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A B S T R A C T

For some of the more demanding applications envisioned for organic transistors, lateral device dimensions of less
than 1 μm may be necessary or should at least be explored in order to evaluate the scalability of organic transistors. Using stencil lithography based on high-resolution silicon stencil masks and employing two small-molecule organic semiconductors with good long-term air stability, we have fabricated organic p-channel and nchannel transistors with a channel length of 0.3 μm. Owing to the small channel length, the transistors have large
channel-width-normalized transconductances (1.5 S/m for the p-channel and 0.2 S/m for the n-channel transistors). In addition, the transistors have steep subthreshold slopes (80 and 200 mV/decade) and large on/oﬀ
current ratios (106).

1. Introduction
Organic thin-ﬁlm transistors (TFTs) are potentially useful for ﬂexible, large-area electronics applications, such as active-matrix displays
[1,2], sensor arrays [3,4] and certain types of signal-processing or
communication circuits [5,6]. Some of these systems will beneﬁt from
TFTs that are able to switch or amplify electrical signals with frequencies of several tens to a few hundred megahertz at supply voltages
of a few volts [7]. Given the general limitations of organic TFTs in terms
of charge-carrier mobility, this implies that these TFTs will need to have
channel lengths around or below 1 μm [7–9].
Methods for the fabrication of submicron-channel-length TFTs include high-resolution photolithography [7,8,10], electron-beam lithography [11–13], self-aligned inkjet printing [14–16], nanoimprint lithography [17–19], femtosecond laser ablation [20], reverse oﬀset
printing [21] and stencil lithography [22]. In stencil lithography, the
functional materials are deposited by vacuum evaporation or sublimation through apertures in a set of reusable masks, without the need for
resists, solvents, irradiation, mechanical pressure, etching, lift-oﬀ or
other forms of subtractive patterning [23]. Stencil lithography is one of
the preferred methods for the patterning of the organic light-emitting
diodes in commercially manufactured active-matrix organic lightemitting diode (AMOLED) displays [24]. Stencil masks for AMOLED
manufacturing are typically made of a nickel-iron alloy, and the apertures are usually produced by laser cutting [25]. For the fabrication of
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organic TFTs with micron or submicron channel lengths, high-resolution silicon-based stencil masks, similar to those developed in the 1990s
for ion-projection lithography [26], have been adopted [27–29]. These
masks are fabricated by a combination of electron-beam lithography
and deep reactive ion etching in thin silicon or silicon nitride membranes [23,30]. Depending on the lateral dimensions and the thickness
of the membranes, apertures as small as about 20 nm can be accurately
deﬁned [31]. By bringing the stencil mask into suﬃciently close contact
with the substrate during the material deposition, the extent of lateral
blurring on the substrate surface can be reduced to about 0.2 μm [32].
This suggests that the channel length of TFTs fabricated using stencil
lithography can be made as small as about 0.2 μm. The smallest organic-TFT channel length demonstrated so far using stencil lithography
is 0.5 μm [22,33].
Here we demonstrate the use of stencil lithography based on highresolution silicon stencil masks with a membrane thickness of 20 μm for
the fabrication of p-channel and n-channel organic TFTs with a channel
length of 0.3 μm. Despite the small channel length, the TFTs have a
small oﬀ-state drain current (10 pA), a steep subthreshold slope (80
mV/decade for the p-channel TFTs, 200 mV/decade for the n-channel
TFTs), a large on/oﬀ current ratio (106), and drain-current saturation in
the output characteristics. Owing to the small channel length, the TFTs
also have a large width-normalized transconductance of 1.5 S/m for the
p-channel TFTs and 0.2 S/m for the n-channel TFTs.
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2. Experimental

