
lable at ScienceDirect

Organic Electronics 49 (2017) 179e186
Contents lists avai
Organic Electronics

journal homepage: www.elsevier .com/locate/orgel
Below-one-volt organic thin-film transistors with large on/off current
ratios

Ute Zschieschang, Vera Patricia Bader, Hagen Klauk*

Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany
a r t i c l e i n f o

Article history:
Received 12 May 2017
Received in revised form
13 June 2017
Accepted 17 June 2017
Available online 21 June 2017

Keywords:
Organic thin-film transistors
Organic complementary circuits
* Corresponding author.
E-mail address: h.klauk@fkf.mpg.de (H. Klauk).

http://dx.doi.org/10.1016/j.orgel.2017.06.045
1566-1199/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t

In many of the applications envisioned for organic thin-film transistors (TFTs), the electrical power will
be supplied by small batteries or energy harvesters, which implies that it will be beneficial if the TFTs can
be operated with voltages of 1 V or even below 1 V. At the same time, the TFTs should have large on/off
current ratios, especially for applications in digital circuits and active matrices. Here we demonstrate p-
channel and n-channel organic TFTs fabricated on a flexible plastic substrate that have a turn-on voltage
of exactly 0 V, a subthreshold slope of 100 mV/decade, and an on/off current ratio of 2 � 105 when
operated with gate-source voltages between 0 and 0.7 V. Complementary inverters fabricated using
these TFTs have a small-signal gain of 90 and a minimum noise margin of 79% at a supply voltage of 0.7 V.
Complementary ring oscillators can be operated with supply voltages as small as 0.4 V.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film transistors (TFTs) can typically be fabricated at
low process temperatures and thus on a variety of unconventional
substrates, such as plastics [1e5], paper [6e11] and textiles [12].
This makes organic TFTs attractive for mobile and wearable elec-
tronics applications. For such applications, grid electricity is usually
not available, so the TFTs and circuits must be powered by small
batteries, near-field coupling [13] or solar cells, which imposes an
upper limit on the operating voltage and power consumption of the
devices and circuits. For example, the output voltage of single-
junction solar cells at the maximum power point is usually in the
range of 0.7e1 V [14e16]. This output voltage can obviously be
boosted by connecting several cells in series, but in terms of process
simplicity and system size, there are certain benefits if the TFTs and
circuits can be operated with supply voltages in the range of
0.7e1 V and hence with a single solar cell. Significant progress in
the development of organic TFTs operating with such low supply
voltages has indeed been made [17e36]. Herlogsson et al. [21], Ke
et al. [28] and Jinno et al. [34] have even demonstrated organic
complementary circuits capable of operating with supply voltages
well below 1 V.
However, the transistors in these reports have relatively small
on/off current ratios: For the TFTs reported by Ke et al. [28], the
ratio between the on-state drain current (measured at a gate-
source voltage of 1 V) and the off-state drain current (at a gate-
source voltage of 0 V) is less than 102, the TFTs reported by Jinno
et al. [34] have on/off ratios of 2 � 104 for the p-channel TFTs and
2 � 102 for the n-channel TFTs (also measured for gate-source
voltages from 0 to 1 V), and the electrolyte-gated TFTs reported
by Herlogsson et al. [21] have on/off ratios of 104 at 0.7 V. For
organic electrochemical transistors, Giovannitti et al. [31,32] have
reported on/off ratios of 104 for voltages of 0.6 V [31,32]. To our
knowledge, the largest on/off ratio of an organic transistor at a
supply voltage of 1 V or less is 3� 105, reported by Kim et al. [26] for
an electrolyte-gated p-channel TFT at a supply voltage of �0.8 V.
For organic n-channel TFTs, the largest on/off ratio for supply
voltages of 1 V or less is 104 [21,31].

Since the realization of complementary circuits with large signal
gain, large noise margins and small power consumption requires p-
channel and n-channel transistors with large on/off current ratios,
further improvements in the on/off current ratio, especially of
organic n-channel transistors, are desirable. Here we report the
fabrication of p-channel and n-channel organic TFTs that show on/
off current ratios between 2 � 105 and 106 for supply voltages
between 0.7 and 1 V, as well as low-voltage organic complemen-
tary inverters with large gain, large noise margins and small static
power consumption.
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2. Device and circuit fabrication

All transistors and circuits were fabricated on a 125-mm-thick
flexible polyethylene naphthalate substrate (Teonex® Q65 PEN;
kindly provided by William A. MacDonald, DuPont Teijin Films,
Wilton, U.K.). The TFTs were fabricated in the bottom-gate, top-
contact (inverted staggered) device structure. In the first step, a 30-
nm-thick layer of aluminumwas deposited by thermal evaporation
in vacuum through a polyimide shadow mask (CADiLAC Laser,
Hilpoltstein, Germany). To define the gate vias, a 30-nm-thick layer
of gold was deposited through a second shadow mask in specific
locations on the aluminum gate electrodes outside of the active
transistor areas. The substrate was then briefly exposed to an ox-
ygen plasma to increase the thickness of the native aluminum oxide
(AlOx) layer from ~1.5 nm to 3.6 nm and then immersed into a
mixture of n-octadecylphosphonic acid (PCI Synthesis, New-
buryport, MA, U.S.A.) and 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-
pentadecafluoro-octadecylphosphonic acid (synthesized by Mat-
thias Schl€orholz, Heidelberg, Germany) in 2-propanol to allow a
mixed monolayer to self-assemble on the plasma-oxidized
aluminum surface [37]. The hybrid AlOx/SAM gate dielectric has a
thickness of 5.7 nm and a unit-area capacitance of 700 nF/cm2 [37].
Next, 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. [38,39]) was deposited by sublimation in vacuum
through the third shadow mask as the semiconductor for the n-
channel TFTs, followed by the deposition of either a 15-nm-thick
layer of 2,7-diphenyl[1]benzothieno[3,2-b]benzothiophene (DPh-
BTBT; Sigma Aldrich [40,41]) or a 25-nm-thick layer of dinaphtho
[2,3-b:20,3’-f]thieno[3,2-b]thiophene (DNTT; Sigma Aldrich
[8,10,34,39]) through the fourth shadow mask as the semi-
conductor for the p-channel TFTs. During the semiconductor de-
positions, the substrate was held at a temperature of 140 �C
(N1100), 100 �C (DPh-BTBT)or 60 �C (DNTT). Finally, a 30-nm-thick
layer of gold was deposited in vacuum through the fifth shadow
mask to define the source and drain contacts. Mask alignment was
performed manually using an optical microscope. All TFTs have a
channel length of 40 mm and gate-to-source and gate-to-drain
overlaps of 80 mm. All electrical measurements were performed
in ambient air at room temperature. A schematic cross-section of
the TFTs and the chemical structures of the organic semiconductors
and the alkyl- and fluoroalkyl-phosphonic acids are shown in Fig. 1.

