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Abstract

Printed organic thin-film transistors (OTFTs) are promising for flexible, low-cost electronics;
however, a major challenge is that successive processing steps of multiple solution-processed
layers can interfere with each other. In particular, hydrophobic fluoropolymers are a promising
group of materials to fabricate gate dielectrics with low charge trap density and properties such as
good thermal stability, chemical inertness, low dielectric constant, and water repellency. However,
the main difficulty in incorporating hydrophobic fluoropolymers in printed electronic devices is
their low surface energy. Plasma treatment is a common method for surface modification that

renders these hydrophobic layers wettable to print subsequent layers. This plasma processing can
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also affect the interface with the organic semiconductor (OSC) and transistor performance, which
is studied here for the first time. The morphological and surface chemical properties of Teflon
amorphous fluoropolymer (Teflon-AF) films change after plasma treatment and gradually reverse
after post-annealing of subsequent layers as demonstrated here. Here, we fabricate solution-
processed OTFTs with Teflon-AF as the gate dielectric. We report OTFTs with inkjet-printed
source and drain electrodes with a minimum channel length of 20 um on Teflon-AF for the first
time. We show that the annealing of the inkjet-printed electrodes changes the morphology and the
surface chemistry of the Teflon-AF gate dielectric underneath, thus reversing the effect of the
plasma. We show that this electrode post-annealing step can improve the transistor performance
by improving the interface between the Teflon-AF gate dielectric and the OSC in terms of
smoothness and hydrophobicity. The transistor parameters such as mobility, on/off current ratio,
and threshold voltage all follow a trend explained here by the properties of the Teflon-AF films.
Increasing the post-annealing temperature to just below complete surface reversibility decreases
surface roughness and trap-sites created after plasma treatment leading to optimized device
performance. We characterize the Teflon-AF surface with contact angle measurement, roughness
measurement, Fourier transform infrared spectroscopy (FTIR), and x-ray photoelectron
spectroscopy (XPS). This understanding of the reversibility of the Teflon-AF surface helps achieve

optimal performance of devices and systems incorporating fluoropolymers.

1. Introduction
Printed organic electronics offers many potential advantages, including low-cost and low-
temperature manufacturing, chemical tailorability of materials, mechanical flexibility, and large-
area printability [1]. OTFTs are the fundamental components of many circuits, and improving their

performance is a key to improving printed electronics [2-4]. OTFTs have four layers: the gate



electrode, the gate dielectric, the source and drain electrodes, and the organic semiconductor
(OSC). Since charge transport happens within a few nanometers from the OSC/ dielectric interface,
the dielectric surface properties become very important [5-7]. Using fluoropolymers as the gate
dielectric has a number of advantages. Due to their water-repellency, fluoropolymers are used in
transistors as the gate dielectric or encapsulation to prevent possible doping and charge trapping
in the channel [8,9]. A smoother dielectric surface leads to larger grain sizes and fewer defects in
the OSC channel [10,11]. Other than their water-repellency and smooth surfaces, fluoropolymers
have low dielectric constant, which enhances the charge transport in the semiconductor channel
[12]. The strong C-C and C-F bonds are what make fluoropolymers unique. Their interesting
properties such as thermal stability, chemical inertness, and low dielectric constant have made
them suitable candidates for tubing and coating, cable insulation, cardiovascular grafts, and
protective coating in printed circuit boards [13-15]. For instance, Teflon-AF has been used as the
gate dielectric in solution-processed organic thin-film transistors (OTFTs) [9,16-19] because of
its interesting properties such as low refractive index (~1.3), low dielectric constant (~1.9), and

high optical transparency (from around 200 nm to 2000 nm wavelength).

Despite their desirable properties, it can be quite challenging to incorporate hydrophobic
fluoropolymers in solution-processed electronic devices. Due to their low surface energy, one can
not easily form patterns on these films through low-viscosity solution-processing techniques such
as inkjet printing of OTFT electrodes. To combat this wettability issue, surface modification is
often performed on these films to decrease their hydrophobicity. Plasma treatment is a common
method for surface modification. It is convenient, it changes the surface without tampering with
the bulk, its effect is uniform, and it does not require the use of hazardous chemicals [20]. Some

studies have investigated the nature of surface modification of fluoropolymers such as crystalline



PTFE through plasma treatment [20-24]. Plasma-etching on evaporated and spin-coated Teflon-
AF films increases the film’s roughness and alters its chemical bonds on the surface [25]. These
studies show that the morphology and the surface chemistry of the material are modified after

plasma treatment.

