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Abstract—We successfully fabricated a large-area flexible
strain-sensing system based on a 2-D array of organic self-bias-
feedback amplifier with a signal gain of 400. The amplifier sys-
tem consists of three layers: a self-assembled monolayer (SAM)
capacitor matrix, a 2-D array of organic pseudo-CMOS inverters
with a floating-gate structure using SAM gate dielectric, and an
active matrix of organic thin-film transistors. The amplifier sheet
comprises 8 x 8 amplifier cells, with an effective size of 7 X 7 cm?.
The organic transistors exhibit a mobility of 1.7 cm2/V - s in the
saturation regime at an operation voltage of 2 V. A strain sensor
is made of a polymeric piezoelectric [polyvinylidene difluoride
(PVDF)] sheet. When a cell of the PVDF sheet is touched (that is,
when mechanical pressure is applied), a small signal is generated
by intermolecular polarization in the PVDF. These signals are
amplified by the organic amplifier circuits from 10 to 150 mV.

Index Terms—Flexible electronics, large-area sensor, thin-film
transistors (TFTs).

1. INTRODUCTION

RGANIC THIN-FILM TRANSISTORS (TFTs) [1]-[5]
Oare expected to be used to develop a new class of
electronic devices because of their mechanical flexibility and
compatibility with printing processes. In the last decade, these
advantages have been exploited in many types of new ap-
plications, particularly in applications such as flexible and
stretchable displays [6]—[8] and RF identification tags [9]—-[11].
In addition, large-area flexible sensors for detecting the spa-
tial distribution of pressure [12], [13], temperature [14],
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photointensity [15], location [16], and chemical [17] and bi-
ological [18] compounds have been reported. However, the
sensors developed thus far can only detect voltage signals
higher than 100 mV because organic transistors have large
instability and/or large variations in electronic performance.

Recently, some flexible smart organic amplifier systems have
been reported [19], [20]. Marien et al. reported a differential
amplifier with a back-gate structure. These systems amplify a
signal by approximately 20 times through multiple-stage con-
nections [19]. Ishida et al. reported a differential amplifier with
a floating-gate structure. This amplifier can amplify a signal by
approximately 5 times [20]. However, these amplifier systems
have high operation voltages (greater than 10 V). Furthermore,
it is a big challenge to realize simultaneous achievement of
reduction in operation voltage down to a few volts and increase
in gain above 100.

In this paper, we report a flexible organic amplifier system
by integrating an array of organic TFTs with self-assembled
monolayer (SAM) gate dielectric layers and that of SAM
capacitors (see Fig. 1). The proposed system comprises
8 x 8 amplifier cells, with an effective sensing area of
7 x 7 cm?. The organic transistors exhibit a mobility of
1.7 cm?/V - s and an on/off ratio of > 10”. The organic invert-
ers adopt a pseudo-CMOS [22], [23] layout with a floating-gate
structure and have a large signal gain of 400, and their switching
voltage can be controlled from 1.2 to 0.44 V by charging the
floating gate. This system can amplify 10-mV signals into 1-V
signals. In order to show the feasibility of the amplifier,
we demonstrated the amplification of 10-mV signals from
ferroelectric-polymer-based strain sensors to 150-mV signals.

II. MATERIALS AND MANUFACTURING PROCESS

Each self-bias-feedback organic amplifier cell comprises an
access organic TFT capacitor and a pseudo-CMOS inverter
with a floating-gate structure. The circuit diagram of the am-
plifier system and each cell are shown in Fig. 2. Sheets contain-
ing a capacitor array, an organic transistor active matrix, and
an organic amplifier array with pseudo-CMOS inverters (see
Fig. 3) are separately manufactured and electrically laminated
over each other. One side of a polyvinylidene difluoride (PVDF)
sheet is connected to the capacitor sheet to fabricate a touch
sensor system. The fabrication of each layer will be described
in detail as follows.

