) has significantly
improved over the last few years making them highly appealing for large-area and low-cost
applications.l*? However, although in the last few years an enhancement in the devices
stability has been achieved,®- still one of the main bottlenecks hindering their practical
implementation is their limited stability over time and under continuous operation. OFETS are
based on the formation of a conductive channel at the semiconductor/dielectric interface upon
the application of an electric field. Although the organic semiconductor (OSC) is the active
layer in the device, since charge transport takes place at the first few OSC molecular layers
near the gate dielectric, this interface significantly determines the overall device properties.
Water molecules penetrating into the OSC layer are detrimental to the device performance.B®!
Further, surface dipoles at the dielectric interface, such as the hydroxyl groups of the most
commonly used SiO; dielectric, can trap injected charges and lead to hysteresis, a mobility
decrease and a significantly reduced bias stress stability.[®!

In order to circumvent these effects, different approaches have been followed. In bottom-
gated devices, the passivation of the dielectric with hydrophobic self-assembled monolayers
or polymer layers has been often pursued.[®! Particularly appealing, is the use of fluorinated
polymers since they are highly hydrophobic and their deep highest occupied molecular orbital
(HOMO) level provides a large barrier for charge trapping.l*3 Furthermore, the use of gate
dielectrics based on fluorinated polymers has also been proved to be a useful strategy to
achieve devices with improved bias stress stability.[*114-161 However, the coating of the OSC
from solution on such hydrophobic layers can be challenging and also the OSC crystallisation
on the surface can be hindered. Regarding the OSC environmental protection, top
encapsulation layers have been employed to avoid water and oxygen penetration, including
also fluorinated polymers such as Cytop.>*"~2% Recently, the use of additives within the

organic semiconductor layer has also been successfully applied to displace water and enhance
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the device stability.[>23 With the aim at facilitating the processing of OSCs and achieve large-
area uniform coatings, several groups have been working on the preparation of films based on
blends of OSCs with an insulating polymer matrix.[?2-21 Importantly, this methodology often
leads to films with an enhanced crystallinity, a higher environmental stability and a reduced
number of interfacial traps at the semiconductor/dielectric interface. This has been attributed
to the vertical phase separation that takes place during crystallisation that leads to a crystalline
OSC film sitting on top of an insulating polymer layer which acts as a passivation coating.[?>-
31 However, the potential of using fluorinated polymers in this strategy has hardly been
explored,’? probably due to their constrained compatibility with the OSC.

In this work, we report the fabrication of OSC thin films based on polymeric ternary blends
including a fluorinated polymer as an efficient route to engineer long-term reliable OFET
devices under atmospheric conditions. As active material the benchmark OSC 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS) was selected, which was blended with
polystyrene (PS) and poly(pentafluorostyrene) (PFS) (Figure 1a). By tuning the PS:PFS ratio
an optimised device OFET performance was achieved, which was reflected by a low bias
stress and an improved environmental stability, without importantly compromising the OFET

mobility.

2. Results and Discussion

Solutions of TIPS:Polymer (4:1) in chlorobenzene 2 % wt. were prepared as previously
reported.*31 However, in this case, mixtures of PS with PFS were employed as binding
polymer with the following PS:PFS proportions: 1:0, 4:1, 3:2, 2:3, 1:4, 0:1. From now on, we
call after these mixtures as PS1.0PFSo, PSo0.8PFSo.2, PSo0.6PFSo.4, PS0.4PFSos6, PSo2PFSo.s and
PSoPFS1.0. These solutions were deposited by Bar-Assisted Meniscus Shearing (BAMS) on
Si/SiO> substrates with interdigitated gold electrodes at a coating speed of 10 mm/s and at a

stage temperature of 105 °C (for details see experimental section). Such technique has been
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proved to give rise to homogenous and crystalline large area thin films with high throughput
(Figure 1b).%34 |t should be noticed that the selected coating speed is located in an
intermediate regime between the evaporation and the Landau regime.52¢1 Moving to larger
speeds did not improve the device mobility, but eventually, the performance decreased (i.e.,

above a coating speed of 40 mm/s).l37:%!
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Figure 1. a) Molecular structures of 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS),
poly(pentafluorostyrene) (PFS) and polystyrene (PS). b) Schematic illustration of the BAMS

technique.

