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A photolithographic patterning technique of perfluoropolymers was developed for the micropatterning of solution-processed organic semi-
conductors. We found that a small amount of fluorosurfactant additives in photoresist solutions enabled preparation of the spin-coated films even
on the dewetting surfaces of perfluoropolymers. Subsequent photolithography and dry/wet etching achieved excellent patterning of
perfluoropolymers, which provided a high contrast of wettability in microscale on the substrate. The dewetting patterns were applied for isolating
solution-processed organic thin-film transistor arrays for a 100ppi active-matrix display by selective dewetting. The isolation of the semiconducting
layers achieved significant improvement in the current on/off ratio with a high mobility of >1 cm2V%1 s%1.

© 2014 The Japan Society of Applied Physics

T
he recent achievements of high mobility in solution-
processed organic field-effect transistors (OFETs) have
led to a consideration of printed manufacturing of

practical electronic devices, such as active-matrix organic
light-emitting diode (AMOLED) displays and radio-fre-
quency identification tags.1–3) In order to achieve printed
manufacturing, the development of surrounding materials and
technologies such as solution-processable gate dielectric
materials,4,5) high-resolution patterning techniques of solu-
tion-processed organic semiconductors,6–11) and water/gas
barrier films12,13) has become of great importance. Perfluoro-
polymers are promising materials for those purposes because
of their unique physical and chemical properties, which
include a low dielectric constant and low index of reflection,
their inherently clean and non-stick hydrophobic nature, and
high chemical stability and gas-barrier properties. Among the
perfluoropolymers, the amorphous soluble perfluoropolymers
Cytop (Asahi Glass) and Teflon AF (DuPont) [Fig. 1(a)], have
been used in OFETs owing to their low-k (¾ = 2.1) properties
that reduce dipolar disorder at organic/dielectric interfaces
and very high breakdown electric field of ³5MVcm¹1.14–17)

Cytop is also useful for a solution-processed protective barrier
layer for organic semiconductor devices from the oxygen and
water in air.18,19) However, in spite of these remarkable
characteristics, the use of perfluoropolymers has been limited
because of the difficulty in patterning them, which is because
of an incompatibility with conventional photolithography
techniques. Perfluoropolymers’ surfaces have extremely weak
interactions with most of molecules, and hence, the deposition
of photoresist films by spin coating is prohibited.

Since the unique properties of the perfluoropolymers offer
versatile applications in a variety of research fields, there has
been a tremendous need for developing patterning techniques
not only in the field of electronics,20,21) but also in micro/nano
fluidics and cell biology;22,23) therefore, several techniques
have been proposed thus far. For example, a weak oxygen
plasma etching modifies the surface of Teflon AF to have
O–C–O and C=O species that enable photoresist to be spin
coated.20) Similarly, 1-nm-thick vacuum-evaporated Al that
transformed into an AlOx layer by air exposure is able to
modify the Cytop surface such that it can be wetted for
photoresists.21) The photolithography and lift-off technique
of perfluoropolymers were developed for the patterning

of organic semiconductors or living cells.22,23) However, the
surface modifications lead to contaminations, which spoil the
inherently clean nature of perfluoropolymers, while the lift-off
of such polymers has a difficulty in the obtainment of sharp
edges. Therefore, it is still desirable to develop simple and
high-resolution patterning techniques of perfluoropolymers.

In the present study, we have established a very simple
technique that enables photoresist to be spin coated on the
surface of perfluoropolymers without modifying their clean
surfaces. The key material is a fluorosurfactant of which a
small amount of 1wt% was added into commercially avail-
able common photoresists. This allowed the wetting of the
photoresist solution on the surfaces of both Cytop and Teflon
AF. The use of fluorosurfactant additives in photoresist was
considered by Cho et al.20) previously; in this work, fluoro-
surfactants, however, did not work efficiently, thus requiring
unusual spin-coating techniques, i.e., spin coat twice with
heated substrates using a high-fluorosurfactant concentration

(a)

(b)

(c) (d)

Fig. 1. Chemical structures of Cytop and Teflon AF (a) and schematic of
polymeric fluorosurfactant having fluorophilic, lipophilic, and hydrophilic
groups (b). Contact angles of pure water (c) and water with 0.02wt% of
S-386 additive (d).
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of 15wt%, which lowered the performance of the photo-
resist. In contrast, in our study, the 1wt% of fluorosurfactant
additives did not sacrifice the processability and the per-
formance of the original photoresists; hence, high-resolution
patterning was achieved. By using the patterned perfluoro-
polymer as a repellent bank, we successfully achieved
excellent patterning of thousands of OFETs in a backplane
circuit of a 100 ppi AMOLED display by a simple solution
process. The patterned OFETs showed significant improve-
ment in current on/off ratio and subthreshold swing as well
as reasonably high mobility.

