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ABSTRACT: There has been significant progress in the past 2 decades in the
field of organic and polymer thin-film transistors. In this paper, we report a
combination of stable materials, device architecture, and process conditions
that resulted in a patterned gate, small channel length (<5 μm) device that
possesses a scaled field-induced conductivity in air that is higher than any
organic/polymer transistor reported thus far. The operating voltage is below
10 V; the on-off ratio is high; and the active materials are solution-
processable. The semiconducting polymer is a new donor−acceptor polymer
with furan-substituted diketopyrrolopyrrole and thienyl-vinylene-thienyl
building blocks in the conjugated backbone. One of the major striking
features of our work is that the patterned-gate device architecture is suitable
for practical applications. We also propose a figure of merit to meaningfully
compare polymer/organic transistor performance that takes into account
mobility and operating voltage. With this figure of merit, we compare leading
organic and polymer transistors that have been hitherto reported. The material and device architecture have shown very high
mobility and low operating voltage for such short channel length (below 5 μm) organic/polymer transistors.
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■ INTRODUCTION

There have been several promising reports on high-perform-
ance organic and polymer field-effect transistors in recent
years.1−5 Impressive advances have been made in improving the
mobility values that routinely exceed 1 cm2 V−1 s−1.6−15 These
improvements have resulted from a combination of various
parameters, such as molecular design, interface engineering (at
the dielectric−semiconductor interface), device structure, and
fabrication techniques. The ultimate goal of all of these studies
is to come up with a practical solution where appropriate
material and device geometry combinations can be imple-
mented, which can result in very good performance and stable
operation under ambient conditions. The key metrics for good
performance, from a practical standpoint, include high carrier
mobility, low-operating voltage, high on/off current ratio,
patterned gate, air-stable operation, and small channel length.
Additionally, the patterned gate will cut down coupling
capacitance and facilitate higher speed operation. In addition
to the above parameters, solution processability of the active
materials, semiconductor and gate insulator, is a very desirable
characteristic that opens up low-cost, high-throughput, and
large-area fabrication processes that are important for practical
applications.16−18 Surprisingly, very few previous reports satisfy
all or most of the above requirements. In this paper, we report a
material combination, device geometry, and set of process
conditions that meet all of the above requirements. We propose

that such polymer field-effect transistor device configuration
will lead to a practical device technology that can be very
beneficial for display and other applications.
There are numerous requirements that have to be

simultaneously satisfied to realize a high-performance practical
technology for organic/polymer thin-film transistors
(TFTs).19−21 In the past 2 decades, there have been many
reports of performance improvements in organic transistors of
various types.22−27 A large number of these reports are based
on devices fabricated on silicon substrates with thermally grown
oxide dielectrics. In single-crystal devices, air is sometimes
employed at the gate dielectric.28 In most of the reported
papers, the gate is not patterned and the channel lengths are
very long and defined by shadow masking of the electrode
material. Promising mobility values obtained from materials in
such studies are not always translatable to practical devices. In
this paper, we describe the details of a technology based on a
furan-substituted diketopyrrolopyrrole-based polymer material
with bilayer gate dielectric combination that meets all of these
requirements and results in one of the best performances for
the furan-substituted diketopyrrolopyrrole (DPPF) class of
materials. We have also proposed figure of merit (FOM)
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characteristics to correlate and compare the various reported
transistor technologies with respect to the class of materials
(small molecules and polymers), device dimensions (channel
length), and mobility values. The approach that we employed
in this work can be advantageously used to fabricate transistors
with other organic and polymer semiconductors. The FOM
that we are proposing here serves as very useful to compare
various TFTs, including organic, polymer, and amorphous
oxide.
For practical applications, the gate must be patterned and the

channel length needs to be at least in the 3−5 μm level. The
operating voltage needs to be low (below 10 V), and the
mobility and on/off current ratio need to be high. The typical
expected mobility for various large-scale applications [display
devices, logic circuits, and radio-frequency identification
(RFID) tags] must be higher than 1 cm2 V−1 s−1, and the
on/off ratio must be >106. Additionally, the material must
ideally be air-stable to ensure stable long-term operation with
some passivation. Solution processability of the active organic
semiconductor and the gate insulator is extremely important for
large-area application using various fabrication methods, such as
ink-jet printing, spray coating, and roll-to-roll printing.

