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We report on the fabrication of organic thin-film transistors (OTFTs) with a spun cross linked poly-4-
vinylphenol (PVP) dielectric on a polyethersulphone (PES) flexible substrate. To improve the electrical
performance of OTFTs, we employed a random single-walled carbon nanotubes (SWNTs) network as a
carrier transfer underlay without sacrificing the flexibility of the TFTs. The random SWNTs showed that they
can act as a semiconducting channel and conduction path to shorten the channel length in our TFTs. The
flexible thin-film transistors (TFTs) with a random SWNTs/pentacene bilayer as an active channel exhibited
an improved saturation field effect mobility (psq) of 2.6 x 10~ ' cm?/Vs compared to that of TFTs without the
SWNTs underlay, while creating only a minor reduction of the current on/off ratio.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic thin-film transistors (OTFTs) are expected to be a
promising device for organic electronics including, flexible displays
such as organic light emitting diodes (OLEDs), electronic paper, radio
frequency identification tags (RFIDs), sensors, solar cells, and smart
cards [1,2]. The device performance of OTFTs based on pentacene
organic semiconductor (OSC) is comparable to that of hydrogenated
amorphous silicon thin-film transistors (a-Si:H TFTs). Existing
research trends of OTFTs are in the direction of developing novel
0SCs to increase the mobility and high capacitance gate dielectric to
reduce the operating voltage [3-6]. Many researchers have been
attracted by their compatibility with flexible substrates and the
possibility of low-cost fabrication at room-temperature. Moreover,
the TFTs that are based on flexible substrates have received
considerable interest in the recent year because, flexible electronics
have been proposed for a number of emerging applications such as
flexible active matrix displays and memories. In order to fully utilize
these advantages, developments of an improved active channel and a
suitable gate dielectric without sacrificing the flexibility of the TFTs
are required.

To improve the active channel of TFTs with an OSC, the single-
walled carbon nanotubes (SWNTs) are a promising candidate. The
SWNTs have been of great interest due to remarkable structural and
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electrical properties [7]. The random SWNTs network is easily formed
by spin, drop, and spray coating methods. While the semiconducting
SWNTs generally show unipolar p-type behavior in an ambient
environment [8,9], the random SWNTs network has shown that it can
act as a semiconducting channel and conduction path in the TFTs
device, due to dominant semiconductor and minimal density metallic
tubes [10,11]. Consequently, it would be better to use the random
SWNTSs network as a modification layer that ameliorates the electrical
characteristics of the OTFTs on flexible substrates. In addition, the use
of an organic gate dielectric is likely to be an important element of
flexible electronics. Among the various organic gate dielectrics, poly-
4-vinylphenol (PVP) is attracting considerable attention [12-14]. The
cross-linked PVP dielectric might have only a minimal density of OH
groups and internal impurities, so the remnant dipole effects become
minimized and interfacial charge carrier traps could be effectively
decreased.

In this paper, we report on the fabrication and the characterization
of flexible TFTs with a random SWNTs/pentacene bilayer as an active
channel, cross-linked PVP as a gate dielectric, and polyethersulphone
(PES) as a flexible substrate. We achieved a narrow band gap
semiconductor and a minimal density metallic component in the
random SWNTs network, and these characteristics play an important
role in enhancing the transconductance of our flexible TFTs, while
they caused a slight degradation of switching characteristics because
of the relatively high off-state current (Ioy). This indicates that the
nanotubes underlay reduces the channel length in flexible pentacene
TFTs, so it improves the mobility without a significant loss in the on/
off current ratio.
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2. Experimental
2.1. Device fabrication

Fig. 1(a) shows a schematic of TFTs with the pentacene/random
SWNTs bilayer, and Fig. 1(b) shows an optical image of a bend in our
flexible and semitransparent TFTs. The 150 nm thick indium-tin oxide
(ITO) sputtered on a 100 pm thick PES was used as a bottom gate
electrode and flexible substrate, respectively.

To prepare the PVP (Sigma-Aldrich, Mw ~20,000) dielectric
solution, the PVP powder was mixed with propylene glycol mono-
methyl ether acetate (PGMEA) with 13 wt.%. We added a cross-
linking agent, poly melamine-co-formaldehyde methylated (Sigma-
Aldrich, Mwn ~511) into the PVP solution with a ratio of 1:20. The
PVP solution was coated on the PES substrate, and a curing process
was successively conducted at 200 °C for 10 min on a hot plate to
enforce the cross-linking of the polymer. The final thickness of the PVP
dielectric measured by a surface profiler (Dektak 3030 profilometer)
was 450 nm.