To enable spin coating of photoresists on bare perfluoro-
polymer surfaces, we modified photoresist solutions by a
fluorosurfactant Surflon S-386 (AGC Seimi Chemical), which
is a non-ionic, polymeric surfactant with fluorophilic,
lipophilic, and hydrophilic groups in its structure [Fig. 1(b)].
These features enable Surflon S-386 to dissolve in water
as well as common organic solvents and contribute to the
preparation of wetting droplets on the bare Cytop surfaces. In
fact, we found 0.02wt% of Surflon S-386 additive decreased
the water contact angle on Cytop drastically from 110 to 55°
as is shown in Figs. 1(c) and 1(d). We tested the compati-
bilities of Surflon S-386 with two types of photoresists, which
are S1813G (Rohm and Haas) for the positive type and ZPN-
1150 (Zeon) for the negative type, and we found a 1wt%
additive into the photoresist solutions enabled spin-coated
films on Cytop and Teflon AF surfaces. Full coverage was
obtained even with a relatively large size, i.e., 10 cm square
substrate. The rest of the photolithography process was
carried out without re-optimization of our recipe. We note
that in the following experiments we will show the results
obtained with Cytop, but all the techniques developed herein
are also applicable to Teflon AF.

After the patterning of the photoresist layer by ultraviolet
(UV) exposure and development, the Cytop underneath the
patterned photoresist layer was patterned by either oxygen
plasma or wet etching, using the photoresist layer as a mask
[Fig. 2(a)]. The oxygen plasma etching (200W for 6min)

enabled us to prepare a high-resolution patterning with
features of 5 µm [Fig. 2(b)]. The edge of the patterned Cytop
was confirmed to be very abrupt by an atomic force mi-
croscope (AFM) measurement [Fig. 2(c)]. Additionally, the
surface of the patterned Cytop was very smooth without any
adsorbed substances with a root mean square roughness
(RMS) of 0.40 nm, which is the same as the as-deposited
Cytop layer. This indicates the fluorosurfactant molecules
were rinsed off perfectly and did not remain; therefore, the
surface maintained the inherently clean nature of Cytop even
after the photolithography and etching processes. This is also
confirmed by the contact angle measurement, which revealed
both the patterned Cytop and the as-deposited one showed
the same water contact angles of 110°. Meanwhile, oxygen
plasma etched regions became highly wetted, demonstrating
the high contrast of wettability between the remaining
Cytop and the etched regions. This enables various kinds
of solution-processed functional materials, such as soluble
organic semiconductors and silver-nano inks, to be patterned
by selective dewetting [Figs. 2(d) and 2(e)].

The combination of fluorosurfactant-assisted photolithog-
raphy and oxygen plasma etching also enabled high-resolu-
tion patterning of organic semiconductor films. To demon-
strate this, we inserted a light-emitting polymer [Super
yellow (Merck)] layer in between the substrate and Cytop
layer and carried out the same process in Fig. 2(a). The light-
emitting polymer layer was etched by oxygen plasma along
with the Cytop layer and the resolution achieved, limited
by our photolithography process, was ³3 µm [Fig. 2(f )].
This technique is similar to the previously reported method
by Chang et al.21) but it is simpler in that our process does
not require a vacuum-evaporation process for preparing an
ultrathin adhesive layer. A wet-etching technique has also
been developed using a fluorosolvent of FC-43 (3M) as an
etchant for Cytop [5 in Fig. 2(a)]. Although the resolu-
tion achieved was not as high as with the oxygen plasma
etching process, we achieved feature sizes of several tens of
micrometers [Fig. 2(g)], which is enough that they can be

(a)

(b) (c)

(d) (e) (f) (g)