In many reports, OTFTs with hydrophobic gate dielectric are limited to vacuum processed
electrodes due to the difficulty of printing electrodes and/or the OSC onto a hydrophobic dielectric
[26,27]. There are examples of solution-processed electrodes in OTFTs with conductive inks such
as silver and gold on surface-modified hydrophobic gate dielectrics like Teflon-AF and Cytop. To
overcome the low surface energy of fluoropolymers, some reports used selective surface energy
patterning combined with blanket coating of metal nanoparticle inks, which requires a mask and
is difficult on heterogeneous substrates [18,28]. Another method is dispenser printing combined
with plasma surface modification, however, the resolution is low [17]. Therefore, there is a need
to study scalable, high-resolution printing methods such as inkjet printing to fabricate OTFT
electrodes on fluoropolymers. Furthermore, the effect of surface-modification on these

fluoropolymer surfaces and the OSC/dielectric interface has not been studied so far.

In other contexts, some reports show that heat recovers the surface of different fluoropolymers
after they have been modified either by plasma treatment or humidity. Ridges and rough spots
formed on Cytop after long hours of submersion in water disappear after heat treatment and the
smoothness of the surface is recovered [29]. Also, annealing of water-immersed fluorinated
amorphous carbon (a-C:F) coatings eliminates the effects produced by humidity and decreases
degradation due to water exposure [30]. This property has been used to restore the hydrophobicity
of a Teflon-AF mold in order to form a semiconductor layer only between certain islands on the

surface [31].



In a solution-processed bottom-gate-bottom-contact (BGBC) OTFT, the hydrophobic gate
dielectric undergoes a series of processing steps. After the dielectric film is solution-deposited, it
is annealed once for its solvent to evaporate. Then, the film surface is modified to increase its
wettability to prevent dewetting and improve adhesion of the next solution-processed layer.
Finally, with the annealing of the next layer (electrodes or another polymer layer), the gate
dielectric is also annealed at least one more time. When using fluoropolymers as the gate dielectric,

this post-annealing step can reverse the effect of the plasma treatment.

In this paper, we report OTFTs with inkjet-printed silver source and drain electrodes on a
fluoropolymer gate dielectric with a minimum channel length of 20 pm, which has not been
reported before. We obtained these high-resolution electrodes without the use of masks or
subtractive processes. We study the effect of the electrode processing on Teflon-AF as the gate
dielectric and take advantage of its reversible properties to engineer the OSC/dielectric interface.
Teflon-AF is plasma treated to facilitate printing of the electrodes. Afterwards, it is post-annealed
when the inkjet-printed electrodes are being annealed, which also reverses the effect of the plasma.
In fact, plasma treatment is usually performed on hydrophobic dielectrics before the solution
deposition of the OSC [32,33]. However, here we show that a direct deposition of the OSC on a
plasma treated Teflon-AF results in very low performance. Therefore, a dielectric post-annealing
step is necessary to restore the surface both morphologically and chemically. In other words, this
post-annealing step is a handle to control the OTFT performance. By varying the post-annealing
temperature, the surface properties of Teflon-AF change, which causes the OSC/dielectric
interface to change. We find that the state of the Teflon-AF surface clearly affects extracted
transistor parameters such as mobility, on-current, off-current, on/off current ratio, and the

threshold voltage. To distinguish between contact resistance effects and OSC/ dielectric interface



effects, we extract the contact resistance and low-field mobility of the devices. After ascribing the
changes in OTFT performance to the OSC/ dielectric interface, we study the Teflon-AF films with
different characterization techniques: contact angle measurement, roughness measurement,
Fourier transform infrared spectroscopy (FTIR), and x-ray photoelectron spectroscopy (XPS). Our
findings show that after plasma treatment, the wettability, roughness, and the percentage of
reactive elements like oxygen increase on the surface of the films. However, they all decrease after
post-annealing corresponding to improvements in the OTFT performance. This confirms the
importance of Teflon-AF surface reversibility to engineer the OSC/ dielectric interface in a printed

transistor fabrication process.

