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When organic thin-film transistors (TFTs) are exposed to air, the
electrical performance of the devices often degrades over time.
The degradation is often the result of the oxidation of the
conjugated molecules in the presence of oxygen, water vapor, or
ozone. Oxidation changes the energies of the molecular orbitals
and thereby affects the charge carrier transport. For example,
when pentacene is oxidized, the hydrogen atoms at the central
aromatic ring of the molecule are replaced with oxygen, forming
6,13-pentacenequinone.[1] Unlike hydrogen, oxygen is linked to
the carbon atoms via double bonds, so the oxidation leads to the
loss of conjugation at the central ring. Oxidizing pentacene
therefore reduces the extent of the conjugated p-system from five
rings to four rings, which in turn causes an increase in the
highest occupied molecular orbital (HOMO) energy.[2,3] Due to
the difference in energy between the HOMO of pentacene and
the HOMO of 6,13-pentacenequinone, charge carriers are not
easily exchanged between the two molecules, so the quinone
molecules do not participate in the transport of charge carriers
through the film. Also, because the quinone molecules have a
different shape than the pentacene molecules, they produce
distortions in the pentacene lattice that become scattering sites.[4]

As more and more pentacene molecules are oxidized, the carrier
mobility therefore decreases over time.[5–8]
One strategy to improve the air stability of organic TFTs is to
employ a semiconductor that is less easily oxidized, that is, a
molecule with a larger ionization potential.[9–15] However, most
TFTs based on organic semiconductors with large ionization
potential show mobilities smaller than that of pentacene (i.e.,
below about 1 cm2 V�1 s�1), most likely due to a thin-film
microstructure that is less favorable in terms of orbital overlap
and efficient charge transfer. Exceptions include di(phenylviny-
l)anthracene (DPVAnt) with an ionization potential of 5.4 eV, a
mobility of 1.3 cm2 V�1 s�1, and good air stability.[16,17] Another
promising class of air-stable conjugated semiconductors are the
derivatives of benzothienobenzothiophene (BTBT), which are
also characterized by excellent thin-film microstructures, large
hole mobilities, and large ionization potentials (between 5.4 to
5.7 eV).[18–21] For one of these materials, dinaphtho-[2,3-b:20,30-
f ]thieno[3,2-b]thiophene (DNTT), Yamamoto and Takimiya
recently reported a mobility of 2.9 cm2 V�1 s�1 and good air
stability for TFTs fabricated on octadecyltrichlorosilane (OTS)-
functionalized Si/SiO2 substrates.[22] Here we report on the
performance and stability of low-voltage DNTT TFTs, inverters,
and ring oscillators on flexible polymeric substrates.

DNTT was synthesized in three steps involving the selective
functionalization of commercially available 2-naphthaldehyde
with methylthio substituents by ortho-directing lithiation, a
low-valence titanium-mediatedMcMurry coupling reaction, and a
ring-closing reaction with excess iodine.[22] The product was
purified by temperature-gradient sublimation in a stream of inert
gas. The HOMO energy of DNTT determined by cyclic
voltammetry is �5.4 eV (compared to �5.0 eV for pentacene[17])
and the optical bandgap estimated from UV–Vis absorption
spectroscopy is 3.0 eV (compared with 1.8 eV for pentacene[17]).

Transistors and circuits were prepared on 125-mm-thick
flexible polyethylene naphthalate (PEN) film (Teonex Q65; kindly
provided byWilliam A. MacDonald, DuPont Teijin Films, Wilton,
UK). Aluminum (20-nm-thick) was deposited through a shadow
mask to define the gate electrodes. The aluminum was briefly
exposed to an oxygen plasma to create a 3.6-nm-thick aluminum
oxide layer. The substrate was then immersed in a 2-propanol
solution of n-tetradecylphosphonic acid to form a 1.7-nm-thick
self-assembled monolayer (SAM) on the surface of the oxidized
gates. Thus, the AlOx/SAM gate dielectric has a total thickness of
5.3 nm and a capacitance of 800 nF cm�2, which allows the
devices and circuits to operate with voltages of 3V. A 30-nm-thick
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 982–985
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Figure 1. Cross section and photograph of a DNTT TFT on a flexible PEN
substrate. The chemical structure of the organic semiconductor DNTT is
also shown.

Figure 2. Current–voltage characteristics of a DNTT TFT on a flexible PEN
substrate. a) Transistor characteristics recorded shortly after device fabri-
cation. b) Transistor characteristics recorded after 8 months in air. c)
Carrier mobility and Vth over time. (For comparison, the mobility of a
pentacene TFT based on the same technology is also shown.) The TFT has
a channel length of 30mm and a channel width of 100mm.
film of DNTT was then deposited through a shadow mask by
sublimation in a vacuum evaporator, followed by the deposition of
30-nm-thick gold through another shadow mask to define the
source/drain contacts. Figure 1 shows the schematic TFT
structure and a photograph of a completed device. Vias for
reliable electrical contact between the gate level and the source/
drain level were defined by a simple process that exploits the
surface selectivity of the self-assembling phosphonic acid
molecules during the adsorption process.[23] The maximum
temperature during the transistor and circuit manufacturing
process was 60 8C, which is the substrate temperature during the
DNTTdeposition. All electrical measurements were performed in
ambient air at room temperature.

