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a b s t r a c t
Bottom-gate, top-contact (inverted staggered) organic thin-ﬁlm transistors with a channel
length of 1 lm have been fabricated on ﬂexible plastic substrates using the vacuum-deposited small-molecule semiconductor 2,9-didecyl-dinaphtho[2,3-b:20 ,30 -f]thieno[3,2-b]thiophene (C10-DNTT). The transistors have an effective ﬁeld-effect mobility of 1.2 cm2/V s,
an on/off ratio of 107, a width-normalized transconductance of 1.2 S/m (with a standard
deviation of 6%), and a signal propagation delay (measured in 11-stage ring oscillators)
of 420 ns per stage at a supply voltage of 3 V. To our knowledge, this is the ﬁrst time that
megahertz operation has been achieved in ﬂexible organic transistors at supply voltages of
less than 10 V.
Ó 2013 Elsevier B.V. All rights reserved.

Organic thin-ﬁlm transistors (TFTs) are of interest for
ﬂexible, large-area electronics applications, such as rollable
or foldable information displays [1–3], conformable sensor
arrays [4], and plastic circuits [5,6]. In some of the more advanced applications envisioned for organic TFTs, such as the
integrated row and column drivers of ﬂexible active-matrix
organic light-emitting diode (AMOLED) displays [7–9], the
TFTs will have to be able to control electrical signals of a
few volts at frequencies of several megahertz. In a few previous reports, megahertz operation has indeed been
achieved in organic TFTs, but only when the transistors were
fabricated on rigid glass or silicon substrates [10–15] or
when the transistors were operated with relatively high
voltages, between 10 and 25 V [5,10,12–14,16]. Here we
demonstrate the ﬁrst ﬂexible organic TFTs and ring oscillators with switching frequencies above 1 MHz at supply
zvoltages between 2 and 3 V. This range of supply voltages
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is expected to be useful for AMOLED displays, since it is
the voltage range in which organic LEDs have shown the
highest reported luminous efﬁciencies [17–19].
The ﬁrst requirement for achieving high switching frequencies in ﬁeld-effect transistors is efﬁcient charge
transport in the semiconductor. To meet this requirement
we have chosen the organic semiconductor 2,9-didecyldinaphtho[2,3-b:20 ,30 -f]thieno[3,2-b]thiophene (C10-DNTT), which has previously shown ﬁeld-effect mobilities up
to 8 cm2/V s in TFTs on smooth silicon substrates [20]
and up to 4 cm2/V s in TFTs on plastic substrates [21,22].
These mobilities are larger by a factor of about 2 than the
mobilities reported for the non-alkylated parent compound DNTT [23,24]. Compared with DNTT, the attractive
interactions between the decyl substituents of neighboring
C10-DNTT molecules within the semiconductor layer are
believed to force the molecules into a tighter solid-state
packing, leading to enhanced orbital overlap and thereby
to enhanced charge-carrier transport in the plane parallel
to the substrate surface [20,25].
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The second requirement for achieving high switching
frequencies in ﬁeld-effect transistors is a small channel
length [5,10–16]. To meet this requirement we have employed high-resolution silicon stencil masks to pattern
the gate electrodes, the organic semiconductor, and the
source and drain contacts of the transistors, which makes
it possible to fabricate bottom-gate, top-contact organic
TFTs with a channel length of 1 lm without exposing the
organic semiconductor layer to potentially harmful organic
solvents and photoresists [26,27].
The TFTs and ring oscillators were fabricated on 125lm-thick polyethylene naphthalate substrates (TeonexÒ
Q65 PEN; kindly provided by William A. MacDonald, DuPont Teijin Films, Wilton, UK). To prepare the gate electrodes, 20-nm-thick aluminum was deposited directly
onto the PEN substrates by thermal evaporation in vacuum
through a ﬁrst stencil mask. In order to deﬁne the locations
for the gate vias, 20-nm-thick gold was then deposited by
thermal evaporation in vacuum through a second stencil
mask onto speciﬁc locations on the aluminum outside of
the active TFT areas. In the third step, a hybrid gate dielectric composed of a 3.6-nm-thick layer of aluminum oxide
(obtained by brieﬂy exposing the surface of the aluminum
gate electrodes to an oxygen plasma) and a 1.7-nm-thick
self-assembled monolayer (SAM) of n-tetradecylphosphonic acid (obtained by immersing the substrate into a
2-propanol solution of the phosphonic acid) was then
formed [21,24]. This gate dielectric is formed only on the
surface of the aluminum gate electrodes, but not in the
gold-covered via locations. In the fourth step, the organic
semiconductor with a thickness of 20 nm is deposited onto
the AlOx/SAM gate dielectric by sublimation in vacuum
through a third stencil mask. Finally, 30-nm-thick gold is
deposited by thermal evaporation in vacuum through a
fourth stencil mask to deﬁne the source and drain contacts
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of the TFTs as well as the interconnects for the ring oscillators. The small thickness (5.3 nm) and large capacitance
per unit area (800 nF/cm2) of the AlOx/SAM gate dielectric
allows the transistors and circuits to operate with low
voltages of about 2–3 V [21]. The air stability, operational
stability, bending stability and thermal stability of longchannel TFTs fabricated with this process have been
analyzed previously [21,28,29]; here we will focus on the
performance and parameter uniformity of transistors with
aggressively reduced lateral dimensions.
