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Fluorinated hybrid materials were synthesized for a solution-processable gate insulator. The surface energy was modified by
perfluoroalkyl chains contained in the hybrid gate insulator itself. We investigated the initial morphology and growth mode of
pentacene and the characteristics of organic thin-film transistors 共OTFTs兲 to determine how these characteristics depend on the
surface energy. Pentacene growth was changed from a layer-by-layer mode to a three-dimensional 共3D兲 island growth mode at low
surface energy. Tightly and uniformly grown pentacene grains at 3D island mode induced good OTFT performance, but the carrier
mobility was degraded at very low surface energy due to the large amount of grain boundaries.
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Organic thin-film transistors 共OTFTs兲 attract great interest due to
their ease of processing, low cost, and wide applicability. The characteristics of OTFTs are very dependent on the gate insulators because the majority of the charge carriers in the OTFTs are located
close to the interface between the gate insulator and the organic
semiconductor.1-3 The surface energy of the gate insulator has an
effect on the initial growth behavior, the morphology, and the crystallinity of the pentacene layer; these are critical performance factors
for OTFTs. The hydrophobic surface of the gate insulator, which
induces the pentacene crystallinity and the interconnection between
pentacene grains, enhances OTFT performance. To this end, surface
treatments on the gate insulator using hexamethyldisilazane, octadecyltrichlorosilane, and other self-assembled monolayers 共SAMs兲
were employed.4-6
In this study, we considered methacrylate siloxane hybrid materials 共hybrimers兲 simply synthesized by a sol–gel process of organoalkoxysilane. The perfluoroalkyl chain was introduced in the design
of the hybrimer to tune the surface energy of the gate insulator.
Instead of using an additional surface treatment on the gate insulators, we added long perfluoroalkyl chains to the hybrimer gate insulator. These chains were concentrated on the insulator surface, leading to better growth of the pentacene. We added various amounts of
perfluoroalkylsilane to the hybrimer to control the surface energy of
the gate insulator. Next we observed the growth behavior of the
pentacene on the hybrimer gate insulator. We investigated the electrical characteristics of the fabricated OTFT to determine how these
characteristics depend on the content of perfluoroalkyl chains.
Experimental
We synthesized fluorinated hybrid materials 共hybrimers兲 via
a sol–gel process using 3-共trimethoxysilyl兲propyl methacrylate,
titanium共IV兲 butoxide, and 1H,1H,2H,2H-perfluorodecyltrimethoxysilane 共PFAS兲. Instead of using an additional surface treatment, we added long perfluoroalkyl chains to the hybrimer gate
insulator itself. These chains were concentrated on the insulator surface, leading to better growth of the pentacene. To control the surface energy of the gate insulator, the amounts of PFAS, which contained the hydrophobic perfluoroalkyl chain, were adjusted as
follows: 0 共MTF0兲, 1 共MTF1兲, 5 共MTF5兲, and 10 mol % 共MTF10兲
of total alkoxides in the precursor solution, respectively. Figure 1
shows a schematic of the synthesis process and the structure of the
fluorinated hybrimer. The siloxane networks constituted the core of
the hybrimer, with organic arms branching out from the core. The
organic arms were composed of methyl methacrylate and perfluoroalkyl chains.
The synthesized hybrimers were spin coated on indium tin oxide
coated glass. They were exposed to UV lights 共220–260 nm, Hg/Xe
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lamp兲 for 2 min in air and were thermally cured at 150°C for 2 h in
vacuum. The film thickness was controlled to about 300 nm. The
pentacene was deposited on the hybrimer gate insulators by thermal
evaporation at a rate of 0.4–0.5 Å/s under a pressure of 1
⫻ 10−6 Torr. Au was used as source and drain electrodes and deposited on the pentacene thin-film layer by thermal evaporation
through a shadow mask. The OTFTs had a channel length 共L兲 of
50 m and a channel width 共W兲 of 3000 m.
Results and Discussion
The surface energies of the hybrimer gate insulators were determined by the Owens–Wendt surface energy calculation using deionized 共DI兲 water and diiodomethane. Table I shows the contact-angle
data of DI water and diiodomethane and the surface energy of gate
insulators. ␥d and ␥p represent dispersion and polar components of
the surface energy. The surface energy of the gate insulator 共␥兲 is
the sum of ␥d and ␥p.
The hybrimer gate insulators become hydrophobic as the PFAS
content increases. The surface energy of the MTF0 hybrimer,
43.5 mJ/m2, was reduced down to 25.6 mJ/m2 upon adding 1 mol
% of PFAS. This drastic change in the surface energy indicates that
most of the long perfluoroalkyl chains are located on the surface, not
in the bulk, of the hybrimer thin film. Finally, the surface energy was
reduced to 17.9 mJ/m2 for the hybrimer with 10 mol % PFAS.
The dielectric constant was calculated from the film thickness
and capacitance at 100 kHz using a metal–insulator–semiconductor
structure. The dielectric constant values of MTF0, MTF1, MTF5,
and MTF10 were 5.42, 4.91, 4.85, and 4.79, respectively. Their dielectric constant values of hybrimers were higher than that of SiO2
due to titanium oxide formed in the gate insulators. As the concentration of the perfluoroalkyl chain increased, the dielectric constant
decreased, owing to fluorine in the perfluoroalkyl chain.