Figure 2a shows the current–voltage characteristics of a DNTT
TFTon a flexible PEN substrate recorded in air shortly after device
fabrication. The TFT has a mobility of 0.6 cm2 V�1 s�1, an on/off
current ratio of 106, and a subthreshold swing of 100mV per
decade. Figure 2b shows the electrical characteristics of the same
transistor after the substrate had been exposed to ambient air with
a humidity of about 50% and yellow laboratory light for a period of
8 months (246 days). The aged device has a mobility of 0.3 cm2

V�1 s�1, an on/off ratio of 106, and a subthreshold swing of
150mV per decade. The results in Figure 2 show that after
8 months of continuous exposure to air and light the carrier
mobility of the DNTT TFT is still 50% of its initial value. For
comparison, the mobility of pentacene TFTs manufactured using
the same technology decreased by more than an order of
magnitude after just 3 months in air. Thus, the larger ionization
potential of DNTT (5.4 eV) compared with that of pentacene
(5.0 eV) provides a dramatic improvement in the air stability of
the transistors. To obtain organic TFTs with even better air
stability it may be necessary to synthesize conjugated molecules
with an even larger ionization potential (perhaps approaching
6 eV) and with a similar thin-filmmicrostructure (and hence large
carrier mobility). However, such a large ionization potential
inevitably creates a significant energy barrier at the source and
drain contacts that may lead to excessive contact resistance.[17]

When a carrier channel is created in a field-effect transistor by
applying a gate–source voltage, the number of mobile carriers in
the channel decreases over time as more and more of the carriers
are trapped into localized electronic states. This is known as bias
stress effect and manifests itself as a time-dependent decrease in
Adv. Mater. 2010, 22, 982–985 � 2010 WILEY-VCH Verlag Gm
drain current and a shift in threshold voltage (Vth).
[24–27] The

physical location and energy of the trap sites, the trapping and
release kinetics, and the rate of the Vth shift depend on the
materials employed for the semiconductor and the gate
dielectric[26] and on the electric field during bias stress.[27] For
pentacene TFTs with an AlOx/SAM gate dielectric similar to the
one utilized here, a Vth shift of 0.3 V after 24 h of continuous
stressing with a gate–source voltage of �3V (corresponding to a
gate field of about 5MV cm�1) was recently reported.[28] The
subthreshold swing of the pentacene TFTwas not affected by the
bias stress. When the pentacene TFTwas left to relax for 40min,
Vth returned to its original value, indicating a relatively quick
release of the trapped carriers. Figure 3a shows the transfer
characteristics of a flexible DNTT TFT before and after 24 h of
continuous bias stress with a gate–source voltage of �3V (about
5.5MV cm�1), and Figure 3b shows the change in drain current
during bias stress. After 24 h of bias stress, the drain current had
dropped to 75% of its initial value, which is similar to the current
drop in back-channel-etched amorphous silicon TFTs stressed
with a gate field of 0.25 MVcm�1.[26] Depending on the definition
of Vth, the stress-induced Vth shift in the DNTT TFTs after 24 h is
bH & Co. KGaA, Weinheim 983
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Figure 3. Bias-stress effect in a DNTT TFT on a flexible PEN substrate. The
TFT was stressed continuously for 24 h with a gate–source voltage of �3 V
and a drain–source voltage of �3 V. a) Transfer characteristics of the TFT
measured before and after bias stress and after 1 h of relaxation. (The
transfer characteristics were measured with a drain–source voltage of
�1.5 V.) b) Drain current of the TFT as a function of time during bias stress.

Figure 5. Circuit schematic and signal propagation delay per stage as a
function of supply voltage of a 5-stage ring oscillator based on saturated-
load inverters with DNTT TFTs on a flexible PEN substrate. Data measured
shortly after device fabrication are shown in red; data recorded after
8 months in air are shown in blue. For all inverters, the drive TFT has a
channel length of 10mm and a channel width of 100mm, and the load TFT
has a channel length and width of 50mm.

984
0.12V (if Vth is defined as the gate–source voltage at which the
drain current is 10�10 A [27,28]) or 0.35V (if Vth is defined as the
intersect of the square-root of drain current curve with the
gate–source voltage axis[29]). While theVth shift in the DNTT TFTs
is similar to that in pentacene TFTs,[28] there are two important
differences: in the DNTT TFTs, the bias stress causes an increase
in subthreshold swing (from 100 to 190mV per decade), and
neither Vth nor the subthreshold swing return to their original
values after bias stress. Figure 3a shows the transfer character-
istics of the same DNTT TFT after the stressed device had been
left to relax for 1 h. The characteristics indicate no recovery of Vth

and subthreshold swing, and measurements after several days
also showed no recovery. This indicates that in the DNTT TFTs
the energy required to release the carriers trapped during bias
stress is substantially larger than in the pentacene TFTs. Further
experiments will be necessary to determine whether this is related
to the larger ionization potential of DNTT compared with
pentacene.

