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Flexible low-voltage high-frequency organic

thin-film transistors

James W. Borchert?*, Ute Zschieschang’, Florian Letzkus®, Michele Giorgio®®, R. Thomas Weitz%7'%,
Mario Caironi*, Joachim N. Burghartz?, Sabine Ludwigs?, Hagen Klauk'*

The primary driver for the development of organic thin-film transistors (TFTs) over the past few decades has been
the prospect of electronics applications on unconventional substrates requiring low-temperature processing. A
key requirement for many such applications is high-frequency switching or amplification at the low operating
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voltages provided by lithium-ion batteries (~3 V). To date, however, most organic-TFT technologies show limited
dynamic performance unless high operating voltages are applied to mitigate high contact resistances and large
parasitic capacitances. Here, we present flexible low-voltage organic TFTs with record static and dynamic perfor-
mance, including contact resistance as small as 10 Q-cm, on/off current ratios as large as 10'°, subthreshold swing
as small as 59 mV/decade, signal delays below 80 ns in inverters and ring oscillators, and transit frequencies as
high as 21 MHz, all while using an inverted coplanar TFT structure that can be readily adapted to industry-standard

lithographic techniques.

INTRODUCTION

Flexible electronics (1-3) are currently a $20-billion-per-year industry
driven mainly by the recent trend of manufacturing active-matrix
organic light-emitting diode (AMOLED) smartphone displays on
polyimide substrates. Of the 600 million AMOLED displays manufac-
tured in 2018, approximately 60% were made on polyimide rather
than glass, and this share is projected to further increase (4). Among
the many challenges associated with this transition was to reduce
the process temperature of the thin-film transistor (TFT) technology
based on low-temperature polycrystalline silicon (LTPS) from 550°
to 450°C to make it compatible with polyimide substrates without
compromising TFT characteristics (5). Further progress toward fully
bendable and rollable active-matrix displays on a wider range of
polymeric substrates has incentivized the search for an alternative
TFT technology that has a lower-thermal-budget process compared
with LTPS. Amorphous metal oxide TFTs, such as those based on
indium gallium zinc oxide (IGZO), have already seen some market
success and typically outperform organic TFTs in terms of charge-
carrier mobility and dynamic performance. However, process tem-
peratures above 150°C are often still required, whereas organic TFT's
can often be fabricated at temperatures below 100°C (6). The most
critical issue preventing the adoption of organic TFTs in high-
frequency, low-voltage applications such as mobile AMOLED
displays is that the contact resistance between the source and drain
contacts and the organic semiconductor (Rc) is often very high
when compared to IGZO and LTPS TFTs (7). The fundamental reason
that a small contact resistance is so critical for high-frequency TFT
applications is that as the channel length (L) is reduced to increase
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the maximum operation frequency, the TFT enters a contact-
limited regime where the contact resistance constitutes a substantial
portion of the total resistance of the TFT. This effectively nullifies
any potential benefits of, e.g., increasing the intrinsic carrier mobility
(1) in the organic-semiconductor channel. Channel-width-normalized
contact resistances (RcW) of organic TFTs typically fall into the
range of 10* to 10° Q-cm. Several factors contribute to the contact
resistance, including the TFT architecture (8-12), the semiconductor
thin-film morphology at the contact interface (9, 13), and the ener-
getic injection barrier arising from the mismatch between the work
function of the contact metal and the organic-semiconductor trans-
port levels. Effective barrier heights of several 100 meV or more are
often observed (8, 14). Despite substantial efforts to improve charge
injection in organic TFTs via various methods over the past 20 years,
only a handful of reports have shown contact resistances below
100 Q-cm (Fig. 1D). Excepting the electrolyte-gated polymer TFTs
presented by Braga et al. (15) (denoted by a star in Fig. 1D), the
lowest contact resistance reported for organic TFTs so far (29 Q-cm)
was achieved in inverted coplanar TFTs by using a very thin gate
dielectric and gold source and drain contacts modified with a
chemisorbed layer of pentafluorobenzenethiol (PFBT) (12). The
improvement in contact resistance over comparable inverted staggered
TFTs (56 QQ-cm) was attributed primarily to a stronger influence
of the electric field imposed by the applied potentials in the coplanar
device architecture (11). The lowest contact resistance reported
for staggered organic TFTs (46.9 Q-cm) was achieved by using a
bilayer of highly crystalline organic semiconductor monolayers in
combination with contact doping using 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,~-TCNQ) (16). Both of these results,
while representing a substantial advance in the quest for low con-
tact resistance in organic TFTs, are still larger by at least an order
of magnitude compared to IGZO TFTs (17) and several orders of
magnitude compared to silicon transistors (18).