3. Long-channel TFTs

The TFTs were fabricated in the bottom-gate, top-contact (inverted
staggered) device architecture with patterned aluminum gate electrodes. The submicron-channel-length TFTs were fabricated on silicon
substrates coated with a thick layer of silicon dioxide. For comparison,
we also fabricated long-channel TFTs on 125-μm-thick ﬂexible polyethylene naphthalate substrates (Teonex® Q65 PEN; kindly provided by
William A. MacDonald, DuPont Teijin Films, Wilton, U.K.). In the ﬁrst
process step, the aluminum gate electrodes were deposited by thermal
evaporation in vacuum through the ﬁrst stencil mask. The aluminum
has a thickness of 30 nm and a root-mean-square surface roughness of
1 nm, measured by atomic force microscopy. The gate dielectric is a
combination of a thin layer of aluminum oxide (AlOx) and a self-assembled monolayer (SAM) of either an alkylphosphonic acid (for the pchannel TFTs) or a ﬂuoroalkylphosphonic acid (for the n-channel TFTs)
[33]. The AlOx layer was produced by brieﬂy exposing the substrate to
an oxygen plasma. To allow a high-quality SAM to form on the AlOx
layer, the substrate was then immersed into a solution of n-tetradecylphosphonic acid (PCI Synthesis, Newburyport, MA, U.S.A.) or
12,12,13,13,14,14,15,15, 16,16,17,17,18,18,18-pentadecaﬂuoro-octadecylphosphonic acid (synthesized by Matthias Schlörholz, Heidelberg,
Germany) in 2-propanol [33]. Depending on the SAM, the AlOx/SAM
gate dielectric has a thickness of 5.3 nm (tetradecylphosphonic acid) or
5.7 nm (pentadecaﬂuoro-octadecylphosphonic acid) and a unit-area
capacitance of 700 nF/cm2 or 600 nF/cm2, respectively [33]. As the
semiconductor, we deposited a 25-nm-thick layer of dinaphtho[2,3b:2′,3′-f]thieno [3,2-b]thiophene (DNTT; Sigma Aldrich) for the pchannel TFTs and a 12-nm-thick layer of N,N′-bis(2,2,3,3,4,4,4-heptaﬂuorobutyl)-1,7-dicyano-perylene-(3,4:9,10)-tetracarboxylic diimide
(PTCDI-(CN)2-(CH2C3F7)2; ActivInk™ N1100; Polyera Corp., Skokie, IL,
U.S.A.) for the n-channel TFTs by sublimation in vacuum through two
other stencil masks. During the semiconductor depositions, the substrate was held at a temperature of 60 °C (DNTT) or 140 °C (N1100)
[33]. Finally, a 30-nm-thick layer of gold was deposited through another mask to deﬁne the source and drain contacts. The vacuum depositions were performed at a background pressure of 10−6 mbar with a
rate of 2 nm/s for aluminum and 0.03 nm/s for the semiconductors and
for gold. During the metal depositions, the substrate was at room
temperature. The masks were aligned manually under an optical microscope and ﬁxed onto the substrate holder using metal clamps. All
electrical measurements were performed in ambient air at room temperature using a manual probe station and an Agilent 4156C Semiconductor Parameter Analyzer. The eﬀective charge-carrier mobility
was calculated at each point along the measured transfer curve using
Equation 2 in Ref. [34]. A schematic cross-section of the TFTs and the
chemical structures of the organic semiconductors and of the alkyl- and
ﬂuoroalkyl-phosphonic acids are shown in Fig. 1.

Fig. 2 shows the measured output and transfer characteristics of
long-channel DNTT p-channel and N1100 n-channel TFTs fabricated on
a ﬂexible PEN substrate. These TFTs have a channel length of 30 or
40 μm. The DNTT TFT has an eﬀective charge-carrier mobility of 2.4
cm2/Vs, a threshold voltage of −0.8 V, an on/oﬀ current ratio of 108, a
subthreshold slope of 75 mV/decade, and a channel-width-normalized
transconductance of 0.06 S/m. The N1100 TFT has an eﬀective mobility
of 0.3 cm2/Vs, a threshold voltage of 0.6 V, an on/oﬀ current ratio of
108, a subthreshold slope of 100 mV/decade, and a channel-widthnormalized transconductance of 0.008 S/m.
One advantage of DNTT and N1100 over many other organic
semiconductors is their excellent air stability [35–37]. This is demonstrated in Fig. 3 where the transfer curves of the TFTs from Fig. 2 that
were measured immediately after device fabrication are compared to
the transfer curves of the same TFTs measured a little more than a year
later, during which time the TFTs had been continuously exposed to
ambient air with a relative humidity of 30–60%. As can be seen, the
threshold voltage and the subthreshold slope of the DNTT TFT and the
subthreshold slope of the N1100 TFT are unchanged. The threshold
voltage of the N1100 TFT has shifted by 200 mV towards more positive
values. The reason for this threshold-voltage shift is unknown, although
previous work suggests that it is not related to the air exposure, as a
similar shift was found to also occur during storage in dry nitrogen
[38]. The carrier mobility of both TFTs is still more than 50% of the
initial mobility, which is notably better compared to many other organic semiconductors (see, for example, Fig. 5 in Ref. [39]).
4. Submicron-channel-length TFTs
As mentioned in the Introduction, for some applications of organic
TFTs it may be beneﬁcial if the TFTs have a channel length of less than
1 μm. Fig. 4 shows a photograph and a scanning electron microscopy
(SEM) image of a TFT fabricated by stencil lithography that has a
channel length of 0.3 μm, gate-to-source and gate-to-drain overlaps of
20 μm and a channel width of 5 μm, along with the measured output
and transfer characteristics of DNTT and N1100 TFTs with these dimensions. Owing to the small thickness of the gate dielectric compared
to the channel length [40], the desirable saturation of the drain current
at large drain-source voltages is observed in the output characteristics
(Fig. 4c). The DNTT TFT has an eﬀective carrier mobility of 0.3 cm2/Vs,
a threshold voltage of −1.4 V, an on/oﬀ current ratio of 106, a subthreshold slope of 80 mV/decade, and a channel-width-normalized
transconductance of 1.5 S/m. The N1100 TFT has an eﬀective mobility
of 0.06 cm2/Vs, a threshold voltage of 1.3 V, an on/oﬀ current ratio of
106, a subthreshold slope of 200 mV/decade, and a channel-widthnormalized transconductance of 0.2 S/m. These parameters are summarized in Table 1.
The subthreshold slopes of 80 and 200 mV/decade are to our
knowledge the steepest subthreshold slopes reported to date for
Fig. 1. (a) Schematic cross-section of the thin-ﬁlm
transistors. (b) Chemical structure of the organic
semiconductor DNTT for the p-channel TFTs. (c)
Chemical structure of the organic semiconductor
Polyera ActivInk™ N1100 for the n-channel TFTs. (d)
Chemical structure of n-tetradecylphosphonic acid
for the SAM of the DNTT TFTs. (e) Chemical structure of pentadecaﬂuoro-octadecylphosphonic acid
for the SAM of the N1100 TFTs.
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Fig. 2. (a) Output characteristics (b) and transfer characteristics of long-channel DNTT p-channel and N1100 n-channel TFTs fabricated on a ﬂexible PEN substrate.
(c) Charge-carrier mobility plotted as a function of the gate-source voltage. (d) Subthreshold region.