The thin films prepared with all the formulations were inspected by polarised optical

microscopy (Figure 2). The films displayed the typical TIPS spherulitic crystallites as



previously reported.[*¥! It was found that the presence of PFS is not significantly affecting the
film morphology, with the exception of the films based on only PFS as binding polymer, in
which very small crystallites not covering the whole surface were observed (Figure 2f). In
fact, the TIPS:PSoPFS; ink solutions were very difficult to deposit on the substrates due to

their high hydrophobicity resulting often in non-uniform and low reproducible films. For this

reason, these films were not further explored.

Figure 2. Optical microscope (left) and polarised (right) images of the prepared TIPS films
blended with the following PS:PFS proportions: (a) PS1.0PFSo, (b) PSo.8PFSo.2, (C) PSo.6PFSo.4,

(d) PS0.4PFSos, (€) PSo2PFSosand (f) PSoPFS1.0. Scale bar: 200 pm.

The films were closely explored by atomic force microscopy (AFM). The AFM topography
measurements revealed that the domain size of the microcrystals in the films with PFS were
smaller than the ones based on only PS (Figure 3 and Figure S1). This might be caused by
the lower diffusion of the OSC molecules in the PFS binder.’®] Additionally, the height
distribution of the different films is influenced by the ratio PS:PFS. The normalization of the
height density distribution p(p) (where p is the corresponding height quantity) is plotted as an

inset in the AFM pictures. The films with minimum roughness, thickness and height
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distribution correspond to the formulation PSesPFSo.4, with an average roughness (estimated
by the root mean square (rms)) of 4.5+0.8 nm and thickness of 18.5+6.3 nm (Table S1).
Noticeably, in the films based on polymeric blends with 60 % or more of PFS, small circular
protruding features were observed Figure 3 (e and g). We believe that this is caused by a
lateral phase separation that takes place due to the lower miscibility between the two

polymers when they are mixed in these percentages, leading to the formation of small PFS

aggregates.[*041]
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Figure 3. Topographical AFM images of TIPS thin films deposited using different PSx:PFS1x
ratios: (a) PS1.0PFSo, (b) PSo8PFSo.2, (C) PS0.6PFSo.4, (d) PSo4PFSos and (f) PSo2PFSos. In (€)
and (g), zoom on the aggregates formed in the PSo4PFSo.c and PSo2PFSo.s films, respectively..

Scale bar: 20 pm.

Contact angle measurements of all the blended films as well as of films based on each

separate component (i.e., PS, PFS and TIPS) were prepared following the same methodology
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(Figure S2). The results indicate that the contact angle is influenced by the material nature
and surface microstructure. Comparing the films based on PS, TIPS and TIPS:PS10PFSo, we
observe that TIPS and TIPS:PS10PFSe films show higher contact angles (98.4+0.7° and
96.3+0.8°, respectively) compared to films of only PS (88.6+£0.7°). This points out that the
OSC crystalline layer is on the top-surface and the polymeric layer is in contact with the SiO»
dielectric, as previously reported.*® This is in agreement with the AFM results. Similar high
contact values are also observed with the PS:PFS based-blends. Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) of the films based on mixtures of PS and PFS further indicate
that the PFS polymer is more concentrated far away from the SiO; interface, which is in
agreement with the contrasted hydrophobic/hydrophobic character of these two materials
(Figure S3).

