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Abstract—By using state-of-the-art printing technologies and
functional inks, we have demonstrated organic nonvolatile flexible
random-access-memory matrices with a nondestructive read-out
capability and a time-continuous current output; these functional-
ities have not been simultaneously achieved even by silicon-based
conventional memory. A memory cell comprising three transistors
becomes possible with inkjet printing and other solution-based
processes, which can use ferroelectric copolymer ink comprising
poly(vinylidenefluoride-co-trifluoroethylene) and insulating ink
comprising polyimide precursors properly within the planer plas-
tic substrate. A large “1 : 0” current ratio of 105 is observed in
air when it is annealed at 135 ◦C, which is sufficiently low to be
compatible with many plastic substrates. When stored in air, the
“1 : 0” ratio was still 104 after 15 days and 103 after 5 months,
which is sufficient for practical applications. Furthermore, hu-
man-scale communication sheets were manufactured as the first
demonstration utilizing large-area organic memories.

Index Terms—Large-area electronics, nonvolatile memory,
organic transistors, printing technologies.

I. INTRODUCTION

F LEXIBLE nonvolatile memories are essential for realizing
flexible electronics [1]–[6], including paper-like displays

[4], [5] and radio frequency identification tags [6]. Inorganic
ferroelectric materials [7]–[9] are used in nonvolatile ferroelec-
tric memories because of their low power consumption and
high-speed writing/erasing. However, their high-temperature
and/or high-energy fabrication processes preclude the use of
plastic film substrates. Recently, organic ferroelectric materials
that exhibit large spontaneous polarization have shown promise
in discrete devices with ferroelectric capacitance [10]–[14]
or ferroelectric transistor structures [15]–[18]. The next step
is to fabricate the 2-D array of memory cells; however, full
integration of organic memory matrices is prevented by the
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incompatibility of their fabrication processes with those of
other electronic components.

In this paper, we have demonstrated that organic random-
access-memory matrices can be realized by using state-of-
the-art materials science and printing technologies. This new
type of memory is nonvolatile and mechanical flexible with
a nondestructive read-out capability, and maintains a time-
continuous current and/or voltage; these functionalities have
not been simultaneously achieved even by silicon-based con-
ventional memory. The ferroelectric copolymer ink used is
poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF–TrFE)]
with 80 mol.% vinylidenefluoride (VDF), which is the highest
reported thus far. A memory cell comprising three transistors
becomes possible with inkjet printing and other solution-based
processes, which can use ferroelectric ink and insulating ink
properly within the planer plastic substrate. This is the first
demonstration of integration of multiple functional organic
transistors with different gate polymeric dielectric materials
on the same film. Furthermore, human-scale communication
sheets were manufactured as the first demonstration utilizing
large-area organic memories.

II. FERROELECTRIC COPOLYMER

P(VDF–TrFE) is classified as a fluorinated ferroelectric
copolymer. This material exhibits excellent spontaneous po-
larization, which may be due to the difference in electroneg-
ativity between hydrogen and fluorine [13], [14]. In this paper,
80 mol.% of VDF and 20 mol.% of trifluoroethylene (TrFE)
are used. A schematic illustration of P(VDF–TrFE) is shown in
Fig. 1(a).

P(VDF–TrFE) is a crystalline material, and thus, annealing
is necessary to enhance its spontaneous polarization. To in-
vestigate the annealing effect for P(VDF–TrFE), 400-nm-thick
P(VDF–TrFE) films were annealed at different temperatures
ranging from 80 ◦C to 180 ◦C; these films were sandwiched
between Au electrodes to form a capacitance structure. Fig. 1(b)
shows the polarization as a function of the applied voltage.
P(VDF–TrFE) annealed at 120 ◦C exhibited very little polar-
ization and no hysteresis. This is quite reasonable because it
has been reported that the transition from the paraelectric to
ferroelectric state occurs at 100 ◦C−125 ◦C [13], [14]. In sharp
contrast, after annealing at 135 ◦C, we observed large polar-
ization and hysteresis. The observed saturation and remnant
polarizations were as high as 9.5 and 8.4 μC/cm2, respectively.
However, annealing at above 150 ◦C degraded the polarization
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Fig. 1. P(VDF–TrFE). (a) Molecular structure of P(VDF–TrFE); the molar
ratio of VDF to TrFE is 8 : 2 in this paper. (b) Polarization of P(VDF–TrFE)
annealed at different temperatures. (c) (top) Remnant polarization (PR) and
(bottom) rms values of the surface roughness of P(VDF–TrFE) film as a
function of annealing temperature. Large remnant polarization was observed
when P(VDF–TrFE) was annealed at 135 ◦C ± 5 ◦C in air for 2 h. (d) AFM
images. Surfaces of P(VDF–TrFE) films annealed at (top) 135 ◦C and (bottom)
150 ◦C. The surface becomes rougher with increasing annealing temperatures
above 150 ◦C since the melting point is approximately 150 ◦C.

because the melting point of P(VDF–TrFE) is approximately
150 ◦C. Fig. 1(c) shows the remnant polarization (PR) as a
function of annealing temperature, which clearly indicates that
the highest remnant polarization can be obtained after annealing
at 135 ◦C ± 5 ◦C, which is sufficiently low to be compatible
with almost all plastic substrates.