3. Transistor characteristics

To maximize the ratio between the drain currents measured at
gate-source voltages of 1 V and 0 V, it is beneficial to fabricate TFTs
that have a turn-on voltage of exactly 0 V. (We define the turn-on
Fig. 1. Schematic cross-section of the thin-film transistors and chemical structures of the or
and fluoroalkyl-phosphonic acids employed for the gate dielectric.
voltage, also called switch-on voltage [42], as the gate-source
voltage at which the drain current has its minimum.) In general,
this requires some form of deterministic, continuous and perma-
nent control of the turn-on voltage. In organic TFTs, this can be
accomplished by employing a gate dielectric in which two mate-
rials that induce different turn-on voltages are blended, so that the
turn-on voltage is determined by the mixing ratio of these two
materials. Examples are gate dielectrics based on polymer blends
[43] or mixed self-assembled monolayers (SAMs) [37,44]. In TFTs
with mixed-SAM gate dielectrics, the surface of the gate oxide is
functionalized with a SAM composed of molecules with different
functional groups, for example an alkyl- and a fluoroalkyl-
phosphonic acid [37,39]. In the simplest case, the phosphonic
acids are mixed in solution, and the substrate is dipped into this
solution, leading to the spontaneous formation of a mixed SAM on
the gate-oxide surface. When the organic semiconductor is
deposited onto the SAM-functionalized gate oxide, the mixing-
ratio-dependent contributions of the electric dipole moment of
the SAM and of the electronic coupling between the SAM and the
organic semiconductor produce a certain turn-on voltage [45]. This
is illustrated in Fig. 2 for organic n-channel TFTs fabricated using
alkyl-/fluoroalkyl-SAM gate dielectrics with four different mixing
ratios and using the small-molecule organic semiconductor Polyera
ActivInk™ N1100.

Fig. 2 indicates that the turn-on voltage of the N1100 TFTs is 0 V
when the gate-dielectric SAM is prepared from a solution
composed of 25% alkyl- and 75% fluoroalkyl-phosphonic acid
molecules. Fig. 2c illustrates the good reproducibility of the process
of setting the turn-on voltage to a particular value during TFT
fabrication using mixed-SAM gate dielectrics. Conducting the
same experiment with p-channel TFTs based on the popular
organic semiconductor dinaphtho[2,3-b:20,3’-f]thieno[3,2-b]thio-
phene (DNTT) [46] and its high-mobility decyl- and phenyl de-
rivatives C10-DNTT and DPh-DNTT [47e54], we found that a turn-
on voltage of 0 V would require a SAM with a mixing ratio of
approximately 80% alkyl- and 20% fluoroalkyl-phosphonic acid
molecules. In other words, the fabrication of n-channel N1100 and
p-channel DNTT, C10-DNTT or DPh-DNTT TFTs with a turn-on
voltage of 0 V would require two different SAMs for the n-chan-
nel and p-channel TFTs. Methods to prepare two different SAMs on
the same substrate have been developed [55,56], but in terms of
process simplicity, there are certain advantages if all TFTs on the
substrate can be fabricated with the same SAM. Through the
screening of various organic semiconductors we found that p-
channel TFTs based on the recently reported benzothieno[3,2-b]
benzothiophene derivative DPh-BTBT [40,41] happen to have a
turn-on voltage of 0 V for a SAMmixing ratio of 25% alkyl- and 75%
fluoroalkyl-phosphonic acids. In other words, using N1100 and
DPh-BTBT as the semiconductors, n-channel and p-channel TFTs
ganic semiconductors DPh-BTBT, DNTT and Polyera ActivInk™ N1100 and of the alkyl-



Fig. 2. (a) Transfer characteristics of N1100 n-channel TFTs fabricated using gate dielectrics based on alkyl/fluoroalkyl-phosphonic acid SAMs with four different mixing ratios. The
effect of the SAMmixing ratio on the turn-on voltage (defined as the gate-source voltage at which the drain current has its minimum) is clearly seen. The effective carrier mobility is
very similar for all four TFTs. (b) Dependence of the turn-on voltage of the TFTs (defined as the gate-source voltage at which the drain current has its minimum) on the SAMmixing
ratio. A turn-on voltage of 0 V is obtained for a mixing ratio of 25% alkyl/75% fluoroalkyl-phosphonic acids. (c) Transfer characteristics of N1100 TFTs with a SAM mixing ratio of 25%
alkyl/75% fluoroalkyl-phosphonic acids fabricated on six different substrates over a period of two months, showing the good reproducibility of this method of setting the turn-on
voltage by using a gate-dielectric SAM with a particular mixing ratio.

Fig. 3. (a) Output characteristics of DPh-BTBT p-channel TFTs (red lines) and N1100 n-channel TFTs (blue lines) fabricated on a PEN substrate using an alkyl/fluoroalkyl SAM with a
mixing ratio of 25%/75% and measured with gate-source voltages (VGS) in steps of 0.1 V. The TFTs have a channel length (L) of 40 mm and a channel width (W) of 1000 mm. (b)
Transfer characteristics of the same TFTs, measured with drain-source voltages (VDS) of �1 V and 1 V. The measured gate currents are shown as black lines. (c) Extraction of the
threshold voltage (Vth), the effective carrier mobility (m) and the subthreshold slope (S) by fitting Equations (1)e(5) to the measured transfer characteristics. Measurement data are
shown as red and blue symbols, fits to the saturation regime as dark red lines, and fits to the subthreshold regime as green lines. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

U. Zschieschang et al. / Organic Electronics 49 (2017) 179e186 181
with a turn-on voltage of 0 V can be fabricated using the same SAM.
The carrier mobility of these DPh-BTBT TFTs is notably smaller than
that of TFTs based on DNTT, C10-DNTTor DPh-DNTT, but not smaller
than those of the N1100 n-channel TFTs, which means that the
performance of complementary circuits fabricated using DPh-BTBT
p-channel and N1100 n-channel TFTs will not be limited by the
carrier mobility of the DPh-BTBT TFTs.

