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fluorinated polymer dielectrics for probing the
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semiconductorsy
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Insulating polymers are often used as gate dielectric materials in all-solution processable organic thin-film
transistors (OTFTs). Nonetheless, most of the polymers have poor resistance to common halogenated
solvents and thus are not feasible for bottom-gate OTFT structures. In this contribution, we show that
high molecular weight poly(2,3,4,5,6-pentafluorostyrene) (PPFS) is a gate dielectric material that can be
free from this limitation. We prepare PPFS with a facile and efficient approach by using methyl isobutyl
ketone (MIK) solvent in a basic wet-lab without the need of complex chemical equipment. Furthermore,
the non-polar and hydrophobic nature of the PPFS surface allows us to probe the intrinsic transport
behaviors of these acceptors. The MIK solvent-assisted polymerization method provides an alternative for
low-cost effective gate polymer dielectric preparation. Such a novel but simple synthesis paradigm not
only opens up a broad employment of solution-processable polymeric dielectrics for bottom-gate OTFTs,

rsc.li/materials-advances

Organic thin-film transistors (OTFTs) have gained enormous
research interests in a number of applications such as flexible
displays, radio frequency identification, and chemical and
biological sensors."™* Of all of the high mobility devices
reported, dielectric layers played an important role in governing
the charge transport process in OTFTs. To achieve high carrier
mobility in OTFTs, high-x and small-d are two well-recognized
factors that a dielectric material should possess in OTFT
devices."*™™ For the bottom gate TFT structure, there are not
so many polymer dielectrics that are compatible for all-solution
processing. Most organic semiconductors use halogenated
solvents (e.g. chlorobenzene and chloroform) as common
solvents, but most of the polymer gate dielectric materials have
poor solubility resistance to these solvents.

Cross-linking and post-etching are two normal strategies to
address the problem of high solubility of polymers in halogenated
solvents."® For the cross-linking method, there could be incomplete
consumption of the crosslinking agents which may stay within the
polymer and induce electron or hole traps during charge transport
in transistor operation."”” Moreover, many of these crosslinking
agents are silane-based chemicals in which the unreacted silane
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but also enables the full device potential with high-mobility semiconductors.

crosslinkers may be detrimental to TFT operations.'®"'® Previously,
high molecular weight vinyl polymers were usually synthesized
by degassed solvents under inert atmospheres. Chan et al. pre-
pared a PPFS polymer with a weight average molecular weight of
98 kDa under degassed solventless conditions under an argon
atmosphere.”® The polymerization ended in 20 hours and the
polymer obtained was a glass-like solid. The polymerization was
believed to be quenched by polymer chain entanglement which
caused a lower polymerization reactivity by increasing the
solution viscosity during polymer growth.”* The final polymer
was soluble in chloroform. Huang et al also reported the
synthesis of PPFS back in the 1960s, but once again the polymer
was synthesized using a complicated polymerization set-up and
techniques such as high vacuum systems, extremely low tem-
perature preparatory conditions, and free-dry cycle techniques.?>

Here, we identify poly(2,3,4,5,6-pentafluorostyrene) (PPFS) as
a candidate for solution processable gate dielectrics for bottom-
gate TFTs. We chose methyl isobutyl ketone (MIK) as solvent and
synthesize high molecular weight PPFS by radical polymerization
with a simple set-up (Scheme 1).

With the MIK solvent-assisted radical polymerization
approach, we can produce high molecular weight PPFS polymers
with a highest weight average molecular weight of 213 kDa. It
was also reported that PPFS homopolymer with a molecular
weight of 13.8 kDa had a better solubility in MIK than in
chloroform.?® Kim et al. extensively studied PPFS as a dielectric
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Scheme 1 General synthetic procedure of poly(2,3,4,5,6-pentafluoro-
styrene) (PPFS).