The surface of P(VDF–TrFE) became smooth (the rms value
of surface roughness was 3.5 nm) on annealing at 135 ◦C ±
5 ◦C in air [Fig. 1(c) and (d)]. These results indicate that the
ferroelectric characteristics of P(VDF–TrFE) strongly depend
on the annealing process; thus, highly crystalline thin films
processed under optimized conditions will have enhanced spon-
taneous polarization and surface smoothness.

III. MANUFACTURING PROCESS

Organic nonvolatile memory cells were formed with three-
transistor structure; one organic ferroelectric transistor (mem-
ory transistor) and two organic transistors (access and erase
transistors). All the transistors were manufactured using an
inkjet printer (Ricoh Printing Systems Co. Ltd.; IJP-1), a
screen printer (Micro-tec Co. Ltd.; MT-550), a microdroplet
dispensing system (Musashi-engineering Inc.; Shotmaster 300),
and vacuum evaporation (ULVAC Co. Ltd.; Ex-200). The
base film (substrate) was of polyimide (Ube Industries Ltd.;
UPILEX-75S), with a thickness of 75 μm. Ag nanoparticles
(Harima Chemical Co. Ltd.; NPS-J-HP) were patterned by
inkjet printing and cured at 180 ◦C to form 300-nm-thick gate

Fig. 2. Individual organic transistor and ferroelectric transistor. (a) Cross-
sectional view. Manufacturing process is described in Section III. (b) Printed
organic transistors. (c) Transfer characteristic of organic ferroelectric transistor
(memory transistor) where the P(VDF–TrFE) gate dielectric layer was annealed
at 135 ◦C. (d) Transfer characteristic of organic transistor with polyimide gate
dielectric layers for access and erase transistors.

electrodes and all the word lines. Epoxy partitions were formed
around the gate electrodes by using screen printing. Polyimide
precursors (Kyocera Chemical Co. Ltd.; KEMITITE CT4112)
were diluted using N -methyl-2-pyrrolidone to form insulating
polyimide ink with a viscosity of 10 mPa · s. Diluted polyimide
precursors were inkjet printed and cured at 180 ◦C to form
500-nm-thick polyimide gate dielectric layers for the access
and erase transistors. Similarly, a ferroelectric copolymer, i.e.,
P(VDF–TrFE) (Toray-engineering Co. Ltd.; VDF/TrFE molar
ratio of 8 : 2), was diluted using N,N -dimethylformamide to
form a ferroelectric ink. Diluted P(VDF–TrFE) was patterned
using the microdroplet dispensing system and cured at 90 ◦C
(10 min) and successively annealed at 135 ◦C in air (2 h)
to form 400-nm-thick ferroelectric gate dielectric layers for
the memory transistors. A 50-nm-thick pentacene layer was
deposited using vacuum evaporation with rotation mechanics
through printed shadow masks to form a channel layer for
all the transistors. Again, Ag nanoparticles were patterned by
inkjet printing and cured at 140 ◦C for 3 h to form the source
and drain electrodes and bit lines. The volume of the Ag
nanoparticles ink is less than 2 pL. The channel length was
30 μm for all the transistors, while the widths of the access,
memory, and erase transistors were 16.5 mm, 45 mm, and
300 μm, respectively. The fabrication process was similar to
the method reported in [19]. Finally, a 300-nm-thick layer of
poly(2-chloro-p-xylylene), i.e., parylene (Daisankasei Co. Ltd.;
diX-SR), was uniformly applied using chemical vapor deposi-
tion, and a 150-nm-thick evaporated Au layer was successively
applied to form an organic/metallic encapsulation layer. The
fabrication process and the effects of the encapsulation layers
are reported in [20]. Cross-sectional illustration and pictures of
the transistors are shown in Fig. 2(a) and (b).
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IV. ELECTRICAL CHARACTERISTICS

A. Memory Transistors

Fig. 2(c) shows the transfer characteristic of a memory
transistor with P(VDF–TrFE) annealed at 135 ◦C. The channel
current (IDS) significantly increased from 10−10 to 10−5 A
when the gate voltage (VGS) was varied from +90 to −90 V
and subsequently remained at 10−5 A as VGS was changed
from −90 to +30 V. That is, the memory transistor exhibited
excellent bistability at a VGS of 0 V; once a VGS of above −60 V
was applied to the gate electrode, the memory transistor exhib-
ited high conductivity because of large remnant polarization.
In sharp contrast, the memory transistor exhibited very low
conductivity at a VGS of above +60 V because pentacene is
a p-type organic semiconductor. The current ratio at a VGS of
0 V exceeded 105 even in air, which is suitable for memory
elements. All the measurements were performed in air unless
otherwise indicated.