2. Materials and methods

OTFT fabrication: The transistors were fabricated on indium tin oxide (ITO)-coated glass
slides (Sigma-Aldrich, Oakville, Canada). The ITO film was used as the gate electrode. Teflon-
AF 1600 (Sigma-Aldrich, Oakville, Canada) was dissolved in Fluorinert FC-40 (Sigma-Aldrich,
Oakville, Canada) in a 1.6 wt. % solution. The solution was spin-coated in two steps at 600 rpm
for 1 minute and dried at 150 °C for 15 minutes each time, resulting in an overall thickness of 450
nm. The capacitance per unit area and the dielectric constant are 3.53 nF/cm? and 1.83 respectively
(details in the Supplementary Information)._The Teflon layer was then air plasma-treated for 1
minute at 200 W with a PE-50 plasma system (50kHz). The source and drain electrodes were
inkjet-printed using a silver nanoparticle ink (ANP DGP 40LT-15C, Advanced Nano Products,
Co., Sejong, Korea). A custom-built inkjet printer with a 60 pm diameter nozzle (MJ-ATP-01-60-
8MX, Microfab Technologies, Inc. Plano, TX) was used. The channel width of the devices was
1,300 um, and the channel length was varied from 20 um to 75 um. The printed source and drain

electrodes were dried first at 60 °C for 5 minutes to prevent the coffee ring effect and then annealed



at different temperatures for the purpose of this study. The organic semiconductor poly(2,5-bis(2-
octyldodecyl)-3,6-di(pyridin-2-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-alt-2,2’-bithiophene)
(PDBPyBT) (Ossila Ltd, Sheffield, UK) was dissolved in chloroform with 10 mg/ml concentration
and was spin-coated at 3,000 rpm followed by annealing at 120 °C for 10 minutes. To study the
effect of plasma treatment directly on the OTFT performance, devices with no post-annealing
condition were also tested. In this case, after annealing printed electrodes at two different
temperatures (100 °C and 160 °C), the samples were plasma treated one more time. Samples for
Teflon-AF characterization were fabricated in the same way without the printed electrodes and the

organic semiconductor.

The devices were fabricated and tested in ambient conditions. The transistor I-V characteristics

were obtained using a semiconductor parameter analyzer (Keithley 4200, Tektronix).

Contact angle measurements: The contact angle of deionized (DI) water was measured using
a Kruss DSA10 contact angle measurment system. Each error bar was calculated using 12-14 data

points.

Roughness measurements using atomic force microscopy (AFM): The roughness of the
Teflon-AF films and the thickness and roughness of the OSC layers were measured with a
Multimode 8 scanning probe microscope (SPM). The imaging mode was ScanAssist-air. Each
error bar was calculated using 12-18 data points obtained from different samples and different

spots on the same sample.

FTIR measurements: For attenuated total reflection (ATR) measurements, a Vertex 70v FTIR

spectrometer was used. The measurements were carried out in absorption mode.



XPS measurements: The survey spectra were obtained from a K-Alpha XPS spectrometer.
They were also repeated with ESCALAN 250Xi. The energy scale was adjusted to place the carbon

main peak (C-C) at 285 eV.

3. Results and discussion

3.1 OTFT performance: parameters and contact resistance

The complete OTFT fabrication process is shown in a. In the BGBC configuration employed
here, the dielectric layer is followed by the inkjet-printed silver nanoparticle source and drain
electrodes. However, if the Teflon-AF surface is left untreated, the ink does not spread sufficiently,
and the droplets do not connect to form lines. Instead, the ink dewets the Teflon-AF surface, and
the droplets bulge up. For this reason, the Teflon-AF layer is air plasma-treated. Figure 1b and ¢
show the printed source and drain electrodes without and with plasma treatment. The final device

with a channel length of 20 um with the OSC spin-coated on top is shown in Figure 1d.
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Figure 1. (a) OTFT fabrication process. Optical micrographs of printed source and drain electrodes
(b) without plasma treatment, (c) with plasma treatment, and (d) the final device with 20 um
channel length and the OSC spin-coated on top.



Figure 2a shows the output characteristics (I¢Vqd) of a 20 um channel length device with electrodes
post-annealed at 160 °C, and Figure 2b shows the transfer characteristics (I¢Vg) at Vg =-120 V of
20 um channel length devices without and with different post-annealing temperatures. As can be
seen from Figure 2b, the on-current values and the slope of the square root of the drain current are
higher for post-annealing temperatures of 120 °C, 140 °C, and 160 °C. The devices below and
above this range show clear deterioration in performance. Figure 3 shows the performance trend
versus the post-annealing temperature for average and maximum saturation field-effect mobility
(usqr), average and maximum linear field-effect mobility (u;;,,), average and maximum on-current

