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Over the past decade, organic electronics have been investigated
due to their various merits, such as low cost, flexibility, easy
fabrication, and printing capability.[1–5] Many researchers have
reported high-performance organic light-emitting diodes (OLEDs),
organic thin-film transistors (OTFTs), and organic photovoltaics
(OPVs).[1–5] In addition, with the rapid development of information
technology, organic memory has become an important field for
data-storage applications. Since Silva et al. reported the first
organically based bistable memory devices,[6] many research
groups have tried to develop novel polymer materials, optimal
device structures, and fabrication methods for practical organic
memory applications.[7–17] Recently, single-layer polymer non-
volatile memory devices with a vertical metal–insulator–metal
(MIM) structure were demonstrated.[16–18] A direct metal–transfer
method was introduced to fabricate cross-point-type organic
memory devices with a 2mm� 2mm cell size.[19] In addition,
multilevel cells and multilayer stacking structures have been
proposed to achieve high data-storage densities.[20–23]

In spite of the extensive fundamental research on polymer
memory devices, there have been little publications related to
integrated polymer memory devices consisting of switch (transis-
tor or diode) and memory (resistor) components. When polymer
nonvolatile memory devices are scaled down and fabricated in a
cross-point-type array structure, switch components, such as
transistors or diodes, are indispensable to prevent unexpected
crosstalk. These effects are caused by the misreading of the
resistance state via low-resistance paths through unselected
neighboring polymer memory cells, or an excess of current that
may induce electrical damages in the memory element.[24–26]

Therefore, fabrication and characterization of both transistors and
polymer memory in one chip are essential. The single-transistor
and memory (one transistor and one resistor; 1T–1R), or
single-diode and memory (one diode and one resistor; 1D–1R)
structure is a promising building block for achieving random
accessibility in polymer nonvolatile memory applications. Parti-
cularly, 1T–1R or 1D–1R structures were suggested as a cell
element for macromolecular memories (polymer memory) by the
International Technology Roadmap for Semiconductors (ITRS).[27]
In the field of inorganically based memory, combinations of
switch and memory components have been extensively investi-
gated. 1T–1R- and 1D–1R-type circuits have been demonstrated
in devices such as resistive-change random-access memory
(ReRAM) and phase-change random-access memory
(PRAM).[24–26,28] On the other hand, the poor processability of
organic materials compared to inorganic materials has been one
of the major obstacles to achieving more integrated circuitry for
practically all organically based electronics applications. For this
reason, the feasibility of producing an organically based 1T–1R
circuit that consists of a transistor and a polymer memory should
be explored.

In this paper, we demonstrate that 1T–1R hybrid-type devices
consisting of a silicon transistor (p-MOSFET) and a resistive
polymer memory can be used as a nonvolatile memory-cell
element. Our results show that the operation of 1T–1R devices
can be controlled by the resistance states of the polymer memory
device. Our 1T–1R devices were successfully operated by applying
consecutive voltage pulses to the polymer memory. Written or
erased data in the 1T–1R devices was maintained for more than
104 s, indicating promise as potential 1T–1R polymer memory
devices.

Figure 1 shows schematics and images of 1T–1R devices. The
operation of a one-bit cell device (1T–1R device) is controlled by
Figure 1. a) Schematic and optical image of 1T–1R hybrid devices. The
area with the black dotted line indicates a silicon transistor (1T) and a
polymer memory (1R). b) Schematic of a single 1T–1R device and chemical
structure of WPF-oxy-F. c) Schematics of basic operation of the 1T–1R
device. The current flow from source to drain in the 1T–1R device is
controlled by the resistance state of the polymer memory device (see text).
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two electronic parts consisting of a p-channel metal oxide
semiconductor field-effect transistor (MOSFET) and a polymer
memory device. Figure 1a shows the schematic and optical image
of 1T–1R devices fabricated on a silicon substrate. Figure 1b
shows the schematic of the one-bit cell 1T–1R device and the
chemical structure of the organic memory material used in
our study, the polyfluorene-derivative poly[(9,9-bis((60-(N,N,N-
trimethylammonium)hexyl)-2,7-fluorene)-alt-(9,9-bis(2-(2-
methoxyethoxy) ethyl)-fluorene)] Dibromide (denoted WPF-
oxy-F). The p-MOSFET device was fabricated in a conventional
complementary metal oxide semiconductor (CMOS) process. In
this work, all fabrication was performed under 150 8C. One
should consider the thermal robustness of polymer material for
commercialized fabrication process and reliable operation of
1T–1R device.

A polymer nonvolatile memory device with crosspoint
architecture was fabricated on the drain side (pþ Si) of the Si
transistor, which was used as the bottom electrode (Fig. 1b). Note
that we used a p-MOSFET device as a switch component instead
of fabricating all organically based 1T–1R devices. When
organic-transistor and organic-resistor layers are formed by
spin-coating or thermal evaporation, theymay dissolve each other.
It is generally difficult to fabricate both organic transistors and
organic resistors in one chip without damaging the active layers
and with no degradation of the device. Furthermore, the
operating voltage of the organic thin-film transistors (OTFTs)
is typically much higher than that of polymer memory devices.[29]

For these reasons, we adopted the hybrid approach, combining
inorganic transistors and organic resistors.