0018-9383/$31.00 © 2012 IEEE
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Fig. 1. Photograph of a sheet-type organic active matrix amplifier system.
This system was successfully manufactured on a plastic film by integrating an
active matrix of organic transistors with organic pseudo-CMOS circuits and
capacitors.
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Fig. 2. Circuit diagram of an organic amplifier system. This system consists

of 8 x 8 amplifier cells. Each amplifier cell has one capacitor, a pseudo-CMOS
inverter with a floating-gate structure, and an organic transistor. Schematic
cross-sectional illustrations are also shown.

A. Organic Transistor Active Matrix

Organic transistors with top-contact geometry are fabri-
cated on a 75-pum-thick polyimide film (UPILEX 75S, Ube
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Fig. 3. Organic amplifier sheet comprising (a) capacitor array, (b) pseudo-
CMOS inverter array, and (c) organic transistor active matrix. Photographs and
cross-sectional images of each sheet are shown. The sheet size is 70 mm X
70 mm. These sheets are laminated using Ag paste.

Industrial). First, a 30-nm-thick aluminum (Al) layer was ther-
mally evaporated as the gate electrode on the film substrate. As
a gate dielectric layer, a 4-nm-thick aluminum oxide (AlO,)
layer was formed by oxygen plasma treatment and covered
with a 2-nm-thick SAM by dipping into a 2-propanol solu-
tion containing 5-mM n-tetradecylphosphonic acid for 16 h
at room temperature. This gate dielectric has a small leakage
current and large capacitance (700 nF/cm?) [24], [25]. Then,
a 30-nm-thick dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene
(DNTT) [26], [27] organic channel layer was deposited by
vacuum evaporation using a shadow mask. Finally, a 100-nm-
thick Au layer was deposited using a shadow mask to form the
source and drain contacts. The manufactured transistor active
matrix is encapsulated within a 2-um-thick parylene (Daisan
Kasei, Ltd., diX-SR) sheet by chemical vapor deposition. The
channel length and width are 40 and 81 000 pm, respectively.
The periodicity of sensor cells is 7 mm.

B. Organic Feedback Amplifier Array Sheet

Each organic self-bias-feedback amplifier cell consists of an
AlOx/SAM capacitor, an organic pseudo-CMOS inverter, and
a resistor (1 MS2). The pseudo-CMOS inverters are fabricated
on a 75-pm-thick polyimide film. With the exception of the
floating gate, the fabrication process for the amplifier sheet
is similar to that for the organic transistor active matrix. The
floating gate (Al) and top dielectric (AlO,/SAM) are formed
by a process similar to that used for the control gate and
bottom gate dielectric. The fabricated organic pseudo-CMOS
inverters have a channel length of 6 ym and a channel width of
15000 pm.

C. PVDF Sheet

A 52-pm-thick piezoelectric PVDF film was used to make
strain sensors. The surface of PVDF films was coated with Ag.
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Fig. 4. Electrical characteristics of DNTT organic transistor. (a) Transfer
characteristics of organic TFT with channel length and width of 15 and
6000 pm, respectively. (b) Output characteristics of organic TFT. (c) Operation
of the organic field-effect transistors with a small Vpg value. A plot of Ipg
versus Vpg in the linear regime.

PVDF is a ferroelectric polymer, exhibiting efficient piezoelec-
tric and pyroelectric properties. Although the piezoelectricity
of PVDF is lower than that of lead zirconate titanate (PZT),
PVDF has many advantages with respect to its application to
flexible electronics, such as mechanical flexibility, low weight,
low cost, and compatibility with large-area manufacturing and
a sheet-type morphology. These sheets are laminated using Ag
conductive paste.

III. DEVICE CHARACTERISTICS
A. Stand-Alone Organic Transistors

Stand-alone organic transistors were characterized. We mea-
sured all transistor characteristics in air. The transistor is op-
erated at —2 V because of the very thin gate dielectric layers
comprising 6-nm-thick Al0,. /SAM sheets. The typical transfer
and output characteristics of the manufactured transistors are
shown in Fig. 4. The mobility in the saturation regime is
1.7 cm?/V - s, and the threshold voltage (V;},) is almost 0 V.
The leakage current is less than 200 pA, and the on/off ratio
is 107. As shown in Fig. 4(c), the manufactured transistors ex-
hibit good linear behavior in the small-signal regime, indicating
that good ohmic contacts can be obtained in the manufactured
organic transistors.