Here, we further demonstrate the capabilities of our previously
reported method for fabricating low-voltage organic TFTs with
record low contact resistance (12) to enhance the static and dynamic
performance characteristics of both individual TFTs and circuits.
The TFTs and circuits were fabricated on flexible polyethylene

10f8

0202 ‘02 Ae uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A B

DPh-DNTT

TDPA, Loyes, L

S- CioHze
C«o-Dh:'ZT; O‘ "~ OO O

100 pm

O

Gate

f Lov,GD

PFBT
F. F
Lop F

~

o=P~oH SH
OH ; 3
AU source % Aluminum gate Au drain

ANO,  Flexible PEN substrate

D 108 E 107 F
10% Voltage-normalized
107 o ° . transit frequency
108 o : 1074 12— Commercial LTPS TFTs =i
1 o [FIGZO TFTs =
° 0®o This work
405 e 5NN S < 10"
g 10 gyl b Jome 1075 2 - Mobile display- - - -~~~ PR
é’m‘- 59 . °C § .----ig- L T 10° o« °
o8 8 H o
s . fa°t .08 e84a200 L §10_1_ e o
3 10%1 $ o 83° -g-:Sn 1074 >
° =
m°102 ° o u=o.’%l. s._".‘o—z_ °
) . .
10" © Coplanar TFTs ° : 1071 ° 1073 o Organic TFTs/circuits on
o Staggered TFTs This work This work 1995-2019 ° * Rigid substrates
100_ * 10" 10-4_ . o Flexible substrates
2000 2005 2010 2015 2020 1 30 100 1995 2000 2005 2010 2015 2020

Publication year

3 10
Supply voltage (V)

Publication year

Fig. 1. Flexible organic transistors with small contact resistance and high-frequency performance. (A) Photograph of organic TFTs and circuits fabricated at a
maximum process temperature of 100°C on a flexible, transparent PEN substrate. (B) Schematic cross section of the TFTs and chemical structures of the organic materials
used in their fabrication: n-tetradecylphosphonic acid (TDPA) used for the self-assembled monolayer (SAM) in the hybrid aluminum oxide/SAM gate dielectric, PFBT used
to treat the gold source and drain contacts to reduce the contact resistance and the small-molecule organic semiconductors DPh-DNTT and C;o-DNTT. (C) Photograph of
a TFT having a channel length of 8 um, a total gate-to-contact overlap of 4 um, and a channel width of 200 um. (D) Literature overview of the width-normalized contact
resistance (RcW) in organic TFTs. The dotted lines at 10? and 10° Q:-cm indicate the typical range of contact resistances reported for organic TFTs. (E) Literature overview
of the signal propagation delay per stage () of organic TFT-based ring oscillators as a function of supply voltage. (F) Literature overview of the highest voltage-normalized
transit frequencies (fi/V) of organic TFTs fabricated on rigid and flexible substrates. The solid horizontal lines indicate the voltage-normalized transit frequencies of LTPS
TFTs used in smartphone displays and of state-of-the-art low-temperature-processed IGZO TFTs; the dashed line indicates approximately the minimum requirement for
mobile displays (3 MHz V™). For references, see table S1. (A and C) Photo credit: James W. Borchert, Max Planck Institute for Solid State Research.

naphthalate (PEN) sheets using high-resolution silicon stencil masks
(see Fig. 1, A to C), to pattern all device layers (19-21). The small-molecule
organic semiconductors 2,9-didecyl-dinaphtho([2,3-b:2',3’-f]thieno
[3,2-b]thiophene (C,o-DNTT) or 2,9-diphenyl-dinaphtho[2,3-b:2’,3"-f]
thieno[3,2-b]thiophene (DPh-DNTT) were used as the active layer
(22). Transmission line method (TLM) analysis of the transfer char-
acteristics of the TFTs in the linear regime of operation indicates a
width-normalized contact resistance of 35 Q-cm, in close agreement
with our previous report for similarly fabricated TFTs (12). By
combining this low contact resistance with a small channel length
and small gate-to-contact overlaps, the TFTs and circuits show
record static and dynamic performance by several metrics. The
TFTs show on/off current ratios as high as 10'° and subthreshold
swings as small as (59 + 2) mV/decade, within measurement error
of the theoretical limit of 58.6 mV/decade at the temperature at which
the measurements were conducted (292 K). Biased-load inverters
switch with rise and fall time constants as short as 19 and 56 ns, re-
spectively. An 11-stage ring oscillator operates with a signal propa-
gation delay per stage of 79 ns at a supply voltage of 4.4 V. The
dynamic performance of individual TFTs, including the unity-current
gain (transit) frequency, was measured using two-port network
analysis of a set of TFTs operated in the saturation regime. By
analyzing the channel-length dependence of the transit frequency, a
width-normalized contact resistance of (10 + 2) Q-cm was deter-
mined; the fact that this value is smaller than the contact resistance
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determined by TLM in the linear regime is related to the non-Ohmic
nature of the contact resistance. Last, a transit frequency as high as
21 MHz was measured at gate-source and drain-source voltages of
-3V, corresponding to a record voltage-normalized transit frequency
of 7 MHz/V. These characteristics represent important proof of
concepts for the development of low-power flexible circuits using
organic TFTs and for applications in flexible AMOLED displays
(23-25). A literature overview and comparison to our results are
provided for the contact resistance, ring oscillator stage delay, and
voltage-normalized transit frequency in Fig. 1 (D to F).