Fig. 1 shows two photographs and the current–voltage
characteristics of a C10-DNTT TFT with a channel length
of 1 lm and a channel width of 10 lm fabricated on a ﬂexible PEN substrate. In the saturation regime, the TFT has an
effective ﬁeld-effect mobility of 1.2 cm2/V s and an on/off
ratio of 107, both of which are to our knowledge the largest
reported thus far for an organic TFT with a channel length
of 1 lm. The observation that the effective ﬁeld-effect
mobility in these short-channel TFTs is only about one
third of the mobility reported for long-channel TFTs based
on the same semiconductor [21,22] can be explained by
the larger contribution of the contact resistance to the total
device resistance when the channel length is signiﬁcantly
reduced [15,24,30].
Owing to the unique combination of a large gate-dielectric capacitance per unit area (800 nF/cm2), a small channel
length (1 lm), and a relatively large effective ﬁeld-effect
mobility (1.2 cm2/V s), the width-normalized transconductance (i.e., the derivative of the measured drain current, ID,
versus the applied gate-source voltage, VGS, normalized to
the channel width, W: gm/W = (@ID/@VGS)/W) of these transistors reaches 1.2 S/m, which is to our knowledge the largest width-normalized transconductance reported thus far
for an organic transistor fabricated on a plastic substrate.
For comparison, the width-normalized transconductance

Fig. 1. Schematic cross-section, photographs, and electrical characteristics of a C10-DNTT TFT with a channel length of 1 lm fabricated on a ﬂexible PEN
substrate. The TFT has an effective ﬁeld-effect mobility of 1.2 cm2/V s, an on/off current ratio of 107, a subthreshold swing of 150 mV/decade, and a widthnormalized transconductance of 1.2 S/m. Also shown is the chemical structure of the organic semiconductor, C10-DNTT.
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of the high-mobility (30 cm2/V s) organic single-crystal
FETs reported by Minemawari et al. [31] is about 0.04 S/
m, that of the self-aligned polymer TFTs with an extremely
short channel length of 200 nm reported by Noh et al. [11]
is about 0.05 S/m, and that of the ﬂexible high-performance pentacene TFTs with a photolithographically deﬁned channel length of 2 lm recently reported by Myny
et al. [5] is about 0.3 S/m. The main reason why a large
transconductance is desirable is that it is one of only two
parameters that determine the maximum frequency, fT, at
which a ﬁeld-effect transistor can be operated; the other
being the gate capacitance, CG: fT = gm/(2pCG) [32].
Fig. 2 shows the measured transfer characteristics and
the distribution of the extracted width-normalized transconductance in an array of sixteen C10-DNTT TFTs with a
nominal channel length of 1 lm and a nominal channel
width of 10 lm fabricated on a ﬂexible PEN substrate. As
can be seen, all 16 TFTs have an on/off ratio of about 107.
Across the array of 16 TFTs, the width-normalized transconductance varies between a minimum of 1.16 S/m and
a maximum of 1.40 S/m, with a standard deviation of 6%.
Note that the width-normalized transconductance of a
ﬁeld-effect transistor is always inversely proportional to
the channel length, L: gm/W = leffCdiel VDS/L; where leff is
the effective ﬁeld-effect mobility, Cdiel is the gate-dielectric
capacitance per unit area, and VDS is the drain-source voltage. Therefore, assuming that the effective ﬁeld-effect
mobility and the dielectric capacitance are constant across
the substrate, a standard deviation in the transconductance of 6% may simply reﬂect a standard deviation in
the channel length of 6%, which in the case of an intended
channel length of 1 lm would correspond to a standard
deviation of 60 nm. For comparison, the standard deviation
of the gate length of silicon metal-oxide-semiconductor
ﬁeld-effect transistors (MOSFETs) at the 32-nm technology
node is much smaller, less than 10 nm [33]. However, the
transistor patterns in these state-of-the-art silicon MOSFETs are deﬁned by reduction projection lithography,
which means that the features drawn on the photomask
are more relaxed (usually by a factor of 4 or 5) than the features reproduced on the wafer, which can be helpful in
keeping variations small. In contrast, organic TFTs (includ-
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ing those reported here) are usually fabricated without
pattern reduction, i.e., the mask features are reproduced
1:1 onto the substrate. Under these circumstances, and
also considering the surface roughness of the plastic substrate, a standard deviation of 60 nm in the channel length
may already be approaching the best achievable uniformity for ﬂexible organic transistors.
