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Perfluoroalkylated alternating copolymer
possessing solubility in fluorous liquids and
imaging capabilities under high energy radiationy

A highly fluorinated alternating polymer, P(RgMi-St), possessing improved thermal properties and patterning
capabilities over perfluoroalkyl polymethacrylates under high energy radiation was achieved with semi-
perfluorododecyl maleimide (RgMi) and styrene (St). ReMi could be synthesised efficiently via a Mitsunobu
reaction condition and copolymerised with St by free radical and reversible-deactivation radical
polymerisation protocols. P(RgMi-St) showed a satisfactory glass-transition temperature (108 °C) and
intermolecular cross-linking behaviour under electron-beam and commercially more important extreme
UV (A = 13.5 nm) irradiation. The exposed regions lost their solubility, resulting in the successful
formation of mechanically non-deteriorated negative-tone images down to 50 nm. In addition, P(RgMi-
St) could be solution-processed with chemically non-damaging fluorous liquids, which enabled the
polymer to be applied effectively on top of an organic semiconductor layer as a dielectric material

rsc.li/rsc-advances

Introduction

Highly fluorinated polymers have a large number of strong C-F
bonds with low-lying energy levels that provide excellent
stability against harsh oxidizing conditions.*™ On the other
hand, the corresponding depressed anti-bonding orbitals
render them vulnerable under reducing environments; elec-
trons injected into the fluorinated molecular framework result
in the generation of radical anion species, which are subse-
quently decomposed to reactive radicals.>® Recently, the present
authors have investigated the chemical behaviour of thin films
consisting of perfluoroalkylated polymethacrylates when sub-
jected to an accelerated electron-beam (e-beam). A decrease in
solubility was observed in the irradiated regions, thus enabling
polymeric nanostructures to be built up after washing in a flu-
orous solvent. This phenomenon was understood in terms of
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(dielectric constant 2.7) for the organic field-effect transistor fabrication.

crosslinking reactions among the radical species generated on
the perfluoroalkyl moieties.”

Driven by these preliminary results and the benefits of
polymers possessing chemical orthogonality,®*® the authors
began a larger study to develop the chemistry into meaningful
applications. The starting point was to identify the limits of the
current perfluoroalkylated polymethacrylate substrates, and to
improve their thermal and mechanical properties. Initial char-
acterizations indicated that the polymers had low glass-
transition temperatures (T,) and a melting behaviour.">** This
semi-crystalline nature is not desirable for the construction of
uniform and robust microstructures because the presence of
grain boundaries of the crystalline domains and resulting
anisotropic properties cause problems, such as non-uniform
intermolecular cross-linking and dissolution behaviour of the
exposed areas.” Moreover, the mechanical strength of the
polymer films was found to weaken under e-beam irradiation.
This criticism motivated the search for cross-linkable polymers
with solubility in fluorous solvents, enhanced T, and non-
deteriorated mechanical strength under high energy radia-
tion. The results are reported in detail in the present paper.

Results and discussion

In general, highly fluorinated polymers are classified into two
categories, namely (i) the fluoropolymers such as polytetra-
fluoroethylene (PTFE), which are based on fluorinated back-
bones, and (ii) the vinyl polymers with perfluoroalkyl side
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chains. A variety of studies are recently focused on the latter
category because structurally refined polymeric materials are
conveniently accessed by, for example, reversible-deactivation
radical polymerization protocols in an ordinary laboratory
environment.""” The present authors were attracted by these
benefits and selected the alternating vinyl copolymers as
a promising polymer platform.