In addition to the shelf-life and electrical stability of individual
DNTT TFTs, we also investigated the performance and stability of
logic circuits based on DNTT TFTs on flexible PEN. Figure 4
Figure 4. Schematic and transfer characteristics of an inverter with saturat
DNTT TFTs on a flexible PEN substrate. a) Inverter characteristics recorded s
fabrication. b) Inverter characteristics recorded after 8 months in air. The drive
length of 10mm and a channel width of 100mm and the load TFT has a chann
and a channel width of 50mm.

� 2010 WILEY-VCH Verlag Gm
shows the circuit schematic and the transfer characteristics of a
unipolar inverter with saturated load. The inverter characteristics
were measured in air shortly after fabrication (Fig. 4a) and again
after 8 months (Fig. 4b). As can be seen, the aged circuit still
shows the correct logic function. Due to the time-dependent
degradation in carrier mobility, the inverter transfer curves are
slightly shifted toward more positive output voltages, and the
maximum small-signal gain is reduced from 2.3 to 1.9.

The dynamic performance of the flexible low-voltage DNTT
TFTs was evaluated with a 5-stage ring oscillator based on
saturated-load inverters. The drive TFTs have a channel length of
ed load based on
hortly after device
TFT has a channel
el length of 50mm

bH & Co. KGaA, Weinh
10mm and a channel width of 100mm. Owing
to the large capacitance of the gate dielectric,
the ring oscillators operate with a supply
voltage as low as 2.2 V; to our knowledge these
are the first flexible organic circuits that
operate in ambient air with a supply voltage
below 5V. Figure 5 shows the signal propaga-
tion delay per stage as a function of supply
voltage, measured shortly after fabrication (red
curve) and measured again after the substrate
had been stored in air for 8 months (blue
curve). The stage delay measured at a supply
voltage of �3V (�5V) is initially 37ms (18ms)
and increases to 100ms (60ms) after 8 months.
This increase in signal delay is approximately
as expected based on the observed reduction in
TFTmobility. For comparison, pentacene ring
oscillators based on the same technology have
a signal delay of 500ms (at�3V) and 200ms (at
eim Adv. Mater. 2010, 22, 982–985
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�5V).[17] This means that after 8 months of storage in air the
DNTTcircuit is still several times faster than the pentacene circuit
immediately after fabrication (while the latter degrades by several
orders of magnitude during this time span).[17] In terms of
practical applications this means that DNTT not only provides a
substantial improvement in switching speed over pentacene, but
also significantly reduces or even eliminates the need to develop
and implement reliable encapsulation methods to protect the
transistors and circuits from ambient air.

In terms of air stability, the DNTT devices and circuits
represent a significant advancement over pentacene-based
electronics. We believe that the better air stability of the DNTT
TFTs in comparison to pentacene TFTs is related to the larger
ionization potential of DNTT (5.4 eV) compared with that of
pentacene (5.0 eV), since it is generally believed that a larger
ionization potential leads to better stability against oxidation.[9–21]

Alternatively, structural andmorphological aspects have also been
invoked to explain differences in air stability between organic
semiconductors. For example, Katz et al. have hypothesized that a
greater packing density in the solid state might reduce the
probability of air-born oxidizing species penetrating the semi-
conductor film and reaching the buried TFT channel, which
would explain differences observed in the air stability between
organic TFTs based on different conjugated semiconductors
having similar electrochemical potentials.[30] Although we cannot
entirely rule out that the better air stability of the DNTT TFTs
reported here is related to differences in thin-film morphology,
we note that the packing density of DNTT is very similar to (if not
slightly smaller than) that of pentacene (lattice parameters of
DNTT:[22] a¼ 6.187 Å, b¼ 7.662 Å, c¼ 16.21 Å, V¼ 767.7 Å3;
lattice parameters of pentacene:[31] a¼ 5.958 Å, b¼ 7.596 Å,
c¼ 15.61 Å, V¼ 697 Å3). We also note that atomic force
microscopy (AFM) images of thin films of DNTT and pentacene
do not reveal any differences in thin-film microstructure that
would explain the substantial difference in air stability (see
Supporting Information). In contrast, the difference in ionization
potential is substantial, so we believe this is the main reason for
the difference in air stability.

In summary, we have manufactured and characterized flexible
low-voltage thin-film transistors and integrated circuits based on
DNTT, a conjugated organic semiconductor with a large
ionization potential (5.4 eV) and a thin-film microstructure that
favors efficient charge transport. The TFTs have a mobility of
0.6 cm2 V�1 s�1, and the ring oscillators have a signal delay of
18ms per stage at a supply voltage of�5V. Due to the excellent air
stability of the semiconductor, the DNTT devices and circuits
maintain about 50% of their initial performance for a period of
8 months of continuous exposure to ambient air.
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