(Iox) normalized by channel width and length, log of off-current (Log(I,)), threshold voltage

(Ver), saturation subthreshold swing (SS), and log of on-off current ratio (Log(llﬂ)) These
off

parameters were averaged over the whole range of channel lengths from 20 um to 75 pm. The

saturation filed-effect mobility is calculated from the slope of the square root of the drain current

versus gate voltage from 14Vg characteristics in the saturation regime:

2L (aﬁ)z (1)

Hsat = CoxW \ 3V,
where W and L are the channel width and length of the transistor channel, and C,, is the
dielectric capacitance per unit area. Devices with no post-annealing have low performance. The
devices post-annealed at 160 °C have the highest mobility (average: 0.12 cm?/V.s and maximum:
0.19 cm?/V.s), and the devices post-annealed at 120 °C have the highest on/off current ratio
(average: 5.5 x 10° and maximum: 3.4 x 10°). The saturation field effect mobility and the on-
current are highest at post-annealing temperatures between 120 °C and 160 °C. The other

parameters are initially constant with post-annealing temperature up to 160 °C. At this point, V;,



abruptly starts becoming more negative, SS and I,z increase and I,,/I,f; decreases. Two
different regimes can be observed. At low post-annealing temperatures, on-state performance
increases as the post-annealing modifies the Teflon-AF dielectric. At high post-annealing
temperatures, both on- and off-state performance deteriorate. Therefore, it is important to identify
the optimal post-annealing temperature. It is worth noting that other transistors fabricated using
this OSC (PDBPyBT) or other DPP derivatives, have used evaporated source and drain contacts
and inert atmosphere processing conditions for the OSC [27,34,35]. The transistors fabricated here,
despite having inkjet-printed contacts and ambient atmosphere processing for the OSC, show
comparable performance to transistors with the same device structure and otherwise same OSC

processing conditions.



a) b)

0.0E+00 .
1.E-04
-1.0E-05
1.E-05
-2.0E-05 20°C
100°C
-3.0E-05 —120°C 1.E-06
_ —140°C
< —160°C =
5 -4.0E-05 — 180°C LE-07 2
g —200°C E
(; -5 0E-05 Vg=0V —= = = No post-annealing ‘-j
' ’ .=
E —Vg=-10V 1.E-08 g
—Vg=-20V LE-02
-6.0E-05 Vg=-30V
Vg=-40V { BE-03 7
—ve=-0V cps © 1.E-09
——Vg=-60 V 1 6E-03 &
"7O0R-05 —Vg=-0V S | 4p03 &
—Vg=-80V ~ o
—Vg=-20V b { 2E-03 § 1E-10
-8.0E-05 —Vg=-100V g
_V oy 120 70 -20 PR
Ve=-120V Gate Voltage (V)
-9.0E-05 1 L L 1.E-11
-120 =70 -20 -120 -70 -20

Drain Voltage (V) Gate Voltage (V)

Figure 2. (a) Output characteristics (IdVd) of a 20 um channel length device post-annealed at 160
°C and (b) transfer characteristics (IdVg) at Vd = -120 V of 20 um channel length devices without
and with different post-annealing temperatures. Inset shows the square root of drain current versus
post-annealing temperature.
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As shown in Figure 3, a clear trend is observed between all OTFT parameters and Teflon-AF
post-annealing temperature with different regimes. There are different phenomena affecting the
performance of organic transistors. For instance, controlling the OSC/ dielectric interface with the
aim of minimizing the trap density in the channel can lead to high mobility devices [36,37]. At the
same time, it is well-known that organic field-effect transistors suffer from limitations caused by
contact resistance [38], and since the post-annealing temperature is, in fact, the silver annealing
temperature, it may affect the contact resistance. To understand the effect of contact resistance,
two methods were used, the transmission line method (TLM) and, the Y -function method (YFM).
For TLM, the total resistance was extracted from the inverse of the slope of the output
characteristics in the linear regime. Then, it was plotted versus channel length varying between 20

— 75 um. The width normalized contact resistance and channel resistance per channel length were

extracted from the y-intercept and the slope of the plots. The result is shown in Figure 4a and b.

