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Abstract: The cross-linking reaction of a TiO,—polymer compos-
ite (TPC) dielectric with poly(4-vinyl phenol) (PVP), a TiO,
precursor, and poly(melamine-co-formaldehyde) is demonstrated:
We suggest that the dense chemical structure of TPC is caused
by the alkoxyl group of the PVP cross-linker, poly(melamine-co-
formaldehyde) methylated/butylated, reacted with the hydroxyl
group of the PVP and the ligands of the TiO, precursor.

Organic thin film transistors (OTFTSs), which are appropriate for
flexible and lightweight devices compared with traditional inorganic
electronics, have considerable potential for printable electronics.
Also, OTFT-based electronics are very attractive because they are
simple and cost efficient with a high throughput of solution
processing and the printing method. However, there are severa
challenges regarding OTFTs, such as a high operating voltage
induced by the low charge carrier mobility of organic semiconduc-
tors and the low dielectric property of the organic gate dielectric.?
The low operating voltage is essential for various OTFTs applica-
tions, such as portable displays,® smart cards,* and radio frequency
identification tags.®> Furthermore, patchable electronics® such as
smart patches’ and smart textiles® must be operated at low voltages
because they are worn on the human body. To operate at low
voltage, OTFTs must have an organic insulator with ahigh dielectric
constant. In previous research, various polymer dielectric materials,
such as poly(4-vinyl phenol) (PVP),° poly(methylmethacrylate)
(PMMA),* poly(styrene) (PS),** poly(perfluorobutenylvinylether)
(CYTOP),*? and poly(acrylic acid) (PAA)™® have been studied by
many research groups. However, polymer materials are not ap-
propriate for use in low voltage applications due to their low
dielectric constant (K). In order to overcome this problem, various
nanocomposite dielectrics, including inorganic nanoparticles with
a high dielectric constant (K), have been studied.***® However,
nanocomposite dielectrics in OTFTs have not been shown to have
a surface that allows well-aligned organic semiconductor growth,
resulting in a low on/off ratio and low carrier mobility in the low
voltage range. Furthermore, according to the increase of inorganic
particlesin nanocomposite materials, the dielectric layer shows high
leakage currents because high K materials can generate a high
leakage current path.*”

In OTFTs, the surface of the dielectric layer is important for
effective performance because it allows for a conducting channel
in the interface between the dielectric layer and semiconductors.
In the case of deposition of small semiconductor molecules, such
as pentacene, molecular orientation and grain morphology depend
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strongly on the surface roughness and energy of the underlying
film. The low surface energy of the dielectric layer alows the
vertical growth of pentacene molecules. As the hole can easily be
moved in the vertical direction of pentacene molecules, these
vertical alignments of pentacene enhance mobility in OTFTs.*® In
order to decrease the high surface energy of the dielectric—semi-
conductor interface, the nanocomposite dielectric layer has been
deposited by the polymer capping on inorganic materials. However,
in this case, the transistors were not operated successfully in alow
voltage range due to insufficient dielectric properties caused by
polymer capping.

In this study, we have introduced the TiO,—polymer composite
(TPC) gate insulator to overcome the problems discussed above.
The TPC is composed of a TiO, precursor (titanium(lV) butoxide
and acetyl acetone) and poly(4-vinylphenol) (PVP) solution (PVP,
poly(melamine-co-formaldehyde) methylated/butylated and propy-
lene glycol methyl ether acetate (PGMEA) solvent). As this TPC
composite dielectric layer can be easily deposited by a simple
solution process and exhibits a considerably low surface energy, it
generates a smooth and hydrophobic surface that allows the uniform
vertically oriented growth of small semiconductor molecules and
closely packed grains between crystal domains. Also, the TiO,
precursor induces an enhanced dielectric constant compared with
the dielectric constant of pristine PVP. As this enhanced dielectric
property leads to the increased drain current at a low operating
voltage, the OTFTs including this TPC composite dielectric layer
can be successfully operated at a low operating voltage. Further-
more, this homogeneous TiO,—polymer composite solution is stable
in ambient conditions, and it was easily applied in the fabrication
of OTFTs. As a result, the OTFTs with a TPC dielectric layer
exhibited the better transistor performance with an increased on/
off ratio, an increased mobility, and a low subthreshold voltage at
a low operating voltage compared to the performance of OTFTs
that include a pristine PVP polymer dielectric.

The TPC dielectric made from a composite solution of a TiO,
precursor and PVP (see the Supporting Information) was spin-
casted, and the result was a single layer with reddish-orange color.
A few minutes after being completely mixed, the TiO, precursor
solution and the PVP solution for the TPC dielectric turned into
gelatin as aresult of the cross-linking reaction of poly(melamine-
co-formal dehyde) methylated/butylated (cross-linker) and the TiO,
precursor. This gelatin was observed by the naked eye and was
transparent with a reddish-orange color. Solvents, including a
hydroxyl group, can dissolve the gelatin resulting from the cross-
linkable PV P solution and the TiO, precursor solution in order to
make a homogeneous solution phase with low viscosity. We
conducted dissolving tests for various solvents, and the results are
summarized in Figure S2. The TPC gelatin can be dissolved in
ethanol and 2-propanol, including a hydroxyl group, and was
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converted into a homogeneous sol ution phase (see supporting Table
S1). In this study, we used ethanol to transform the TPC gelatin to
the transparent solution phase. Aswe introduced a complete solution
phase composite including an inorganic precursor that can be easily
used in the spin-coating process, they show good surface properties,
such as extremely low surface roughness.
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Figure 1. (a) Leakage current density and (b) capacitance of a cross-linked
PVP and TPC dielectric layer (Operating voltage: —5 V) .