RESULTS AND DISCUSSION

Static TFT performance

The static performance characteristics of DPh-DNTT TFTs fabricated
on flexible PEN substrates are summarized in Fig. 2. Figure 2A
shows the transfer characteristics of a DPh-DNTT TFT with a channel
length of 8 um, a total gate-to-contact overlap (Loy,total = Lov,Gs + Lov,GD)
of 4 um, and a channel width of 200 um. The transfer curves show
negligible hysteresis and a gate-leakage current of less than 10 pA over
the gate-source voltage (Vs) measurement range. When measured
in the saturation regime, i.e., with a drain-source voltage of -2V,
the drain current shows a nearly ideal quadratic dependence on the
gate-overdrive voltage (the difference between the gate-source volt-
age and the threshold voltage), an on/off current ratio of 10'°, and a
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Fig. 2. Static transistor characteristics. (A) Measured transfer characteristics of a DPh-DNTT TFT fabricated on a PEN substrate having a channel length (L) of 8 um, a
total gate-to-contact overlap (Loy,total = Lov,gs + Lov,0s) Of 4 um, and a channel width (W) of 200 um. (B) Square root of the absolute drain current and effective charge-carrier
mobility (uef) calculated from the transfer characteristics measured at a drain-source voltage (Vps) of —2 V as a function of the gate-source voltage (Vss). The blue dashed
line is a guide to the eye, indicating the ideal quadratic dependence of the drain current in the saturation regime on the gate-overdrive voltage (Vgs-Vip). (C) Extraction of
the subthreshold swing (SS) from the forward and reverse sweeps of the transfer curves. The average subthreshold swing of (59 + 2) mV/decade is within measurement error
of the limit set by the thermal voltage at the measurement temperature (7) of 292 K. The threshold voltage (Vy1), defined here as the gate-source voltage at which the drain
current is 100 pA, is (—0.75+0.01) V. (D) Measured output characteristics of the same TFT. (E) TLM analysis of the linear transfer characteristics of flexible DPh-DNTT TFTs
with channel lengths ranging from 1 to 10.5 um for four different gate-overdrive voltages. (F) Channel width-normalized contact resistance (RcW) and intrinsic channel
mobility (1o) extracted from the TLM analysis and plotted as a function of the gate-overdrive voltage.

nearly gate voltage-independent effective carrier mobility (et
of ~3.6 cm® V™' 57! (see Fig. 2B). The subthreshold swing is deter-
mined to be (59 + 2) mV/decade by fitting the exponential region
of the drain current between Vg =-0.5V and —0.8 V (see Fig. 2C).
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We note that for the measurement temperature of 292 K, this is with-
in the measurement error of the theoretical minimum (58.6 mV/
decade) given as In(10)kT/g where k is the Boltzmann constant and
q is the elementary charge. The output characteristics show the
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expected linear and saturation behavior (see Fig. 2D). The reproduc-
ibility of the fabrication process is illustrated in fig. S2, where the
measured transfer characteristics of 10 nominally identical DPh-
DNTT TFTs with a channel length of 1.5 um are shown. Figure S3
shows a comparison of the transfer and output characteristics of TFT's
based on DPh-DNTT and C;o-DNTT, illustrating the fact that similar
TFT performance can be obtained with multiple semiconductors.

The TLM analysis of the transfer characteristics of DPh-DNTT
TFTs with a channel width of 50 um and channel lengths ranging
from 1.0 to 10.5 um in the linear regime shows a width-normalized
contact resistance of 35 Q-cm and an intrinsic channel mobility
(o) of 43 cm?> V's'ata gate-overdrive voltage of 2.5 V (see
Fig. 2, E and F). These results are similar to those in our previous
report (12), confirming the good reproducibility of the fabrica-
tion process.

Static and dynamic circuit characteristics

The performance characteristics of an inverter based on DPh-DNTT
TFTs and of an 11-stage ring oscillator based on Co-DNTT TFTs,
both fabricated on flexible PEN substrates, are summarized in
Figs. 3 and 4, respectively. The critical dimensions of the TFTs
are identical in both circuits (channel length, 1 um; total gate-to-
contact overlap, 4 um), and both circuits use the biased-load design
(26). An advantage of this design over single-power-rail designs is that
the gate-source voltage of the load TFT can be kept above the thresh-
old voltage at all times, facilitating more rapid discharging of the
output node through the load TFT when the output node is
switched from the high state (output voltage near the supply volt-
age) to the low state (output voltage near 0 V). As a result, the char-
acteristic fall time and thus the total switching delay of biased-load
circuits can be shorter than those of unipolar circuits without such
an additional power supply. An additional advantage of the biased-
load design is that it creates the possibility to tune the trip voltage
(i.e., the input voltage at which the transition at the output occurs)
independent of the supply voltage. To illustrate this, in Fig. 3 (A and
B), we show transfer curves of the inverter. In Fig. 3A, the transfer
curve is measured for a supply voltage (Vpp) of 2 V and a bias volt-
age (Vpias) of =1V, i.e., with the load TFT biased slightly above
the threshold voltage. Figure 3B shows transfer curves of the same
inverter measured for a supply voltage of 1 V and at bias voltages
ranging from —1 to 0V, illustrating that the trip voltage (indicated in
Fig. 3B by open circles) can be tuned over a range of approximately
15% of the supply voltage.