Fig. 3a,b show the measured current-voltage characteristics of
DPh-BTBT p-channel and N1100 n-channel TFTs fabricated on a
flexible polyethylene naphthalate (PEN) substrate using an alkyl/
fluoroalkyl-phosphonic acid gate-dielectric SAM with a mixing
ID ¼ � m Cdiel W
2 L

ðVGS � VthÞ2 for VDS � VGS e Vth � 0ðsaturat

ID ¼ I0 exp
�
� q ðVGS � VonÞ

n k T

�
for Vth � VGS � Vonðsubthresho
ratio of 25% alkyl/75% fluoroalkyl and measured with gate-source
and drain-source voltages of �1 V and þ1 V. The TFTs have a
turn-on voltage of 0 V and on/off current ratios of 106 (DPh-BTBT)
and 4 � 105 (N1100), measured for gate-source voltages between
0 and 1 V. To our knowledge, these are the largest on/off ratios
reported for organic TFTs for this voltage range. To extract the
threshold voltage (Vth), the effective carrier mobility (m) and the
subthreshold slope (SS) of the TFTs, the measured transfer char-
acteristics were fitted to the following equations:

p-channel transistors:
ion regimeÞ (1)

ld regimeÞ (2)
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n-channel transistors:
ID ¼ m Cdiel W
2 L

ðVGS � VthÞ2 or 0 � VGS e Vth � VDSðsaturation regimeÞ (3)

ID ¼ I0 exp
�
q ðVGS � VonÞ

n k T

�
for Von � VGS � Vthðsubthreshold regimeÞ (4)
where ID is the drain current, Cdiel is the unit-area capacitance of the
gate dielectric (700 nF/cm2), W is the channel width (1000 mm), L is
the channel length (40 mm), VGS is the applied gate-source voltage,
Von is the turn-on voltage, I0 is the drain current when the gate-
source voltage is equal to the turn-on voltage, q is the electronic
charge, k is Boltzmann's constant, and T is the temperature (300 K).
The subthreshold slope S (i.e., the inverse slope of the log(ID) versus
VGS curve in the subthreshold region) and the ideality factor n are
related as follows:

S ¼ v VGS

v ðlog10 IDÞ
¼ n k T

q
ln 10 (5)

The result of the fitting procedure is illustrated in Fig. 3c. The
measured drain current is in good agreement with the values
calculated using Equations (1) and (3) (saturation regime) when the
absolute value of the gate-source voltage is greater than approxi-
mately 0.7 V (DPh-BTBT) or 0.6 V (N1100) and with the values
calculated using Equations (2) and (4) (subthreshold regime) when
the absolute value of the gate-source voltage is smaller than
approximately 0.3 V. The fitting procedure yields threshold volt-
ages, carrier mobilities and subthreshold slopes of �0.5 V, 0.4 cm2/
Vs and 90 mV/decade for the DPh-BTBT TFTs and 0.4 V, 0.2 cm2/Vs
and 100 mV/decade for the N1100 TFTs.

Equations (1)e(5) were developed for field-effect transistors
that operate in the inversion mode, such as silicon MOSFETs [57]
and TFTs with intentionally doped carrier channels [58]. In
inversion-mode transistors, the threshold voltage is conveniently
defined as the gate-source voltage at which the density of the gate-
induced minority carriers at the semiconductor-dielectric interface
equals the density of the dopant-induced majority carriers in the
semiconductor bulk (i.e., at the onset of strong inversion), and the
Fig. 4. (a) Output and (b) transfer characteristics of the same TFTs as in Fig. 3, but measured
output curves is 0.05 V). (c) Literature summary of the on/off current ratios reported for lo
sistors. The on/off current ratio is here defined as the ratio between the drain currents measu
numbers refer to the list of references.
subthreshold current in inversion-mode transistors can be shown
to have an exponential dependence on the applied gate-source
voltage [57]. In contrast, organic TFTs with intrinsic semi-
conductor layers (like those discussed here) operate in the accu-
mulation mode, and hence there is neither a physically meaningful
definition of a threshold voltage nor any physically meaningful
reason for an exponential relationship between the drain current
and the gate-source voltage [59]. But since the threshold voltage is
usually required for device modeling (except in surface-potential-
based device models [60]) and since the drain current of organic
TFTs in the subthreshold regime does in fact often show an expo-
nential dependence on the gate-source voltage over several orders
of magnitude (e.g., three orders of magnitude for the DPh-BTBT and
N1100 TFTs in Fig. 3; five orders of magnitude for the C10-DNTT TFTs
in Ref. [61]), the fitting procedure illustrated in Fig. 3 appears
nonetheless useful here, even if the values extracted for the
threshold voltage and the subthreshold slope may just be fitting
parameters.

As mentioned in the Introduction, for certain applications it may
be beneficial if the TFTs can be operated at voltages below 1 V. For
example, Colleaux et al. [20], Herlogsson et al. [21], Malti et al. [23],
Schwabegger et al. [24], Giovannitti et al. [31,32] and Jinno et al.
[34] have all demonstrated n-channel organic transistors capable of
operating with gate-source voltages below 1 V, albeit with rela-
tively small on/off current ratios (�104). In contrast, the DPh-BTBT
p-channel and N1100 n-channel TFTs which we have fabricated
using an alkyl-/fluoroalkyl-phosphonic acid SAM with a mixing
ratio of 25%/75% exhibit on/off current ratios of 2 � 105 for gate-
source voltages between 0 and 0.7 V, as shown in Fig. 4a and b.
Fig. 4c summarizes the on/off current ratios (measured from a gate-
source voltage of 0 V) of low-voltage organic TFTs reported in
literature, including electrolyte-gated and electrochemical organic
transistors.
with maximum voltages of �0.7 V and 0.7 V (step size in the gate-source voltages in the
w-voltage organic TFTs, including electrolyte-gated and electrochemical organic tran-
red at a particular gate-source voltage (e.g., �1 V) and a gate-source voltage of 0 V. The
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4. Inverter and ring oscillator characteristics

Fig. 5 shows the static transfer characteristics of a comple-
mentary inverter and the signal propagation delay per stage of a 5-
stage complementary ring oscillator, both fabricated on the same
PEN substrate as the TFTs shown in Figs. 3 and 4, using a gate-
dielectric SAM with a mixing ratio of 25%/75%. The small-signal
gain and the minimum noise margin of the inverter (calculated
using themethod described in Ref. [37]) are 180 and 84% at a supply
voltage of 1.0 V and 90 and 79% at a supply voltage of 0.7 V. For
organic complementary inverters fabricated on glass substrates,
Petritz et al. have reported small-signal gains up to 1600 and noise
margins as large as 92.5% [62]. For complementary inverters
fabricated on flexible plastic substrates, Jinno et al. reported small-
signal gains between 30 and 60 for supply voltages between 0.5 and
0.9 V [34]. Owing to the small drain currents that flow through the
TFTs when the gate-source voltage is zero, the static currents of the
inverter (when the input voltage is equal to zero or equal to the
supply voltage and hence the gate-source voltage at one or the
other TFT is zero) are also very small, less than 10�12 A for a supply
voltage of 1.0 V and less than 10�13 A for a supply voltage of 0.7 V.
This corresponds to a static power consumption of less than 1 pWat
a supply voltage of 1.0 V and less than 0.1 pW at a supply voltage of
0.7 V.