The SWNTs powder (Iljin Nanotech Co., Ltd.,, ~90% purity)
synthesized by the arc discharge process had an average diameter of
1.2 nmand length of 5~20 um. To prepare the suspension of SWNTs, the
powders were dispersed in a surfactant solution containing of 0.6 wt.%
aqueous sodium dodecyl sulfate (SDS). After mixing, the suspension
was sonicated for 2 h using a probe sonicator, and then it was
centrifuged at 15,000 rpm for 4 h. The final suspension approached
the SWNTSs concentration of 30 mg/l [11,15]. Prior to evaporation of the
pentacene layer, the random SWNTs underlay was deposited on the PVP
dielectric film by using the spin-coating method.

The 70 nm thick pentacene (Sigma-Aldrich, ~99% purity) overlay
on the random SWNTs underlay was evaporated at a deposition rate
of 0.3 A/s under a base pressure of 1x 10~ 6 Torr. The 250 nm thick Au
source and drain electrodes were deposited on the surface of the
pentacene film to obtain a top-contact structure through a shadow

(a)

Pentacene

mask by a thermal evaporator (DOV Co., Ltd). The channel width and
length were 1000 um and 100 um, respectively.

2.2. Measurements

An atomic force microscope (AFM, PSIA XE-100) was used to
characterize the surface roughness of the spun PVP dielectric and to
observe the surface morphology of the thermally deposited pentacene
film onto the random SWNTs underlay and onto the PVP dielectric,
respectively. The structural property of the pentacene film was
characterized by X-ray diffraction (XRD, Rigaku diffraction D/max
2200 V) spectroscopy in the symmetric reflection coupled 6-26 arrange-
ment with CuKay; radiation (A1 = 1.5046 A) X-ray source. The surface
energy of the PVP dielectric was examined by contact angles using
distilled water and ethylene glycol (Sigma-Aldrich, 99% purity). The
contact angle measurements of the PVP dielectric film were performed
by a contact anglometer (Phoenix 450) with a drop volume of 50 pl. The
electrical characteristics were measured in order to evaluate the
electrical performance of the TFTs using the semiconductor character-
ization system (Keithley SCS 4200) in a dark box.

3. Results and discussion
3.1. Characterization of the dielectric film

Fig. 2 shows AFM images and the contact angles of the PVP
dielectric. The surface roughness (root mean square) of the PVP
dielectric was 0.44 nm. To calibrate the surface energy of the PVP
dielectric, we measured the contact angles using deionized water and
ethylene glycol as a reference liquid along with the following equation
[16], (1 +cos 8)y,=2(y2 ¥2)? 4+ 2(y4 v¥)'/2, where -y, and vy, are the
surface energy of the sample and the reference liquid components.
The superscripts p and d refer to the polar and dispersion components
of the surface energy, respectively. The contact angles of the PVP

Fig. 1. (a) Schematic of our flexible TFTs with the random SWNTs/pentacene bilayer as active channel, (b) optical image of bended our flexible and semitransparent transistor, and

(c) AFM image of the random SWNTs network on PVP dielectric.



6170

Deionized water: 69°

J.-H. Kwon et al. / Thin Solid Films 518 (2010) 6168-6173

Ethylene glycol: 48°

10.0 nm

0.0 nm

5um

5um

Fig. 2. Atomic force microscopy (AFM) images and contact angles of PVP dielectric.

dielectric were 69° in the deionized water and 48° in the ethylene
glycol. This corresponds to a surface energy of 34.4 mJ/m? Because
SWNTs are hydrophobic, they put down roots well in the non-polar
(low surface energy) and smooth surface of the PVP dielectric. In
addition, we calculated the capacitance per unit area of the PVP
dielectric by C=gog,A/t, where g, is the free space permittivity, A is
the area of the capacitor electrode, and t is the thickness of the
dielectric. The dielectric constant of the PVP dielectric was 4.0 at
1 MHz and the capacitance per unit area of the PVP dielectric was

79nFcm~2.