With the aim at investigating how the incorporation of PFS affects the crystallization process
of the films, we characterised the films by XRD (Figure S4). All the films exhibited only
(00I) type reflections indicating that the crystallites in the thin films are highly oriented with
the ab plane parallel to the substrate. The position and relatively intense diffraction peaks are
in agreement with the known triclinic TIPS crystal structure.[33384243 Comparing the position
of the first (001) peak, it can be observed that there is a small shift of up to 0.02° (from of
5.38° to 5.36°) when PFS is increasingly added. This might be indicative that the fluorinated
polymer is introducing some lattice strain.[ 4]

The effect of the PFS on the OFET performance was explored by analysing the electrical
properties of more than 20 devices per each formulation. All the devices were measured under
environmental conditions. The transfer curves of the as-prepared films based on the different
ink formulations are shown in Figure 4 (black line) and their corresponding output
characteristics are displayed in Figure S5. The presence of PFS in the blends clearly impacts
on the electrical parameters, mainly threshold voltage (VT+) and mobility () (see Table 1).

Unexpectedly, the V1 undergoes a shift towards positive voltages when PFS is included in
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the film composition. The devices with PS:PFSe composition showed a 1+ close to -1.2+0.3
V, while the ones based on PSo2PFSo. exhibited a V11 close to 6.8+0.7 V. We believe that
such Vrw shift is due to certain p-doping of TIPS caused be the strong dipole moments of C-F
bonds, which can lead to a downshift of the Fermi level of the OSC towards its HOMO level
near the polymer/OSC interface.[*5]

Regarding the field effect mobility in the saturation regime (p), it decreased with increasing
the proportion of PFS by one order of magnitude, from 0.7+0.1 cm?-V1.s? for binary PS-
based blend until 0.07+0.01 cm?-V-1.s? for the TIPS:PSo2PFSos films (Table 1). This might
be related with the reduction of the crystal domain size when PFS is included in the blend, as

observed by AFM (Figure 2).

Table 1. Average OFET parameters measured in the saturation regime, and their standard
deviation, extracted from devices prepared with the different blends. At least 20 devices (from

3 different coatings) have been prepared with each specific ink formulation.

V1H u ti y; T
V cm2V-1lgl S S

PS10PFSo  -1.2+0.3 0.740.1  (1.4£0.1)-10° 0.27£0.02 (2.4£0.2)-10°
PSosPFSo2 -0.3+t0.2  0.46+0.06 (6.2+0.1)-10° 0.16+0.02 (3.1+0.2)-10’
PSosPFSos  0.920.2 0.34+0.03 (5.9£0.1)-10° 0.18+0.02 (5.8+0.2)-10°
PS04PFSes  3.0%0.1 0.22+0.02 (5.5£0.1)-10° 0.22+0.02 (6.9+0.4)-10°
PSo2PFSes  6.8+0.7 0.07£0.01 (7.2£0.2)-10° 0.31+0.03 (6.3+0.3)-10"

Previously in the literature, the stabilizing effects of PS have been reported, showing that PS

helps to maintain the electrical properties of the devices for more than 50 days.[*84¢l The

shelf-stability of the transistors was studied here by measuring the devices for several months

storing them in ambient conditions (Figure 4 and Figure S6). The average life times (t12) of

the OFETSs were estimated using a simple model of exponential decay (equation 1 and 2)7):
u(t) = po-e™™ (1
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ty2 = n](c ) (2)

Equation 1 describes a simple model in which the mobility decreases following an
exponential decay. From equation 2, the time required to decrease the OFET mobility to 50%

of its initial value can be extracted.
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Figure 4. Transfer characteristics of TIPS:PSxPFS1.x OFETSs, as prepared and after different
storage times in environmental conditions: (a) TIPS:PS10PFSo, (b) TIPS:PSosPFSo2, (C)

TIPS:PSo6PFSo.4, (d) TIPS:PSo4PFSos and (e) TIPS:PSo2PFSos.