The signal propagation delay of a ring oscillator (td,RO) is usually
given as the inverse of the measured oscillation frequency (fRO)
divided by twice the number of inverter stages (N) and is thus the
average of the signal delays associated with each inverter switching
once from the low to the high output state (td,LH) and once from the
high to the low output state (td,HL) [63]:

td;RO ¼ 1
2 N fRO

¼ td;LH þ td;HL
2

(6)

When an inverter switches from the low (high) to the high (low)
output state, its output node is charged (discharged) through the p-
channel (n-channel) transistor of that inverter, so the signal delays
associated with these switching events are determined by the
conductance of the TFTs and the capacitive load connected to the
inverter's output node, i.e., the input capacitance of the following
inverter. Since the conductance of the TFTs and the input capaci-
tance of the inverters are non-trivial functions of the voltages be-
tween the various inverter nodes and since these voltages change
during the duration of each switching event, it is not possible to
Fig. 5. (a) Transfer characteristics of a complementary inverter based on a DPh-BTBT p-chann
SAM with a mixing ratio of 25%/75% and measured with a supply voltage (VDD) of 1.0 V. (b) T
Signal propagation delay per stage of a 5-stage complementary ring oscillator based on DP
supply voltage. The TFTs have a channel length of 40 mm and gate-to-contact overlaps of 80
equations (fit 1: equations (5) and (8) in Ref. [63]; fit 2: equations (36) and (41) in Ref. [64])
characteristics of the TFTs (fit 3: Equation (7) in the text; fit 4: Equation (10) in the text).
derive an accurate analytical equation for a ring oscillator's signal
delay. (The reason for the voltage dependence of the inverters'
input capacitance is the Miller effect, due to which the gate-drain
capacitance of the TFTs acts as a feedback capacitance that makes
the input capacitance a function of the transconductance of the
TFTs and thus of the gate-source and drain-source voltages applied
to them.) Under the condition that the supply voltage of the ring
oscillator is sufficiently large so that the TFTs operate above the
threshold voltage while charging and discharging the output node
(and making a number of other simplifications, as well as ignoring
the Miller effect), approximate equations for the signal delays td,LH
and td,HL have been developed [63,64]. Fits 1 and 2 in Fig. 5c were
calculated using equations (5) and (8) in Ref. [63] and equations
(36) and (41) in Ref. [64], respectively, and using the values for the
carrier mobilities and threshold voltages obtained from the fitting
procedure illustrated in Fig. 3c. Fig. 5c shows that for supply volt-
ages greater than the absolute value of the threshold voltages of the
TFTs, these equations provide solutions that are within an order of
magnitude of the measured signal delays.

When the supply voltage is smaller than the threshold voltage of
the TFTs, the TFTs operate in the subthreshold regime while
charging and discharging the output node. Analytical equations for
the signal delays td,LH and td,HL under this condition are to our
knowledge not available. As an alternative, the signal delays can be
estimated numerically from the measured transfer and output
characteristics, which conveniently cover both the subthreshold
and the above-threshold regimes of TFT operation. One possibility
is to estimate td,LH and td,HL from the commonly used equations for
the transit frequency of the TFTs [65]:

td;LH ¼ 1
2 fT;p

¼ p CG;p
gm;p

; td;HL ¼ 1
2 fT ;n

¼ p CG;n
gm;n

(7)

where fT is the transit frequency, CG is the gate capacitance and gm
is the transconductance of the TFTs. The gate capacitance of the
TFTs is estimated as follows:

CG ¼ Cdiel W
�
L þ Lov;GS þ Lov;GD

�
(8)

where Cdiel is the unit-area capacitance of the gate dielectric (700
nF/cm2), W is the channel width (Wp ¼ 200 mm;Wn ¼ 800 mm), L is
the channel length (40 mm), Lov,GS is the gate-to-source overlap
(80 mm) and Lov,GD is the gate-to-drain overlap (80 mm), so
el and an N1100 n-channel TFT fabricated on a PEN substrate using an alkyl/fluoroalkyl
ransfer characteristics of the same inverter measured with a supply voltage of 0.7 V. (c)
h-BTBT and N1100 TFTs fabricated on the same substrate, plotted as a function of the
mm. Also shown are four different fits, two of which were calculated using analytical
and two of which were calculated numerically from the measured transfer and output



Fig. 6. Transfer characteristics of p-channel (red lines) and n-channel TFTs (blue lines)
fabricated on different substrates using different organic semiconductors and SAM-
based gate dielectrics with different SAM mixing ratios. The TFTs for the low-power
(LP) option are the same as in Fig. 3 (SAM mixing ratio of 25%/75%; DPh-BTBT and
N1100 as the semiconductors). The TFTs for the standard-performance (SP) option
were fabricated using a SAM mixing ratio of 50%/50% and DNTT and N1100 as the
semiconductors, and the TFTs for the high-performance (HP) option were fabricated
using a purely fluoroalkyl SAM and DNTT for the p-channel TFT and a SAMmixing ratio
of 75%/25% and N1100 for the n-channel TFT, with the goal of obtaining TFTs with more
positive or negative threshold voltages and hence larger overdrive voltages and larger
drain currents for a particular gate-source voltage. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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CG,p ¼ 300 pF and CG,n ¼ 1.1 nF. The transconductance is defined as
the derivative of the drain current with respect to the gate-source
voltage and is obtained numerically from the measured transfer
characteristics of the TFTs:

gm ¼ vID
vVGS

(9)

The transconductance is a function of the gate-source and drain-
source voltages applied to the TFTs, so for the purpose of fitting the
results to the signal delays of the ring oscillator measured as a
function of the supply voltage VDD, the transconductance was
calculated at the data points VGS ¼ VDS ¼ VDD, although this con-
dition is obviously not fulfilled during the entire duration of the
switching events. Other weaknesses of this approach are that it
treats the transconductance as a small-signal parameter, even
though the voltages in the ring oscillators are obviously large-signal
parameters, and that it ignores the load capacitance connected to
the output nodes of the inverters.

An alternative approach is to estimate the signal delays td,LH and
td,HL from the large-signal output resistances of the TFTs (Rout) and
the inverter's load capacitance (CL):
Table 1
Summary of the turn-on voltages and threshold voltages of the TFTs in Fig. 6.

Option p-channel TFTs

SAM mixing ratio semiconductor turn-on voltage (V) threshold voltage (V

LP 25%/75% DPh-BTBT 0.0 �0.5
SP 50%/50% DNTT 0.2 �0.2
HP 0%/100% DNTT 1.2 0.2
td;LH ¼ Rout;p CL; td;HL ¼ Rout;n CL (10)

CL ¼ CG;p þ CG;n ¼ Cdiel
�
Wp þ Wn

� �
L þ Lov;GS þ Lov;GD

�
(11)

with CL ¼ CG,p þ CG,n ¼ 1.4 nF. The output resistance is obtained
numerically from the measured output characteristics of the TFTs:

Rout ¼ VDS

ID
(12)

Unlike the small-signal transconductance in Equation (9), the
output resistance in Equation (12) is a large-signal parameter,
which better reflects the situation in the circuit. Like the trans-
conductance, the output resistance is also a function of the gate-
source and drain-source voltages and thus was also calculated at
the data points VDS¼ VGS¼ VDD. Other weaknesses of this approach
are that it treats the output resistance of the TFTs as a linear
parameter, which it obviously is not, and that it ignores the Miller
effect.

