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We have fabricated the flexible semitransparent pentacene-based thin-film transistors �TFTs� with
poly-4-vinylphenol �PVP� dielectric layers which were deposited by spin coating on a thermostable
plastic substrate with a conductive film. For the source/drain �S/D� electrodes of our flexible
pentacene TFTs both Au and semitransparent NiOx have been tested. It was found that NiOx was
better matched to the pentacene channel for the S/D contacts than Au. Our flexible pentacene TFTs
with semitransparent NiOx contacts exhibited mobility of �0.24 cm2/V s higher than that achieved
with Au contacts ��0.14 cm2/V s� and also demonstrated a higher initial drain current. © 2005
American Institute of Physics. �DOI: 10.1063/1.1996839�

Organic thin-film transistors �OTFTs� have been exten-
sively studied and developed to open the future of organic
electronics exemplified by low-end smart cards, drivers for
flexible display, and electronic identification tags.1–3 Particu-
larly, pentacene-based OTFTs have already demonstrated
their possibilities toward such applications.4–6 Certainly or-
ganic thin-film transistors �OTFTs� have key advantages in
that they can be fabricated at room temperature even on me-
chanically flexible plastic substrates. In order to fully exploit
these strengths, it is required to successfully obtain suitable
polymer dielectric layers on plastic substrates. However, re-
placing inorganic gate dielectric materials with polymer di-
electric layers usually limits the performance of OTFTs be-
cause the polymer insulators generally have much lower
dielectric capacities than inorganic insulators.7,8 Field-effect
devices with poly-4-vinylphenol �PVP� appears to have some
potentials exhibiting decent mobilities9 but those were re-
ported to be still inferior to the devices with inorganic gate
oxides in many aspects of device performance. It is thus
important and meaningful to find solutions to compensate
this drawback of OTFTs with polymer gate dielectric layers.

In the present work, we report on the fabrication and
characterization of flexible OTFTs with a pentacene channel,
PVP polymer gate insulators, a polyester �PET� substrate
coated with a conductive polyethylenethioxythiophene �PE-
DOT� polymer, and semitransparent NiOx source/drain �S/D�
electrodes that were expected to enhance the source-to-
channel injection of hole charges and thus to circumvent the
aforementioned drawback of the polymer-gate OTFTs.

Prior to the spin-coating of PVP films on a PEDOT-
coated flexible PET substrate �Orgacon™ EL-1500, pur-
chased from Agfa�, the surface of the substrate was cleaned
with diluted isopropanol for a few seconds. PVP films were
then prepared from a solution of PVP and a cross-linking
agent �melamine-co-formaldehyde� in propylene glycol
monomethyl ether acetate �PGMEA�, by spin coating and
cross linking �at 175 °C for 30 min. in vacuum�. The final
thickness of the PVP films was measured to be 450 nm by a

surface profiler �Alpha-Step IQ� while their measured elec-
trical capacitance and leakage current level were
�7.4 nF/cm2 and �10−7 A/cm2, respectively.10 Pentacene
channels and S/D pads �NiOx and Au� were then sequentially
patterned on the PVP layer through shadow masks at a sub-
strate temperature of 20 °C �room temperature �RT�� by ther-
mal evaporation in a vacuum chamber with a base pressure
of 1�10−6 Torr. The deposition rates were fixed to 1 Å/s
and 30 Å/s for the pentacene �Aldrich Chem. Co., �99%
purity� and the electrodes, respectively. The thickness of pen-
tacene and electrode films �NiOx and Au� was 40 and
100 nm, respectively, as monitored by a quartz crystal oscil-
lator and confirmed by the surface profiler. The nominal
channel length and width were 90 and 500 �m, respectively.
All current–voltage �I–V� measurements for our OTFTs
were performed with a semiconductor parameter analyzer
�Agilent 4155C� and the surface of each layer was character-
ized by atomic force microscopy ��AFM� Nanoscope IV,
Digital Instruments�.

The photograph in Fig. 1�a� displays our pentacene-
based semitransparent OTFT arrays fabricated on a flexible
PET substrate and Fig. 1�b� displays the plan view of our
TFTs on the emblem of our institute underneath. Even
though the source/drain �S/D� electrode regions appear rela-
tively darker than the pentacene channel or PVP layer region,
we can nevertheless identify emblem features printed on the
paper �see the magnified image of the S/D electrodes�. Gen-
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FIG. 1. �Color online� �a� Image of our pentacene-based OTFTs fabricated
on a flexible PET substrate; �b� the image plan view of our TFT array on our
university emblem underneath.
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erally, transparent stoichiometric NiO is p-type with a band
gap of 3.8 eV exhibiting a high transmittance of about
70%.11,12 However, our 100-nm-thick NiOx electrode exhib-
its a transmittance of only 30% in the visible region but a
low sheet resistance of �60 � /� when it is deposited on
Corning glass 7059. Since our NiOx is probably rather off-
stoichiometric and probably in an Ni-rich state as it has been
deposited by the thermal evaporation from NiO powder, a
somewhat low transmittance is understandable.