It is well known that monomer combinations with a large
difference in electron density in their vinyl functional groups,
such as N-alkyl maleimide and styrene, form copolymer struc-
tures with an alternating monomer sequence.' In addition, N-
alkyl maleimide-styrene copolymers are known to exhibit high
T, and tunable solubility due to their rigid backbones and alkyl
substituents, respectively.”® These intriguing properties moti-
vated the authors to explore a copolymer composed of N-per-
fluoroalkyl maleimide and styrene, P(RgMi-St), as shown in
Fig. 1. To access the target polymer, synthesis of a comonomer,
semi-perfluorododecyl maleimide (RgeMi, 3), was attempted by
reacting the fluorinated dodecyl amine 2 with maleic anhydride
(Fig. 1a). The resulting amic acid intermediate was subjected to
imidisation at 110 °C in the presence of Ac,0, but RgMi (3) was
recovered in only ca. 10% yield. Various conditions, including
base catalysis, were employed, but no significant improvement
was made. Another pathway based on the Mitsunobu reaction
was examined with maleimide and semi-perfluorododecanol 5.
This proved successful in providing RgMi (3) in 70% yield.*
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Fig. 1 (a) Synthesis of RgMi (3). (b) Free radical copolymerisation of
ReMi and styrene in the absence and presence of chain-transfer agent
8 to achieve P(RgMi-St) or P(RgMi-St)-R, respectively. (c) Molecular
weights of the copolymers measured by size-exclusion chromatog-
raphy with monodisperse PMMA as reference standard.*® Reagents and
conditions: (i) CH,Cl,, acetone, 25 °C, 1 h, followed by Ac,0, 110 °C,
12 h; (i) 5, PPhs, diisopropyl azodicarboxylate (DIAD), THF, =78 °Ctorrt,
12 h; (i) 2,2-azobisisobutyronitrile (AIBN), benzotrifluoride, 80 °C,
12 h; (iv) 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic
acid (CDSTSP, 8), benzotrifluoride, 80 °C, 12 h.
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Interestingly, however, the same conditions did not work
equally well for a commercially-available decanol 6 with
a shorter non-fluorinated alkyl unit.

Free radical copolymerization with equimolar RgMi and
styrene was then conducted in benzotrifluoride (Fig. 1b). The
polymer recovered by precipitation into hexane was found to
have M,, = 33 800 and a polydispersity index (PDI) of 2.3 (Fig. S3,
ESI{). The molar monomer composition was found to be 1 : 1 by
'H NMR spectrometry (Fig. S4, ESIT), and was anticipated to
involve alternating copolymers. Differential scanning calorim-
etry (DSC) indicated a high T, of 108 °C for the P(RgMi-St)
(Fig. 2a), and thermogravimetric analysis (TGA) indicated 5%
weight loss at a temperature of ca. 350 °C (Fig. 2a). As previous
studies have demonstrated that the T, increases with increasing
chain stiffness,* this explains how the P(RgMi-St) can have a T,
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Fig. 2 (a) DSC and TGA curves of the P(RgMi-St). (b) Photographic
images of the 1 x 1 mm? patches of P(ReMi-St) on an Si substate which
were used for measuring the mechanical properties via nano-inden-
tation. The e-beam exposure dose was increased from 100 pC cm™2
for patch 1 to 1100 uC cm~2 for patch 6 in increments of 200 pC cm 2.
(c) Hardness and reduced Young's moduli of the patterned P(RgMi-St)
patches shown in (b). (d) A proposed cross-linking reaction mecha-
nism for P(RgMi-St) under a high energy radiation, including e-beam
and extreme UV (A = 13.5 nm).
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comparable to that of the well-known commercially available
fluoropolymer, Cytop™ (ca. 105 °C).*® Further, the P(RgMi-St)
was found to dissolve in 1,1,1,2,3,3-hexafluoro-4-(1,1,2,3,3,3-
hexafluoropropoxy)pentane (PF-7600) at a concentration above
40 wt%, thus providing suitable solutions for thin film casting
(Fig. S5a and b, ESIt). The dissolution rate of the cast 300 nm-
thick film in PF-7600 was measured using a quartz crystal
microbalance (QCM) to indicate fast and complete dissolution
in only a few seconds (Fig. S6, ESIT). In addition, the powder X-
ray diffraction (XRD) pattern in Fig. S7+ exhibits two broad halo
patterns, rather than narrow diffraction peaks, thus indicating
an amorphous solid structure for the P(RgMi-St).

The chemical behaviour of the P(RgMi-St) under high energy
radiation was then investigated. An 800 nm-think film was spin-
cast on a Si wafer from its solution in PF-7600, and exposed to
an e-beam with an energy of 500 uC cm . The irradiated
regions of the film did not wash off when soaked in the casting
solvent due to the decrease in solubility, thus producing
a negative-tone patterned structure. This feature is also
compared to the case of Cytop™ polymer. According to the
paper reported by Park et al., solubility of Cytop™ films after e-
beam irradiation increases to make positive-tone images. This
behaviour is understood with polymer main-chain scission and
resulting molecular weight reduction of Cytop™.>**