in OTFTs.>* Interestingly, our reported PPFS polymer with such
a high molecular weight becomes insoluble in chloroform or
halogenated-solvents and is only soluble in ketone solvents
such as MIK. In such a case, our PPFS polymer was found to
be an ideal candidate for dielectric materials in all-solution
processed OTFTs having the bottom-gate-top-contact (BGTC)
device architecture without the use of a crosslinking agent to
create a bottom insoluble dielectric layer. It can avoid any
dissolution during the upper layer deposition, which can lead
to unwanted interfacial mixing and increased interface rough-
ness. MIK is also a solvent with low mammalian and aquatic
toxicity, together with negligible environmental hazards.>® This
fluorinated polymer can also be synthesized easily without the
use of a high vacuum system and inert atmosphere which is
typically required for high molecular weight polymer synthesis.
The production of PPFS is robust and the purification method
is also simple. The entire production process can be carried out
either in a glovebox or in a closed container under ambient
conditions in a basic wet-lab. Complicated chemical instru-
ments such as a rotary evaporator or quick-fit apparatus were
not required for the synthesis of the polymer. The dielectric
constant of the PPFS polymer was found to be as high as 2.8,
and it can form a pinhole-free smooth thin film as thin as
35 nm. The unique halogenated solvent resistance property of
the polymer may also be applied in inkjet printing and can
possibly be employed in large scale inexpensive printable
electronics, and substitute other high-cost fluoropolymer
dielectric candidates, such as CYTOP™. The dielectric con-
stant, solvent resistance and wetting properties of some com-
mon commercial polymer dielectric materials and fluorinated
dielectric materials are summarized in Table 1. In the ESI,}

Table 1 List of common commercial polymer dielectrics and their prop-
erties. For PPFS, the effective dielectric constant (in parentheses) on the
SiO, layer for TFT devices in this work is also shown

Dielectric Resistance to Wetting
Polymer  constant halogenated solvents properties Ref.
PPFS 2.8 (3.7)  Good Good This work
cYror™ 2.0 Good Moderate 46
PVDF 8.7 Good Moderate  This work
PS 2.6 Poor N/A? 47
PMMA 3.5 Poor N/A® 47

¢ Poor solvent resistance which made spin-coating of another layer of
material impossible due to the high solubility of the material in organic
solvents.
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we show the chemical structure of PVDF and the frequency
dependent dielectric constant of PPFS and PVDF for compar-
ison (Fig. S1 and S2, ESIY).

Synthesis and properties of PPFS
Synthesis of poly(2,3,4,5,6-pentafluorostyrene) (PPFS)

The MIK solvent-assisted radical polymerization approach was
performed under two different environments, namely the
nitrogen-filled conditions and ambient conditions. The details
are as follows.

Nitrogen-filled conditions

2,3,4,5,6-Pentafluorostyrene (5.00 g, 25.8 mmol), 2,2’-azobis(2-
methylpropionitrile) (4.23 mg, 0.0258 mmol) and 3.00 mL
methyl isobutyl ketone were added into a 10 mL Schlenk tube
inside a nitrogen-filled glovebox (O, and H,O <1 ppm).
A magnetic stirrer was then put into the tube and sealed tightly
with a screw cap. The Schlenk tube was then taken out of the
glovebox and the solution mixture was submerged into a silicone
oil bath at 65 °C under vigorous stirring for 120 minutes. After
cooling down the mixture, the viscous solution was then precipi-
tated into 400 mL isopropanol. A white precipitate was then
filtered and collected. The precipitate was re-dissolved into a
minimum amount of methyl isobutyl ketone and re-precipitated
into 400 mL methanol. The precipitated polymers were submerged
in methanol for 30 minutes and then filtered. The white powder
was then washed successively with methanol and dried in vacuo to
give PPFS as a white powder (4.35 g, 87% yield).

Ambient conditions

2,3,4,5,6-Pentafluorostyrene (5.00 g, 25.8 mmol), 2,2’-azobis(2-
methylpropionitrile) (4.23 mg, 0.0258 mmol) and 3.00 mL
methyl isobutyl ketone were added to a 20 mL glass vial in
air. A magnetic stirrer was then put into the vial and sealed
tightly with a screw cap. The glass vial was then placed on a
hotplate at 65 °C under vigorous stirring for 18 hours. After
cooling down the mixture, the solution was worked up using
the same procedure as described by the glovebox approach to
give PPFS as a white powder (4.01 g, 80% yield).

Physical properties of poly(2,3,4,5,6-pentafluorostyrene) (PPFS)

Size Exclusion Chromatography (SEC) was used to estimate the
molecular weight of the synthesized polymers according to their
hydrodynamic volume. The SEC chromatograms and molecular
weight distribution of PPFS synthesized by a MIK solvent-
assisted radical polymerization approach in both the glovebox
and ambient environments are shown in Fig. 1.

The weight average molecular weight (M,,) of the polymers
was found to be 213 and 107 kDa respectively, and similar
polydispersities (P) of 2.2 were observed for both polymers. The
lower molecular weight obtained from the ambient environ-
ment could possibly be due to the retardation of the radical
polymerization by oxygen or moisture under ambient condi-
tions. However, the molecular weight was still high when using

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) SEC chromatograms and (b) molecular weight distributions

extracted from chromatography data of poly(2,3,4,5,6-pentafluorostyrene)
(PPFS) via different synthetic conditions.

