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ABSTRACT: A “cut and bond” process using a commercial
die bonder was developed for fabricating ion gel gated organic
thin-film transistors (OTFTs). It addresses the issues of
damaging or contaminating the channel layer when depositing
the ion gel layer on top in conventional fabrication processes.
The formed isolated dielectric regions can help to eliminate
possible lateral electric field coupling through the dielectric
layer when several devices are integrated to construct
functional circuits. The fabricated OTFTs provide mA-level ON current, and an ON/OFF current ratio higher than 105 with
the gate swing voltage of less than 3 V. With the developed process, the ion gel OTFTs are integrated with inorganic light
emitting diodes (LEDs) of different colors on plastic substrate using the same die bonder, and the light emission of the LEDs can
be modulated in a wide range from dark to high brightness with change of the gate voltage less than 3 V.
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■ INTRODUCTION

Organic thin film transistors (OTFTs) are promising for low
cost and flexible electronics applications owing to their
advantages such as compatibility with high throughput printing
or coating processes, excellent mechanical flexibility, and so
on.1−6 In the past decade significant progresses have been
achieved for OTFTs with soluble organic semiconductor
materials, device technologies, and circuit integration.7−10

However, OTFTs still suffer high operation voltage and low
current driving capability, which limit OTFTs for many
practical applications.
To reduce the operation voltage and improve the current

driving capability, an effective approach is enlarging the gate
dielectric capacitance with an ultrathin or high-dielectric-
constant (high-k) gate dielectric layer.11−15 However, an
ultrathin dielectric layer is difficult to be processed via simple
printing or coating processes over large area and may also
present severe reliability issues. Using a high-k dielectric layer
would be a better choice, but there is lack of proper dielectric
materials of large enough k value to be compatible with the
solution processes for OTFTs and induce enough charges for
large driving current. Recently, a type of solid polymer
electrolyte, so-called ion gel, has been used as gate dielectric
for OTFTs.16,17 The ion gel is obtained by blending ionic
liquids with a gelating triblock copolymer to form a physically
cross-linked network and features very large specific capacitance
exceeding 1 μF/cm2 with thickness of about 1 μm, so that it can
help to substantially reduce the operation voltage and
simultaneously achieve very high ON currents.18 Attributed
to these features, the ion gel OTFTs were able to drive organic
light emitting diodes (OLEDs) at low operating voltages and
extremely small device dimensions with respect to the OLED

active area.19 Although the ion gel layer can be processed by
spin coating or printing from solvents, the processes might
damage or contaminate the channel layer for a top gate
structure transistor.20 To address this issue, an approach was
developed by cutting the formed free-standing ion gel film of
high tensile strength and laminating it on the organic
semiconductor layer using tweezers.21 This manual approach,
however, has several limitations in process control for device
manufacturing.
In this work, a “cut and bond” process is developed for ion

gel gated OTFT fabrication by using a commercially available
die bonder, which enables accurate control of alignment and
pressure during the lamination process. With the developed
process, the ion gel gated OTFTs can be integrated with red,
green, and blue inorganic light emitting diodes (LEDs) on
plastic substrate by using the same die bonder. It was
demonstrated that the light emission of the LEDs can be
modulated in a wide range from dark to high brightness with a
small gate voltage swing less than 3 V.

■ EXPERIMENTAL SECTION
The fabrication processes and the cross-sectional structure of the ion
gel gated OTFT are illustrated in Figure 1a. A 125 μm thick
poly(ethylene terephthalate) (PET) film was used as the substrate. A
90 nm thick SU8 film was deposited by spin coating as the smoothing
layer before the following processes. A stack of 4 nm thick chromium
(Cr) and 22 nm thick gold (Au) was thermally evaporated with a
shadow mask to define the channel length and width of 60 and 1200
μm, respectively. The channel layer of about 32 nm thickness was
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formed by spin-coating of a poly(3-hexylthiophene) (P3HT) (BASF,
SepiolidTM P200) solution in chloroform (CHCl3) with a
concentration of 5 mg/mL in a N2 filled glovebox, followed by an
annealing process at 120 °C for 30 min. The P3HT film out of the
channel region was carefully wiped off with cotton sticks.
To form the ion gel, poly(vinylidene fluoride-co-hexafluoropropy-

lene) (P(VDF-HFP)) and 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ionic liquid were
dissolved in acetone with a weight ratio of 1:4:7. The ion gel was spin-
coated onto an ITO coated PET film, forming an about 1 μm thick
film after being heated at 70 °C for 24 h in a N2 filled glovebox to
remove the residual solvent.
A cut and bond process was developed to selectively deposit the ion

gel film onto the P3HT channel for each device. As illustrated in
Figure 1a, the prefabricated ion gel/ITO/PET film was cut into small
size sheets with a paper cutter. The vacuum pick-up head in a
commercial die bonder machine (CaiNa, RF500) was used to pick up
the small sheets. The machine positioned these picked sheets above
the proper device region with a micropositioner and then released and
laminated them onto the channel layer with a baking process at 80 °C
for 15 min in atmosphere. With the well automatically controlled
processes, these small ion gel sheets can be placed over the channel
regions of different devices very accurately and consistently to form
isolated dielectric regions. The snapshot photos of the die bonder
during cut and bond process are given in Figure 1b, with a
supplementary video provided. LED chips were also bonded on to
substrate using the same die bonder. Peripheral interconnects to
connect the LEDs and the transistors were formed by dispensing silver
conductive epoxy with a robot dispenser (Pioneer, PTC RD331).
The ITO/ion gel/ITO capacitor test structure was characterized

using a SOLARTRON 1260 impedance analyzer with the frequency
from 1 Hz to 1 MHz. The electrical characteristics of the fabricated
transistors were measured with a Keithley 4200 semiconductor
parameter analyzer.