A comparison of the FT-IR spectra of the P(RgMi-St) film
recorded before and after e-beam exposure revealed no notice-
able differences (Fig. S81). The intensities of the stretching
peaks corresponding to the perfluoroalkyl moieties did not
decrease along the e-beam exposure. This suggests that -scis-
sion reactions of those units, which are typically related to the
free radicals generated in the molecular chains, did not occur
significantly, resulting in little changes in the molecular struc-
ture.” The mechanical properties of the e-beam exposed regions
were also characterised. As shown in Fig. 2b, a range of
patterned P(RgMi-St) specimens were prepared by varying the
energy of the e-beam between 100 uC cm™ 2 and 1100 pC cm ™2,
When each patch was tested by nanoindentation, the hardness
was found to increase steadily with increasing e-beam energy
(Fig. 2c). This was attributed to the cross-linking reactions
among the perfluorooctyl side chains (Fig. 2d).>* In addition, the
Young's modulus of the remaining patches remained
unchanged up to an exposure energy of ca. 900 uC cm™ 2 and
increased thereafter (Fig. 2c¢). Thus, in contrast to the poly(-
perfluorodecyl methacrylate),”?**” the mechanical properties of
the P(ReMi-St) did not deteriorate under e-beam irradiation,
thereby demonstrating that one goal of the present study could
be achieved through alternating copolymerization of N-per-
fluoroalkyl maleimide and styrene.

Improved thermal and mechanical properties, solubility in
fluorous solvents, and intermolecular cross-linking capabilities
under high-energy radiation are all valuable features of the
P(RgMi-St), enabling its adoption for advanced applications.
Hence, its potential applications as an imaging material for
microfabrication and as a dielectric in organic electronic
devices are examined herein. The process of e-beam or extreme
UV (EUV) irradiation followed by solvent washing is shown
schematically in Fig. 3a. As demonstrated by the micrograph in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) A schematic diagram of e-beam and extreme UV (EUV)
lithography. (b) and (c) SEM images of the line-and-space patterns
after e-beam exposure of the thin films: (b) P(RgMi-St) (line width: 100
nm), and (c) P(RgMi-St)-R (line width: 70 nm). (d) Thin film patches left
after EUV irradiation and washing in PF-7600. The exposure dose was
increased from 4 mJ cm™2 for pattern 1to 22 mJ cm™2 for pattern 10 in
steps of 2 mJ cm™2. (e) The change in the remaining film thickess of
the patches shown in (d). (f) SEM image of a P(RgMi-St)-R thin film (line
width: <50 nm) after EUV exposure at a dose of 55.0 mJ cm~2 and
washing in PF-7600.

Fig. 3b, 100 nm-sized structures were cleanly achieved by e-
beam irradiation at an energy of 600 puC cm 2. The aspect
ratio of 1.5 observed in these structures may be attributed to the
high T, and improved mechanical strength of the P(RzMi-St).
The construction of smaller structures (=70 nm) was then
attempted but proved unsuccessful (Fig. S91). When the irra-
diated film was washed in PF-7600, it could be seen in the SEM
micrograph that the material in between the line patterns was
not completely washed off. There were many bridges connecting
the lines which could be due to the insufficient dissolution of
polymer chains. This result could be attributed to the large
molecular weight and molecular weight distribution of P(RgMi-
St) (Fig. 1c) which did not allow quick and uniform dissolution
behaviour of polymer chains in such small and densely packed
structures shown in Fig. S9.1 Hence, to address this problem,
P(RgMi-St)-R with M, = 6300 and P = 1.2 was prepared via
reversible addition-fragmentation chain-transfer (RAFT) poly-
merization (Fig. 1b). Under the same e-beam lithography
conditions, structures as small as 70 nm were successfully
formed in the P(RgMi-St)-R thin film (Fig. 3c).