Concurrently, the low-field mobility and the contact resistance were extracted with YFM. Low-
field mobility is the intrinsic carrier mobility of the transistor, which is not affected by contact
resistance. The YFM technique is introduced in detail in Ref. [38]. In the YFM, the transfer
characteristic (14Vg) in the linear regime is used. Using the current equation in the linear regime,

the Y function is defined as:

Iq ,W
Y = \/? = |7 CoxHoVa X (Vg = Vi) (2)
m

where g, is the transconductance, W and L are the channel width and length of the transistor,
C,, is the dielectric capacitance per unit area, y, is the low-field mobility, V; is the drain current

(here -20 V), and V; is the threshold voltage. From the slope of Y versus V, u, is obtained and



from the x-intercept, V; is extracted. To calculate contact resistance, mobility attenuation factor 6

was extracted, which gives us contact resistance:

where 6, (= 0), G,, and Ry, are the mobility reduction coefficient, transconductance parameter,

and the source-drain contact resistance, respectively. In the next step, we plot — versus Vy— V4,

Vem

using the below equation:

1 1+6(Vy—Vy)

VEm W

T CoxHoVa

(4)

From the x-intercept, we extracted 8, from which we can obtained contact resistance. The low-
field mobility and the contact resistance_(R. = Rs4/2) for all the post-annealing temperatures
calculated using the YFM are shown in Figure 4c and d. The low-field mobility changes with post-
annealing temperature with the maximum value at 160 °C (Figure 4d) and it exhibits the same
trend as the saturation field-effect mobility shown in Figure 3a. The contact resistance values
extracted from the two methods (Figure 4a and c) are very close to each other and follow the same
trend, which confirms the reliability of both methods in proving that the contact resistance is
independent of post-annealing temperature. Furthermore, the trends seen in channel resistance and

low-field mobility are in the same direction (Figure 4b and d).

Therefore, here with contact resistance not changing and u, and channel resistance_changing
with post-annealing temperature, we conclude that the main factor contributing to the change in
transistor performance is the change in the OSC/dielectric interface. Hence, in the following
sections, the effect of the post-annealing on the Teflon-AF surface wettability, morphology, and

chemistry are studied. It is worth noting that the devices with no post-annealing had two different



silver annealing temperatures (100 °C and 160 °C) and performed very similarly to each other

(details in the Supplementary Information).
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3.2 Wettability: water contact angle measurements on Teflon-AF films

The advancing and receding contact angles (CA), along with the contact angle hysteresis of DI
water droplets on Teflon-AF films before and after air plasma treatment and after the post-
annealing step, are presented in Figure 5a. The advancing CA before plasma treatment is 118.4°,

which means the surface is hydrophobic. The receding contact angle is slightly lower and is equal



to 109.7°. Therefore, the contact angle hysteresis is just below 10°. After plasma treatment, the
advancing and receding contact angles drop to 101.7° and 36° respectively (still considered as
hydrophobic), causing the CA hysteresis to increase to 66°. After post-annealing the films at 80
°C, the advancing CA increases to 118.1°. For higher annealing temperature, it increases further
at a slow rate up to 121° at 200 °C. Conversely, the receding CA is still low at 80 °C (66°) and has
a higher rate of increase to 109.7° at 200 °C. Thus, the CA hysteresis decreases from 66° to 10.3°.
The receding CA changes most dramatically following the plasma treatment and post-annealing
steps. Figure 5b-e show the difference in the receding CA for 80 °C and 200 °C post-annealing
temperatures, while their advancing CAs are not very different. The high CA hysteresis and overall
lower CA at lower post-annealing temperature are indicative of two possible causes: a rougher
surface caused by plasma treatment or/and the presence of reactive elements caused by plasma
treatment which results in liquid sorption and wetting of the surface. Likewise, the low CA
hysteresis and higher CA at higher post-annealing temperature can be explained by lower
roughness or/and lower percentage of reactive elements, which prevent the wetting of the surface.
Both roughness and surface chemistry of the dielectric/ OSC interface can affect transistor
behavior. Additionally, changes in dielectric CA can affect the thickness of the solution-processed

OSC and potentially OTFT performance. These different phenomena are investigated in the next



sections.
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Figure 5. (a) Advancing and receding CA, and CA hysteresis of DI water on Teflon-AF films
before and after air plasma treatment and after post-annealing. Both advancing and receding CA
decrease after plasma treatment and recover with post-annealing. The decrease in receding CA is
much larger than for advancing CA resulting in increased CA hysteresis after plasma treatment.
Images of droplets on films post-annealed at 80 °C are shown in (b) for advancing and (c) receding
mode. Similarly, droplets on films post-annealed at 200 °C are shown in (d) for advancing and (e)
receding mode. The receding CA for samples post-annealed at 80 °C and 200 °C are very different,

while the difference for advancing CA is smaller.