Fig. 2. (a) Schematic of the patterning process
flow. On top of Cytop layer on glass substrate (1), the
fluorosurfactant-added photoresist (FS-PR) layer was
prepared by spin coating (2). Subsequent UV
exposure (3), development (4), O2 plasma or
fluorosolvent etching (5) achieved patterning of
Cytop, and rinsing with acetone and isopropyl alcohol
(IPA) removed residual FS-PR layer (6). Optical
micrograph (b) of Cytop stripes with 5-µm ridge with
5-µm spacing and AFM images (c) of corresponding
area. The AFM image on the right was obtained from
the surface of the remaining Cytop. Solution-
processed TIPS-pentacene film (d) and silver
electrodes (e) patterned by selective-dewetting using
patterned Cytop. TIPS-pentacene solution and silver
ink remained only in the etched area and formed
continuous film. (f ) Photoluminescent image of a
light-emitting polymer patterned by dry etching
technique. (g) Optical micrograph of patterned Cytop
by using wet etching technique [5 in (a)]. The white
rectangles, where were etched by fluorosolvent, were
designed to define the area of semiconductors,
through holes and OLEDs in AMOLED display.
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used as repellent bank structures for display applications.
We would like to stress that the advantages of the wet
etching over the oxygen plasma etching are not only the
ease of processing but also the high process compatibility
with plastic substrates, of which the surfaces are damaged
seriously if they are exposed to oxygen plasma.

In order to understand how the fluorosurfactant additives
enabled adhesion of photoresist on Cytop, we conducted
detailed contact angle measurements with Surflon S-386 for
water and propylene glycol methyl ether acetate (PGMEA),
which is a solvent for the photoresists, as well as with a
monomeric fluorosurfactant Surflon S-243 that was not used
to facilitate spin coating of photoresist solutions on Cytop
(Fig. 3). In the case of water, 0.1wt% additives of either
Surflon S-386 or S-243 decreased the contact angles dra-
matically to 50 and 21°, respectively, and further addition of
fluorosurfactants did not change the angle remarkably. This
indicates S-243 was more effective than S-386 for lowering
the surface tension of water. In contrast, the effects on PGMEA
were small for both the fluorosurfactants. The contact angle of
pure PGMEAwas 52°, and that decreased gradually to 43 and
45° for S-386 and S-243, respectively, even with a relatively
high concentration of 2wt%. These results imply the decrease
of the surface tension of photoresist solutions is not a main
mechanism that enabled photoresist films to be spin coated on
Cytop. Although the effect of Surflon S-243 additives was
more effective for reducing contact angles, S-243 did not
contribute to the spin coating of the photoresist solution. The
small change of the wettability on the PGMEA solution also
suggests the mechanism is not related to the surface tension of
the solutions. It would be interesting if we could explain the
differences of the fluorosurfactants based on their chemical
structures; however, this is impossible since their chemical
structures are not disclosed. Nevertheless, the apparent dif-
ference between those two fluorosurfactants is their molecular
sizes, i.e., Surflon S-386 is a polymeric surfactant while S-243
is monomeric. We therefore used the other fluorosurfactants
to understand the difference between the polymeric and the
monomeric fluorosurfactants empirically. For the other poly-
meric fluorosurfactants, we tested Surflon S-651 and Novec
FC-4432 (3M) and found they also enabled the spin coating of
photoresist solutions on Cytop with additive concentration
of less than 1wt%. In contrast, we were not able to obtain
any spin-coated films with the monomeric fluorosurfactants
Surflon S-420 and Zonyl-FSO (DuPont). These results suggest
that the complicated adsorbed structures of the polymeric
surfactants with a number of anchoring substituents is

important to interact more effectively with substrates than a
simple self-assembled monolayer (SAM) of monomeric
surfactants.24)

Since our patterning technique of Cytop is able to
provide high resolution with very high contrast of wettability,
it enables us to prepare high resolution repellent banks that
are strongly required for the fabrication of high-resolution
printed displays.25) We demonstrated a bottom-gate, bottom-
contact OFET array for a 100 ppi AMOLED display based
on a small molecule-based p-type organic semiconductor
Lisicon S1200 series (Merck). After the patterning of gold
source and drain contacts on a 300-nm-thick photocurable
polymeric dielectric, the semiconductor area was defined by
60 nm of Cytop bank, which was further defined by the fluo-
rosurfactant-assisted photolithography with a negative photo-
resist of ZPN-1150 modified with 1wt% Surflon S-386. The
semiconducting layer was deposited and patterned by selec-
tive dewetting, which achieved an excellent isolation of the
active regions as shown in Fig. 4(a). We note that 60-nm-
thick Cytop is relatively thin for the bank structure; however,
the semiconductor solution remains only in the patterned area
by the surface tension of the solution, and thus a well-
separated semiconducting layer was obtained.