■ RESULTS AND DISCUSSION
The measured specific capacitance of the ITO/ion gel/ITO test
structure film as a function of frequency is inserted in Figure 2a.
In the low-frequency range, the specific capacitance is about 3.1
μF/cm2, which is a typical value for ion gel dielectric
capacitor.15 With such a large specific capacitance, low-voltage

and large-current OTFTs were achieved. The measured transfer
(ID − VGS) and output (ID −VDS) characteristics are shown in
Figure 2 a and b, respectively. With a gate voltage swing of less
than 3 V, the device can be switched from the OFF state to the
ON state with an ON/OFF current ratio higher than 105, and
ON current reaching the level of mA. The extracted
subthreshold swing of the device is about 360 mV/decade,
which is larger than the value of about 250 mV/decade in
previous work.21 The field effect property should be able to be
further improved by optimizing the material preparation and
film coating processes or choosing different semiconductor or
ion gel materials. The developed cut and bond process, without
concern of damaging or contaminating the channel layer when
depositing the ion gel layer, would provide more freedom to try
different types of semiconductor and ion gel materials for this
purpose.
The large gate dielectric specific capacitance helps to achieve

large current and low operation voltage but might also induce
lateral electrical field coupling through the dielectric layer. As a
result, when several devices are integrated together, one
device’s operation could influence the neighboring devices.
With the developed cut and bond process, isolated dielectric
regions are formed for individual devices to suppress the
electric field coupling.
As a simple demonstration, OTFT driven LEDs in different

color (red, green, blue) were fabricated on PET substrate, with
the circuit diagram and the photo of the fabricated sample given

Figure 1. (a) Illustration of the cross-sectional structure and the
fabrication processes of the top gate bottom contact ion gel OTFT.
(b) Photographic images of the cut and bond process for laminating
ion gel/ITO/PET film on the channel region with the help of the
facility “die bonder”.

Figure 2. Measured-representative (a) transfer characteristics (ID vs
VGS) and (b) output characteristics (ID vs VDS) of fabricated OTFTs
with ion gel gate insulator. Inset shows the frequency dependence of
the specific capacitance of ion gel film based on P(VDF-HFP) and
[EMIM][TFSI].

Figure 3. (a) Circuit diagram of this LED driving circuit and the
images of the completed flexible LED driving circuit with ion gel
OTFT devices. (b) Red, green, and blue LEDs were lightened with
supply voltages (VDD) of 2.2, 2, and 3 V, respectively.
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in Figure 3a. The brightness of each LED is modulated by
changing the gate voltage of its driving OTFT. Figure 3b shows
that with the driving OTFTs of isolated dielectric regions, the
operation of each OTFT driven LED cell will not affect others.
This will be even more important for high density integration
of OTFTs.
As shown in Figure 4, the light emission of the red, green,

and blue LEDs can be modulated in a wide range from dark to
high brightness with change of the gate voltage from 1 V to −2
V and supply voltage (VDD) of 2.2, 2, and 3 V, respectively,
which are determined by the different driving voltage
requirements of the different color LEDs. With the large
driving current to the level of mA and low voltage modulation,
this ion gel gated OTFT is promising for driving the inorganic

LEDs, which has never been achieved by other OTFT
technologies.

■ CONCLUSION
In this work, a cut and bond process with a commercial die
bonder was developed for fabricating ion gel gated OTFTs. It
addresses the issues of damaging or contaminating the channel
layer when depositing the ion gel layer on top in conventional
fabrication processes. The formed isolated dielectric regions can
help to eliminate the possible lateral electric field coupling
through the dielectric layer when several devices are integrated
to construct functional circuits. The fabricated OTFTs provide
mA-level ON current and an ON/OFF current ratio higher
than 105 with the gate swing voltage of less than 3 V. Referring
to the previous work, the field effect property should be able to
be further improved by optimizing the material preparation and
film coating processes or choosing different materials. The
developed cut and bond process could provide more freedom
to try different types of semiconductor and ion gel materials for
this purpose. As an application example, inorganic LEDs in
different colors were integrated with the OTFTs using the same
die bonder on plastic substrate. It is shown that, with the large
driving current and low voltage modulation, this ion gel gated
OTFT is promising for driving the inorganic LEDs, which has
never been achieved by other OTFT technologies. With the
manufacturing base in microelectronics industry on semi-
conductor wafer dicing and die bonding, the cut and bond
process would be capable of being scaled up to achieve large-
area and high-density OTFT integration for many large-current
and low-voltage plastic electronics applications.
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