3.3 Organic semiconductor thickness

Figure 6 shows the OSC thickness versus Teflon-AF post-annealing temperature. At 180 °C and
200 °C, the OSC preferentially wets the source and drain electrodes and channel. It dewets from
the Teflon-AF dielectric in other areas due to the low CA hysteresis. This increase in the OSC
thickness can explain the increase in the transistor off-current (Figure 3d) beyond 160 °C. For
lower Teflon-AF post-annealing temperatures, the OSC thickness varies less strongly but still
increases with temperature due to the changing surface wettability. To confirm whether the
changes in OTFT electrical characteristics with post-annealing temperature up to 160 °C are due
to changes in the Teflon-AF surface properties or the OSC thickness, another set of devices was
fabricated with a post-annealing temperature of 120 °C and a lower spin speed (2,000 rpm
compared with 3,000 rpm for all other samples). The average OSC thickness expectedly increased
from 114 nm to 182 nm, which is comparable to the 160 °C post-annealed devices with the best
on-state performance. This thickness increase caused the off-current to increase from 1.8 x 10710
At05.2 x 1071% A, By decreasing the spin speed to 2,000 rpm, the interface-dependent parameter
threshold voltage only changes marginally from -9.8 V to -9.3 V. The average saturation mobility
and on-off current ratio decreased from 0.11 cm?/V.s to 0.08 cm?/V.s, and from 5.5 x 10° to
1.9 x 10°, respectively. Therefore, it can be concluded that OSC thickness cannot explain the

improvement in OTFT performance with post-annealing.
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Figure 6. OSC thickness versus post-annealing temperature shows an increasing trend with

increasing temperature.

3.4 Surface morphology: roughness measurement through atomic force
microscopy (AFM)

Wettability is a factor that needs to be characterized alongside roughness [39]. Contact angle
hysteresis is mainly the result of surface roughness. The roughness size can be in the micrometer
[40] or nanometer range [41]. Experiments and simulations show that even atomic-scale roughness
can lead to contact angle hysteresis [42]. Both peak-to-peak and average roughness (root mean
square (RMS)) of the Teflon-AF films before and after plasma treatment and after post-annealing
were measured and are presented in Figure 7. Both roughness measures increase after plasma
treatment from 0.63 nm to 1.25 nm and from 4.61 nm to 8.28 nm for average and peak-to-peak
roughness, respectively. They decrease after post-annealing at 80 °C to 1.1 nm and 7.97 nm for
the average and peak-to-peak roughness, respectively. They continue to decrease slowly to 0.67
nm and 4.97 nm, respectively, at 200 °C. Both these roughness values help build a better

understanding of how the surface morphology of the films changes through the plasma and post-



annealing steps. To have a complete understanding of the surface roughness, the AFM images
representing each step are shown in Figure 8. Interestingly, after post-annealing the films, grain-
like structures appear on the surface, and then by increasing the temperature, this grain-like
structure disappears and the films become smooth again. The films start smoothing at 160 °C,
which is the glass transition temperature (Tg) of the material. The decreasing surface roughness
may explain the gradual increase in the on-current and saturation field-effect mobility with

increasing post-annealing temperature (Figure 3a and c).
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Figure 7. (a) Average and (b) peak-to-peak roughness of Teflon-AF films before and after plasma
treatment and after post-annealing. Both roughness values increase after plasma treatment and

decrease after post-annealing. At 200 °C, they approach their value before plasma treatment.
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Figure 8. AFM images of the Teflon-AF films (a) before plasma, (b) after plasma, post-annealed
at (c) 80 °C, (d) 100 °C, (e) 120 °C, (f) 140 °C, (g) 160 °C, (h) 180 °C, and (i) 200 °C.

It is well known that higher roughness causes a disordered structure in the OSC at the interface
[43]. A smoother dielectric surface causes the formation of larger OSC grains at the interface,
which leads to improved charge transport and field-effect mobility [44,45]. The average roughness

data and AFM images of the OSC for different post-annealing temperature are shown in Figure 9



and Figure 10, respectively. The OSC roughness increases with increasing post-annealing
temperature which indicates the increase of OSC grain size. The decrease in the CA hysteresis at
high post-annealing temperatures with decreasing roughness matches well with theory. According
to the Wenzel model, on hydrophobic surfaces, when the droplet is receding, larger roughness pins
the contact line trying to stop the liquid from retracting, therefore, leading to a larger CA hysteresis
[46-48]. However, the decrease in advancing contact angle after plasma cannot be understood in