The transfer characteristics in Fig. 4(b) show that the
patterning of the semiconductor resulted in significant
improvement in the current on/off ratio. The unpatterned
device, of which the film was prepared by standard spin
coating, showed a high mobility of 1.3 cm2V¹1 s¹1 but a low
on/off ratio of 102 due to the high off current. In contrast, the
off current decreased dramatically in the patterned device;
thus, a very high on/off ratio exceeding 107 and a sub-
threshold swing of 0.42V/dec were achieved. The off current
of the order of 10¹12A was on the same order as the gate
leakage current, indicating the off-channel current was fully
suppressed. The highest mobility among the 25 devices was
1.2 cm2V¹1 s¹1, which is almost the same as that for the
unpatterned device, and the average mobility obtained was
0.65 « 0.31 cm2V¹1 s¹1. The relatively large variation of
mobility is probably related to the differences in the size and
orientation of the crystals in each device. To obtain better
device uniformity, a high mobility semiconducting poly-
mer poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thio-
phene) (PBTTT-C16) was also evaluated in the patterned
array with an octadecyltrichlorosilane (OTS)-treated SiO2

dielectric [Fig. 4(c)]. It should be noted that hydrophobic
SAMs, such as OTS, were typically used for defining
dewetting regions where semiconductors should not be depo-
sited;3,8,9) however, Cytop is more hydrophobic and thus
PBTTT-C16 films were formed selectively on the OTS-
treated region. Twenty driving transistors were tested and all
the devices showed typical p-channel FET characteristics
with a threshold voltage of 4.2 « 1.5V and an average
mobility of 0.12 « 0.02 cm2V¹1 s¹1. Although the average
mobility is slightly lower than that of Lisicon S1200, the
device uniformity was successfully improved, probably due
to the small crystal domain size (³200 nm) that minimized
the effect of the differences in molecular orientation and
averaged the device performance.

In summary, we have developed a simple and versatile
photolithography technique that enables high-resolution
patterning of perfluoropolymers. This is achieved by modify-

(a) (b)

Fig. 3. Contact angles of water and PGMEA solutions on Cytop surface as
a function of concentration of polymeric fluorosurfactant of Surflon S-386
(a) and of monomeric fluorosurfactant of Surflon S-243 (b).
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ing commercially available photoresists by adding a small
amount of the non-ionic polymeric fluorosurfactant Surflon
S-386, S-651, or Novec FC-4432. These additives enabled

spin coating of photoresist on the Cytop layer without modi-
fying its fluorinated hydrophobic surface. Since the patterned
Cytop enables pattern wetting and dewetting regions, func-
tional inks such as organic semiconductor solutions and
silver-nano inks were used for patterning by selective
dewetting on a microscale. We used this technique for fabri-
cating a solution-processed organic backplane circuit for a
100 ppi AMOLED display. The patterning of the organic
active layer improved the on/off ratio dramatically from
102 to 107 and resulted in sufficiently high mobility. We think
patterning of surface wettability is crucially important in
printed electronics for achieving higher resolution with ease
of fabrication. The developed techniques are able to contribute
significantly to this purpose.

Acknowledgments The authors thank M. Mamada and M. Ikeshima for
the synthesis and the supply of TIPS-pentacene. This work was partly supported
by the Japan Regional Innovation Strategy Program by the Excellence (creating
international research hub for advanced organic electronics) of Japan Science and
Technology Agency (JST), and by the Ministry of Education, Culture, Sports,
Science and Technology, Japan, and by JSPS KAKENHI Grant Numbers
26600048, 25820119.

1) H. Sirringhaus and M. Ando, MRS Bull. 33 [7], 676 (2008).
2) B.-J. de Gans, P. C. Duineveld, and U. S. Schubert, Adv. Mater. 16, 203

(2004).
3) H. Minemawari, T. Yamada, H. Matsui, J. Tsutsumi, S. Haas, R. Chiba, R.

Kumai, and T. Hasegawa, Nature 475, 364 (2011).
4) J. Veres, S. Ogier, G. Lloyd, and D. de Leew, Chem. Mater. 16, 4543

(2004).
5) R. P. Ortiz, A. Facchetti, and T. J. Marks, Chem. Rev. 110, 205 (2010).
6) J. A. DeFranco, B. S. Schmidt, M. Lipson, and G. G. Malliaras, Org.