Recently, in semiconductor industry significant attention is
focused on employing extreme UV (EUV, A = 13.5 nm) as an
innovative light source for the commercial production of high-
resolution integrated circuit chips.”® Huge progress has been
made in the manufacture of high power light source and

precision exposure equipment, which strongly requires
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performance imaging materials working effectively and effi-
ciently with that short wavelength light.>**® EUV is classified as
an ionising radiation, resulting in the secondary electron
generation when it impinges on a materials surface.®* It is
therefore necessary to consider the chemical reactions induced
by high energy electrons along with those by the EUV photons in
order to develop useful, imaging materials.
Researchers in academia and industry proposed candidates
belonging in a few categories; organic photoresists,**** small
molecular organometallic compounds®**® and transition metal
oxide nanoclusters®~** and nanoparticles.***! Organic photore-
sists, basically a refined version of conventional materials for
248 nm and 193 nm deep UV, work mainly in catalytic acidolysis
processes with strong acid molecules. These materials can
achieve pattern generation in a highly efficient manner but have
disadvantages in controlling the acid diffusion phenomenon.**
For organometallic small molecules, metal oxide nanoclusters
and nanoparticles, strategies of ligand dissociation and
agglomeration upon irradiation are commonly employed. In
particular, Sn-based nanoclusters are reported to show prom-
ising results although concerns about metal contamination are
not yet completely cleared.*®

In view of the change in solubility of P(RgMi-St) under e-beam
irradiation, it is natural to wonder about the potential effects of
EUV radiation. In the present work, 44 nm-thick P(RgMi-St)-R
films (M, = 11 600 and P = 1.5) were exposed to a circular EUV
beam with increasing energy of up to 22 mJ cm ™2, followed by
immersion in PF-7600. As shown in Fig. 3d, the exposed areas
became insoluble and did not wash off. Moreover, the remaining
thickness of the patches increased with increasing EUV energy of
up to 10 mJ cm™ 2, levelling off thereafter (Fig. 3¢). In view of the
generally-accepted mechanism of imaging under EUV irradia-
tion,* this result could again be attributed to the intermolecular
cross-linking reactions among the perfluoroalkyl moieties by the
secondary or lower-energy electrons. When the P(RgMi-St)-R was
tested under EUV lithographic conditions, 50 nm patterned
structures were successfully resolved under an exposure energy of
55 mJ cm 2 (Fig. 3f).

As shown in Fig. 4a, the dielectric properties of the P(RgMi-
St) were measured using a 310 nm-thick film sandwiched
between two metal electrodes, indicating a capacitance of ca. 8
nF cm 2 at frequencies between 100 Hz and 1 MHz. This
corresponds to a dielectric constant of 2.7, which is higher than
that of the amorphous fluoropolymer, Cytop™ (i.e., 2.1).* In
addition, the current density vs. electric field (E-field) graph in
Fig. 4b indicates a breakdown strength of 4.5 mV cm™" for the
P(RgMi-St), which is slightly smaller than that of Cytop™ (i.e. 5
mV cm ') but high enough for a typical organic field-effect
transistor (OFET) to withstand the driving voltage range. An
OFET device with a top gate/bottom contact geometry was
fabricated using the solution-cast P(RgMi-St) on top of a DPP-
BTZ thin film (Fig. 4c).***” An examination of the transfer curve
(Ip — Vi) in Fig. 4d indicates that the OFET operated stably. The
hole and electron mobilities extracted from the linear region
were ca. 0.4 cm®> V™' s7' and 0.02 em® V' s, respectively, for
the P(RgMi-St) device, compared to ca. 0.3 and 0.008 cm” V"
s, respectively, for the Cytop™ device.

sensitive
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Fig. 4 (a) Capacitance-frequency curve of the P(RgMi-St) film. The
inset shows an image of the metal-insulator-metal (MIM) device. (b)
Current density vs. electric field (E-field) graph for Cytop™ and P(RgMi-
St) dielectric films. The arrows indicate the breakdown points and the
inset shows a schematic of the MIM device. (c) The device configu-
ration of the tested organic field-effect transistor (OFET) and the
chemical structure of the semiconducting copolymer DPP-BTZ. (d)
Transfer curves of the OFETs employing the P(RgMi-St) film as
a dielectric layer in the linear and saturation regime (drain voltage Vp =
—20 V and —40 V). The solid and dashed lines show the drain current
(Ip) and gate leakage current (Ig), respectively.