terms of surface roughness and the chemistry of the surface needs to be considered.
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Figure 9. Organic Semiconductor (OSC) average roughness (RMS) versus post-annealing

temperature. It shows an increasing trend.
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Figure 10. AFM images of the organic semiconductor on Teflon-AF (a) plasma treated after post-
annealing (0 °C), post-annealed at (b) 80 °C, (c) 100 °C, (d) 120 °C, (e) 140 °C, (f) 160 °C, (g)
180 °C, and (h) 200 °C. Note that the scale of the scans is larger for 180 and 200 C due to the
dewetting and large roughness of the OSC.

3.5 Bulk chemistry: FTIR Spectroscopy

To fully understand the scope of the change in the Teflon-AF films, FTIR spectroscopy using
ATR was carried out on the samples. The spectra were studied to see whether the bulk of the
material changed at all. The spectrum for the Teflon-AF solution is presented in Figure Sl 4a. The

main peaks at 1094 cm?, 1241 cm™?, 1268 cm™, and 1305 cm™ represent the fluorinated dioxole



group and the peak at 725 cm™ shows the amorphous structure of the material [49,50]. Figure SI
4b-e show the spectra for Teflon-AF films before and after plasma-treatment, post-annealed at 120
°C and 200 °C, respectively. These two specific temperatures represent samples post-annealed
below and above Tg4. The film spectra have the perfluoromethyl end-group -CF3 peaks at 981 cm’
! which does not appear in the solution spectrum [21,49]. This -CF3 end-group has been reported
to appear in the spectra for amorphous Teflon-AF powders and films that are not too thin [49]. The
same peaks are observed in all of the film spectra, which suggests that no bulk modification has
occurred. Previous FTIR characterization on Teflon-AF 1600 has also shown that it has good

thermal stability below 400 °C [51].

3.6 Surface chemistry: XPS measurements

Another explanation for the change in contact angle hysteresis after plasma treatment and after
post-annealing could be changes in the surface chemistry of the Teflon-AF films. Here, we apply
a similar approach to Teflon-AF using XPS to identify the chemical bonds that are intensified or
weakened in each post-annealing step. The survey spectra include F 1s, O 1s, C 1s, and N 1s (weak)
regions. Table 1 shows the change in the atomic percentage of the different elements. The total
atomic percentages of fluorine atoms decreases after plasma treatment, but increases after post-
annealing. Conversely, the atomic percentages of oxygen, carbon, and nitrogen atoms increase

after air plasma treatment but decrease after post-annealing.

The core-level peaks in the C 1s region occur at the binding energies of 292 eV, 294.3 eV, 295.2
eV, 282 eV, 286.9 eV and 288.6 eV, which correspond to CF2 [25,52,53], CF3 [25,30,52-54], O-
C-0 [55], C-C [30,52] (or C-H [52,53]), C-O [30], and CF-CF [53] bonds respectively. The F 1s
region of the spectra for the different conditions reveal the C-F [30] and CF2-CF2 [56] bonds for
the core-level peaks at 689.1 eV and 691.1 eV, respectively. In the O 1s region, the peaks at 533.4
eV, 536.1 eV, 531.6 eV, and 537.3 eV represent C-O [30], O-CFx [25], C-O-O [30], and O-C-O



[57,58] bonds respectively. Finally, the weak peak at 402.5 eV in the N 1s region indicates the
appearance of C-N bonds [59] after plasma treatment. Figure 11a shows the survey spectrum for
a sample post-annealed at 160 °C. The C 1s spectra for the different conditions are shown in Figure
11b with the two main peaks being distinguished with dashed lines. The changes in the
concentration of the main bonds are plotted in Figure 11c. The percentage of fluorine-containing
CF2 (292 eV) and C-F (689.1 eV) bonds decreases after plasma treatment and increases again after
post-annealing, while the percentage of oxygen-containing O-C-O (295.2 eV) and C-O (533.4 eV)
bonds follows the opposite trend.