Figure 1. Schematic diagram of the synthesis and the structure of the fluorinated hybrimer.
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Table I. Contact angles and surface energies of the hybrimer gate
insulators. The surface energy of pentacene is 38.3 mJÕm2. The
dispersion and polar components of the energy are 35.3 and
3.0 mJÕm2, respectively.
Contact angle
共°兲
Gate
insulator

DI
water

Diiodomethane

␥d
共mJ/m2兲

␥p
共mJ/m2兲

␥
共mJ/m2兲

MTF0
MTF1
MTF5
MTF10

72.4
93.2
98.6
102.7

39.3
67.2
76.0
80.6

36.7
22.9
18.4
16.1

6.8
2.7
2.2
1.7

43.5
25.6
20.6
17.9

by-layer structure but is an island structure. As the surface energy
decreases, the grain size of pentacene decreases and its height increases. Each pentacene growth starts from a small core, and these
small grains grow until they fill the surface of the gate insulators.
Each pentacene grain is observed in a tightly packed formation and
grains are merged into each other, as shown in Fig. 2f-h. This kind
of three-dimensional 共3D兲 island growth mode is the well-known
Volmer–Weber growth mode, and the layer-by-layer growth mode is
the Frank–van der Merwe mode.7,8 The growth modes are determined by the following relationship
␥p + ␥i ⱕ ␥g 共Frank–van der Merwe mode, layer-by-layer兲
关1兴
␥p + ␥i ⬎ ␥g 共Volmer–Weber growth mode, 3D island兲 关2兴

The root-mean-square 共rms兲 roughness of four gate insulators
with different PFAS contents was measured by atomic force microscopy 共AFM兲. The values were approximately 0.3 nm regardless of
hydrophobicity. Because the rms roughness of thermally grown SiO2
was about 0.4 nm, the hybrimer thin films were considered to have
sufficiently low values of surface roughness. Therefore, the surface
roughness of hybrimers would not give different effects on the pentacene growth and the morphology.
The morphologies of pentacene thin films that were grown on
hybrimer gate insulators were observed using AFM. Because the
major movement of the charge carrier occurs at the first or second
layer of a pentacene thin film, it is important to survey the initial
growth of the pentacene layer on the gate insulators. Pentacene thin
films with very low thicknesses of 3 and 8 nm were deposited on
hybrimer gate insulators. Because the d-spacing of the thin-film
phase pentacene was 1.54 nm, the 3 nm thick pentacene constituted
two layers. Figure 2a shows the 3 nm thick pentacene on the MTF0.
The surface of the gate insulator is not fully covered by the pentacene. There are large-sized grains on the surface of MTF0, and small
grains are located on the large grains. This is a result of the second
layer of pentacene being grown before the first layer growth is complete; inconsistent growth causes defects and voids to occur between
the first and second layers. The height profile supports the analysis
of grain morphology. The layer-by-layer structure of the pentacene
thin film is seen, along with the height of each layer at 3.5 nm, and
the presence of large-sized grains formed on the wafer surface with
smaller grains deposited on the large grains.
The different aspects are shown when the 3 nm thick pentacene
is grown on the fluorinated hybrimer gate insulators 共Fig. 2b-d兲. The
pentacene is grown uniformly and we cannot see the layer structures. The height profile shows that the grain shape is not a layer-

Figure 2. 共Color online兲 Morphologies 共5 ⫻ 5 m兲 of pentacene thin films
grown on hybrimer gate insulators with different levels of surface energy.
The pentacene thickness is 3 nm for 共a兲–共d兲 and 8 nm for 共e兲–共h兲. Insets in
共a兲–共d兲 are height profiles of the white line measured by AFM and insets in
共e兲–共h兲 are morphologies 共5 ⫻ 5 m兲 of 50 nm pentacene deposited on the
gate insulators.

where ␥p is the surface energy of the pentacene, ␥g is the surface
energy of the gate insulator, and ␥i is the interfacial free energy.
Using work of adhesion 共Wpg = ␥p + ␥g − ␥i兲, the ␥i term is eliminated, then the equation is represented as Wpg ⬎ 2␥p for layer-bylayer growth and Wpg ⬍ 2␥p for 3D island growth. The work of
adhesion is calculated by the following relationship9
Wpg = 4