The AFM images of each layer of our device are exhib-
ited in Figs. 2�a�–2�c�, as indicated in the schematic cross-
sectional view of our device in Fig. 2�d�. The initial PEDOT
on PET substrate showed very rough surface morphology
with an rms roughness of 14.68 nm �Fig. 2�a��. However, the
surface roughness has been remarkably improved to 2.61 nm
when the PVP dielectric layer was deposited by spin-coating
�see Fig. 2�b��. It is because viscose PVP solutions have
filled up the valley regions of the PEDOT surface during the
spin coating. The dielectric surface roughness certainly influ-
ences the growth of the pentacene channel layer, and our
pentacene layers deposited on the smoothed PVP dielectric
layer do display relatively well-formed dendritic grains as
shown in Fig. 2�c�.

Figure 3 shows the drain current-drain voltage �ID–VD�

curves obtained from our pentacene OTFTs fabricated using
both metallic Au and NiOx S/D electrodes. As shown in the
figure, the OTFT employing NiOx S/D electrodes apparently
has lower RT values and a higher saturation current of
−5.5 �A under a gate bias �VG� of −40 V than the other
OTFT with Au S/D electrodes that shows the saturation cur-
rent of only −3.3 �A. If we neglect the space-charge-limited
current �SCLC� effects, we can consider a total TFT ON-
resistance, RT, in the linear operation regime �VD�VG� as
follows:

RT =
VD

ID
= rchL + 2RS/D, �1�

where rch is the pentacene channel resistance per unit
channel-length �L� and 2RS/D is the series resistance from
both the source and drain contacts.13 Since both devices have
identical TFT structures and constituent materials except for
their electrodes, it is assumed that the rch values must be the
same for both TFTs. This means that the former device with
NiOx has a lower 2RS/D value, which is a nominal contact
resistance between electrode and channel, and its inversion
value now represents a hole-injection efficiency. The injec-
tion enhancement effects from NiOx can also be projected to
the drain current behavior with respect to the gate. Using the
gradual channel approximation14 and the Eq. �1� above, we
can obtain the total TFT ON-resistance �RT� from a different
formula containing the nominal field-effect mobility and
threshold voltage of the OTFT:

RT =
L

�lin.CiW�VG − VT�
, �2�

where Ci is the gate dielectric capacitance, �lin. the nominal
field effect mobility in linear operation regime, VT the thresh-
old voltage, and W the channel width. According to Fig. 4,
the VT values are measured to be −15 and −7.5 V for the
OTFTs with Au and NiOx S/D contacts, respectively. We thus
estimated the nominal mobilities ��lin.� of both OTFTs in the
linear regime with VG of −40 V using Eq. �2�, RT values, and
VT values �extracted from Figs. 3 and 4� Those mobilities
were found to be 0.17 and 0.25 cm2/V s for the devices with
Au and NiOx contacts, respectively. �Note that these values
should be different from those ��sat.� obtained in the satura-
tion regime �VD=−30 V, see Fig. 4�: �0.14 and
�0.24 cm2/V s for the former and the latter, respectively�.

FIG. 2. �Color online� �a� 5�5 �m2 AFM image of PEDOT-coated PET
substrate as received �b� the surface image of PVP layer coated on the
substrate of �a� the surface morphology appeared much improved after
deposition; �c� the AFM image of our pentacene film deposited on PVP
dielectric film; �d� schematic cross section of our device.

FIG. 3. �Color online� ID–VD curves obtained from our flexible TFTs with
both Au �left� and NiOx S/D electrodes �right�.

FIG. 4. �Color online� �ID–VG curves for the estimation of saturation-
regime mobilities that were obtained at VD=−30 V from both OTFTs. The
inset plots of log10�ID�–VG show the on/off behavior of our OTFTs.
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It is now interesting to note that the two pentacene chan-
nel layers prepared in an identical manner show different
mobilities. It is simply because our apparent field mobility
includes the electrode-to-channel charge injection process as
well as the charge transport within the channel layer. Like-
wise, based on Eqs. �1� and �2�, the S/D contact resistance
�2RS/D� affects RT and thus the apparent field-effect mobili-
ties. Due to enhanced charge-injection, our semi-transparent
OTFT with NiOx electrodes does have higher field mobility
than the OTFT with Au electrodes. Our NiOx electrode prob-
ably has a larger work function than that of Au �i.e., larger
than �5 eV, the work function of Au�,15 consequently being
better matched to the pentacene channel. Thermally evapo-
rated at a high deposition rate, semitransparent NiOx can be
in an Ni-rich state so that the Ni-rich oxide may support
metallic conduction and also possess the work function prop-
erties of metallic Ni ��5.15 eV�. According to the inset of
Fig. 4, both TFTs appeared to have almost the same on/off
current ratio of �103 and subthreshold swing of 4.5 V/dec,
which are not very good but moderate for OTFTs using a
thin polymer gate dielectric layer.

In summary, we have fabricated flexible semitransparent
pentacene-based thin-film transistors with NiOx S/D elec-
trodes, PVP dielectric, and a PEDOT-coated PET substrate.
The pentacene-based TFTs with NiOx contacts of �60 � /�
exhibited much higher field effect mobility than those with
Au contacts because the semitransparent Ni-rich oxide prob-
ably has a larger work function than Au thus lowering the
contact resistance at the interface between pentacene channel
and electrodes �or providing more efficient hole injection
into the active channel layers�.16,17 We thus conclude that
using thermally evaporated NiOx as electrodes is a promising
solution to circumvent the current drawback of OTFTs with a
low-k dielectric polymer gate.
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