Fits 3 and 4 in Fig. 5c were calculated using Equations (7) and
(10), respectively. As can be seen, both are able to qualitatively
reproduce the different slopes of the relation between the signal
delay and the supply voltage in the subthreshold regime and the
above-threshold regime, which arise from the different relations
between the drain current and the applied voltages in these re-
gimes (exponential in the subthreshold regime; quadratic in the
above-threshold regime).

The signal delays of the ring oscillator in Fig. 5c are very large,
e.g., 20 ms per stage at a supply voltage of 1 V and 130 ms per stage
at a supply voltage of 0.7 V. One reason for the large signal delays is
that the TFTs have very large channel lengths (40 mm) and gate-to-
contact overlaps (80 mm); this problem can be alleviated by
designing TFTs with micron-scale lateral dimensions [28,39,65].
The other reason is that the difference between the gate-source
voltage and the threshold voltage (i.e., the overdrive voltage) and
hence the drain current available to charge and discharge the
output node is very small at these supply voltages. For example, at a
supply voltage of 0.7 V, the overdrive voltage is only about 0.2 V.
This problem can be alleviated by shifting the threshold voltage
closer to zero or even beyond 0 V, i.e. to positive values for the p-
channel TFTs and negative values for the n-channel TFTs. However,
this will necessarily lead to larger drain currents at a gate-source
voltage of 0 V and thus to larger static currents and larger static
power consumption of the circuits. This is thewell-known trade-off
between power consumption and dynamic performance: All else
being equal (carrier mobility, subthreshold slope, lateral device
dimensions, etc.), better dynamic performance can be traded for
only at the expense of larger power consumption. In silicon mi-
croelectronics, this trade-off is addressed by implementing tran-
sistors with several different threshold voltages on the same chip,
so within the same circuit, the circuit designers can choose be-
tween various transistor options, e.g., a low-power (LP) option, a
standard-performance (SP) option and a high-performance (HP)
n-channel TFTs

) SAM mixing ratio semiconductor turn-on voltage (V) threshold voltage (V)

25%/75% N1100 0.0 0.4
50%/50% N1100 �0.2 0.2
75%/25% N1100 �0.8 �0.2
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option [66]. In silicon microelectronics, the different threshold
voltages are realized by implanting different dopant densities into
the channel region of the transistors. Fig. 6 illustrates that a similar
strategy is possible in organic-TFT technology as well, except that
the different threshold voltages are implemented here by using
different combinations of the semiconductor and the mixing ratio
of the gate-dielectric SAM. For example, the TFTs for the SP option
in Fig. 6 were fabricated using a SAMmixing ratio of 50% alkyl- and
50% fluoroalkyl-phosphonic acids and using DNTTand N1100 as the
semiconductors for the p-channel and n-channel TFTs, so the DNTT
TFTs have a turn-on voltage of 0.2 V and a threshold voltage
of �0.2 V, and the N1100 TFTs have a turn-on voltage of �0.2 V and
a threshold voltage of 0.2 V. The TFTs for the HP option were
fabricated using a fluoroalkyl SAM and DNTT for the p-channel TFTs
and a SAM mixing ratio of 75%/25% and N1100 for the n-channel
TFTs, so the DNTT TFTs have a turn-on voltage of 1.2 V and a
threshold voltage of 0.2 V, and the N1100 TFTs have a turn-on
voltage of �0.8 V and a threshold voltage of �0.2 V (see also
Table 1). As a result of the shifted turn-on voltages, a certain supply
voltage will give TFT overdrive voltages that are larger by 0.2e0.3 V
for the SP option and by 0.6e0.7 V for the HP option, compared to
the LP option (for which the TFTs are the same as in Fig. 3), which
would result in significantly smaller signal delays, especially at
supply voltages below 1 V. However, the shifted turn-on voltages
alsomean that the drain currents at a gate-source voltage of 0 V and
hence the static power consumption of complementary circuits
fabricated using these TFTs are two orders of magnitude larger for
the SP option and five orders of magnitude larger for the HP option,
compared to the LP option.

5. Outlook

For the TFTs reported here, the subthreshold region extends
over approximately three orders of magnitude in drain current,
with a slope of about 100 mV/decade. If the subthreshold region
extended over five orders of magnitude and had a slope closer to
the room-temperature limit of 60 mV/decade, the TFTs would have
on/off current ratios of 107 or 108 over a gate-source-voltage range
of 0.5 or 1 V, similar to silicon transistors [66]. For p-channel
organic TFTs, this goal is within reach [10,26,61]. For n-channel
organic TFTs, further improvements are still required.

Acknowledgements

This work was partially funded by the German Research Foun-
dation (DFG) under the grants KL 2223/6-1 and KL 2223/7-1. The
authors gratefully acknowledge the help of Kateryna Guguieva
(University of Stuttgart).

References

[1] D. Raiteri, P. van Lieshout, A. van Roermund, E. Cantatore, Positive-feedback
level shifter logic for large-area electronics, IEEE J. Solid-State Circuits 49
(2014) 524.

[2] T.H. Ke, R. Müller, B. Kama, M. Rockele, A. Chasin, K. Myny, S. Steudel,
W.D. Oosterbaan, L. Lutsen, J. Genoe, L. van Leuken, B. van der Putten,
P. Heremans, Scaling down of organic complementary logic gates for compact
logic on foil, Org. Electron. 15 (2014) 1229.

[3] S. Mandal, G. Dell’Erba, A. Luzio, S.G. Bucella, A. Perinot, A. Calloni, G. Berti,
G. Bussetti, L. Duo, A. Facchetti, Y.Y. Noh, M. Caironi, Fully-printed, all-
polymer, bendable and highly transparent complementary logic circuits,
Org. Electron. 20 (2015) 132.

[4] S. Lee, A. Reuveny, J. Reeder, S. Lee, H. Jin, Q. Liu, T. Yokota, T. Sekitani,
T. Isoyama, Y. Abe, Z. Suo, T. Someya, A transparent bending-insensitive
pressure sensor, Nat. Nanotechnol. 11 (2016) 472.

[5] M. Uno, N. Isahaya, B.S. Cha, M. Omori, A. Yamamura, H. Matsui, M. Kudo,
Y. Tanaka, Y. Kanaoka, M. Ito, J. Takeya, High-yield, highly uniform solution-
processed organic transistors integrated into flexible organic circuits, Adv.
Electron. Mater. 3 (2017) 1600410.
[6] P. Andersson, D. Nilsson, P.O. Svensson, M. Chen, A. Malmstr€om, T. Remonen,
T. Kugler, M. Berggren, Active matrix displays based on all-organic electro-
chemical smart pixels printed on paper, Adv. Mater. 14 (2002) 1460.

[7] T. Minari, Y. Kanehara, C. Liu, K. Sakamoto, T. Yasuda, A. Yaguchi, S. Tsukada,
K. Kashizaki, M. Kanehara, Room-temperature printing of organic thin-film
transistors with p-junction gold nanoparticles, Adv. Funct. Mater. 24 (2014)
4886.