The dynamic performance of the inverter was evaluated by
applying a square-wave input signal with a frequency (f) of 2 MHz
and an amplitude (Vi,) of 1.5, 2.0, or 2.5 V (and adjusting the supply
and bias voltages so that Vpp = —Viias = Vip for all measurements).
The characteristic rise and fall time constants (s and Tgy) of the
switching events were determined by fitting simple exponential
functions to the measured output-voltage transitions. The smallest
time constants (19 and 56 ns) were observed for a supply voltage of
2.5V (see Fig. 3C). The dependence of the time constants on the
supply voltage is shown in Fig. 3D.

The results from an 11-stage ring oscillator based on C;o-DNTT
TFTs are summarized in Fig. 4. Figure 4 (A to C) show the schematic
and a photograph of the circuit, a scanning electron microscopy
(SEM) image of the channel region of one of the TFTs, and the mea-
sured output signal of the ring oscillator. The signal-propagation
delay (1), which was determined by fitting a sine wave to the mea-
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Fig. 3. Staticand dynamicinverter characteristics. (A) Static transfer characteristics
of aninverter based on two DPh-DNTT TFTs in a biased-load circuit design fabricated
on a flexible PEN substrate for a supply voltage (Vpp) of 2 V and bias voltage (Vpias)
of —1 V.The TFTs have a channel length (L) of 1 um and a total gate-to-contact
overlap of 4 um. The insets show the circuit diagram and a photograph of the in-
verter. Photo credit: James W. Borchert, Max Planck Institute for Solid State Re-
search. (B) Static transfer characteristics of the same inverter for bias voltages ranging
from —1 to 0 V. The open circles indicate the trip voltage. (C) Dynamic characteris-
tics of the inverter in response to a square-wave input signal with a frequency of
2 MHz, a duty cycle of 50%, and an amplitude of 2.5 V. Characteristic rise and fall
time constants of the switching delays (Tyise, Trai) Were determined by fitting simple
exponential functions to the measured output waveform. (D) Rise and fall time con-
stants measured for supply voltages (Vpp) of 1.5, 2.0, and 2.5 V. The amplitude of
the square-wave input signal was identical to the supply voltage, and Vpias = —Vpp
for each measurement.

sured output signal, is 143 ns per stage for a supply voltage of 1.6 V
and 79 ns per stage for a supply voltage of 4.4 V (see Fig. 4D). This
is the smallest signal delay reported to date for an organic TFT-based
ring oscillator at a supply voltage of less than 50 V (see Fig. 1E)
(27). From the signal-propagation delay, an equivalent frequency
(feq = 1/27) can be calculated that provides an estimate of the average
frequency at which the TFTs are switching in the ring oscillator and
which can be used to approximate the TFTs’ transit frequency (fr)
to within a factor of about 2 (7). For a supply voltage of 4.4 V, we
obtain an equivalent frequency of 6.3 MHz, corresponding to a sup-
ply voltage-normalized equivalent frequency of 1.4 MHz V.

Two-port network analysis

While the dynamic performance of a ring oscillator provides a measure
of the average switching frequency of the TFTs used in the circuit,
more detailed information about the dynamic properties of individual
TFTs can be provided by two-port network analysis (2). In particular,
scattering-parameter (S-parameter) measurements are attractive for
their capability of unambiguously assessing the high-frequency
characteristics of organic TFTs (28, 29). These measurements can,
e.g., provide access to the various contributions to the total gate
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Fig. 4. Dynamic circuit characteristics. (A) Circuit diagram and photograph of an 11-stage ring oscillator based on biased-load inverters fabricated on a PEN substrate.
Photo credit: James W. Borchert, Max Planck Institute for Solid State Research. (B) SEM micrograph of the channel region of an individual C;o-DNTT TFT in the ring oscillator.
AlI TFTs in the circuit have a channel length (L) of 1 um and a total gate-to-contact overlap (Loy,total) Of 4 um. (C) Measured output signal of the ring oscillator operated with
a supply voltage (Vpp) of 4.4 V. A signal-propagation delay per stage (1) of 79 ns is determined by fitting a sine wave to the output signal. (D) Stage delay and equivalent

frequency (feq = 1/21) plotted as a function of the supply voltage.

capacitance (Cg) by converting the S-parameters to admittance (Y)
parameters (30) and enable measurement of the unity-current-gain
cutoff (or transit) frequency (fr) of individual TFT's (28). Using this
method, we performed detailed dynamic characterization of DPh-
DNTT TFTs with channel lengths ranging from 0.6 to 10.5 pm, a
total gate-to-contact overlap of 10 um, and a channel width of 100 um
(see Fig. 5A). All measurements were performed with constant
gate-source and drain-source voltages of =3 V, superimposed with
a small-amplitude component (see Fig. 5B). To assess the high-
frequency characteristics of the gate dielectric, we evaluated the
gate-drain capacitance (Cgp) from the Y parameters by noting that
under saturation conditions, | Y1| = 2nfCgp according to the Meyer
model (see Fig. 5C) (2, 31). In all TFTs that were measured, the
area-normalized gate-drain capacitance was found to be constant
with frequency (with a decrease of less than 20% up to the maximum
measurement frequency of 200 MHz) and closely corresponds to
the value expected for the unit-area gate-dielectric capacitance
(Cgiel) of 0.7 uF cm™2 (31).

