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Electrical Characteristics of Organic Thin-film Transistors with

Polyvinylpyrrolidone as a Gate Insulator

Jong Sun Choi’

Abstract

This paper reports the electrical characteristics of polyvinylpyrrolidone (PVPy) and the performance of organic thin-film

transistors (OTFTs) with PVPy as a gate insulator. PVPy shows a dielectric constant of about 3 and contributes to the upright

growth of pentacene molecules with 15.3A interplanar spacing. OTFT with PVPy exhibited a field-effect mobility of 0.23

cn’/Vs in the saturation regime and a threshold voltage of —12.7 V. It is notable that there was hardly any threshold voltage

shift in the gate voltage sweep direction. Based on this reliable evidence, PVPy is proposed as a new gate insulator for reli-

able and high-performance OTFTs.
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1. Introduction

There is currently much interest in organic thin-film
transistors (OTFTs) due to their simple and low-temperature
processability. This has expedited efforts to develop com-
mercial applications of OTFTs in electronic devices, such as
driving elements for flexible displays, radio-frequency
identification tags, and large-area sensors [1-3]. The electri-
cal characteristics of OTFTs are known to be dependent on
fabrication processes, inherent properties of materials, and
interfacial characteristics [4-6]. In particular, gate insulators
play an important role in the performance of OTFTs and
require a high dielectric constant, good interface quality,
and good film morphology [7]. At an early stage of research
on OTFTs, SiO, was the most widely used gate insulator [8]
but its deposition was done via a high-temperature thermal
oxidation process. Since this high-temperature process is
not compatible with the mechanical flexibility and the low-
cost feature of OTFTs, low-temperature and and solution-
processable gate-insulating materials should be prepared for
the advantages of OTFTs to be fully enjoyed. Accordingly,
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polymeric gate insulators such as polystyrene and poly(4-
vinylphenol) are thought be a promising candidate for
OTFTs by providing the simple and low-temperature proc-
ess.

Polyvinylpyrrolidone (PVPy) is a unique polymer that
provides remarkable properties such as good initial tack,
transparency, chemical and biological inertness, very low
toxicity, high media compatibility, and cross-linkable flexi-
bility [9 and 10]. Therefore, it is believed that PVPy is suit-
able as a gate insulator in OTFTs. There are few reports,
however, on the characteristics of PVPy and its applications
to organic electronic devices. In this study, PVPy was used
as a new gate insulator in OTFTs. The electrical characteris-
tics of OTFTs with PVPy and the quality of a pentacene
thin film on the PVPy layer were investigated with an atom-
ic force microscope (AFM) and x-ray diffraction (XRD).

2. Experiments

OTEFTs with a top-contact source/drain structure were
fabricated. For the bottom gate electrode, an approximately
1,500A-thick Al layer was deposited on a pre-cleaned glass
substrate through the first metal shadow mask. Then, as a
gate dielectric, PVPy (4 wt% in ethanol) was formed via
spin-coating and baked at 100°C for 40 min in a vacuum
drying oven followed by procuring at 60°C for 20 min. The
PVPy layer was about 3,500 A thick when its spinning
speed and duration were optimized. After the curing process
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Fig. 1. (a) Molecular structure of PVPy, and (b) cross-section of
the fabricated top-contact OTFT.

was completed, a 600A-thick pentacene layer, as an organic
semiconductor, was thermally evaporated through the sec-
ond shadow mask. Pentacene (Tokyo Kasei Kogyo Co.,
Ltd.) was used without further purification and deposited at
a rate of 1.0 A/s. A 400A-thick source and drain electrodes
on top of the pentacene were thermally evaporated through
the third shadow mask, with a channel length (L) of 90 um
and a width (W) of 300 um. The evaporation process was

carried out under a base pressure of about 1.6x10° Torr. Fig.

1 shows the molecular structure of PVPy and a schematic
diagram of the fabricated OTFT.

The crystallinity of each layer was studied via XRD
(DMAX 2500, Rigaku) with a monochromatic Cu Ka (A =
1.54 A), and the surface morphology of the pentacene film
was examined under an AFM (XE-150, PSIA, Inc.), using
the contact mode. The dielectric property of PVPy and the
electrical characteristics of OTFTs were measured with an
impedance analyzer (HP 4192LF, Agilent Technologies)
and a semiconductor analyzer (EL 421C, Elecs Co.),
respectively.

3. Results and Discussion

The device for the capacitance measurement consisted
of a PVPy layer sandwiched between Al and Au electrodes,
and the dielectric constant was calculated using Eq. 1 [11]
below:

oo Ef

A, Eq. 1
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wherein C is the measured capacitance, &, is the permittivity
of free space, ¢, is the relative dielectric constant of the in-
sulator, 4 is the area of the capacitor, and d is the insulator
thickness. Fig. 2 (a) shows the dielectric constants as func-
tions of the applied frequency. The dielectric constant of
PVPy was about 3 at 100 kHz, which is in the range of con-
ventional polymeric insulators, such as polystyrene and
poly(vinyl acetate). The insulation property of the PVPy
gate insulator was also examined using the Al elec-
trode/PVPy (3,500 A)/Al electrode structure, as shown in
Fig. 2 (b). The fabricated PVPy film exhibited an electric
field strength of about 2 MV/cm.