Table 2 PPFS polymer physical data via different synthetic approaches

Yield M, M, T,

n g
Synthetic approach (%) (kpa) (kDa) B (°C) Ref.
N, (MIK assisted) 87 213 98.8 2.2 109 This work
Ambient (MIK-assisted) 80 107  47.8 2.2 109 This work
Ar (solventless) N/A 98 58 1.7 108 48
N, (ATRP) 96  13.8 11.4 121 953 49

the MIK ketone solvent as the reaction medium. Thermal analyses
for glass transition temperature estimation were also examined by
differential scanning calorimetry (DSC). The DSC spectra can be
found in Fig. S3 and S4 (ESIt). The glass transition temperatures
(Ty) of PPFS synthesized by glovebox and ambient approaches
were both 109 °C, which indicates a high degree of polymeriza-
tion. The physical information of PPFS polymers synthesized via
different approaches is provided in Table 2.

n-OTFT performances employing PPFS as a dielectric material

OTFTs with PPFS as the gate dielectric layer were tested
with different common n-type materials containing PC,;BM,
N2200, ITIC and ITIC-Th.**>® The molecular weight of N2200 is
200 kDa with a polydispersity index of 2.5 in this work. The
chemical structures of these materials are shown in Fig. 2. PPFS
films with a thickness of about 30 nm were spun-cast on p++Si/
SiO, substrates from methyl isobutyl ketone (MIK). Atomic
force microscopy (AFM) and optical microscopy (OM) were
performed to investigate the PPFS-treated SiO, surface. The
2 pm x 2 pm AFM image (Fig. 3a) showed smooth and feature-
less textures with a root-mean-square surface roughness of 0.36 nm,
and the 50 pum x 50 um OM image presented a pin-hole free
surface, meaning that PPFS is helpful to form a high-quality
semiconductor/dielectric interface (Fig. 3b). The water contact
angle on PPFS is 90° (Fig. 3c). The hydrophobic surface

This journal is © The Royal Society of Chemistry 2020
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originates from the fluorine atom in PPFS, and can effectively
repel water and oxygen to prevent interfacial trap formation in
the boundary of semiconductors and gate-dielectrics. A bottom-
gate-top-contact OTFT with device structure p++Si/SiO,/PPFS/
n-type semiconductor/PDIN/Al was adopted (Fig. 3d). AFM
images of the organic solvent treated PPFS thin film were also
taken to assess its chemical resistance to common solvents. The
AFM images showed a similar morphology and roughness to the
untreated film (Fig. S5, ESIf).

After the coating of the n-type semiconductor active layer, a
perylene diimide derivative with an amino terminal substituent
namely 2,9-bis(3-(dimethylamino)propyl)anthra[2,1,9-def6,5,10-
d'e'f |diisoquinoline-1,3,8,10(2H,9H)-tetraone (PDIN) was employed
as an electron injection layer. The chemical structure of PDIN is
shown in Fig. S1 (ESIY).

Fig. 4(a)-(d) show the TFT output characteristics of the
n-type transistors. All transistors exhibited well field-effect
transistor behaviors in both the linear and saturation regimes.
The PC,,BM OTFT showed the best electron transport charac-
teristic, with fig = 5.4 x 10> em? V' s7!, a small threshold
voltage of 7.7 V, and four orders of magnitude on/off current
ratio. In the evaluation of mobilities, the effective dielectric
constant of 3.7 from Table 1 was used. Generally, the TFTs with
PDIN contacts showed no observable contact resistance and
very good and clear saturation behavior. Their corresponding
saturation mobilities (us,), current on-off ratios and threshold
voltages (V) were evaluated using eqn (1) and can be found in
Table 3. To assess the reliability of our TFT results, we com-
pared our values with the highest reported mobilities from the
literature.>* ! The results are also summarized in Table 3. The
mobility values of PCBM, ITIC and ITIC-Th are similar. For
N2200, the mobilities are almost 3 orders less. The difference of
N2200 electron mobilities may have come from the different
molecular weight of N2200 and TFT architecture employed
(top-gate bottom-contact vs. bottom gate top contact). Our TFTs
have reasonably low off-current (~10-10 A). The intrinsic
low carrier mobility of the active layer materials limits the
on-current, hence the on-off ratio. Nevertheless, comparing
the on-off ratios with reported literature values, our devices are
still in an acceptable range (10°-10* cm> v ' s71).3*7%’

For completeness, we also fabricated TFTs without the PDIN
contact layers. The results are summarized in the ESIt (Fig. S6 and
Table S1). All TFT mobilities are slightly reduced compared to those
with PDIN contacts, demonstrating the beneficial roles of the PDIN
layers. In addition, they show insignificant hysteresis (Fig. 5).