To obtain the transit frequency (fr), the S-parameters were used
to calculate the hybrid parameter corresponding to the small-signal
current gain (|ha1| = |ip|/|ig|) (see Fig. 5, D and G). In Fig. 5D, since
the gate-to-contact overlaps were approximately equivalent for all
TFTs, it was possible to determine the transit frequency directly as
the frequency at which |h,;| = 0 dB. The transit frequencies deter-
mined for this set of TFTs ranged from 17.8 MHz for a channel
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length of 0.7 pm to 0.7 MHz for a channel length of 10.5 um. The
dependence of the transit frequency on the channel length (L), the
width-normalized contact resistance (RcW), and the intrinsic channel
mobility (L) is derived as (see section S1)

po(Vas = Vin)
L +310Caiet ReW(Vis = Vi) ) (Lovitotal + 3L)

fT = 21‘5( (1)

Since the unit-area gate-dielectric capacitance (Cgi1) and the total
gate-to-contact overlap (Loy,tota) are nominally identical for all TFT's
considered here, the contact resistance and the intrinsic channel
mobility can be extracted by fitting Eq. 1 to the empirical dependence
of the transit frequency on the channel length, considering RcW and
W as free parameters. Figure 5E shows that an excellent fit to the
experimental data is achieved with ReW = (10 + 2) Q-cm and
o = (6 + 1) cm” V™' s™1. There is a notable discrepancy between the
contact resistance determined using the TLM (35 Q-cm; see Fig. 2F)
and the transit frequency method shown in Fig. 5E. This discrep-
ancy is likely due to the fact that the lateral electric fields applied in
the S-parameter measurements are substantially larger than the fields
applied during TLM. It is not uncommon for the contact resistance
of organic TFTs to show lateral-field dependence (32). This effect
could be caused by various nonidealities of the metal-organic semi-
conductor interface, such as diffusion-limited charge injection and
image-force lowering (33, 34).
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Fig. 5. Two-port network analysis of flexible organic transistors. (A) Photograph of an organic TFT designed for two-port network analysis fabricated on a PEN
substrate. All TFTs considered here have a total gate-to-contact overlap (Loy totat) Of 10 pm and a channel width (W) of 100 um. Photo credit: James W. Borchert, Max Planck
Institute for Solid State Research. (B) Circuit diagram of a two-port network with a TFT as the device under test. (C) Drain component of the total gate capacitance (Cgp)
normalized by the gate-to-drain overlap area (WLoy,cp) and plotted as a function of the measurement frequency (f) for all of the TFTs in the two-port network analysis. The
gate-drain capacitance Cgp was calculated from the measured admittance parameters (|Y21| = 2nfCqp). (D) Magnitude of the small-signal current gain (|h,;|) of TFTs with
channel lengths (L) ranging from 0.7 to 10.5 um and with nominally identical gate-to-source and gate-to-drain overlaps (Lov,cs = Lov,cD) plotted as a function of the
measurement frequency. The transit frequencies (f;) are determined as the frequency at which |h,;| =0 dB (red line). (E) Transit frequency (fr) plotted as a function of the
channel length (L). The red line is a fit of Eq. 1 to the measurement data (blue circles), yielding a width-normalized contact resistance (RcW) of (10 +2) Q-cm and an intrin-
sic channel mobility (uo) of (6+ 1) ecm? Vs (F) SEM micrograph of the channel region of an asymmetric DPh-DNTT TFT with a channel length (L) of 0.6 um, a gate-
to-source overlap (Loy,gs) of 1.7 um, and a gate-to-drain overlap (Loy,gp) of 8.3 um. (G) Measured small-signal current gain (|h,1|) of the same TFT plotted as a function of
the measurement frequency, indicating a transit frequency (fr) of 21 MHz. (H) Measured transfer characteristics and transconductance (gn,) plotted as a function of the
gate-source voltage of the same TFT.