B. Printed Organic Transistors

The access and erase transistors exhibited high mobility of
typically 0.6 cm2/V · s and an ON/OFF ratio in excess of 107,
indicating excellent transistor characteristics, although inkjet-
printed source and drain electrodes are directly formed on the
pentacene layer. Transfer characteristics of access and erase
transistors are shown in Fig. 2(d).

C. Nonvolatile Memory Cell

We describe an organic nonvolatile memory cell with three
organic transistors (3T) (hereinafter, “memory cell”). One
memory cell comprises one memory transistor and two organic
transistors (access and erase transistors), which are connected
in series [Fig. 3(a) and (b)].

The access, memory, and erase transistors were controlled
with one bit line (BL) and three word lines: WLA for the access
transistor, WLM for the memory transistor, and WLE for the
erase transistor. Fig. 3(c) shows the transfer characteristics of a
memory cell with P(VDF–TrFE) annealed at 135 ◦C. The cur-
rent through the memory cell is referred to as IM in this paper.
The “1” state is attained after applying voltages of VWLA =
VWLE = −40 V, VBL = +40 V, and VWLM = −60 V (here-
inafter, the “writing voltages”), while the “0” state is attained
after applying voltages of VWLA = VWLE = −40 V, VBL =
−40 V, and VWLM = +60 V (hereinafter, the “erasing volt-
ages”). A readout is performed by applying VWLA = +60 V
to −60 V, VWLE = −40 V, and VBL = −10 V, while VWLM =
0 V (hereinafter, the “reading-out voltages”). After applying the
writing voltages, the memory cell exhibited high conductivity
with IM reaching 10−5 A (“1” state). After applying the erasing
voltages, the cell exhibited very low conductivity, with IM

reaching only 10−10 A (“0” state). Thus, the memory cell
exhibited a large “1 : 0” current ratio of 105 in air [Fig. 3(c)].

The “1 : 0” ratio of the memory cell was found to strongly
depend on the annealing temperature of P(VDF–TrFE). The
aforementioned “1 : 0” ratio in excess of 105 could be obtained
when P(VDF–TrFE) was annealed at 135 ± 5 ◦C [Fig. 3(d)],

Fig. 3. Organic nonvolatile ferroelectric memory cell with a three-transistor
structure. (a) Memory cell comprising an access transistor (ATr), a memory
transistor (MTr), and an erase transistor (ETr). The ATr, MTr, and ETr are
controlled with one BL and three word-lines: WLA for access transistor,
WLM for memory transistor, and WLE for erase transistor. (b) Memory cell.
(c) Transfer characteristics of the memory cell. The current through the memory
cell is referred to as IM . The “1” state is attained after applying voltages of
VWLA = VWLE = −40 V, VBL = +40 V, and VWLM = −60 V, while the
“0” state is attained after applying voltages of VWLA = VWLE = −40 V,
VBL = −40 V, and VWLM = +60 V. A readout is performed by apply-
ing VWLA = +60 to −60 V, VWLE = −40 V, and VBL = −10 V, while
VWLM = 0 V. The “1 : 0” current ratio exceeds 105. (d) A “1 : 0” ratio of the
memory cell as a function of the annealing temperature of P(VDF–TrFE). All
the measurements were performed in air.

which is consistent with the results of the remnant polarization
measurements shown in Fig. 1(b) and (c).

The time required for changing state from “0” to “1” was ap-
proximately 40 ms, while the time for changing from “1” to “0”
was approximately 10 ms [Fig. 4(a)]. Thus, the programming
(writing/erasing) time is slower than that of previously reported
nonvolatile memories [7]–[18], since the memory cell has par-
asitic capacitances in the access, memory, and erase transistors.
However, the cell is sufficiently fast for programming actuators,
as will be discussed later.

With a decrease in the thickness of the P(VDF–TrFE) layer,
the writing/erasing voltages can be decreased to less than 60 V
[Fig. 4(b)].