■ EXPERIMENTAL SECTION

Figure 1 shows the chemical structure of the furan-flanked
diketopyrrolopyrrole−thienylene−vinylene−thienylene (PDPPFC24-
TVT) polymer and also the schematic device structure. The device
design employs a recessed gate and a bilayer gate dielectric consisting
of high-κ zirconium dioxide (ZrO2) and low-κ silicon dioxide (SiO2)
or poly(vinyl cinnamate) (PVCN) dielectric. Device fabrication started
with a 200 nm thick thermally grown SiO2 on N-doped silicon
substrate. The gate electrode was defined by photolithography and
patterned by etching SiO2 with a reactive ion etcher to fabricate the
recessed gate. A 2.5 nm titanium (Ti) adhesion layer and a 45 nm
gold−palladium (AuPd) layer as a gate electrode were deposited by
thermal evaporation. A 90 nm thick ZrO2 dielectric layer was formed
by spin coating. Either thin SiO2 or PVCN was employed as the low-κ
dielectric. The capacitance value of bilayer consisting of high-κ and
very thin low-κ dielectric is 230 nF/cm2. After source/drain electrodes
were defined by photolithography, Ti/Au (2.5/45 nm) layers were
blanket-deposited by thermal evaporation and surface-treated with a
self-assembled monolayer (SAM) of pentafluorobenzenethiol (PFBT).
A 40 nm thick semiconductor film was deposited by spin coating and
annealed at 200 °C for 30 min under an inert atmosphere.
PDPPFC24-TVT TFTs possess a channel width of 80 μm and a
channel length of 4 μm, as shown in Figure 1. All samples were
characterized by a semiconductor parameter analyzer in air.

Figure 1. (A) Synthesis of PDPPFC24-TVT [reagents and conditions: (i) K2CO3, 2-decyl-1-tetradecyl bromide, anhydrous N,N-dimethylformamide
(DMF), 120−130 °C, overnight; (ii) bromine, chloroform, room temperature, overnight; (iii) −78 °C, BuLi, tetramethylethylenediamine
(TMEDA), trimethyltin chloride, tetrahydrofuran (THF)/hexane, −78 °C for 20 h; and (iv) Pd(PPh3)2Cl2, anhydrous toluene, 90 °C for 72 h], (B)
optical image of PDPPFC24-TVT TFTs possessing a channel width of 80 μm and a channel length of 4 μm, and (C) device configuration of a
recessed-gate DPP-based polymer TFT employing a bilayer of high-κ and low-κ dielectrics.
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■ RESULTS AND DISCUSSION

The rationale for the recessed-gate structure is to present as
little surface relief before the deposition of the gate insulator.
This will improve the reliability of the insulator and keep down
leakage currents. The thin, low-κ insulator is employed adjacent
to the polymer semiconductor to minimize polarization-
induced Fröhlich polaron effects, which result when polarizable
semiconductors, such as organic semiconductors, are in close
proximity to polar media, such as high-κ dielectrics or polar
vapors.29,30 Additionally, the density of interface traps may be
reduced, which can improve mobility further. In the absence of
such low-κ interfacial layers, the field-effect mobility is

significantly lower.31 To enhance the molecular ordering,
SAM surface treatments of the dielectric are performed. Such
molecular ordering modifies the surface energy at the interface,
which leads to better charge carrier injection and improved
electrical contacts.32,33 The PDPPFC24-TVT-based TFT
devices exhibit a field-effect mobility of up to 4.2 cm2 V−1

s−1, a threshold voltage (Vth) of −1 V, an on/off current ratio of
1 × 107, and a sub-threshold swing (S.S.) of 0.3 V/decade for
low-gate-voltage operation (<10 V) when tested in normal air.
The transfer and output characteristics of TFT devices are
shown in Figure 2. Very little hysteresis is observed during the
sweep of gate voltage in both forward and reverse directions.

Figure 2. (A) Transfer characteristics during the sweep of gate voltage (between −10 and 2 V) in both forward and reverse directions measured in
normal air and the field-effect mobility as a function of the gate voltage. Very little hysteresis is observed, and the devices exhibit a field-effect
mobility of up to 4.2 cm2 V−1 s−1. (B) Output characteristics of recessed-gate PDPPFC24-TVT TFTs employing bilayers of high-κ and low-κ
dielectrics.

Figure 3. (A) Activation energies as a function of the channel carrier concentration in PDPPFC24-TVT TFTs. The magnitude of the lowest
activation energy (∼40 meV) is relatively small in comparison to measurements made with other DPP-based semiconductors and (B) activation
energies as a function of field-effect mobility in various polymer semiconductor-based transistors (see the respective chemical structures above the
graphs). Data are from refs 35 and 39−49.
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The trap density of states calculated by the S.S. value in
PDPPFC24-TVT TFTs is ∼5 × 1012 cm−2 eV−1.34