The leakage currents of TPC and PVP thin films as a gate
insulator were measured using current—voltage measurements
respectively, as shown in Figure 1a. The leakage current of the
TPC gate insulator at +5 V was about 10~ A cm 2, which is the
same as that of the pristine PVP gate insulator. The gate leakage
currents of the TPC gate insulator were very low due to the dense
chemical structure of TPC induced by cross-linking between
poly(melamine-co-formaldehyde) methylated/butylated and tita-
nium(lV) butoxide chemically reacted with acetyl acetone. We
presume the alkoxy! group of the PVP cross-linker, poly(melamine-
co-formaldehyde) methylated/butylated, reacted with the hydroxyl
group of the PVP and the ligands of the TiO, precursor and that
this chemical cross-linking generated the dense structure. Although
inorganic TiO, induces high leakage currents,™” this TPC that
includes a TiO, precursor showed a considerable low leakage
current compared to the pristine PVP polymer due to the dense
chemical structure. Otherwise, the capacitance of the TPC thin film
is higher than that of the pristine PVP dielectric layer because of
the high dielectric property of TiO, composited with PVP. Figure
1b shows the capacitance of the TPC and pristine PVP dielectric

layer.
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Figure 2. (&) Output and (b) transfer characteristics of OTFTs with TPC
thin film as a dielectric layer. Inset images: (a) Output and (b) transfer
characteristics of OTFTs with pristine PVP thin film as a dielectric layer
(channel length, 100 um; channel width, 1000 um; source—drain bias,
—3V).

The performances of the transistor including the TPC and pristine
PVP thin films as a gate insulator are indicated by the output
characteristics as shown in Figure 2a and inset image, respectively,
at —3 V. Although the dielectric constant (K = 5.2) of the TPC
thin film is not a remarkably high value, this TPC dielectric layer
sufficiently improves the output drain current of OTFTs in alow-
voltage range. In order to compare the performance of the dielectric
layer, the transfer characteristics of OTFTs with a TPC dielectric
(Figure 2b) and pristine PVP dielectric (the inset image of Figure
2b) were measured. The on/off ratio of the OTFTs with the TPC
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dielectric layer was deduced from the transfer characteristics
(Io—Ve) (Figure 2b) and was around ~103. The calculated charge
carrier mobility of OTFTs with a TPC dielectric was 0.105 cm?
V~1s71 while the mobility in OTFTswith a pristine PVP dielectric
layer was 0.036 cm? V™! s Generaly, carrier mobility is
dependent on the capacitance of the gate insulator and is affected
by the pentacene molecule alignment or morphology. In previous
papers,*’ the mobility in OTFTs improved as a result of changing
the surface energy of the dielectric layer using surface treatments
with self-assembled monolayers such as octadecyltrichlorosila-
ne(OTS). The structures of the TPC surface enhance the charge
carrier mobility of transistors as well as the vertical alignment of
pentacene molecules induced by low surface energy (see supporting
Figure S3). Also, it iswell-known that OTFTs with dielectrics that
include inorganic nanoparticles have sometimes exhibited electrical
instabilities, such as hysteresis, due to the interface defects of
nanoparticles.*® In this study, however, as the TPC dielectric was
cross-linked completely with both the TiO, precursor and PVP
polymer, there was little hysteresis (see supporting Figure $S4). The
performance of OTFTs with a TPC dielectric layer improved
compared to that of OTFTs with a pristine PVP dielectric layer, as
summarized in Table 1.

Table 1. Electrical Properties of Cross-Linked Pristine PVP and
TPC Composite Film As a Dielectric Layer, Respectively
(Operating Voltage: —3 V)

Threshold Subthreshold
Dielectric Mobility Voltage On/off Swing Thickness  Dielectric
materials  (cm? V=" s7") (V7) ratio (V/decade) (nm) constant
PVP 0.036 -05 52 x 10 1.65 110 3.9
TPC 0.105 -08 ~10° 0.98 110 52

In summary, we introduced a composite polymer dielectric (TPC)
layer that included high K TiO, for low-operating voltage OTFTSs.
The dielectric properties of TPC, which is composed of PVP, a
cross-linker, and a TiO, precursor, were enhanced due to the dense
chemical structure of the polymer (PVP) and high K materias (TiO,
precursor). This TPC dielectric can easily be used in solution
processes, such as spin-casting, and showed good stability in
ambient conditions, air environments, and moisture conditions. The
TPC thin film as adielectric layer could sufficiently hinder leakage
currents and successfully operate in low-voltage conditions, such
as —3 V. Furthermore, the TPC dielectric layer exhibited enhanced
performance characteristics, such as on/off ratio, mobility, and
subthreshold swing, compared with the pristine PVP dielectric.
Although this device showed a low mobility value because of
intrinsic organic semiconductor limitation, it operated well at alow
voltage bias with considerable and remarkable performance. We
conclude that the TPC dielectric, TiO,—polymer composite dielec-
tric, is quite promising as a dielectric layer in advanced flexible
OTFTs.
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