Electron. 7, 22 (2006).
7) A. A. Zakhidov, J.-K. Lee, H. H. Fong, J. A. DeFranco, M. Chatzichristidi,

P. G. Taylor, C. K. Ober, and G. G. Malliaras, Adv. Mater. 20, 3481 (2008).
8) T. Minari, M. Kano, T. Miyadera, S.-D. Wang, Y. Aoyagi, M. Seto, T.

Nemoto, S. Isoda, and K. Tsukagoshi, Appl. Phys. Lett. 92, 173301 (2008).
9) S. K. Park, D. A. Mourey, S. Subramanian, J. E. Anthony, and T. N.

Jackson, Adv. Mater. 20, 4145 (2008).
10) A. L. Briseno, S. C. B. Mannsfeld, M. M. Ling, S. Liu, R. J. Tseng, C.

Reese, M. E. Roberts, Y. Yang, F. Wudl, and Z. Bao, Nature 444, 913
(2006).

11) M. Ikawa, T. Yamada, H. Matsui, H. Minemawari, J. Tsutsumi, Y. Horii, M.
Chikamatsu, R. Azumi, R. Kumai, and T. Hasegawa, Nat. Commun. 3, 1176
(2012).

12) S. H. Han, J. Jang, S. M. Cho, M. H. Oh, S. H. Lee, and D. J. Choo, Appl.
Phys. Lett. 88, 073519 (2006).

13) S. P. Tiwari, P. Srinivas, S. Shriram, N. S. Kale, S. G. Mhaisalkar, and V. R.
Rao, Thin Solid Films 516, 770 (2008).

14) J. Veres, S. D. Ogier, S. W. Leeming, D. C. Cupertiono, and S. M. Khaffaf,
Adv. Funct. Mater. 13, 199 (2003).

15) W. L. Kalb, T. Mathis, S. Haas, A. F. Stassen, and B. Batlogg, Appl. Phys.
Lett. 90, 092104 (2007).

16) T. Umeda, D. Kumaki, and S. Tokito, Org. Electron. 9, 545 (2008).
17) T. Sakanoue and H. Sirringhaus, Nat. Mater. 9, 736 (2010).
18) J. Granstrom, J. S. Swensen, J. S. Moon, G. Rowell, J. Yuen, and A. J.

Heeger, Appl. Phys. Lett. 93, 193304 (2008).
19) Y. Yang, G. A. Turnbull, and I. D. W. Samuel, Appl. Phys. Lett. 92, 163306

(2008).
20) C.-C. Cho, R. M. Wallace, and L. A. Piles-Sensler, J. Electron. Mater. 23,

827 (1994).
21) J.-F. Chang, M. C. Gwinner, M. Caironi, T. Sakanoue, and H. Sirringhaus,

Adv. Funct. Mater. 20, 2825 (2010).
22) I. Czolkos, B. Hakonen, O. Orwar, and A. Jesorka, Langmuir 28, 3200

(2012).
23) A. M. Leclair, S. S. G. Ferguson, and F. Lagugné-Labarthet, Biomaterials

32, 1351 (2011).
24) T. Tadros, Adv. Colloid Interface Sci. 147–148, 281 (2009).
25) Y. Tsuchiya, S. Haraguchi, M. Ogawa, T. Shiraki, H. Kakimoto, O. Gotou,

T. Yamada, K. Okumoto, S. Nakatani, K. Sakanoue, and S. Shinkai, Adv.
Mater. 24, 968 (2012).

(a)
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Fig. 4. (a) Polarized optical micrograph of solution-processed transistor
array for 100 ppi display. The solution-processed organic semiconductor of
Lisicon S1200 was patterned by selective dewetting by Cytop bank. The
sizes of the patterned semiconducting area of driving transistor (Dr-Tr) and
switching transistor (Sw-Tr) are 50 © 40 and 28 © 29µm2, respectively.
The bottom figure shows cross-sectional schematic view. (b) Comparison of
transfer characteristics at VD = ¹20Vof the patterned and unpatterned Dr-Tr.
The channel length and width of Dr-Tr are 5 and 160µm, respectively.
(c) Transfer characteristics of twenty of PBTTT-C16-based Dr-Tr for 25 ppi
display. The channel length and the width are 10 and 1530µm, respectively.
The inset shows the optical micrograph of the PBTTT-C16-based transistor
array for 25 ppi display. The rectangles drawn by the dashed lines are the area
of the patterned PBTTT-C16 film.
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