The third and ﬁnal requirement for achieving high
switching frequencies (in addition to a large ﬁeld-effect
mobility and a small channel length, as discussed above)
is a small gate capacitance. The gate capacitance has two
components: an intrinsic component and a parasitic component: The intrinsic component is the capacitance of the
channel area (given by the product of the channel length,
L, and the channel width, W), while the parasitic component is the capacitance of the areas in which the source
and drain contacts overlap the gate electrode: CG = Cdiel (L + 2LC) W, where LC is the gate overlap (or contact length).
Therefore, in view of high-frequency transistor operation it
can be useful to reduce not only the channel length L, but
also the gate overlap LC [5,10–16]. For example, when
L = 1 lm, LC = 5 lm, W = 10 lm and Cdiel = 800 nF/cm2, the
calculated gate capacitance is 0.9 pF, which corresponds
to a width-normalized gate capacitance, CG/W, of 90 nF/
m. Further assuming a width-normalized transconductance of 1.2 S/m, we project a maximum frequency of
2 MHz and a minimum signal delay, s = 1/(2fT), of 250 ns.
Fig. 3 shows the circuit schematic and the photograph
of an 11-stage ring oscillator comprised of unipolar inverters fabricated using high-resolution silicon stencil masks
on a ﬂexible PEN substrate. In the most aggressive design,
the TFTs have a channel length of 1 lm, a gate overlap of
5 lm, and channel widths of 24 lm (for the drive TFTs)
or 72 lm (for the load TFTs). In a more relaxed design,
the channel length is 4 lm and the gate overlap is
20 lm. Also shown are the signal propagation delays per
stage measured with these ring oscillators and plotted as
a function of the supply voltage. For the more aggressive
dimensions (L = 1 lm, LC = 5 lm), the measured stage delay is 1.9 lsec at a supply voltage of 1 V, 730 ns at 2 V,
420 ns at 3 V, and 300 ns at 4 V. This is within a factor of
two or three of the theoretically predicted delay (see
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Fig. 2. Distribution of the measured transfer characteristics and distribution of the width-normalized transconductance in an array of 16 C10-DNTT TFTs
with a channel length of 1 lm fabricated on a ﬂexible PEN substrate.
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signal propagation delay of 420 ns per stage at a supply
voltage of 3 V. To our knowledge, this is the ﬁrst time that
megahertz operation has been achieved in ﬂexible organic
transistors at supply voltages of less than 10 V. Further
improvements in the dynamic performance of organic TFTs
may be possible by employing organic semiconductors
with an even larger intrinsic ﬁeld-effect mobility [42]
and by further reducing the lateral TFT dimensions [43],
ideally in combination with a thinner gate dielectric [44]
and efﬁcient, area-selective contact doping [45].
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Fig. 3. Circuit schematic, photograph and measured signal propagation
delay per stage as a function of the supply voltage of 11-stage unipolar
ring oscillators fabricated with C10-DNTT TFTs with two different channel
lengths (1 lm and 4 lm) on a ﬂexible PEN substrate. For a channel length
of 1 lm, the measured stage delay is 1.9 lsec at a supply voltage of 1 V,
730 ns at a supply voltage of 2 V, 420 ns at a supply voltage of 3 V, and
300 ns at a supply voltage of 4 V.

above) and represents to our knowledge the best dynamic
performance reported thus far for ﬂexible organic ring
oscillators at supply voltages of less than 10 V. For larger
supply voltages of 10–20 V, the IMEC group has measured
record signal delays as short as 190 ns per stage in ﬂexible
organic ring oscillators [5,16], and Nakahara et al. have
estimated a signal delay of 140 ns from the response of
an individual submicron organic transistor to a squarewave input signal [34]. For organic ring oscillators fabricated on glass, Ante et al. have measured a signal delay
of 230 ns per stage at a supply voltage of 4.2 V [15]. For
complementary circuits, which comprise p-channel and
n-channel organic TFTs and thus have important advantages over unipolar circuits in terms of signal integrity and
static power consumption [35,36], the best reported signal
delays are as short as 500 ns per stage on glass substrates
and 10 lsec on ﬂexible plastic substrates [14,36–41].
In summary, we have fabricated low-voltage organic
thin-ﬁlm transistors and ring oscillators based on the organic semiconductor 2,9-didecyl-dinaphtho [2,3-b:20 ,30 f]thieno[3,2-b]thiophene (C10-DNTT) on ﬂexible plastic
substrates. TFTs with aggressively reduced lateral dimensions (L = 1 lm) have a width-normalized transconductance of 1.2 S/m (with a standard deviation of 6%) and a
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