Remarkably, ti» of the TIPS:PS10PFSo film was found to be 5 times lower than the blend
films with fluorinated polymer (Table 1). The evolution of the V11 and the mobility with time
is plotted in Figure 5 (a-b). All the devices containing PFS showed a positive V1 shift the
first ~40 days, followed by a negative shift and then after 120 days this parameter was

stabilised. In terms of mobility, a fast decay of the saturation mobility was noted.



Nevertheless, the mobility of the films with fluorinated polymer also remained constant after
the first 120 days. On the other hand, in the TIPS:PS10PFSo OFETSs a continuous mobility
drop was found until the devices stopped working 113 days after their fabrication. The
polarised optical microscopy images of the films registered 113 days after being prepared
showed that the PS:PFSo based films were not crystalline any more (Figure S7). This was
further corroborated by X-ray measurements, where XRD peaks were no longer discernible
(Figure S8). The loss of the TIPS thin film crystallinity was not reported before since its
stability was usually monitored for shorter periods of time. However, the films with PFS did
not exhibit any crystallinity deterioration. We attributed this effect to the penetration of
humidity in the films containing only PS affecting the OSC crystals. In contrast, films that
included PFS in their formulation, thanks to hydrophobic nature of this polymer, water was

not importantly entering and damaging the OSC thin film.
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Figure 5. Evaluation of the shelf-stability measured over 500 days for TIPS:PSxPFSix
OFETs in terms (a) Vtw and (b) p%t averaged from 8 devices. The saturation mobility was
extracted at Vps=—10 V. Bias stress stability measurements of TIPS:PSxPFS1.x in terms of (c)
threshold voltage shift and (d) p** evolution during operation applying a Ves = -10 V and

Vps = 0 V between the transfer measurements.

Subsequently, the bias stress of the devices under continuous operation was investigated. It
should be highlighted that, in contrast to many reported works in which these measurements

are performed under nitrogen ambient, here all the tests were carried out in ambient
11



conditions. The OFET bias stress is typically characterised by a Vtx shift, which is related
with the trapped charges at the dielectric/semiconductor interface or grain boundaries.[48-54]
Obviously, the Vrw shifts during Vs bias stress depends on the Vs and Vps applied. Ves
induces the formation of a density of charge carriers in the channel, while Vps moves the
charges between source and drain.

The first measurements carried out consisted in applying a constant bias voltage Vs of -10 V
and Vps of 0 V between each transfer measurement with an integration time of 10 s. Transfer
characteristics were measured for 12 h every 15 minutes (Figure S9). The evolution of Vtn
and p* with time is shown in Figure 5(c-d). Films with PSqsPFSo2 undergo a lower Vy
shift around 3 V, while PS1PFSo and PSo.sPFSo.4 presented a shift around 4 V, and PSo.4PFSos
and PSo2PFSos 6 and 8 V, respectively. Thus, a very low percentage of PFS in the blends
improved the bias stress device stability, whereas a larger proportion of the fluorinated
polymer turned to be detrimental. Considering the impact of the bias stress on the field-effect
saturation mobility, it can be noticed that the films that contain PFS the saturation mobility
loss is very small, while the PS:PFSo films undergo a decrease in saturation mobility to
almost half the original value after the experiment. The mobility drop during bias stress
measurements is usually associated with an instability of the OSC due to charge trapping trap
at the interface, water and oxygen absorption or changes in the crystal structure due to the
field 5156571 After a recovery process, the devices almost completely recovered their initial
electrical properties, with the exception of the device with PSo2PFSpg in which a slight
electrical deterioration was observed (Figure S10).