D. Reliability Test

Reliability tests of the memory cell were performed in
air. Without an organic/metallic encapsulation layer [20], the
“1 : 0” ratio of the memory cell was still 103 after storing in
air for 3 h [Fig. 5(a) and (b)]. The memory retention time
increased considerably with encapsulation layers: when stored
in air, the “1 : 0” ratio was still 104 after 15 days and 103 after
5 months, which is sufficient for practical applications. These
results clearly demonstrate the excellent data retention charac-
teristics of the memory cell in air. Furthermore, the memory
retained a high ratio of above 103 after 104 programming cycles
in air [Fig. 5(c) and (d)]; such stability in air has not been
previously achieved with organic memories. In fact, previous
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Fig. 4. Programming time and voltage. (a) IM as a function of the pulsewidth
of the programming voltage. (b) Programming (writing/erasing) voltage as
a function of the thickness of the P(VDF–TrFE) layer. The programming
voltage decreases with a decrease in the layer thickness. The pulsewidth of the
programming voltage is 100 ms.

works on organic ferroelectric memories have employed vac-
uum, nitrogen, and argon environments [15]–[18].

V. COMMUNICATION SHEET

In order to demonstrate the feasibility of the proposed or-
ganic memory cell, we developed a new application of organic
electronics: a large-area flexible communication sheet with an
area of 25 × 25 cm2. The communication sheet was formed
by integrating an organic ferroelectric random-access-memory
(FeRAM) sheet comprising 8 × 9 memory cells, a printed
plastic mechanical switch sheet [21], [22], a global wiring
sheet, and a coil sheet [Fig. 6(a)]. The periodicity of the cell was
1 in [Fig. 5(a)]. The sheet-type organic FeRAM could store and
read-out information (“1” or “0”) at arbitrary cell positions. A
circuit diagram, pictures, and a cross-sectional view are shown
in Figs. 6 and 7. Combining relatively long-distance wired com-
munication and millimeter-scale wireless communication, the
sheet offers a new communication method that enables multiple
electronic objects scattered over the sheet to communicate with
each other by establishing communication paths easily without
cumbersome physical connections. The communication route is
dynamically formed using printed plastic mechanical switches
and global wirings. In addition, a nonvolatile memory sheet
stores the routing information.

A. Principle

Here, we describe the principle of the communication
sheet. Assume that two electronic objects—a transmitter and

Fig. 5. Reliability tests. (a) and (b) Retention characteristics in air. (a) Transfer
curves of a memory cell measured after being stored in air for 15 days.
(b) Current in the memory cell (IM ) as a function of retention time: when
stored in air, the “1 : 0” ratio is still 104 after 15 days and 103 after 5 months.
IM values for two samples are shown: A) Memory cell with organic/metallic
encapsulation. B) Memory cell without organic/metallic encapsulation. (c) and
(d) Fatigue characteristics in air and a nitrogen environment. (c) Transfer curves
of memory cells measured after 104 programming cycles of in air. (d) IM as
a function of programming cycles. IM values for three samples are shown:
A) Memory cell with organic/metallic encapsulation. The measurement was
performed in air. B) Memory cell without organic/metallic encapsulation. The
measurement was performed in air. C) Memory cell without organic/metallic
encapsulation. The measurement was performed in nitrogen environment. The
“1 : 0” ratio exceeds 103 if the memory cell has organic/metallic encapsulation.
The memory cell can retain a high “1 : 0” ratio of above 103 after 104

programming (writing/erasing) cycles in air.

a receiver—are placed on the sheet. 1) The positions of the
objects are detected by the position-sensing sheet that we pre-
sented in our previous report [22]. 2) The communication path
is stored in the organic nonvolatile memories. 3) A path is dy-
namically formed using the plastic mechanical switches driven
by the organic memories. 4) The transmitter sends the signal
wirelessly to the communication coil using electromagnetic
induction. The signal is transmitted to the other communication
coil through the low-resistive Cu wiring of the global wiring
sheet and the mechanical switches and is acquired wirelessly
by the receiver coils. If the positions are changed, a new
communication path is formed. Therefore, dynamic routing
can be realized using mechanical switches as dynamic routers.
External control chips coordinate among the position-sensing
system, the read/write system for the organic memories, and
the voltage supply system.