[8] B. Peng, X. Ren, Z. Wang, X. Wang, R.C. Roberts, P.K.L. Chan, High performance
organic transistor active-matrix driver developed on paper substrate, Sci. Rep.
4 (2014) 6430.

[9] W.J. Hyun, E.B. Secor, G.A. Rojas, M.C. Hersam, L.F. Francis, C.D. Frisbie, All-
printed, foldable organic thin-film transistors on glassine paper, Adv. Mater.
27 (2015) 7058.

[10] U. Zschieschang, H. Klauk, Low-voltage organic transistors with steep sub-
threshold slope fabricated on commercially available paper, Org. Electron. 25
(2015) 340.

[11] C.Y. Wang, C. Fuentes-Hernandez, W.F. Chou, B. Kippelen, Top-gate organic
field-effect transistors fabricated on paper with high operational stability, Org.
Electron. 41 (2017) 340.

[12] M.Y. Lee, J. Hong, E.K. Lee, H. Yu, H. Kim, J.U. Lee, W. Lee, J.H. Oh, Highly
flexible organic nanofiber phototransistors fabricated on a textile composite
for wearable photosensors, Adv. Funct. Mater. 26 (2016) 1445.

[13] A. Chasin, V. Volskiy, M. Libois, K. Myny, M. Nag, M. Rockel�e,
G.A.E. Vandenbosch, J. Genoe, G. Gielen, P. Heremans, An integrated a-IGZO
UHF energy harvester for passive RFID tags, IEEE Trans. Electr. Dev. 61 (2014)
3289.

[14] N.K. Elumalai, A. Uddin, Open circuit voltage of organic solar cells: an in-depth
review, Energy Environ. Sci. 9 (2016) 391.

[15] N.K. Elumalai, M.A. Mahmud, D. Wang, A. Uddin, Perovskite solar cells:
progress and advancements, Energies 9 (2016) 861.

[16] W. Nie, H. Tsai, R. Asadpour, J.-C. Blancon, A.J. Neukirch, G. Gupta, J.J. Crochet,
M. Chhowalla, S. Tretiak, M.A. Alam, H.-L. Wang, A.D. Mohite, High-efficiency
solution-processed perovskite solar cells with millimeter-scale grains, Science
347 (2015) 522.

[17] L.A. Majewski, R. Schroeder, M. Grell, One-volt organic transistor, Adv. Mater.
17 (2005) 192.

[18] M.E. Roberts, N. Queralto, S.C.B. Mannsfeld, B.N. Reinecke, W. Knoll, Z. Bao,
Cross-linked polymer gate dielectric films for low-voltage organic transistors,
Chem. Mater. 21 (2009) 2292.

[19] Y. Xia, W. Zhang, M. Ha, J.H. Cho, M.J. Renn, C.H. Kim, C.D. Frisbie, Printed sub-
2 V gel-electrolyte-gated polymer transistors and circuits, Adv. Funct. Mater.
20 (2010) 587.

[20] F. Colleaux, J.M. Ball, P.H. W€obkenberg, P.J. Hotchkiss, S.R. Marder,
T.D. Anthopoulos, Bias-stress effects in organic field-effect transistors based
on self-assembled monolayer nanodielectrics, Phys. Chem. Chem. Phys. 13
(2011) 14387.

[21] L. Herlogsson, X. Crispin, S. Tiemey, M. Berggren, Polyelectrolyte-gated
organic complementary circuits operating at low power and voltage, Adv.
Mater. 23 (2011) 4684.

[22] S.H. Kim, M. Jang, H. Yang, J.E. Anthony, C.E. Park, Physiochemically stable
polymer-coupled oxide dielectrics for multipurpose organic electronic appli-
cations, Adv. Funct. Mater. 21 (2011) 2198.

[23] A. Malti, E.O. Gabrielsson, M. Berggren, X. Crispin, Ultra-low voltage air-stable
polyelectrolyte gated n-type organic thin film transistors, Appl. Phys. Lett. 99
(2011) 063305.

[24] G. Schwabegger, M. Ullah, M. Irimia-Vladu, M. Baumgartner, Y. Kanbur,
R. Ahmed, P. Stadler, S. Bauer, N.S. Sariciftci, H. Sitter, High mobility, low
voltage operating C60 based n-type organic field effect transistors, Synth. Met.
161 (2011) 2058.

[25] D. Braga, N.C. Erickson, M.J. Renn, R.J. Holmes, C.D. Frisbie, High-trans-
conductance organic thin-film electrochemical transistors for driving low-
voltage red-green-blue active matrix organic light-emitting devices, Adv.
Funct. Mater. 22 (2012) 1623.

[26] S.H. Kim, K. Hong, K.H. Lee, C.D. Frisbie, Performance and stability of aerosol-
jet-printed electrolyte-gated transistors based on poly(3-hexylthiophene),
ACS Appl. Mater. Interfaces 5 (2013) 6580.

[27] K. Hong, Y.H. Kim, S.H. Kim, W. Xie, W.D. Xu, C.H. Kim, C.D. Frisbie, Aerosol jet
printed, sub-2 V complementary circuits constructed from p- and n-type
electrolyte gated transistors, Adv. Mater. 26 (2014) 7032.

[28] T.-H. Ke, K. Myny, A. Chasin, R. Müller, P. Heremans, S. Steudel, Ultralow
power transponder in thin film circuit technology on foil with sub - 1V
operation voltage, 2014 IEEE Int. Electron Device Meet. Tech. Dig. (2014) 598.

[29] A. Mahajan, W.J. Hyun, S.B. Walker, G.A. Rojas, J.H. Choi, J.A. Lewis, L.F. Francis,
C.D. Frisbie, A self-aligned strategy for printed electronics: exploiting capillary
flow on microstructured plastic surfaces, Adv. Electron. Mater. 1 (2015)
1500137.

[30] F.Z. Bidoky, C.D. Frisbie, Parasitic capacitance effect on dynamic performance
of aerosol-jet-printed sub 2 V poly(3-hexylthiophene) electrolyte-gated
transistors, ACS Appl. Mater. Interfaces 8 (2016) 29012.

[31] A. Giovannitti, D.-T. Sbircea, S. Inal, C.B. Nielsen, E. Bandiello, D.A. Hanifi,
M. Sessolo, G.G. Malliaras, I. McCulloch, J. Rivnay, Controlling the mode of
operation of organic transistors through side-chain engineering, Proc. Nat.
Acad. Sci. 113 (2016) 12017.