We also attempted to fabricate a PC,;BM n-type OTFT
employing two other fluorinated polymers, polyvinylidene
difluoride (PVDF) (Fig. S1, ESI) and CYTOP™ as gate dielec-
trics. When using PVDF, it showed lower saturation mobility
(1.2 x 107° em® V' s7') and much higher threshold voltage
(27 V) (Fig. S7, ESIt). PC,;BM showed poor wettability on
CYTOP™ and cannot be used further for OTFT fabrication.
The water contact angle on CYTOP™ was found to be as large
as 107°, suggesting that CYTOP™ has a lower surface free
energy, and should be incompatible for bottom gate structures
in all-solution process OTFTs (Fig. S8, ESIT).

Mater. Adv., 2020, 1, 891-898 | 893
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Fig. 2 Chemical structures of the four n-type organic semiconductors studied in this work.
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Fig. 3 (a) 2 um x 2 um atomic force microscopy and (b) 50 pm x 50 pm
optical microscopy images of the PPFS film surface. (c) Water contact
angle on the PPFS-coated SiO, surface. (d) Schematic diagram of a
bottom-gate-top-contact (BGTC) OTFT.

In organic electronics, PC71BM, N2200, ITIC, and ITIC-Th
are probably the most widely used acceptors in organic photo-
voltaic cells.>’*° Their n-type transport behaviors are of clear
importance for understanding their electronic properties.
A PPFS gate dielectric layer can serve as an ideal substrate to
assess electron transport in these acceptors. PPFS has two
notable advantages. First it is non-polar, so the transport of

894 | Mater. Adv., 2020, 1, 891-898

electrons in the active layer will not be affected by the local
dipoles from the gate dielectric/active layer interface. Second,
the hydrophobic nature of PPFS excludes moisture which
can severely hinder electron transport. For the four electron
acceptors under investigation, their lowest unoccupied mole-
cular orbitals (LUMOs) can be taken to have a Gaussian
distribution with an energy spread of o, which is also known
as the energetic disorder according to the well-known Gaussian
Disorder Model (GDM).*® In this model, charges hop in an
energetic manifold with a Gaussian density of states. The width
of the manifold is ¢. Under such a condition, the charge carrier
mobility is temperature (7) and electric field (F) dependent and
the mobility can be expressed as:**™**

(F,T) = p, exp|— 20}

where p, is the high-temperature limit mobility, f§ is the Poole-
Frenkel slope, and k is the Boltzmann constant. At a low electric
field, the latter exponential term vanished. From a plot of zero-
field mobility (1o) vs. (1/T)%, the slope can be used to extract o
and the y-intercept represents y,.*>

Temperature dependent mobility measurements were
carried out for all 4 electron acceptors, and their low field (linear)
electron mobilities were extracted. From a plot of y, vs. 1/T°, the
data can be seen to follow the GDM very well in all cases as
shown in Fig. 6. From the linear fittings (solid straight lines in
Fig. 6), both transport parameters, i, and o, can be extracted
for all four electron acceptors. The results are summarized in
Table 4. It can be seen that all acceptors possess low and
similar energetic disorders ¢ in the range of 66-71 meV, which

exp(BVF) (1)

This journal is © The Royal Society of Chemistry 2020
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Table 3 OTFT parameters of PC7,BM, N2200, ITIC and ITIC-Th

Active material i, (em® V' s7Y) pgae (em® V' 57 Vi (V) Tonjore

PC,,BM 45 x 10°° 5.4 x 1073 7.7 2.1 x 10*
N2200 2.6 X 103 23 x 103 1.0 4.1 x 10>
ITIC 7.6 x 107* 8.7 x 107* 49 6.9 x 10°
ITIC-Th 9.8 x 1074 5.3 x 1074 8.8 2.9 x 10%

are favorable for electron transport. The u ., values for PC71BM
and N2200 acceptors, however, are about four times larger than
those of ITIC and ITIC-Th. As y., is related to the intermole-
cular stacking,”®** the lower u. values for the ITIC-based
acceptors suggest that these non-fullerene small molecular
acceptors must be further improved in their morphology in
order to reach higher mobilities in OPV applications.