Parasitic fringe-capacitance effects can arise in field-effect tran-
sistors when the semiconductor layer extends beyond the edges of
the device (35). While operating a TFT in the saturation regime, these
effects are isolated to the source side of the TFT, so that reducing
the gate-to-source overlap (Lov,gs) while keeping the total gate-to-
contact overlap (Loy,tota) and the channel length constant will lead

Borchert et al., Sci. Adv. 2020; 6 : eaaz5156 20 May 2020

to a smaller total gate capacitance and thus a higher transit frequency
(36). By fabricating an asymmetric TFT with a smaller Loy s of
1.7 pm (Loyotal = 10 um) and a channel length of 0.6 pm, a transit
frequency of 21 MHz at Vigs = Vpg = —3 V was obtained, compared
to 17.8 MHz for a TFT with symmetric gate-to-contact overlaps (see
Fig. 5, F to H). This is to our knowledge the highest transit frequency
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reported to date for an organic transistor fabricated on a flexible
substrate. Normalized to the supply voltage (7 MHz V™), it is the
highest voltage-normalized transit frequency reported to date for
any organic transistors (see Fig. 1F and table S1) (16, 37, 38). In addi-
tion, the TFT shows a channel width-normalized transconductance
(gm/W) up to 6.4 S/m, a subthreshold slope of 66 mV/decade, and
an effective carrier mobility of 2.7 cm* V™' 57!, all records for
submicron-channel-length organic TFTs. These results demonstrate
that it is possible to fabricate organic TFTs on flexible substrates
with static and dynamic performance parameters suitable for high-
frequency mobile electronic applications and approaching those
of industry-standard LTPS TFTs (5) and high-performance IGZO
TFTs (6), all while using a TFT architecture amenable to existing
industry-standard fabrication processes.

MATERIALS AND METHODS

Fabrication of organic TFTs and circuits with small

critical dimensions

Stencil lithography based on high-resolution silicon stencil masks
enables the fabrication of organic TFT's and circuits on flexible sub-
strates with small critical dimensions and excellent reproducibility
(20, 21). This approach was used to fabricate all organic TFTs (see
fig. S1) and circuits presented in this work on 125-um-thick PEN
sheets (Teonex Q65 PEN; provided by W. A. MacDonald, DuPont
Teijin Films, Wilton, UK). Separate masks were used to pattern the
interconnects, gate electrodes, source and drain contacts, and organic
semiconductor layers. The masks were aligned manually using an
optical microscope. To enable low-voltage TFT operation, a hybrid
gate dielectric with a total thickness of approximately 6 nm was
prepared by exposing the aluminum gate electrodes to oxygen
plasma (Oxford Instruments, 30 sccm oxygen, 10 mTorr, 200 W,
30 s) and subsequently immersing the substrate into a 1 mM
2-propanol solution of n-tetradecylphosphonic acid (TDPA; PCI
Synthesis, Newburyport, MA, USA) to allow a self-assembled mono-
layer (SAM) to form on the aluminum oxide surface (39). The area-
normalized gate dielectric capacitance (Cyie) of this hybrid aluminum
oxide/SAM gate dielectric is typically between 0.5 and 0.7 uF cm ™2,
Gold source and drain contacts were then deposited by thermal
evaporation in vacuum, and the substrates were subsequently im-
mersed into a 10 mM solution of PFBT (Santa Cruz Biotechnology,
Heidelberg, Germany) in ethanol (nondenatured) or 2-propanol
for 30 min. The PFBT forms a chemisorbed monolayer that substan-
tially improves the contact resistance for the organic semiconductors
used in this work. Last, the small-molecule semiconductors 2,9-
didecyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (Co-
DNTT) or 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]
thiophene (DPh-DNTT) were used as the active layer in the chan-
nel region of the TFT's (Nippon Kayaku, provided by K. Ikeda). The
organic semiconductors were deposited by thermal sublimation in
vacuum (base pressure of 10~® mbar) at a substrate temperature of
80°C for C1o-DNTT or 90°C for DPh-DNTT.

Electrical measurements and morphological characterization
All electrical measurements were performed at room temperature
(T'=292K) in ambient air. Static transfer and output characteristics
were measured using an Agilent 4156 C Semiconductor Parameter
Analyzer. A Keysight 33500B function generator, a Tektronix TDS1000
oscilloscope, and a GGB Industries Picoprobe 19C high-impedance
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probe were used to assess the dynamic performance of the inverters
and ring oscillators. S-parameter measurements were performed
using a Keysight N5231A Vector Network Analyzer and Cascade
Microtech GS-SG |Z| high-frequency probes. Complete details about
the measurement approach for extracting the transit frequency of
organic TFTs from S-parameter measurements can be found in (2)
and (29). SEM and atomic force microscopy measurements were
used for morphological characterization of the organic-semiconductor
layers and to measure the critical TFT dimensions. The quality of the
PFBT monolayers on gold surfaces was assessed using polarization-
modulated infrared reflectance-absorbance spectroscopy (IRRAS).
For this measurement, a gold film was deposited onto a silicon sub-
strate with an area of approximately 1 cm” and treated with a PFBT
monolayer according to the procedure outlined above. In addition,
stock PFBT was characterized by IRRAS to compare to the PFBT
monolayer. The results show that a clean monolayer of PFBT is
formed on the surface, and the results are in good agreement with
similar experiments reported previously (see fig. S1) (40).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/21/eaaz5156/DC1
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S1: Contact resistance, carrier mobility and transit frequency