[32] A. Giovannitti, C.B. Nielsen, D.-T. Sbircea, S. Inal, M. Donahue, M.R. Niazi,
D.A. Hanifi, A. Amassian, G.G. Malliaras, J. Rivnay, I. McCulloch, N-type organic

http://refhub.elsevier.com/S1566-1199(17)30302-6/sref1
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref1
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref1
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref2
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref2
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref2
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref2
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref3
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref3
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref3
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref3
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref4
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref4
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref4
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref5
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref5
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref5
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref5
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref6
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref6
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref6
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref6
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref7
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref7
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref7
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref7
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref8
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref8
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref8
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref9
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref9
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref9
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref10
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref10
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref10
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref11
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref11
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref11
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref12
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref12
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref12
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref13
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref13
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref13
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref13
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref13
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref14
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref14
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref15
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref15
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref16
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref16
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref16
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref16
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref17
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref17
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref18
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref18
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref18
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref19
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref19
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref19
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref20
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref20
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref20
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref20
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref20
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref21
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref21
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref21
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref22
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref22
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref22
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref23
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref23
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref23
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref24
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref24
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref24
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref24
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref24
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref25
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref25
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref25
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref25
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref26
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref26
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref26
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref27
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref27
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref27
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref28
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref28
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref28
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref29
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref29
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref29
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref29
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref30
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref30
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref30
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref31
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref31
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref31
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref31
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref32
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref32


U. Zschieschang et al. / Organic Electronics 49 (2017) 179e186186
electrochemical transistors with stability in water, Nat. Commun. 7 (2016)
13066.

[33] S. Conti, S. Lai, P. Cosseddu, A. Bonfiglio, An inkjet-printed, ultralow voltage,
flexible organic field effect transistor, Adv. Mater. Technol. 2 (2017) 1600212.

[34] H. Jinno, T. Yokota, N. Matsuhisa, M. Kaltenbrunner, Y. Tachibana, T. Someya,
Low operating voltage organic transistors and circuits with anodic titanium
oxide and phosphonic acid self-assembled monolayer dielectrics, Org. Elec-
tron. 40 (2017) 58.

[35] R. Shiwaku, H. Matsui, K. Hayasaka, Y. Takeda, T. Fukuda, D. Kumaki, S. Tokito,
Printed organic inverter circuits with ultralow operating voltages, Adv. Elec-
tron. Mater. 3 (2017) 1600557.

[36] H.M. Yang, Y.K. Kwon, S.B. Lee, S. Kim, K. Hong, K.H. Lee, Physically cross-
linked homopolymer ion gels for high performance electrolyte-gated tran-
sistors, ACS Appl. Mater. Interfaces 9 (2017) 8813.

[37] U. Zschieschang, F. Ante, M. Schl€orholz, M. Schmidt, K. Kern, H. Klauk, Mixed
self-assembled monolayer gate dielectrics for continuous threshold voltage
control in organic transistors and circuits, Adv. Mater. 22 (2010) 4489.

[38] B.A. Jones, M.J. Ahrens, M.H. Yoon, A. Facchetti, T.J. Marks, M.R. Wasielewski,
High-mobility air-stable n-type semiconductors with processing versatility:
dicyanoperylene-3,4:9,10-bis(dicarboximides), Angew. Chem. Int. Ed. 43
(2004) 6363.

[39] U. Kraft, M. Sejfic, M.J. Kang, K. Takimiya, T. Zaki, F. Letzkus, J.N. Burghartz,
E. Weber, H. Klauk, Flexible low-voltage organic complementary circuits:
finding the optimum combination of semiconductors and monolayer gate
dielectrics, Adv. Mater. 27 (2015) 207.

[40] K. Takimiya, H. Ebata, K. Sakamoto, T. Izawa, T. Otsubo, Y. Kunugi, 2,7-
Diphenyl[1]benzothieno[3,2-b]benzothiophene, a new organic semi-
conductor for air-stable organic field-effect transistors with mobilities up to
2.0 cm2 V-1 s-1, J. Am. Chem. Soc. 128 (2006) 12604.

[41] H. Moon, H. Cho, M. Kim, K. Takimiya, S. Yoo, Towards colorless transparent
organic transistors: potential of benzothieno[3,2-b]benzothiophene-based
wide-gap semiconductors, Adv. Mater. 26 (2014) 3105.

[42] E.J. Meijer, C. Tanase, P.W.M. Blom, E. van Veenendaal, B.H. Huisman, D.M. de
Leeuw, T.M. Klapwijk, Switch-on voltage in disordered organic field-effect
transistors, Appl. Phys. Lett. 80 (2002) 3838.

[43] K.J. Baeg, D. Khim, J. Kim, H. Han, S.W. Jung, T.W. Kim, M. Kang, A. Facchetti,
S.K. Hong, D.Y. Kim, Y.Y. Noh, Controlled charge transport by polymer blend
dielectrics in top-gate organic field-effect transistors for low-voltage-
operating complementary circuits, ACS Appl. Mater. Interfaces 4 (2012) 6176.

[44] B. Urasinska-Wojcik, N. Cocherel, R. Wilson, J. Burroughes, J. Opoku,
M.L. Turner, L.A. Majewski, 1 Volt organic transistors with mixed self-
assembled monolayer/Al2O3 gate dielectrics, Org. Electron. 26 (2015) 20.

[45] M. Aghamohammadi, R. R€odel, U. Zschieschang, C. Ocal, H. Boschker,
R.T. Weitz, E. Barrena, H. Klauk, Threshold-voltage shifts in organic transistors
due to self-assembled monolayers at the dielectric: evidence for electronic
coupling and dipolar effects, ACS Appl. Mater. Interfaces 7 (2015) 22775.

[46] T. Yamamoto, K. Takimiya, Facile synthesis of highly p-extended hetero-
arenes, dinaphtho[2,3-b:2’,3’-f]chalcogenopheno[3,2-b]chalcogenophenes,
and their application to field-effect transistors, J. Am. Chem. Soc. 129 (2007)
2224.

[47] M.J. Kang, I. Doi, H. Mori, E. Miyazaki, K. Takimiya, M. Ikeda, H. Kuwabara,
Alkylated dinaphtho[2,3-b:20 ,30-f]thieno[3,2-b]thiophenes (Cn-DNTTs):
organic semiconductors for high- performance thin-film transistors, Adv.
Mater. 23 (2011) 1222.

[48] K. Niimi, M.J. Kang, E. Miyazaki, I. Osaka, K. Takimiya, General synthesis of
dinaphtho-[2,3-b:2’3’-f]thieno[3,2-b]thiophene (DNTT) derivatives, Org. Lett.
13 (2011) 3430.

[49] K. Nakayama, Y. Hirose, J. Soeda, M. Yoshizumi, T. Uemura, M. Uno, W. Li,
M.J. Kang, M. Yamagishi, Y. Okada, E. Miyazaki, Y. Nakazawa, A. Nakao,
K. Takimiya, J. Takeya, Patternable solution-crystallized organic transistors
with high charge carrier mobility, Adv. Mater. 23 (2011) 1626.
[50] M.J. Kang, E. Miyazaki, I. Osaka, K. Takimiya, A. Nakao, Diphenyl derivatives of

dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene: organic semiconductors for
thermally stable thin-film transistors, ACS Appl. Mater. Interfaces 5 (2013)
2331.