The structural and morphological characteristics of the
pentacene film deposited onto the PVPy layer are shown in
Fig. 3. The XRD spectrum showed two diffraction peaks at
5.76° and 6.14°, which corresponded to the thin-film phase
and the triclinic bulk phase, respectively. The strongest
peak near 5.76° indicated that the major component of this
film was a thin-film phase with an interplanar spacing of
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Fig. 2. (a) Calculated dielectric constants of PVPy at various fre-
quencies, and (b) current leakage of the 3,500A-thick PVPy insu-
lator as a function of the electric field.
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15.3 A, whereas the diffraction peak near 6.14° corre-
sponded to the bulk phase with an interplanar spacing of
14.4 A. Considering that the pentacene molecules were
about 16.5 A long, it was found that they were highly or-
dered in the direction perpendicular to the PVPy layer. The
AFM image obviously shows that pentacene molecules tend
to form well-ordered crystallites in a herringbone structure,
as shown in the inset of Fig. 3, where the grain size was
600-800 nm. Since the interaction of m-electron systems
between adjacent molecules depends strongly on their
stacking nature, it is expected that the vertical alignment of
the pentacene molecules to the PVPy-coated substrate can
provide a strong m-orbital overlap and increase the charge
transport properties.

Fig. 4 (a) shows the drain current (/p) versus the drain
voltage (Vp) curves of the OTFT with the PVPy gate insula-
tor with different negative gate voltages (V). It was ob-
served that the device exhibited a good saturation behavior
and that gate voltages clearly modulated its current en-
hancement. The corresponding plot of |I,|"* versus ¥ that
was obtained at the V', of -30 V is shown in Fig. 4 (b). The
field-effect mobility (u.;) was calculated in the saturation
region using Eq. 2 [12], as follows:
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Fig. 3. (a) XRD pattern of the 1,200A-thick pentacene film on the
PVPy gate insulator. The inset shows the surface of the 300A-
thick pentacene film deposited on the PVPy gate insulator charac-
terized by AFM (3 um x 3 um).
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Fig. 4. Electrical characteristics of the fabricated OTFT with the
PVPy gate insulator: (a) output characteristics with varying Vg,
and (b) transfer curve at Vp = -30 V. The inset in (b) shows the
Logollp| versus Vg plot.

wherein C; is the capacitance of the gate insulator per unit
area, and V7 is the threshold voltage. The calculated field-
effect mobility and the extracted threshold voltage were
0.23 cm?*/Vs and -12.7 V, respectively. The on/off current
ratio was about 5x10%, with a subthreshold slope of 3.2
V/decade, as shown in the inset of Fig. 4 (b). It is thought
that the presented on/off current ratio is relatively low due
to the gate leakage current through the PVPy insulator layer,
which, it is believed, can be modified by optimizing the
thickness of the PVPy layer. Although the TFT with the
PVPy gate insulator could not establish significant progress,
the reported device performance values are decent com-
pared with those of devices with polymeric gate insulators.
Of particular interest is the stable operation without a shift
in the threshold voltage in the gate voltage sweep direction
[see Fig. 4 (b)], because OTFTs that adopt polymeric gate
insulators often suffer from a threshold voltage shift. A re-
cent study demonstrated that the threshold voltage shift is
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closely related to the charge trapping phenomenon at the
interface between organic semiconductor and gate insulator
layers [13]. Based on the said study, it was inferred that the
PVPy gate insulator formed a defect-free interface and thus
contributed to the stable operation with a threshold voltage
shift of less than 0.1 V. This property can make PVPy a
unique candidate for polymeric gate insulation to achieve
reliable OTFTs on flexible substrates.

4. Conclusion

In this study, PVPy was proposed as a new gate insula-
tor for OTFTs. The experimental results showed that PVPy
has a dielectric constant of about 3 and that the pentacene
film deposited on the PVPy layer formed a strong thin-film
phase with an interplanar spacing of 15.3 A. The OTFT
with the PVPy gate insulator exhibited a field-effect mobil-
ity of 0.23 cm/Vs, a threshold voltage of -12.7 V, and an
on/off current ratio of 5x10* with a subthreshold slope of
3.2 V/decade. In particular, the device showed a stable op-
erating performance without shifts in the threshold voltage
in the gate voltage sweep direction. Based on the author’s
first-hand knowledge, this is the first report that studied the
characteristics of OTFTs with the PVPy gate insulator. In
addition to the presented peculiarities of PVPy--that is, its
transparency and cross-linkable flexibility--its availability
as a gate insulator for high-performance OTFTs was also
shown. It is believed that this study can help researchers in
the field of organic electronics. Further studies are in
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progress to improve the device performance and develop a
cross-linking process below 150°C.
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