The threshold voltage shift caused by the bias stress was fitted with the following Equation 3,
which relates the threshold voltage shift with the concentration of traps:

t

B
AVry = [Vry(t = ) = Vpy(t = 0)] (1 - e(_?) ) 3)
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where t is the time, T is the relaxation time for charge trapping, and B is the dispersion
parameter related to the characteristic width of the band tail of the semiconductor.[5:58-6%1

The values of these fitting parameters are shown in Table 1. For all the thin film formulations,
the B value was in the range 0.15-0.30, which is of the same order as the values found for
many previous bias stress experiments performed on p-channel devices.[3 Noticeably, the t
value of the PS10PFSo and PSo4PFSos based film were of the order of 10° whilst this
parameter was of the order of 107 for the PSo.sPFSo.and 10° for the PSosPFSo.4 films. For the
blends based on PSo2PFSog the T value decreased even beyond the value found for the films
based on only PS to the order of 10*. Considering these results, it can be concluded that the
device bias stress is improved by addition of PFS in the blend, although the optimum
performance is found with a percentage of the fluorinated polymer in the blend of 20% and
above 40% of PFS the device stability and performance decreases.

Additionally, the bias stress experiment was repeated by applying also a Vps of -10 V in
addition to a Vs of -10 V (Figure S11-S12). Under such stronger bias conditions, the
threshold voltage shift potential was slightly higher than before (Figure S13). The B value
increased to 0.20-0.35 and t values were about one order of magnitude lower than the
obtained with Vps = 0 V (Table S2). Nevertheless, the same effect of the PFS was found in
this case.

Finally, the thin films were investigated employing a configuration of electrolyte-gated field-
effect transistor (EGOFET). Its layout consists of exposing directly the OSC towards an
electrolyte, where a gate contact is also immersed. The application of a source-gate voltage
yields the formation of two electrical double layers (EDLS) at the gate/electrolyte interface
and at the OSCl/electrolyte interface. These EDLs determine the device electrical performance.
(6263 Typically, in EGOFETs water is used as electrolyte in order to apply these devices in
biosensing.[451 However, one of their main drawbacks is the stability of the devices in such

aqueous environment. Previously, we demonstrated that the use of OSC:PS blends leads to
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EGOFETs with an improved stability. [%8¢° Thus, here we investigated if such stability
enhancement could be even increased by the addition of PFS in the blends.

The electrical performance of TIPS:PSxPFSx.1-based EGOFETs were measured in MilliQ
water (Figure S14). The mobility of the devices decreased when the PFS load was higher
than 20% from around 0.10 cm?V-s to 0.02+0.01 cm?V-s (Table S3). Only the
TIPS:PS02PFSos based EGOFETs did not resulted in a good modulation of the current,
revealing a high degree of doping and difficulties to turn off the EGOFET. After stabilising
the devices in MilliQ water, the devices were continuously monitored under operation. A Vps
= -0.4 V (saturation conditions) was applied, while the Vs applied was selected to obtain an
initial Ips of 1-2 pA (Figure S15). In all the cases, the Ips current decayed with time.
However, the t12 values, that is, the time that takes to reach 50% of the initial current value,
were estimated to be 10, 36.4, 79.0 and 44.8 minutes for PS1PFSo PSosPFSo.2, PSo.6PFSo.4 and
PSo.4PFSos, respectively. Therefore, the hydrophobicity character of PFS also helped to avoid
the diffusion of the ions into the films improving the device operational stability in aqueous

media.

3. Conclusions
In conclusion, we demonstrated that adding a fluorinated polymer, such as PFS, in small

molecules organic semiconductor/insulator polymer blends is an effective strategy to improve
the OFET long term reliability. In particular, the addition of PFS in blends of the benchmark
OSC TIPS with PS was here explored. Although the addition of PFS decreases the device
mobility, we elucidated that finding a balanced PS:PFS ratio can provide additional appealing
features regarding the overall device performance. By adding 20% of PFS, the films
successfully operated for over one year and a half and exhibited a significantly improved bias
stress stability. This was ascribed to the hydrophobic nature of the polymer that acts as barrier

against humidity reducing hence charge trapping and deterioration of the crystalline films.

14



Our work advocates that the commonly employed route of using blends of OSCs with
polymer binders to promote solution processability and thin film crystallinity, can be further
exploited by adding fluorinated polymers to realise more reliable and stable devices without

importantly compromising the device mobility.