B. Coil and Wiring Sheet

The coil array and global wiring sheet are formed by a
15-μm-thick Cu layer laminated on a 50-μm-thick polyimide
sheet. Thick Cu films are patterned using a screen-printing
system. The line width and spacing of the communication coil
are both 100 μm. The inductance and resistance of the coil are
27 μH and 25 Ω, respectively. The line width of a line on the
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Fig. 6. Communication sheet. (a) A schematic illustration of communication
sheet. (b) Circuit diagram. Each cell on the communication sheet comprises
a communication coil, a plastic mechanical switch [21], [22], a global wiring
sheet, and an organic nonvolatile FeRAM (comprising 8 × 9 memory cells
with access, memory, and erase transistors). The periodicity is 1 in. Row 9
does not contain communication coils because it plays the role of a node for
interconnecting the seven columns. The access, memory, and erase transistors
were controlled with one BL and three word-lines: WLA for the access
transistor, WLM for the memory transistor, and WLE for the erase transistor.

global wiring sheet is 5 mm, and it exhibits a low resistance of
less than 1 Ω.

C. Printed Switch

All the electrodes for the printed plastic mechanical switches
are formed by inkjet-printed Ag nanoparticles. The electrodes
for signal transmission and those for electrostatic attraction
are patterned on a 25-μm-thick polyimide membrane. When
voltage biases are applied to the electrodes for electrostatic
attraction (control electrode), the electrodes on the top sheet are
mechanically connected with those on the bottom sheet due to
the electrostatic attraction, thereby leading to a very low “ON”
resistance. The manufacturing process of the mechanical switch
sheet is shown in details in [21] and [22].

To compliment the organic transistors, which have large
“ON” resistance (approximately in kiloohms at best) and large
parasitic capacitance (∼100 pF), printed plastic mechanical
switches were used. The mechanical switches had a very low

Fig. 7. (a) Manufactured large-area communication sheet comprising com-
munication coil sheet, plastic mechanical switch sheet, global wiring sheet, and
organic nonvolatile memory sheet. The size of one sheet is 25 × 25 cm2, and
the periodicity is 1 in. (b) Cross-sectional view of one cell of the communication
sheet. A communication sheet comprises a communication coil sheet, a plastic
mechanical switch sheet, a global wiring sheet, and an organic nonvolatile
FeRAM (comprising memory cells with access, memory, and erase transistors).
These sheets are manufactured independently using printing technologies.
Then, all the sheets are mechanically and electrically connected using hot-
melt adhesive sheets (Hitachi-Kasei Co. Ltd.; ANISOLM) that exhibit high
conductivity.

operation voltage of 6.6 V and a very low “ON” resistance
of a few ohms. Furthermore, the parasitic capacitance of the
mechanical switches was less than 0.2 pF, which is two or
three orders of magnitude smaller than that of conventional
organic transistors. Such low-capacitance mechanical switches
are applicable to switching high-frequency signals.

The electrode between the memory and erase transistors was
connected to the electrode for electrostatic attraction in the
mechanical switch, as shown in Fig. 8(a). When the memory
cell is in the “1” state, the electrode for electrostatic attraction
receives the voltage of the BL (30 V) without a voltage drop
because the memory transistor exhibits high conductivity. This
brings the mechanical switch into the “ON” state, which allows
a signal to be transmitted from the global wiring sheet to a
communication coil. On the other hand, when the memory cell
is in the “0” state, the voltage of the BL (30 V) does not reach
the switch because the memory transistor exhibits very low
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Fig. 8. Electrical characteristics of communication sheet. (a) Integration of
a memory cell and a mechanical switch. The electrode between the memory
and erase transistors is connected to the electrode for electrostatic attraction
of the mechanical switch. When memory cell is the “1” state, the voltage
of the BL (30 V) reaches the switch because the memory transistor exhibits
high conductivity. As a result, the mechanical switch turns on, and a signal
can be transmitted from the global wiring sheet to a communication coil. The
operational voltages for driving the mechanical switches are given as follows:
VBL = 30 V; VWLA = −60 V; and VWLM = VWLE = 0 V. (b) Voltage
(VM ) supplied from a memory cell as a function of time. The dashed line
represents the operational voltage of the mechanical switch when turning on.
When the memory cell is in the “1” state, the VM exceeds 6.6 V, and thus, the
mechanical switch is turned on. (c) Transmission loss from sender to receiver
as a function of the signal frequency. A large ON/OFF ratio can be obtained up
to 3 MHz. (d) Sending signal (VS ; 2 V at 2 MHz) and received signal (VR).
When VS is applied from the “sender” end, significant VR is observed at the
“receiver” end when the mechanical switch is on (i.e., memory is in the “1”
state). VR is less than 1 mV when the mechanical switch is off (i.e., memory is
in the “0” state).

conductivity. In this case, the signal from the global wiring
sheet is not transmitted to a communication coil.

Indeed, the memory cell can supply time-continuous voltages
of above 10 V to the electrode of the mechanical switch when
the memory is in the “1” state; however, the supplied voltage
is 0 V when the memory is in the “0” state [Fig. 8(b)]. In this
experiment, a VBL of 30 V, a VWLA of −60 V, a VWLM, and a
VWLE of 0 V are applied.