Conclusions

A highly fluorinated alternating polymer, P(RgMi-St), possessing
improved thermal properties and patterning capabilities under
a high energy radiation was achieved with semi-
perfluorododecyl maleimide (RgMi) and styrene (St). RgMi
could be synthesised efficiently via a Mitsunobu condition and
copolymerisation with St was performed by a free radical and
reversible-deactivation radical polymerisation protocols. The
recovered copolymer showed a satisfactory glass-transition
temperature (108 °C) and intermolecular cross-linking behav-
iour under electron-beam and commercially more important
EUV irradiation. The exposed regions lost their solubility,
resulting in the successful construction of mechanically non-
deteriorated negative-tone patterns down to 50 nm, which is
the opposite to the case of amorphous fluoropolymer Cytop™.
In addition, P(RgMi-St) revealed a dielectric constant of 2.7 and
solution-processability in chemically non-damaging fluorous
liquids, which enabled it to be applied on top of an organic
semiconductor layer as a dielectric material for OFET fabrica-
tion. A more detailed study on P(RgMi-St) as a patterning
material is going on currently, and the results will be reported in
the near future.

Experimental
Materials

Benzotrifluoride, diisopropyl azodicarboxylate, maleimide, and
anhydrous THF were purchased from Sigma-Aldrich and used
as received. 1,1,1,2,3,3-Hexafluoro-4-(1,1,2,3,3,3-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hexafluoropropoxy)pentane (PF-7600) was bought from 3 M
Korea and used without further purification. 2,2-Azobisisobu-
tyronitrile (AIBN) was obtained from Junsei Chemical and used
after recrystallization from a mixed solvent of MeOH and
CHClL. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]
pentanoic acid (CDSTSP),*
5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadeca-
fluorododecan-1-ol,*°
5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadeca-
fluorododecan-1-amine® were prepared according to the
literature.

and

Characterisation

"H NMR spectra were recorded on a Bruker Avance III (400 MHz)
spectrometer at ambient temperature using the chemical shift
of a residual protic solvent (CHCI; at ¢ 7.24 ppm) as a reference.
All chemical shifts were quoted in parts per million (ppm)
relative to the internal reference, and the coupling constants, J,
were reported in Hz. Signal multiplicity was indicated as
follows: s (singlet), d (doublet) and t (triplet). Size exclusion
chromatography (SEC) was carried out on a Younglin GPC
system (YL9100) equipped with a refractive index detector and
a series of two columns (PL gel mixed-C 5 pm and PL gel mixed-
D 5 pum) by eluting 1,3-dichloro-1,1,2,2,3-pentafluoropropane
(ASAHIKLIN™ AK-225G) at 35 °C. Monodisperse PMMA
(molecular weight from 860 to 2 200 000 g mol ", Shodex™,
Showa-Denko) was used as a reference standard for the SEC
experiments. Electron beam (e-beam) lithography was carried
out on a NANOBEAM NB3 exposure tool operating at an accel-
eration voltage of 80 keV with a probe current of 1.0 nA.
Developed patterns of the polymer films were observed by
scanning electron microscopy (SEM, NanoBeam NB3, 80 keV)
after sputter-coating of Pt. The nanoindentation tests were
performed by a nano-indenter (Nanomechanics, USA) with
a continuous stiffness measurement (CSM) technique. A Ber-
kovich diamond tip was used in all the experiments.

Synthesis

1-(5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heptadeca-
fluorododecyl)-1H-pyrrole-2,5-dione (RgMi, 3). To a magneti-
cally stirred solution of triphenylphosphine (1.90 g, 7.21 mmol)
in THF (anhydrous, 50 ¢cm®) was added diisopropyl azodi-
carboxylate (1.46 g, 7.21 mmol) under a N, atmosphere at
—78 °C. The mixture was stirred for 10 min, and another solu-
tion of 5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
heptadecafluorododecan-1-ol (4.26 g, 8.65 mmol) in THF (8
cm®) was added to the mixture at —78 °C. Maleimide (0.700 g,
7.21 mmol) was then added to the solution, and the reaction
mixture was allowed to warm up to ambient temperature. After
stirring for 12 h, the reaction mixture was poured into water
(100 cm®) and the crude product was extracted with Et,O (120
cm®). The recovered organic layer was washed with brine (100
cm®), dried over anhydrous MgSO, and concentrated under
reduced pressure. The product was purified by flash column
chromatography (silica gel, EtOAc : hexane = 1:4) and crys-
tallized from 'PrOH to give RgMi (3) as a white solid (2.90 g,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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70%); (found: C, 33.8; H, 1.8; N, 2.5. C;4H;(NF;,0, requires C,
33.6; H, 1.8; N, 2.5%); IR (KBI) vmae 1701, 1412, 1250, 1203,
1151, 845 cm™; "H NMR (400 MHz, CDCl3): 6 = 6.71 (s, 2H),
3.56 (t, ] = 7 Hz, 2H), 2.24-1.92 (m, 2H), 1.75-1.57 (m, 4H).
HRMS (ESI): m/z [M + Na]" caled for Cy6H;(NF;,Na0, 594.0338;
found 594.0333.