The contact resistance (Rc) in organic TFTs is typically evaluated in the linear regime of
transistor operation using the transmission line method (TLM; see Figs. 2 and S4) (41). In TLM
analyses, as well as for most other methods for determining Rc (42), a requirement (and indeed a
drawback) is that it is only valid for the linear regime of operation using vanishingly-small Vps,
since a key assumption of TLM is that Rc is Ohmic and that the channel resistance is uniform
over the entire channel region. This latter point by itself precludes any analysis of Rc¢ in the
saturation regime using TLM because of the pinch-off of the channel that occurs when Vps is
approximately equivalent to the overdrive voltage (Vgs-Vin). Experimental investigations have
shown that R¢ in organic TFTs can vary significantly with Vps (32, 43). Especially for TFTs with
small channel lengths (L), Rc may be reduced by Vps due to effects such as image-force lowering
(IFL) (33) or by drain-induced barrier lowering (DIBL) (35) of the injection barrier at the
interface between the source contact and the semiconductor. Enhancements of the carrier
mobility in the vicinity of the contacts through a Poole-Frenkel-like dependence of the mobility
on the applied electric field may also lead to lower Rc, in part due to the nonlinear effects on
both charge transport (44) and charge injection (45). For these reasons it is beneficial to be able
to quantify the dependence of R¢ on Vps.

Here, we estimate Rc and the intrinsic channel mobility (po) in the saturation regime (Vps <
Ves - Vin for p-channel TFTs) by fitting the transit frequency (fr) extracted from S-parameter
measurements as a function of channel length (L). Similar to TLM, we use po and the width-
normalized contact resistance (RcW) as fitting parameters. This approach has to our knowledge
never been explicitly implemented, though comparisons of calculated fr to experimental results
using Rc determined from TLM have been reported (16, 36). In both approaches, the error in the
extracted values is assessed simply as the calculated standard error from the fits. In the TLM, the
width-normalized total source-to-drain resistance of the TFT (RW) is fit with a linear function
with respect to L. In our method, the fr data as a function of L is fit using the equation derived in
the following.

The dependence of the effective mobility (Uex) and the transit frequency (fr) on Rc can be
illustrated with the following two equations for TFTs operated in the saturation regime (2, 46):

— _ (_HoCdietReW (Vs —Vin) 2
Herr = Ho [1 (L+ MoCdiechW(Vcs—Vth)) ] (1)
Uefr(VGs—Vin)
fr= . - (2)

Z”L(Loviotal+§L)
where Cgig is the gate-dielectric capacitance per unit area and Loy totar IS the total gate-to-contact
overlap length, which is simply the sum of the gate-to-source (Lov,gs) and gate-to-drain (Lov, cp)
overlap lengths. In principle, the term Rc encompasses contributions from both the source and
drain contacts. Equation 1 can be simplified to (36)

Ho (3)

Hery = 1+iHoCdie1RcW(Vcs—Vth)
Combining Equations 2 and 3, we then obtain an expression for fr that includes the influence of
the contact resistance:

= to(Ves=Vin) 4)
T = 1 2
2m(L+5HoCaietReW (VGs—Vin) (Lov,total+§l‘)

For illustrative purposes, several curves of the transit frequency as a function of the channel
length calculated using Equation 4 and assuming different values for RcW are shown in Fig. S7.
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Fig. S1| Device fabrication process and materials characterization. (A) Schematic process
flow for the fabrication of bottom-gate bottom-contact (inverted coplanar) organic TFTs. All
metal and semiconductor layers are deposited by thermal evaporation or sublimation in vacuum
and patterned using high-resolution silicon stencil masks. (B) Infrared reflection absorption
spectroscopy (IRRAS) analysis of bulk pentafluorobenzenethiol (PFBT, black) and of a
chemisorbed monolayer of PFBT on a gold surface (red). (C) AFM height scan of a thin film of
the organic semiconductor DPh-DNTT deposited onto a hybrid AIO/SAM gate dielectric on a
flexible PEN substrate.
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Fig. S2| Static transistor characteristics and uniformity. (A) SEM micrograph of an
individual DPh-DNTT TFT. (B) Measured transfer characteristics of 10 nominally identical
TFTs having a channel length (L) of 1.5 um, a total gate-to-contact overlap (Lo totar) Of 60 pm
and a channel width (W) of 7.5 um, with statistics for the effective carrier mobility (es),
threshold voltage (Vi) and subthreshold swing (SS). (C) Transfer characteristics of an individual
TFT measured at a drain-source voltage (Vps) of -3 V. The dotted blue line is a guide to the eye,
indicating the ideal quadratic dependence of the drain current on the gate-overdrive voltage (Ves