D. Characteristics

We performed a signal transmission test: A transmitter and
receiver were placed on the edges of a communication sheet.
A 2-MHz communication signal was used in this experiment,
which was the resonance frequency of the system. Fig. 8(c)
shows the transmission loss through the communication sheet
as a function of frequency. The ON/OFF ratio of the mechanical
switch (“1 : 0” ratio of the memory cell) exceeded 103 in
the communication signal. However, signals with frequencies
greater than 3 MHz were transmitted although the memory was
in the “0” state, which may be due to the parasitic capacitances
of the system. When a signal VS (2 V at 2 MHz) was applied
from the “sender” end, a signal VR (2 V at 2 MHz) was
observed at the “receiver” end when the memories were in

the “1” state in the communication path, demonstrating the
excellent signal transmission of the sheet. On the other hand,
the received signal was less than 1 mV when the memories were
in the “0” state [Fig. 8(d)].

VI. DISCUSSION

The large remnant polarization achieved in the present or-
ganic nonvolatile memory cell is attributed to the fact that
the TrFE content in P(VDF–TrFE) is the lowest (20 mol.%)
among the copolymers reported previously [11]–[18]. The ratio
of VDF and TrFE in P(VDF–TrFE) has a major impact on
the electrical and solid-state properties, particularly on the
remnant polarization, which increases with the ratio of VDF
[13]. The P(VDF–TrFE) used in this work exhibited a large
remnant polarization of 8.4 μC/cm2. Such a very high remnant
polarization in the organic copolymer is mainly due to the
atomic geometry of hydrogen and fluorine and the molecular
structure of VDF and TrFE, as well as the optimized annealing
processes to stabilize the ferroelectric state [13].

On the other hand, TrFE is indispensable for stabilizing
spontaneous polarization and for dissolving VDF in organic
solvents, although TrFE has an asymmetric molecular geometry
that results in instability to external influences such as solvents
and atmospheric components. P(VDF–TrFE) with a VDF/TrFE
molar ratio of 8 : 2 exhibits excellent air stability and solubiliza-
tion, as well as large spontaneous polarization (Figs. 1 and 3).

The stability of P(VDF–TrFE) significantly improves the
stability of organic memories in air. Furthermore, a simple
organic/metallic encapsulation layer [20] is effective in further
improving that stability, thus leading to the data retention of
5 months. Although previous organic ferroelectric transistors
(1T) have exhibited “1 : 0” ratios of 101−105, all the mea-
surements on previously reported ferroelectric memory devices
have been performed in vacuum, argon, or nitrogen environ-
ments [15]–[18]; that is, no organic nonvolatile memories with
air stability have been reported thus far.

In addition to air stability, the 3T memory cells exhibit
the following three attractive features that are well suited for
programming actuators such as mechanical switches [21], [22]
distributed over large areas; all the three features are achieved
simultaneously within the constraints of a low-temperature
flexible-substrate-compatible low-cost large-area printing fab-
rication approach.

First, with organic ferroelectric memory transistors, data
(“1” or “0”) stored in the 3T memory cell can be read out
without destroying the data by simply applying the reading-out
voltages because the memory transistors can permit the flow
of reading-out currents with the holding polarization of fer-
roelectric P(VDF–TrFE). A nondestructive read-out capability
has not been reported for organic memories thus far. In com-
mercial ferroelectric memory cells comprising one ferroelectric
capacitance and one transistor (1T1C), however, stored data are
gradually destroyed when the data are read out because a 1T1C
structure can flow reading-out currents with partial flipping
of ferroelectric polarization. Therefore, the 1T1C cell can be
operated only with pulsed voltages, although such a simple
structure is suitable for increasing density of the cells.
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Fig. 9. False writing and erasing. For example, consider achieving the
“required state”. If a 2 × 2 memory matrix comprising four ferroelectric
transistors with a 1T structure is used, as a first step, we apply voltages of +40,
−60, −60, and +40 V to BL0, BL1, WL0, and WL1, respectively, to change
the state of the top-left cell from “0” to “1.” Next, −60, +40, +40, and −60 V
are applied to BL0, BL1, WL0, and WL1, respectively, to change the state of
the bottom-right cell from “0” to “1.” However, simultaneously, the “1” state
of the top-left cell is changed to “0.” This is called false erasing. However, if a
2 × 2 memory matrix comprising four memory cells with a 3T structure is used,
the “1” state of the top-left cell is not changed because the access transistor is
in the OFF state.