冋

␥dp␥dg
␥dp

+

␥dg

+

␥pp␥pg
␥pp

+ ␥pg

册

关3兴

where the superscripts d and p represent the dispersion and polar
components, respectively, of the surface energy.
Then the work of adhesion of MTF0 is 80.6 mJ/m2, which is
higher than 2␥p 共76.6 mJ/m2兲, so it follows the layer-by-layer
growth mode. For perfluoroalkyl-chain-contained gate insulators,
the works of adhesion are 61.3, 53.4, and 48.6 mJ/m2 for MTF1,
MTF5, and MTF10, respectively. As a result, they follow the 3D
island growth mode.
Thus, the different growth modes are due to the effect of the
different surface energies on the initial growth mode of the pentacene thin-film layer. If the surface energy of the gate insulator is
high, pentacene molecules like to attach to the insulator and form a
layer-by-layer structure. On the contrary, if the surface energy of the
insulator is low, pentacenes prefer to gather each other and form a
3D island.
We confirmed that surface energy and pentacene growth mode
influence the performance of OTFTs. OTFTs using several hybrimer
gate insulators were fabricated and their electrical properties were
characterized. Figure 3 gives the transfer characteristics with a
drain–source voltage 共VDS兲 of ⫺40 V. The gate voltage was swept
continuously with a 0.5 V step, with values ranging from +20 to
⫺40 V. The electrical parameters are calculated from a plot of
共ID兲1/2 vs VG relationship in the saturation regime. The electrical
characteristics are listed in Table II.
The results show that the carrier mobility is influenced by the
surface energy of the gate insulator. The carrier mobility is proportional to the grain size; some groups believe that this effect is due to
the traps at the grain boundaries.10,11 Alternatively, other studies
have concluded that small grains on low surface energy insulators
induce large carrier mobility due to the improved morphology of the
grains and the increased adhesion between organic semiconductor
and insulator layers.12-14 In the current study, we observed the effects of both the grain size and the surface energy. In the MTF0
hybrimer gate insulator, carriers in the pentacene can move freely
because the pentacene grain is large and the grain-boundary density
is low; this induces the high carrier mobility. The carrier mobility
for the MTF1 hybrimer gate insulator is 1.1 cm2 /V s, which is
similar to the MTF0 hybrimer gate insulator. The pentacene on the
MTF1 hybrimer gate insulator has a smaller grain size and more
grain boundaries compared to the pentacene on the MTF0 hybrimer
gate insulator. Nevertheless, the uniformly and closely packed pentacene grain can cause the charge carriers to hop from one pentacene
grain to another effortlessly, which enhances the carrier mobility.
However, for the MTF5 and MTF10 hybrimer gate insulators with
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The threshold voltage is also affected by the surface of the hybrimer gate insulators. As the content of the perfluoroalkyl chain
increases, the threshold voltage decreases due to the different carrier
densities on the surface of the hybrimer gate insulator. The SAMs
with fluorine groups on SiO2 gate insulators are shown to accumulate holes in the transistor channel. Thus, the threshold voltage of
OTFTs treated with SAMs has been shifted to the positive gate
voltage compared with OTFTs using bare SiO2.15 Therefore the perfluoroalkyl chain on the surface of the hybrimer gate insulators
would be useful for operating OTFTs at low voltage.
Conclusion

Figure 3. 共Color online兲 Transfer characteristic of OTFTs with several hybrimer gate insulators.

high perfluoroalkyl content, the grain size is too small at a very low
surface energy. This results in a decrease in carrier mobility because
the grain boundaries act as trap sites in charge transport and limit the
carrier mobility in OTFTs.
The on/off ratio of the OTFT with the fluorinated hybrimer gate
insulator is on the order of 1 ⫻ 104. Conversely, the OTFT with the
MTF0 hybrimer gate insulator has a ratio on the order of 1 ⫻ 103,
which is 1 order lower than the other cases. Although all of the
hybrimer gate insulators have a similar range of leakage current
共less than 40 nA/cm2 at 1 MV/cm兲, the on/off ratio varies depending on whether they contain perfluoroalkyl chains or not. Thus, the
problem is not related to the gate insulator itself but to the interface
between the gate insulator and the pentacene. Irregular growth of
pentacene results in defects and voids at the interface, then induces
a large off current that leads to a low on/off ratio.

Table II. Electrical characteristics of OTFTs with several hybrimer gate insulators.
Gate
insulator

Surface energy
共mJ/m2兲

Thickness
共nm兲

Mobility
共cm2 /V s兲

Vth
共V兲

On/off
ratio

MFT0
MFT1
MFT5
MFT10

43.5
25.6
20.6
17.9

314
322
319
333

1.09
1.11
0.23
0.12

⫺17.8
⫺9.1
⫺8.0
⫺3.2

⬃103
⬃104
⬃104
⬃104

We have synthesized the fluorinated hybrimer gate insulators for
application in OTFTs. Without using an additional surface modification to the gate insulator, the surface energy was easily modified
by varying the content of perfluoroalkyl chains contained in the
hybrimer gate insulator. The pentacene growth behavior and the
grain morphology vary with the surface energy of the hybrimer gate
insulators. At a certain surface energy, pentacene growth was
changed from a layer-by-layer mode to a 3D island growth mode.
Large pentacene grains lead to higher mobility than small grains, but
the large grain growth mode 共layer-by-layer mode兲 causes some defects and voids at the interface between pentacene and gate insulators; then they induce low electrical properties. On the contrary, in
the small grain growth mode 共3D island mode兲, uniformly and
closely packed pentacene grain causes higher electrical properties. It
also shows good mobility in spite of the small grain size. However,
too small grains lead to low mobility due to the high grain-boundary
density.
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