B. Organic Transistor With Floating Gate

Threshold voltages (V;y,) of organic transistors with a float-
ing gate can be controlled by charging/discharging carriers
into the floating gate when programming/erasing voltages are
applied to the control gate electrode [28], [29]. Fig. 5(a) shows
the transfer characteristics of DNTT floating-gate transistors.
Each transfer characteristic was measured before and after a
programming voltage applied to the control gate. This pro-
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Fig. 5. Electrical characteristics of DNTT organic floating-gate transistor.
(a) Transfer characteristics of the floating-gate transistors after applying a
programming voltage ranging from —1 to —6 V to the control gate electrode.
The duration of each program pulse was 1 s. (b) Threshold voltage as a function
of programming voltage.
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Fig. 6. Pseudo-CMOS inverter with floating gate. (a) Circuit diagram of an
organic pseudo-CMOS inverter. This circuit contains only four p-type organic
transistors. (b) Output voltage and signal gain as functions of driving voltage
(Vpp) with Vgg of 0 V. (c) Output voltage and signal gain as functions of Vgg
with Vpp of 2 V.

gramming voltage was applied before the measurement and not
applied during the measurement of the transfer curves. The V;y,
of the floating-gate transistor is plotted as a function of the
programming voltage that was applied to the control gate before
the measurement, as shown in Fig. 5(b). For programming
voltages between 0 and —6 V, V};, was varied over a wide range
from 0 to —2.4 V.

C. Pseudo-CMOS Inverter With Floating Gate

The characteristics of organic pseudo-CMOS inverters with
a floating gate were investigated. Fig. 6(a) shows the circuit
diagram of the pseudo-CMOS inverter with a floating gate.
Fig. 6(b) shows the input—output characteristics of the pseudo-
CMOS inverter with Vsg = 0 V and a driving voltage (Vpp)
of 1, 1.5, and 2 V. These characteristics were measured before
applying any programming voltages that exceed the inverter
input voltage. The inverter exhibits a small-signal gain of
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Fig. 7. Control of the switching voltage of a pseudo-CMOS inverter by
applying a programming voltage to the control gate. (a) Transfer characteristics
after applying a programming voltage ranging from —1 to —6 V. (b) Switching
voltage as a function of programming voltage. The switching voltage is sys-
tematically shifted from 1.29 to —0.06 V, and the signal gain is almost constant
(approximately 400).
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Fig. 8. Retention characteristics of the switching voltage control of the

pseudo-CMOS inverter circuits. (a) Transfer characteristics of a pseudo-CMOS
inverter after application of a programming voltage of —6 V for 1 s. The
switching voltage gradually recovers its initial state. After 10% s, the switching
voltage is 0.04 V. (b) Switching voltage as a function of time.

approximately 100 at a supply voltage of 1 V. Fig. 6(c) shows
the input—output characteristics of the pseudo-CMOS inverter
for Vgg =0, —0.5, and —1 V and Vpp = 2 V. The signal gain
is greater than 400 for Vgg = —1 Vand Vpp =2 V.

Fig. 7 shows the input—output characteristics of the same
pseudo-CMOS inverter for Vpp =2 V after a programming
voltage was applied to the control gate. As shown, the appli-
cation of a negative programming voltage caused the switching
voltage of the inverter to systematically shift toward more nega-
tive voltages. This way, we can control the switching voltage by
applying a programming voltage without decreasing the signal
gain. The switching voltage is shifted from 1.29 to —0.06 V.

The retention characteristics of the pseudo-CMOS inverter
with a floating gate after applying a programming voltage of
—6 V for 1 s are shown in Fig. 8. The switching voltage
gradually recovers to the initial state. After 4 h, the switching
voltage shift is 0.7 V.