— V) in the saturation regime. (D) Output characteristics for gate-source voltages (Vss) from 0 to
-3Vinsteps of 0.5 V.
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Fig. S3| Static characteristics of TFTs based on DPh-DNTT (top row) and C3-DNTT
(bottom row). Both TFTs have a channel length (L) of 8 um, a total gate-to-contact overlap
(Lov totar) OFf 4 pm and a channel width (W) of 200 pum. From left to right: Transfer characteristics,
effective carrier mobility (Uex) plotted as a function of the gate-source voltage, and output
characteristics for gate-source voltages (Vgs) from 0 to -3 V in steps of 0.5 V. (Note that these
TFTs were fabricated separately from the TFTs shown in Fig. S2.)
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Fig. S4| Transistors for TLM analysis. (A) Transfer characteristics of DPh-DNTT TFTs with
channel lengths (L) ranging from 1 to 10.5 pm and a channel width (W) of 50 um, measured with
a drain-source voltage (Vps) of -0.1 V. (B) Effective carrier mobility (M) in the linear regime
determined for each TFT as a function of the channel length (L). The line is a fit to the data using
the equation e = Ho (1 + Lap/L)™ where o is the intrinsic channel mobility and Ly, is the
channel length at which pe = %2 Ho. (C) SEM micrographs of the channel region of the TFTs.
(Note that these TFTs were fabricated separately from the TFTs shown in Fig. S2.)
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Fig. S5| Transistors for S-parameter measurements. (A) Transfer characteristics of DPh-
DNTT TFTs with channel lengths (L) ranging from 0.7 to 10.5 um, a total gate-to-contact
overlap (Lovtota) Of 10 pm and a channel width (W) of 100 um, measured with a drain-source
voltage (Vps) of -3 V. (B) Output characteristics of each TFT for a gate-source voltage (Ves)
of -3 V. (C) Channel-width-normalized peak transconductance (gm) at a gate-source voltage
(Ves) of -3 V as a function of the inverse of the channel length. (D) SEM micrographs of the
channel region of the TFTs. (Note that these TFTs were fabricated separately from the TFTs
shown in Fig. S2.)
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Fig. S6| DPh-DNTT TFT showing a transit frequency of 21 MHz. The TFT has a channel
length (L) of 0.6 pum, a total gate-to-contact overlap (Lov o) OF 10 pm and a channel width (W)
of 100 um. (A) Output characteristics for gate-source voltages (Vgs) from 0 to -3 V in steps of
0.5 V. (B) SEM micrographs of the channel region of the TFT.
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Fig. S7| Relation between channel length, contact resistance and transit frequency. The
curves were calculated using Equation (4) for width-normalized contact resistances (RcW) of 10,
50 and 100 Qcm, gate-to-source and gate-to-drain overlaps (Lovs, Lov,gp) Of 5 pm, an intrinsic
channel mobility (Ho) of 5 cm?/Vs and a gate-overdrive voltage (|Ves-Vps|) of 2 V.



Table S1| Literature review of voltage-normalized transit frequencies reported for organic TFTSs.

Reference Substrate  Device Volt?\g;; (MHz {}Al;
Brown, Science, vol. 270, p. 972, 1995 Rigid RO* 20 1.25-10*
Crone, J. Appl. Phys., vol. 89, p. 5125, 2001 Rigid RO* 100 5.10*
Baude, Appl. Phys. Lett., vol. 82, p. 3964, 2003 Rigid RO* 50 6.67-10*
Sheraw, Int’l Electr. Dev. Meeting 2000 Flexible RO* 20 0.00125
Fix, Appl. Phys. Lett., vol. 81, p. 1735, 2002 Flexible RO* 80 0.0092
Wagner, Appl. Phys. Lett., vol. 89, p. 243515, 2006 Rigid RO* 10 0.2
Heremans, Int’1 Electr. Dev. Meeting 2009 Flexible RO* 20 0.2
Zschieschang, Org. Electronics, vol. 14, p. 1516, 2013 Flexible RO* 4 0.42
Kitamura, Appl. Phys. Lett., vol. 95, p. 023503, 2009 Rigid TFT? 25 0.8
Kitamura, Jpn. J. Appl. Phys., vol. 50, p. 01BC01, 2011 Rigid TFT? 25 1.11
Zaki, Org. Electronics, vol. 14, p. 1318, 2013 Rigid TFT® 3 1.37
Nakayama, Adv. Mater. Interfaces, vol. 1, p. 1300124, 2014 Rigid TFT? 10 1.9
Yamamura, Sci. Adv., vol. 4, p. eaa05758, 2018 Rigid TFT? 10 2
Perinot, Adv. Sci., vol. 6, p. 1801566, 2019 Flexible TFT? 14 2.06
Borchert, Int’l Electr. Dev. Meeting 2018 Flexible TFT® 3 2.23
Kheradmand-Boroujeni, Sci. Rep., vol. 8, p. 7643, 2018 Rigid TFT® 8.6 4.65
This work Flexible TFTP 3 7

a . -

Small-signal currents directly measured to evaluate fT.
b

S-parameter measurement to evaluate fT.

C . . .
Pulsed-bias measurement circuit to evaluate fT.

*In cases where the data were obtained from measurements on ring oscillators (RO), the equivalent

frequency feq = 1/(27) is normalized to the supply voltage.
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