3.2. Morphological and structural properties of pentacene films

The surface morphology and the structural property of the
pentacene film were studied with atomic force microscopy (AFM)
and X-ray diffraction (XRD) spectroscopy. Fig. 3 shows the XRD spectra
and AFM images (inset) of pentacene films that were thermally
deposited onto the PVP dielectric and onto the random SWNTs
underlay with the PVP dielectric, respectively. From Fig. 3(a), the XRD
spectra of the pentacene film that was deposited onto the PVP
dielectric had major diffraction peaks that can be attributed to the
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Fig. 3. XRD spectra of 70 nm thick thermally pentacene films deposited onto (a) PVP dielectric and (b) random SWNTs underlay with PVP dielectric. The AFM images in (c) and
(d) show the morphologies of pentacene films corresponding to (a) and (b), respectively.
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thin-film phase (001’). As shown in Fig. 3(b), the XRD spectra of the
pentacene film that was deposited onto the random SWNTs underlay
had two major diffraction peaks at 5.66° (thin-film phase) and 6.06°
(triclinic bulk phase) that correspond to interlayer separations of
15.6 A and 14.2 A, respectively [17]. We observed the same 26 of the
(001") peak, indicating a well-organized molecular structure with the
same layer-by-layer spacing for both pentacene films. Particularly, the
sharp peak in the pentacene film that was deposited onto the random
SWNTs underlay with the PVP dielectric observed at 6.80° indicates a
molecular structure with an interplanar spacing of 12.7 A, which is
nearly consistent with the diameter of SWNTs used in this study. This
result shows that the SWNTs underlay has an effect on the molecular
growth of crystalline pentacene domains whose nuclei are embedded
in an amorphous phase.

The AFM image in Fig. 3(c) shows ‘lamellar grains’ marked by black
dots, in which the molecular growth is inclined in the perpendicular
direction [18]. We confirmed that the pentacene film that was
deposited on the random SWNTs with the PVP dielectric exhibited a
densely grain size and poor crystalline quality (Fig. 3(d)) compared to
that with well-formed dendritic grain on the PVP dielectric as judged
by the peak intensity of the XRD spectra and the AFM images.

3.3. Electrical performance of OTFTs

We have investigated the effect of the amount of SWNTs on the
flexible TFTs performance to establish the optimum concentration of
the SWNTs suspension. When the concentration of the SWNTs
suspension was higher than 30 mg/l, the mobility of our flexible
TFTs was improved but the on/off current ratio became sharply worse,
due to the increase in the off-state current (Ioy). Therefore, we used
the SWNTs suspension with a 30 mg/l concentration for the modi-
fication layer of the active channel.

Fig. 4 shows the drain current-drain voltage (Ip-Vp) curves
obtained from our flexible TFTs fabricated using a single pentacene
layer and the SWNTs/pentacene bilayer as an active channel. It can be
found that the magnitude of the on-state current (I,,) produced by

our flexible TFTs with the bilayer was significantly larger than that of
the TFTs with a single pentacene layer at the same gate bias (V) of
— 60V, while having a good saturation characteristic. The electrical
characteristics, such as the saturation field effect mobility (pq), the
threshold voltage (Vy;), and the on/off current ratio were determined
from the log;o (—Ip) — V¢ and v —Ip— Vg curves of Fig. 5(a) and (b).
These are summarized in Table 1. The pis, of the flexible TFTs with the
bilayer was above 2.6 x 10! cm?/Vs. On the other hand, the devices
without the SWNTs underlay displayed poor performance with g, of
9.7x 102 cm?/Vs. It was also found that the Vy, of the flexible TFTs
with the bilayer was smaller than that of the flexible TFTs with a single
pentacene layer. While our flexible TFTs with the bilayer exhibited a
significantly improved behavior in its overall characteristics, the on/
off current ratio became slightly worse, due to the increase in I,g As
shown in Fig. 1(c), the random SWNTs network had a density of
approximately 1 nanotube/um? and an average diameter of 1.2 nm,
which corresponds to the band gap energy (E;)<0.8 eV [19]. The Eg of
semiconducting SWNTs is inversely proportional to their diameter, so
progressively smaller diameter nanotubes should in fact exhibit larger
band gaps [20]. Consequently, the increase in I,, is achieved at the
expense of a high I, that is caused by a narrow E; semiconductor and
a nominal density metallic component in the random SWNTs
underlay. We have debated about the cause of the improvement in
Usqe. Generally, grain boundaries in OSC films may act as carrier trap
sites, which cause a considerable decrease of the mobility. In our TFTs
with the SWNTs underlay in the channel region, carriers could be
effectively transported through the SWNTs rod while traversing
between the grain boundaries. Moreover, Yoneya et al. have found
that the thickness of the effective channel in the TFTs with a
pentacene OSC is less than 3 nm from the dielectric surface [21], so
we believe that the SWNTs network embedded in the pentacene film
offers a channel length reduction effect and a conduction path across
the grain boundaries in the dielectric/pentacene interface [10,11].
Although the enhancement of pi,, in flexible TFTs with the SWNTs/
pentacene bilayer as an active channel had an inferior result
compared with that obtained by other research groups, a dramatic