Fig. 9 shows that the total variation in the switching voltages
of ten pseudo-CMOS inverters is approximately 400 mV before
the application of a programming voltage. By applying an
appropriate programming voltage, we can reduce the variation
in the switching voltages to 20 mV. This result indicates that
a floating-gate structure is very effective in reducing device
variation.
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Fig. 9. Reduction in performance variation of ten pseudo-CMOS inverters
with floating gates. (a) Input—output characteristics of pseudo-CMOS inverters
before programming. Before applying a programming voltage to the control
gate electrode, the variation of the switching voltage is approximately 400 mV.
(b) Input—output characteristics of pseudo-CMOS inverters after programming.
After applying an appropriate programming voltage to the control gates of each
inverter, the variation in the switching voltage is reduced from 400 to 20 mV.
(c) The magnification of input—output characteristics of pseudo-CMOS invert-
ers after programming.
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Fig. 10. Switching voltage control by using organic transistor. (a) Circuit
diagram. An organic transistor is connected to the control gate of a pseudo-
CMOS inverter circuit. (b) Switching voltage as a function of programming
time (ViyL = —4 V; Ve, = —4 V). The gray circles represent the switching
voltage (without transistor). The black and white circles represent a W/L ratio
of 2500 and 150, respectively. (c) Output characteristics after programming
by using the organic transistor with a W/L of 2500. The switching voltage of
individual pseudo-CMOS inverters can be controlled by the active transistor
matrix.

In a large active matrix, it is very difficult to control the
switching voltage of individual pseudo-CMOS inverters in each
cell. Hence, we controlled the switching voltage by using a
transistor active matrix. Fig. 10(a) shows the circuit diagram.
When using a transistor with a large width-to-length ratio (W/L)
of 2500, the switching voltage is shifted from 1.2 to 0.44 V
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Fig. 11. Characteristics of organic pseudo-CMOS amplifier circuits. (a) Cir-
cuit diagram of organic amplifier circuit. This amplifier circuit comprises one
capacitor, a pseudo-CMOS inverter, and a resistor. (b) Input and output signals.
A 10-Hz sine wave is amplified from 10 to 1 Vpp. (c) Gain as a function of
input frequency. Amplifier circuits with a channel length of 6 psm exhibit better
frequency response than those with a channel length of 40 pm.
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Fig. 12. Capacitance dependence of organic amplifier characteristics. The
capacitance was changed from 220 nF to 1 pF. The characteristics shift to
higher frequency with a decrease in the capacitance.

when the programmed Viyyp, and Vg, values are —4 V for 1 s
[see Fig. 10(b)]. Then, we checked the crosstalk. When the
programmed Viy, or Vi, is —4 V for 1 s, the switching voltage
is not changed [see Fig. 10(c)]. This means that we can control
the switching voltage of individual pseudo-CMOS inverters.

D. Feedback Amplifier Circuit

The feedback amplifier circuits are composed of an SAM ca-
pacitor, a pseudo-CMOS inverter, and a resistor [see Fig. 11(a)].
Fig. 11(b) shows the input and output signal voltages. The
gain was measured as a function of the input frequency [see
Fig. 11(c)]. Black and gray dots represent amplifier circuits
with a channel length of 6 and 40 pm, respectively. The fre-
quency response at a channel length of 6 pm is approximately
10 times better than that at 40 pm. When the input signal
voltage (Vin) is 10 mV,,,, the maximum gain is 130 at 50 Hz,
and the gain is 10 at 1 kHz.

Fig. 12 shows the capacitance dependence of the amplifier
characteristics. Using a smaller capacitance, we find that the
characteristics shift to higher frequencies.
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Fig. 13. Demonstration of the amplification of small signals. (a) Setup of
strain-sensing sensor matrix (pressure sensor). The PVDF pressure sensor sheet
and amplifier sheet are integrated. (b) Circuit diagram of strain-sensing sensor
matrix. When we touch a cell of the PVDF sheet, a small signal is generated by
intermolecular polarization in the PVDEF. This signal is amplified by the organic
amplifier circuits.
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Fig. 14. Output signal before amplification and output signal (Vour) after
amplification. The small signal from intermolecular polarization is amplified
from 10 and 5 mV to 150 and 60 mV, respectively.