This journal is © The Royal Society of Chemistry 2020

Vs (V)

Fig. 4 Transfer and output characteristics of OTFTs using (a and e) PC73:BM; (b and f) N2200; (c and g) ITIC and (d and h) ITIC-Th as the active layers.

Experimental section
Materials

2,2'-Azobis(2-methylpropionitrile), methyl isobutyl ketone, iso-
propanol and chloroform were purchased from Sigma Aldrich. ITIC
and ITIC-Th were purchased from 1-material. PC;;BM, N2200 and
2,3,4,5,6-pentafluorostyrene were purchased from nano-C, Polyera
and Apollo Scientific respectively. 2,2'-Azobis(2-methylpropionitrile)
was recrystallized by a method previously reported prior to use.*®
Other chemicals were used as received.

Size exclusion chromatography (SEC) and differential scanning
calorimetry (DSC)

SEC was performed at room temperature using an HP 1050
series HPLC with an ultraviolet detector at 254 nm using

Mater. Adv., 2020, 1, 891-898 | 895
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Table 4 Electron transport parameters of PC7,BM, N2200, ITIC and ITIC-Th
evaluated by BGTC TFTs using PPFS as the gate dielectric layer

Active material o (em?>vlis™ o (meV)
PC,,BM 9.4 x 10?2 66
N2200 8.4 x 1072 71
ITIC 1.9 x 1072 68
ITIC-Th 2.3 x 1072 67

tetrahydrofuran (THF) as the eluent (HPLC column: Jordi Gel
GBR Mixed Bed, 300 mm x 7.8 mm). The SEC results were
calibrated with polystyrene standards with molecular weights
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of 1350 (polydispersity index (P) = 1.03), 28000 (P = 1.01),
87000 (P = 1.02) and 410000 (P = 1.03). DSC was performed
using a PerkinElmer Pyris Diamond differential scanning
calorimeter.

TFT fabrication and measurement

The silicon wafers were first cleaned with deionized water,
acetone, and isopropanol for 20 min each. After 13 min of
UV-ozone treatment, PPFS dissolved in methyl isobutyl ketone
(10 mg mL ') was spun on the substrates at 2000 rpm for 40 s,
giving a 25 nm thick film. The PPFS-treated wafers were then
annealed at 120 °C for 2 hours to dry out the solvent. PC,,BM,
N2200 ITIC and ITIC-Th were dissolved in chloroform with
a concentration of 10 mg mL ™" and spin-coated on PPFS at
2000 rpm for 1 min. The thickness of the semiconductors was
around 60 nm. After that PDIN which was dissolved in 2,2,2-
trifluoroethanol with a concentration of 1 mg mL ™' was spun on
the active layer at 7500 rpm for 1 min. On top of semiconductors,
100 nm aluminum was thermally evaporated under high vacuum,
forming a channel length of 50 pm. Measurements were done in
a cryostat (Oxford Instruments, Optistat DN-V) under vacuum
below 10~* Torr and dark conditions at various temperatures.
A Keithley 236 source measurement unit together with a Xantrex
XT 120-0.5 as the DC gate voltage supply was used.

Atomic force microscopy

AFM images were scanned using Veeco diMultimodeV with a
NanoscopeV controller. The E-scanner with an Appnano ACTA
silicon probe scanned in a tapping mode provided information
on surface height within a size of 2 pm x 2 um.

Conclusions

In summary, we have identified high molecular weight
poly(2,3,4,5,6-pentafluorostyrene) (PPFS) as an excellent gate dielec-
tric material for the fabrication of all-solution processable bottom-
gate top-contact TFTs. A facile and robust method was designed to
prepare PPFS so that the PPFS can be dissolved in methyl isobutyl
ketone but remains insoluble in common solvents in good yield
and high purity. The resulting PPFS layer is highly hydrophobic
while at the same time permitted the adhesion of organic layers on
top of this layer prepared by spin-coating. Four commonly used
electron acceptors, including PC71BM, N2200, ITIC, and ITIC-Th,
were tested on the PPFS layer. Their TFTs possess well-behaved
output curves, and their electron mobilities were evaluated and lie
in the range between 10™* and 10> em® V' s™'. Furthermore,
the non-polar and hydrophobic nature of the PPFS surface allows
us to probe the intrinsic transport behaviors of these acceptors. The
results suggest that the ITIC-based acceptors need to be improved
in terms of their morphologies in order to possess large electron
mobilities for OPV applications.
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