(a) Pentacene (b) SWNTs/pentacene
bilayer
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Fig. 4. Drain current-drain voltage (Ip-Vp) curves of our flexible TFTs with (a) the single pentacene layer and (b) the random SWNTs/pentacene bilayer as an active channel. The gate

voltage (V) ranges from 0V to —60 V in 10 V steps.



6172 J.-H. Kwon et al. / Thin Solid Films 518 (2010) 6168-6173

{ax10®
o
{3x10® =
<
Ee)
&
3 B
{2x10® 5
o
£
'
{1x10® Q
{0
0 -20 40 -60
Gate Voltage [V]
(b) .
10
-3
il 6x10 N
< -
E {ax10° €
3 :
£ E 3
g £
(1]
T o10° | {2x10° 5
1
1067 |
{0
|0-10

0 -20 -40 -60
Gate Voltage [V]

Fig. 5. Current-voltage transfer curves of our flexible TFTs with (a) the single pentacene
layer and (b) the random SWNTs /pentacene bilayer as an active channel. logo (—Ip)
— Vg curves (circles) show the current on/off ratio and v —Ip— V curves (squares) for
calculation of saturation field effect mobility that were obtained at drain voltage (Vp) of
—60V.

amelioration in the electrical performance of OTFTs has been based on
surface modifications using a self-assembled monolayer (SAM) or a
plasma treatment [22-25]. However, the SAM treatment is somewhat
disadvantageous because the SAM treatment requires a long
immersion time, and the solvent used in the treatment may harm
the polymer dielectric and substrate. Also, the plasma treatment
needs expensive vacuum equipment. These properties are not
compatible with the OTFTs fabrication method that employs the
roll-to-roll process technology. Recently, interest has developed in
solution-processing OSCs because they may allow low-cost manufac-

Table 1
A summary of the electrical characteristics of our flexible TFTs with different active
layers.

Active layers Threshold  Off state On state On/off Mobility
voltage [V] current [A] current [A] current [cm?/Vs]
ratio

85x10% 9.7x1072
29x10* 2.6x10!

13x1071° 1.1x10°°
1.0x107° 29x10°°

Pentacene —15.5
SWNTs/pentacene  —7

turing approaches. Materials such as poly 3-hexylthiophene (P3HT)
and o, o-dihexylsexithiophene (DH-6T) are easily deposited, but
such OSCs typically have relatively low mobility [26-28]. Because the
random SWNTs network is essentially flexible [29], it may enhance
the device performance without sacrificing flexibility. Moreover,
Artukovic et al. proposed the transparent and flexible TFTs where
SWNTs networks having different densities provide both the gate
electrode and the active channel [15]. Conclusively, the SWNTs sus-
pension with an optimum concentration for a specific application is
compatible with a polymeric substrate for organic electronics based
on a simple process and low-cost fabrication, and this is a promising
solution for improving inferior electrical performance of the OTFTs.

4. Conclusions

This work demonstrates the solution-processing fabrication and
operation of high performance flexible TFTs using a carrier transfer
underlay based on a random SWNTs network. We found that a form of
the random SWNTs underlay that was produced by a simple coating
method prior to pentacene evaporation gave rise to an enhancement
in the saturation field effect mobility of our flexible TFTs with a single
pentacene layer by a factor 3 with a good on/off current ratio of 10°. It
was also found that the threshold voltage of our flexible TFTs with the
bilayer as an active channel was improved compared to that of flexible
TFTs with a single pentacene layer. Although the XRD analysis and
AFM images show that the pentacene film on the PVP dielectric has a
better crystalline quality than that on the random SWNTs underlay
with the PVP dielectric, we achieved high performance flexible TFTs
using a semiconducting channel and a conduction path offered by the
random SWNTs network.
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