To characterize charge transport properties, temperature-
dependent field-effect mobility measurements were performed
from 98 to 300 K. Figure 3A shows the plot of activation
energies as a function of the channel carrier concentration. The
activation energy decreases with an increasing carrier
concentration. This decrease in activation energy fits the
multiple trap and thermal release (MTR) or Monroe-type
model of charge transport models.35−38 The magnitude of the
lowest activation energy (∼40 meV) is relatively small in
comparison to measurements made with other DPP-based
semiconductors.35,39−49 Activation energies of various high-
mobility polymers are summarized in Figure 3B. These results
show that DPP-based polymers have some of the lowest
activation energies for carrier densities, <1013 cm−2.34

We have devised a FOM to compare organics and polymers
that have been reported thus far. The basic idea here is to
compare the gate field-induced channel conductivity per unit
gate voltage. This can be expressed as a product of mobility and
the relative dielectric constant of the gate insulator (because the
induced charge density is the product of capacitance per unit
area and the gate voltage and the capacitance per unit area is
proportional to the relative dielectric constant of the gate

insulator). This has been plotted in Figure 4 for several
polymer TFTs reported in the literature.4,6,8,23,50−61 The TFT
data reported for polymer PDPPFC24-TVT used in this study
exhibits the highest FOM values, as compared to other studied
materials. For practical applications, it is important to realize
good performance at small channel lengths. Many materials
exhibit significantly lower mobilities at small channel lengths.
Thus, it makes sense to plot the FOM as a function of the
channel length, which is shown in Figure 4. It can be observed
that there are very few reports on high mobility organic/
polymer TFTs with channel lengths less than 10 μm and most
of the reported high-mobility TFTs do not have patterned
gates, which are essential for any practical application. To
calculate the FOM for multilayer gate dielectrics, we extracted
an effective relative dielectric constant for the combination
from the capacitance data and the combined physical thickness
of all of the dielectrics.
A key aspect of our study is mainly attributed to the

appropriate device geometry fabricated via rationally selected
bilayer high-κ and low-κ dielectrics and novel donor−acceptor-
based active organic semiconducting material. As per our
knowledge, the obtained mobility value and FOM are both the
one of the best values reported thus far using such a small
channel length TFT device. Although some aspects of these

Figure 4. (A) Chemical structures of the compounds used for the FOM study and (B) FOM as functions of channel length and field-effect mobility
on various organics and polymers to compare the gate field-induced channel conductivity per unit gate voltage, extracted by a product of mobility
and the relative dielectric constant of the gate insulator.4,6,8,23,50−61
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design features have been previously reported by various
groups,54,62,63 the combination of these design features in a
single device has never been reported, and this is the key to the
good performance. Firstly, we employed recessed gates that
result in a much lower leakage current and improve better
material organization of the gate insulator because sharp surface
relief is avoided. The recessed-gate architecture also allows for
lowering the gate insulator thickness without degrading the gate
leakage current and on/off ratio. The thin second insulator is
also very important for lowering the gate leakage current
significantly and also provides a low-κ interface to the polymer
semiconductor, which improves the polymer mobility, as
pointed out above. The source drain contacts are defined by
lithography but can also be fabricated by imprinting or laser
ablation. We employ a single surface treatment of the contacts,
with PFBT, to improve carrier injection into the polymer
semiconductor. This is essential for channel lengths below 10
μm. The exact polymer semiconductor, PDPPFC24-TVT, has
not been reported before, but the analogous structure with a
shorter C20 branched alkyl chain was reported by our group
earlier.49 In recent years, there have been several reports of
donor−acceptor materials, particularly those based on the
diketopyrrolopyrrole core substituted with thiophene, but there
are no reports on furan-substituted diketopyrrolopyrrole
(DPPF) polymer with such an excellent mobility. Furan is
one of the most promising heterocyclic blocks that has not
been studied in detail before as thiophene and considered to be
one of the important conjugated building blocks for making
novel materials. Furan as an individual moiety is a highly
unstable compound, but after combining it with DPP, it
provides higher stability to the conjugated building blocks. The
polymer semiconductor PDPPFC24-TVT reported in this work
exhibits high molecular weight with excellent solution
processability in many organic solvents because of longer
branched alkyl chains. The highest occupied molecular orbital
(HOMO) calculated by photoelectron spectroscopy in air
(PESA) is 5.20 eV, which can be suitable for making air-stable
organic electronic devices.

■ CONCLUSION
This report represents a major step forward, where the promise
of organic semiconductors has been realized in a practical
device geometry that can be advantageously used by many
groups working in this field. The new semiconductor
PDPPFC24-TVT is a very promising printable material for
large-area, thin-film electronics and display applications. The
device geometry used in this work is unique with a patterned,
recessed gate and a small channel length of 4 μm, with an
operating voltage below 10 V. The mobility is >4 cm2 V−1 s−1,
with an on/off current ratio of ∼107, and the results reported in
this report were measured in air. We also propose a FOM
method that permits a meaningful comparison of reported
TFTs.
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