The change in the concentration of elements after plasma treatment and after post-annealing could
be explained with two complementary scenarios. One, bonds containing oxygen and nitrogen form
after plasma treatment. After post-annealing, these plasma-produced bonds dissociate, and
fluorine-containing bonds reform [51]. Two, as has been suggested by Ref. [30], an overlayer
containing air-plasma-produced oxygen and nitrogen atoms appears after plasma treatment, which
covers the fluorinated surface of Teflon-AF, and reduces photoemission from the film underneath.
Here, this overlayer is removed after the subsequent post-annealing step through a mechanism
called surface adaptation. Surface adaptation, which is the continuous motion of the polymer
chains from the surface to the bulk, has been observed in the ageing of PTFE films [20]. Both of
these scenarios could explain the elemental percentage changes observed here. Bonds such as CF2
(292 eV), show a higher percentage change from 16.8% to 10.2% after plasma treatment and back
to 15.7% after post annealing, also O-C-O (295.2 eV), which changes from 1.8% to 7.7% and back
to 3.7%. The change in some other bonds is smaller. For instance, C-F (689.1 eV) decreases from
55.6% to 54.7% after plasma treatment and increases back to 56% after post-annealing (Figure
11c). The shift in Vi with increasing post-annealing temperature (Error! Reference source not
found.b and Error! Reference source not found.e) can be explained by the change in the oxygen
content on the Teflon-AF surface. Oxygen plasma treatment shifts the threshold voltage to more
positive values by introducing electron trapping sites at the interface [60,61]. Right after plasma
treatment, Vi is -2 V, and it becomes more negative after post-annealing reaching -22 V at 200
°C. It is true that fluorine atoms have high electronegativity, and they can cause the trapping of

electrons on the dielectric surface [16], but here we only see the effect of oxygen atoms.



We believe that the post-annealing step at elevated temperature resembles an accelerated ageing
process where surface adaptation along with reformation of bonds at the surface cause the
reversibility of films after post-annealing. The increase in advancing CA and decrease in CA
hysteresis with post-annealing temperature shown in Figure 5a is therefore explained by the
decrease in the percentage of reactive elements such as oxygen and the increase in the percentage
of hydrophobic fluorine content on the surface. The lower percentage of reactive elements ensures
a better OSC/dielectric interface with fewer trap sites, hence better OTFT performance. This also
partly explains the improved OTFT performance for devices post-annealed below 180 °C, above

which the OSC accumulates non-uniformly between the electrodes.

Table 1. Atomic percentages of oxygen, fluorine, carbon, and nitrogen before and after plasma

and with annealing.

Atomic %

Before | After 80 °C 160 °C | 200 °C
Plasma | Plasma

O1s 10.6 11.9 11.6 10.7 10.8
F 1s 58.0 55.6 55.8 57.5 57.6
C1ls 31.4 32.5 32.6 31.7 31.5
N1s 0.0 0.4 0.3 0.1 0.0
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Figure 11. (a) XPS survey spectrum for Teflon-AF post-annealed at 160 °C, (b) C 1s spectra for
different conditions, with the dashed lines specifying the two main peaks at 292 eV and 294.3
eV, and (c) the change in the percentages of the CF2, O-C-C, C-F, and C-O bonds.



4. Conclusions

OTFTs with inkjet-printed electrodes on hydrophobic fluoropolymer gate dielectric were
fabricated. Plasma treatment was used to increase the wettability of the fluoropolymer. However,
printing and annealing of the electrodes add complications to the gate dielectric/ OSC interface
that have not been studied before. We show that surface reversibility of Teflon-AF changes the
morphological and chemical properties on the surface after plasma treatment and after subsequent
post-annealing at different temperatures. The contact angle hysteresis and surface roughness
increase and reactive elements appear on the surface after plasma treatment. However, after post-
annealing, the opposite trend is observed. The reactive elements disappear and the random
roughness on the surface changes to ordered grain-like structures with increasing post-annealing
temperature from 80 °C to 140 °C. At 160 °C, the surface starts smoothing and at 200 °C it changes
back to the state before plasma treatment. Hence, at the right temperature, the desired wettability,
roughness, and percentage of chemical bonds can be achieved. At this temperature (160 °C), OTFT
parameters such as field-effect mobility and on-off current ratio are maximized. To prove that the
OSC/ dielectric interface is the dominant effect rather than contact resistance, we extracted the
contact resistance and low-field mobility. The low-field mobility that is independent of contact
resistance shows a clear trend with post-annealing temperature. Low-field mobility is increased by
a factor of approximately five from 80 °C to 160 °C post-annealing temperature, leading to
improved transistor performance. This study of Teflon-AF enables control over the OSC/ dielectric
interfacial properties in printed OTFTs for improved device performance as well as surface

engineering in many other applications of fluoropolymers.
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