Second, the 3T memory cell can maintain a time-continuous
current and/or voltage. Importantly, time-continuous voltages
can be supplied from the memory cell without a decrease in the
voltage, since the memory cell exhibits high conductivity when
it is in the “1” state. Furthermore, the direct current bias stress
effect [23] is negligibly small in our organic transistors [24].

Third, the 3T memory cell has a significantly reduced prob-
ability of false writing/erasing because of the presence of the
access transistor (Fig. 9). When a FeRAM matrix is formed
using ferroelectric memories with the one transistor (1T) struc-
ture, which can supply time-continuous voltages and has the
capability for nondestructive readout, false writing/erasing can
occur in some specific cases (Fig. 9).

In addition to ferroelectric materials, organic nonvolatile
memories with simple capacitor structure have been reported
[25]–[29], which are, however, functional in vacuum or inert
gases or manufactured on glass substrates.

The density of memories is always one of the major concerns
on Si-based memory storage devices. However, low-density but

printable memory is required for large-area organic electronics
where organic sensors and actuators are widely distributed over
a large area to make the surfaces intelligent and enhance the
functionalities of the devices. For example, in this paper, we
have realized the dynamic routing of communication paths
with mechanical switches (plastic actuators) where organic
memories program the switches distributed over large area. We
believe that a higher density of the memory will be required
with miniaturizing the sensor or actuator cells in organic elec-
tronics, which is an important next step for our works.

In the communication sheet, the communication route is
dynamically formed using printed plastic mechanical switches
and global wirings. Since the information transmitted over the
communication sheet is confined to wireline along the ad hoc
routed paths, the system is more secure to tapping than ordinary
wireless networks and is also free from issues related with the
allocation of radio-frequency bands in an already overcrowded
airspace. The low power consumption is also important for
a very large number of electronic devices to communicate
with each other on this sheet. By combining state-of-the-art
silicon technologies [30] with the communication sheet, we
achieved communication at 107 pJ/bit, which is the lowest en-
ergy consumption among wireless communication techniques.
The successful manufacturing of the communication sheet with
ultralow-power consumption is due to the combination of rela-
tively long-distance wired communication and millimeter-scale
wireless communication.
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[28] T. B. Singh, N. Marjanović, G. J. Matt, N. S. Sariciftci,
R. Schwödiauer, and S. Bauer, “Nonvolatile organic field-effect
transistor memory element with a polymeric gate electret,” Appl. Phys.
Lett., vol. 85, no. 22, pp. 5409–5411, Nov. 2004.

[29] M. Mushrush, A. Facchetti, M. Lefenfeld, H. E. Katz, and T. J. Marks,
“Easily processable phenylene-thiophene-based organic field-effect tran-
sistors and solution-fabricated nonvolatile transistor memory elements,”
J. Amer. Chem. Soc., vol. 125, no. 31, pp. 9414–9423, Jul. 2003.

[30] L. Liu, M. Takamiya, T. Sekitani, Y. Noguchi, S. Nakano, K. Zaitsu,
T. Kuroda, T. Someya, and T. Sakurai, “A 107 pJ/b 100 kb/s 0.18 μm
capacitive-coupling transceiver for printable communication sheet,” in
Proc. Dig. Tech. Papers IEEE Int. Solid State Circuits Conf., Feb. 2008,
pp. 612–614.

Tsuyoshi Sekitani was born in Yamaguchi, Japan,
in 1977. He received the B.S. degree from Osaka
University, Osaka, Japan, and the Ph.D. degree in
applied physics from the University of Tokyo, Tokyo,
Japan, in 1999 and 2003, respectively.

From 1999 to 2003, he was with the Institute
for Solid State Physics, University of Tokyo, where
he developed measurement techniques in magnetic
fields up to 600 T and studied the solid-state physics
of condensed matter, particularly in high-Tc super-
conductors. Since 2003, he has been a Research

Associate of the Quantum-Phase Electronics Center, School of Engineering,
University of Tokyo. His current research interests include organic semicon-
ductors and organic-FET devices.

Dr. Sekitani is a member of the Materials Research Society, the Physical
Society of Japan, and the Japanese Society of Applied Physics.

Koichiro Zaitsu was born in Oita, Japan, in 1984.
He received the B.S. degree in applied physics in
2007 from the University of Tokyo, Tokyo, Japan,
where he is currently working toward the M.S. de-
gree in applied physics.

His research interests include ferroelectric poly-
mers and the new devices integrated with organic
transistors.

Mr. Zaitsu is a member of the Japanese Society of
Applied Physics.

Yoshiaki Noguchi was born in Kanagawa, Japan, in
1983. He received the M.S. degree in applied physics
in 2007 from the University of Tokyo, Tokyo, Japan,
where he is currently working toward the Ph.D.
degree in applied physics.

His research interests include organic transistors,
large area electronics, and printed electrical devices.