[51] T. Yokota, K. Kuribara, T. Tokuhara, U. Zschieschang, H. Klauk, K. Takimiya,
Y. Sadamitsu, M. Hamada, T. Sekitani, T. Someya, Flexible low-voltage organic
transistors with high thermal stability at 250 �C, Adv. Mater. 25 (2013) 3639.

[52] B. Peng, Z. Wang, P.K.L. Chan, A simulation-assisted solution-processing
method for a large-area, high-performance C10-DNTT organic semiconductor
crystal, J. Mater. Chem. C 4 (2016) 8628.

[53] U. Kraft, K. Takimiya, M.J. Kang, R. R€odel, F. Letzkus, J.N. Burghartz, E. Weber,
H. Klauk, Detailed analysis and contact properties of low-voltage organic thin-
film transistors based on dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
(DNTT) and its didecyl and diphenyl derivatives, Org. Electron. 35 (2016) 33.

[54] C. Rolin, E. Kang, J.H. Lee, G. Borghs, P. Heremans, J. Genoe, Charge carrier
mobility in thin films of organic semiconductors by the gated van der Pauw
method, Nat. Commun. 8 (2017) 14975.

[55] S. Hannah, J. Cardona, D.A. Lamprou, P. Sutta, P. Baran, A.A. Ruzaiqi,
K. Johnston, H. Gleskova, Interplay between vacuum-grown monolayers of
alkylphosphonic acids and the performance of organic transistors based on
dinaphtho[2,3-b:2’,3’-f’]thieno[3,2-b]thiophene, ACS Appl. Mater. Interfaces 8
(2016) 25405.

[56] I. Hirata, U. Zschieschang, T. Yokota, K. Kuribara, M. Kaltenbrunner, H. Klauk,
T. Sekitani, T. Someya, High-resolution spatial control of the threshold voltage
of organic transistors by microcontact printing of alkyl and fluo-
roalkylphosphonic acid self-assembled monolayers, Org. Electron. 26 (2015)
239.

[57] J.P. Colinge, C.A. Colinge, Physics of semiconductor devices (Kluwer, dor-
drecht, 2002.

[58] B. Lüssem, M.L. Tietze, H. Kleemann, C. Hoßbach, J.W. Bartha, A. Zakhidov,
K. Leo, Doped organic transistors operating in the inversion and depletion
regime, Nat. Commun. 4 (2013) 2775.

[59] D. Braga, G. Horowitz, Subthreshold regime in rubrene single-crystal organic
transistors, Appl. Phys. A 95 (2009) 193.

[60] L. Wang, N. Lu, L. Li, Z. Ji, W. Banerjee, M. Liu, Compact model for organic thin-
film transistor with Gaussian density of states, AIP Adv. 5 (2015) 047123.

[61] U. Zschieschang, M.J. Kang, K. Takimiya, T. Sekitani, T. Someya, T.W. Canzler,
A. Werner, J. Blochwitz-Nimoth, H. Klauk, Flexible low-voltage organic thin-
film transistors and circuits based on C10-DNTT, J. Mater. Chem. 22 (2012)
4273.

[62] A. Petritz, A. Wolfberger, A. Fian, T. Griesser, M. Irimia-Vladu, B. Stadlober,
Cellulose-derivative-based gate dielectric for high-performance organic
complementary inverters, Adv. Mater. 27 (2015) 7645.

[63] M.K. Mandal, B.C. Sarkar, Ring oscillators: characteristics and applications, Ind.
J. Pure Appl. Phys. 48 (2010) 136.

[64] E. Zafarkhah, M. Maymandi-Nejad, M. Zare, Improved accuracy equation for
propagation delay of a CMOS inverter in a single ended ring oscillator, Int. J.
Electron. Commun. 71 (2017) 110.

[65] T. Zaki, F. Ante, U. Zschieschang, J. Butschke, F. Letzkus, H. Richter, H. Klauk,
J.N. Burghartz, A 3.3 V 6-bit 100 kS/s current-steering digital-to-analog con-
verter using organic p-type thin-film transistors on glass, IEEE J. Solid-State
Circuits 47 (2012) 292.

[66] C.-H. Jan, U. Bhattacharya, R. Brain, S.-J. Choi, G. Curello, G. Gupta, W. Hafez,
M. Jang, M. Kang, K. Komeyli, T. Leo, N. Nidhi, L. Pan, J. Park, K. Phoa,
A. Rahman, C. Staus, H. Tashiro, C. Tsai, P. Vandervoorn, L. Yang, J.-Y. Yeh,
P. Bai, A 22nm SoC platform technology featuring 3-d tri-gate and high-k/
metal gate, optimized for ultra low power, high performance and high den-
sity SoC applications, in: 2012 IEEE International Electron Device Meeting
Technical Digest, 2012, p. 44.

http://refhub.elsevier.com/S1566-1199(17)30302-6/sref32
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref32
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref33
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref33
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref34
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref34
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref34
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref34
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref35
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref35
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref35
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref36
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref36
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref36
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref37
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref37
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref37
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref37
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref38
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref38
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref38
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref38
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref39
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref39
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref39
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref39
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref40
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref41
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref41
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref41
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref42
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref42
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref42
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref43
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref43
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref43
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref43
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref44
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref44
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref44
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref44
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref44
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref45
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref45
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref45
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref45
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref45
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref46
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref46
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref46
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref46
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref47
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref48
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref48
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref48
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref49
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref49
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref49
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref49
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref50
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref50
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref50
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref50
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref51
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref51
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref51
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref51
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref52
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref52
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref52
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref52
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref53
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref53
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref53
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref53
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref53
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref54
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref54
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref54
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref55
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref55
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref55
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref55
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref55
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref56
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref56
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref56
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref56
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref56
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref57
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref57
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref58
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref58
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref58
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref58
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref59
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref59
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref60
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref60
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref61
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref61
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref61
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref61
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref61
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref62
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref62
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref62
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref63
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref63
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref64
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref64
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref64
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref65
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref65
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref65
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref65
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66
http://refhub.elsevier.com/S1566-1199(17)30302-6/sref66

	Below-one-volt organic thin-film transistors with large on/off current ratios
	1. Introduction
	2. Device and circuit fabrication
	3. Transistor characteristics
	4. Inverter and ring oscillator characteristics
	5. Outlook
	Acknowledgements
	References