IV. DEMONSTRATION

The touch sensor sheet consists of an organic amplifier sheet
and a PVDF sheet (see Fig. 13). When a cell of the PVDF sheet
is touched (that is, mechanical pressure is applied), a small
signal of approximately 10 mV is generated by intermolecular
polarization in the PVDF. These signals are amplified by the
organic amplifier circuits. We demonstrated amplification of the
small piezoelectric signal from the flexible PVDF-based touch
sensor sheet from 10 to 150 mV (see Fig. 14).

V. DISCUSSION

We would like to address the advantages of this amplifier
system. First, this amplifier system has a good frequency re-
sponse and a large signal gain. Conventional organic CMOS
inverters consist of p- and n-type organic transistors. Although
the mobility of p-type organic transistors on SAM gate dielec-
tric layers is higher than 2 cm?/V - s, that for n-type organic
transistors on an SAM is typically less than 0.05 cm?/V - s
[27]. For this reason, the device speed of conventional CMOS
circuits is decided by the speed of the n-type organic transistors.
In contrast, conventional organic pMOS inverters exhibit high-
speed response [30]. However, the signal gain of a conventional
pMOS inverter is very small [30]. The pseudo-CMOS inverter
is a new circuit with a large signal gain and good frequency
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response [23]. Pseudo-CMOS inverters comprise only four
p-type organic transistors with very high mobility. Thus, we
can obtain a high gain and a wide frequency response using
a pseudo-CMOS inverter.

Second, we can reduce device variation by using the floating
gate. In a previous study, several approaches were used to
control the threshold voltage of organic TFTs, for example,
surface modification of the gate dielectric [31]-[33] and surface
modification of the contact metals [34]. In these methods, the
threshold voltage of the transistors can be set to a specific
value during manufacturing. However, it is very important to
control the threshold voltage after manufacturing for reducing
the device variation. One method of threshold voltage control
after manufacturing involves the use of a double-gate structure
[35], [36]. In this case, the control voltage must be contin-
uously applied during operation. In contrast, in the floating-
gate structure [28], [29] described here, the desired threshold
voltage is programmed into the floating gate in a nonvolatile
manner; therefore, the control voltage needs to be applied only
briefly before circuit operation. Moreover, the floating-gate
TFTs can be fabricated with very thin SAM-based dielectrics,
facilitating low operating and programming voltages (2 and
6V, respectively).

Third, this organic amplifier system has mechanical flexi-
bility and is lightweight; thereby, it is expected to open up a
new class of electronics having large-area, flexible, and cost-
effective features.

Next, we discuss the frequency response of the manufac-
tured amplifier system. In the low-frequency region, the gain
increases with the signal frequency [see Fig. 11(c)]. This is
because low-frequency signals are blocked by the capacitor
(see Fig. 12). However, in the high-frequency region, the gain
decreases with an increase in the signal frequency. A channel
length of 6 pm is better than a channel length of 40 pm for the
pseudo-CMOS amplifier [see Fig. 11(c)]. This means that the
frequency response in the high-frequency region is limited by
the speed of the pseudo-CMOS inverter. Thus, the frequency
response of this amplifier system can be improved by reducing
the channel length further [37]-[39] and/or improving mobility.

Although feasibility of a single cell has been proved in
this work, a measurement of spatial distributions of pressure
requires high yields. Indeed, our device does not exhibit 100%
yield. Yields of the transistors and the capacitor are 98% and
67%, respectively. The yields are expected to be increased by
reducing the device size and/or using the thicker AlO, gate
dielectric layer forming by anodization method.

VI. SUMMARY

In this paper, we successfully fabricated a flexible organic
self-bias-feedback amplifier system by integrating an SAM
capacitor sheet, an array of 2-V operational organic pseudo-
CMOS inverters with floating gates and a large signal gain of
400, and an active matrix of organic transistors. The switching
voltages of the pseudo-CMOS inverters with floating gates can
be made uniform by the randomly accessible active matrix.
The system comprises 8 x 8 cells and has a work area of
7 x 7 cm?. The organic active matrix feedback amplifier can
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amplify 10-mV signals into 1-V signals and can compensate for
the instability and variations in performance. In order to show
the feasibility of the amplifier, amplification of 10-mV signals
from ferroelectric-polymer-based strain sensors into 150-mV
signals was demonstrated.
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