Dr. Noguchi is a Student Member of the Japanese
Society of Applied Physics. He is also a member of
Japan Society for the Promotion of Science Research
Fellowships.

Kiyoshiro Ishibe was born in Okayama in 1986. He
received the B.S. degree in applied physics in 2008
from the University of Tokyo, Tokyo, Japan, where
he is currently working toward the M.S. degree in
applied physics.

He is currently involved in a new method of spec-
troscopy based on scanning tunneling microscopy.

Authorized licensed use limited to: UNIVERSITY OF TOKYO. Downloaded on May 5, 2009 at 10:56 from IEEE Xplore.  Restrictions apply.



SEKITANI et al.: PRINTED NONVOLATILE MEMORY FOR A SHEET-TYPE COMMUNICATION SYSTEM 1035

Makoto Takamiya (S’98–M’00) received the B.S.,
M.S., and Ph.D. degrees in electronic engineering
from the University of Tokyo, Tokyo, Japan, in 1995,
1997, and 2000, respectively.

In 2000, he joined the NEC Corporation, Japan,
where he was engaged in the circuit design of high-
speed digital LSIs and where he developed the field
of on-chip measurement macros to solve power in-
tegrity issues. In 2005, he joined the University of
Tokyo, where he is currently an Associate Professor
of the VLSI Design and Education Center. His re-

search interests include power and signal integrity issues in LSIs, low-power RF
integrated circuits, low-power digital circuits, and large-area electronics with
organic transistors.

Takayasu Sakurai (S’77–M’78–SM’01–F’03) re-
ceived the Ph.D. degree in electrical engineering
from the University of Tokyo, Tokyo, Japan, in 1981.

In 1981, he joined the Toshiba Corporation, where
he designed CMOS DRAM, SRAM, RISC proces-
sors, DSPs, and SoC solutions. He has worked
extensively on interconnect delay and capacitance
modeling such as the Sakurai model and the alpha
power-law MOS model. From 1988 to 1990, he was
a Visiting Researcher at the University of California,
Berkeley, where he conducted research in the field of

VLSI CAD. Since 1996, he has been a Professor at the University of Tokyo,
working on low-power high-speed VLSI, memory design, interconnects, and
wireless systems at the Center for Collaborative Research. He is also a consul-
tant to U.S. startup companies. He is the author of more than 400 published
technical papers, including 70 invited papers and several books. He has filed
more than 100 patents.

Dr. Sakurai served as a Conference Chair of the IEEE/Japanese Society
of Applied Physics Symposium on VLSI Circuits and the IEEE International
Conference on IC Design and Technology, a Vice Chair of the Associa-
tion for Computing Machinery (ACM)/IEEE Asia and South Pacific Design
Automation Conference (DAC), and a Program Committee Member of the
IEEE International Solid-State Circuits Conference, the IEEE Custom Inte-
grated Circuits Conference, the ACM/IEEE DAC, the ACM/IEEE International
Conference on Computer-Aided Design, the ACM Field Programmable Gate
Arrays Workshop, the ACM/IEEE International Symposium on Low-Power
Electronics and Design, the ACM/IEEE International Workshop on Timing
Issues, and other international conferences. He was a plenary speaker for the
2003 International Solid-State Circuits Conference. He is an elected AdCom
member of the IEEE Solid-State Circuits Society and an IEEE Circuits and
Systems Society Distinguished Lecturer.

Takao Someya (M’03) received the Ph.D. degree in
electrical engineering from the University of Tokyo,
Tokyo, Japan, in 1997.

In 1997, he joined the Institute of Industrial Sci-
ence, University of Tokyo, as a Research Associate,
where he was appointed as a Lecturer of the Re-
search Center for Advanced Science and Technology
(RCAST) in 1998 and as an Associate Professor in
2002. From 2001 to 2003, he was with the Nanoscale
Science and Engineering Center, Columbia Univer-
sity, and with Bell Laboratories, Lucent Technolo-

gies, as a Visiting Scholar. Since 2003, he has been an Associate Professor of
the Department of Applied Physics, Quantum-Phase Electronics Center, School
of Engineering, University of Tokyo. His current research interests include
organic transistors, flexible electronics, plastic integrated circuits, large-area
sensors, and plastic actuators.

Dr. Someya is a member of the IEEE Electron Devices Society, the Materials
Research Society, and the Japanese Society of Applied Physics. He serves as
a Subcommittee Member of the IEEE International Electron Devices Meeting
and a Program Cochair of the Third Organic Microelectronics Workshop.

Authorized licensed use limited to: UNIVERSITY OF TOKYO. Downloaded on May 5, 2009 at 10:56 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