Fig. 3. Shelf-life stability of long-channel DNTT p-channel and N1100 n-channel TFTs. (a) Transfer characteristics measured after device fabrication and a little more
than a year later. (b) Charge-carrier mobility plotted as a function of the gate-source voltage.

two parameters that determine the transit frequency of a ﬁeld-eﬀect
transistor, the other being the gate capacitance [7,8]. The gate capacitance depends on the gate-to-source and gate-to-drain overlaps, which
are 20 μm for the TFTs in Fig. 4, but which can be made as small as 2 μm
using stencil lithography [22]. A TFT with a channel length of 0.3 μm,
gate-to-source and gate-to-drain overlaps of 2 μm and a unit-area gatedielectric capacitance of 700 nF/cm2 would have a width-normalized
gate capacitance of 30 fF/μm. The theoretical transit frequency of a TFT
with this gate capacitance and a transconductance of 1.5 S/m (which is

submicron p-channel and n-channel organic TFTs, respectively. The
channel-width-normalized transconductances of 1.5 S/m and 0.2 S/m
are to our knowledge the largest width-normalized transconductances
reported to date for p-channel and n-channel organic ﬁeld-eﬀect transistors, respectively. For comparison, a transconductance of 25 S/m has
been reported for inorganic metal-oxide TFTs [8], a transconductance
of 400 S/m has been reported for organic electrochemical transistors
[41], and state-of-the-art silicon MOSFETs have a transconductance of
6000 S/m [42]. The transconductance is important, as it is one of only
67
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Fig. 4. (a) Photograph and (b) SEM image of a TFT with a channel length of 0.3 μm, gate-to-source and gate-to-drain overlaps of 20 μm and a channel width of 5 μm
fabricated by stencil lithography. (c) Output and (d) transfer characteristics of DNTT p-channel and N1100 n-channel TFTs with these dimensions. (e) Charge-carrier
mobility and (f) channel-width-normalized transconductance plotted as a function of the gate-source voltage.

ratio (106) and a large width-normalized transconductance (1.5 S/m for
the p-channel TFTs, 0.2 S/m for the n-channel TFTs). These results
demonstrate the potential of stencil lithography for the fabrication of
organic TFTs with submicron dimensions.

Table 1
Summary of the electrical parameters of the TFTs with a channel length of
0.3 μm and a channel width of 5 μm.

eﬀective carrier mobility (cm2/Vs)
threshold voltage (V)
on/oﬀ current ratio
subthreshold slope (mV/decade)
width-normalized transconductance
(S/m)

DNTT p-channel
TFTs

N1100 n-channel
TFTs

0.3
−1.4
106
80
1.5

0.06
1.3
106
200
0.2
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