P(RgMi-St) by a free radical copolymerisation protocol. ReMi
(0.200 g, 0.350 mmol), styrene (0.0364 g, 0.350 mmol), AIBN
(0.00287 g, 0.0175 mmol) and benzotrifluoride (2 cm®) were
added into a 10 cm® Schlenk tube. The tube was sealed and
degassed via three freeze-pump-thaw cycles using liquid N,
under reduced pressure, and finally purged with N,. The solu-
tion was magnetically stirred at 80 °C for 12 h under a N,
atmosphere. The solution was poured into hexanes, and the
precipitate was collected and dried under reduced pressure to
give P(RgMi-St) (0.100 g) as a white solid.

P(RgMi-St)-R by a reversible addition-fragmentation chain-
transfer (RAFT) copolymerisation protocol. RgMi (1.00 g, 1.75
mmol), styrene (0.182 g, 1.75 mmol), AIBN (0.0144 g, 0.0875
mmol), CDSTSP*® (0.0177 g, 0.0438 mmol), and benzotrifluoride
(15 cm®) were charged into a 50 em® Schlenk tube. The tube was
sealed and degassed via three freeze-pump-thaw cycles using
liquid N, under reduced pressure and finally purged with N,.
The solution was magnetically stirred at 80 °C for 12 h under
a N, atmosphere. The solution was poured into hexanes and the
precipitate was collected and dried under reduced pressure to
give P(RgMi-St)-R (0.890 g) as a white solid.

Patterning

Materials patterning by e-beam lithography. Films of
P(RgMi-St) or P(RgMi-St)-R were spin-coated onto Si substrate
from its solution in PF-7600 (0.1 g of polymer in 2 cm® of the
fluoro solvent) at 3000 rpm. The coated substrate was then
baked at 110 °C for 1 min to give a ca. 100 nm-thick film. An e-
beam lithography condition was applied to produce dense
rectangular line and space patterns that remained after washing
with the casting solvent, PF-7600.

Materials patterning by EUV lithography. EUV (1 = 13.5 nm)
exposure experiments were carried out at Pohang Accelerator
Laboratory (POSTECH, Republic of Korea) and Lawrence Ber-
keley National Laboratory (Advanced Light Source, USA) using
MET5 EUV exposure tool. A solution of P(RgMi-St)-R in PF-7600
(1.5% wt/vol) was spin-coated on Si substrate at 4000 rpm. The
coated substrate was baked at 110 °C for 1 min to form a thin
polymer film (thickness: 32 nm). After EUV exposure, the film
was washed in PF-7600 without a post-exposure bake (PEB) step.
The line and space patterns of the exposed P(RgMi-St)-R film
were analyzed with a high-resolution FE-SEM.

Electrical properties

Measurement of dielectric constant of P(RgMi-St) thin film.
In order to evaluate the dielectric properties of P(RgMi-St),
metal-insulator-metal (MIM) devices were fabricated, in which
the insulating polymer layer is sandwiched in between an Al top
and bottom electrodes. The capacitance of the insulating layer
was measured using an Agilent 4284A Precision LCR meter, and
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the leakage current was measured with the Keithley 236 source
measure unit.

Evaluation of transfer characteristics of organic field effect
transistor. The glass substrates were cleaned by ultra-sonication
in acetone and IPA for 10 min each. 40 nm-thick Au source/
drain electrodes were formed by thermal evaporation at
a deposition rate of 1.0 A s~'. A DPP-BTZ*** polymer semi-
conductor solution (5 mg cm™ " in chlorobenzene) was spin-
coated on the substrate and baked at 200 °C for 30 min to
form (50 nm-thick) active charge-transporting layer. A P(RgMi-
St) insulator solution was prepared (80 mg cm * in PF-7600),
and spin-coated on top of the DPP-BTz layer. The film thick-
ness was about 350 nm and finally, a top Al gate electrode
(thickness 40 nm) was formed by thermal evaporation at

a deposition rate of 2.5 A s7*.
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