4. Experimental Section
Materials: 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS, purity 97%) was purchased

from Ossila and used without purification. Polystyrene (PS, 10000 g-mol™),
poly(pentafluorostyrene) (PFS), anhydrous chlorobenzene (CB, 99.8%) and 2,3,4,5,6-
pentafluorothiophenol (PFBT; 97%) were purchased from Sigma Aldrich and used as
received.

Ink Formulation: TIPS, PS and PFS were dissolved in anhydrous chlorobenzene (2.0 % wt.).
The insulating polymer mixtures were prepared by mixing solutions at a volume ratio of 4:1,
3:2, 2:3, 1:4 Then, the TIPS:polymer ink was prepared by mixing the previous polymer
mixture with pure TIPS solution at a volume ratio of 4:1.

Device Fabrication: Heavily p-doped Si wafers (Si-Mat) with a 200 nm-thick layer of SiOx
thermally grown were used as substrates for the bottom gate bottom contact devices
configuration and Kapton® foil (75 mm thick, DuPont) were used as substrates for the
EGOFET configuration. Source and drain interdigitated electrodes were fabricated by
photolithography and Cr (5 nm) and Au (40 nm) layers were deposited by vacuum thermal
evaporation. The substrates were then cleaned in ultrasonic bath with acetone and isopropanol
and then dried under nitrogen flow. The substrates were then treated with ultraviolet ozone for
25 min. Afterwards, the gold electrodes were chemically functionalized with a self-assembled
monolayer of PFBT by immersing them in a 15 mM solution of PFBT in isopropanol for 15
min. The semiconductor layer was deposited on the substrates by using the BAMS technique

as previously reported.[3334]
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Electrical Characterization: The OFET devices were measured with an Agilent B1500A
semiconductor device analyser at ambient conditions. The organic devices were characterized
extracting the field-effect mobility in linear (Vps= -3 V) and saturation regime (Vps=-10 V)
and threshold voltage (VtH). The channel length (L) of the devices was 25, 50, 100 and 200
pm and the width-length ratio (W/L) was 100. The SiO2 insulator capacitance per unit area
(C) was 17.26 nF/cm?. For each condition, the device parameters were extracted from more
than 20 devices from 3 substrates to ensure thin film homogeneity and reproducibility.

The EGOFETs were measured with the Agilent B1500A semiconductor device analyser at
ambient conditions employing MilliQ water as electrolyte and a gold wire as gate electrode.
In the current monitoring experiments, the time between each point was of 5 seconds. The
length (L) of the channel was 50 um and the width-length ratio (W/L) was 100. For each
condition, the device parameters were extracted from 8 devices from 2 substrates to ensure
thin film homogeneity and reproducibility.

Morphologic and structural Characterization: Polarized optical microscope images and dark
field microscope were taken using the Olympus BX51. The X-ray diffraction measurements
were carried out with a D-5000 model Siemens diffractometer that used Cu K-alpha radiation
1.540560 A. Surface topography, phase and thin film thickness were examined by a 5500LS
SPM system from Agilent Technologies and subsequent data analysis was performed by using
Gwyddion 2.43 software. Contact angle measurements were carried out with Drop Shape
Analyzer DSA 100 from KRUSS. The drop size was 4 pL of ultrapure water (18.2 MQ-cm)
and the measurements were repeated in 5 different places.

The vertical composition of the thin films were determined by ToF-SIMS analysis, surface
sputter etching of the surface was accomplished with Cs beam, over a 300 um x 300 pm area
using 1 keV energy settings raster. A pulsed beam of 25 keV Bi®*" ions scanned over a 50 pm
x 50 um region centered within the sputtered area was used. Analysis cycle time was 100 ps

and sputtering cycle was 1 s and 500 ms flood gun compensation. A high current beam of low
16



energy (< 20 eV) electrons was employed for charge compensation, and negative ions were

analyzed. The vacuum of the chamber was 1.7-10% mbar.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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