Figure 1c shows schematics illustrating the basic operation of
the 1T–1R device. When the switch component (p-MOSFET) is
turned ON, the current from source to drain is modulated by the
polymer memory (1R), which has two stable resistance states: a
high-resistance state (HRS) and a low-resistance state (LRS). We
Figure 2. a) ID–VD characteristics of the p-MOSFET device and its circuit
diagram. b) I–V characteristics of polymer memory device and its circuit
diagram.

� 2009 WILEY-VCH Verlag Gmb
first performed current–voltage (I–V) characterization on the
p-MOSFET devices and polymer memory devices individually.
Figure 2a presents the drain current versus drain voltage (ID–VD)
characteristic of the p-MOSFET device and its circuit diagram
(inset). The gate width and length are both 20mm. In order to
switch the p-MOSFETdevice ON, we applied a negative bias to the
gate electrode. The drain current was saturated at about �70mA
for a gate bias of �2.0 V, exhibiting typical long-channel
p-MOSFET behavior. We also performed I–V characterization
on the polymer memory device. Figure 2b shows a clear bipolar
switching with bistable resistance states of HRS and LRS. Unlike
unipolar switching devices, in the bipolar devices, resistive
switching occurred for different bias polarities. The polymer
memory device displayed in Figure 2b exhibited turn-ON and
turn-OFF events occurring at �3V and �2V, respectively. In our
previous works, we reported WPF-oxy-F polymer (Fig. 1b) as a
potential active material for polymer memory devices.[18,19,30] In
the metal–insulator–metal or crosspoint architecture, WPF-oxy-F
polymer showed a typical bipolar switching behavior with an ON/
OFF ratio of more than three orders of magnitude.[18,19,30]

To evaluate I–V characteristics of the p-MOSFET connected to
the polymer memory, we also measured the ID–VD and drain
current versus gate voltage (ID–VG) characteristics of the 1T–1R
device. As shown in Figure 3a, when the polymer memory device
is in the LRS condition, the 1T–1R device had ID–VD curve very
similar to that of the p-MOSFET device alone, indicating that the
polymer memory in the LRS condition does not affect the
operation of the transistor. However, because of the series
resistance of both the channel and the polymer memory, the
current level in the 1T–1R device (Fig. 3a) in the saturation
regime was reduced by a factor of �0.7 compared to the single
transistor (Fig. 2a) under the same gate bias. In contrast, when the
polymer memory device is turned to the HRS, the current flow
from source to drain in the p-MOSFET device was significantly
Figure 3. a) ID–VD characteristics of the 1T–1R device. b) ID–VG charac-
teristics of the 1T–1R device with respect to the resistance state of polymer
memory device.

H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 2497–2500



C
O
M

M
U
N
IC

A
T
IO

N

www.advmat.de
interrupted by the high resistance of the polymer memory device.
In the HRS condition, only�10 nA current flowed from source to
drain through the 1T–1R device under a gate bias of�2V. Similar
behavior was also observed in the ID–VG curve of the 1T–1R
device at a fixed drain bias of �0.1 V, as shown in Figure 3b. The
drain current for the 1T–1R device in the saturation regime was
observed as 10mA (in LRS condition) and 10 nA (in HRS
condition). The difference in drain current was about three orders
of magnitude, indicating that the drain current of the 1T–1R
device can be controlled by the resistance states of the polymer
memory device at a fixed drain bias.

The performance of the 1T–1R memory devices was also
investigated. The endurance of the 1T–1R device subjected to
consecutive single voltage pulses applied to the polymer memory
device is shown in Figure 4a. The LRS and HRS of the polymer
memory in the 1T–1R device were alternated via a 5 V pulse
(writing process, VP) and a�4V pulse (erasing process, VE), with
a pulse duration (tp) of 30 and 200 ms, respectively. The current
value of the 1T–1R device was then read at a fixed gate bias of
�1.0 V and drain bias of �0.1 V. During 50 repetitions of voltage
pulses, our 1T–1R device operated successfully, exhibiting an
ION/IOFF ratio of more than �103. Note that switching events
under faster voltage pulses are required for practical memory
applications. The retention characteristic was also investigated
under ambient conditions at room temperature, as shown in
Figure 4b. We measured the ID–VG of the 1T/1R device at a fixed
gate bias of �1.0 V and drain bias of �0.1 V when the polymer
memory was set as either HRS or LRS. The two current values of
the 1T–1R device, corresponding to the HRS and LRS of the
polymer memory device, were maintained for 104 s without any
significant degradation. In addition, we did not observe any
Figure 4. a) The endurance of the 1T–1R device with consecutive single
voltage pulses applied to the polymer memory device. The measurement
conditions are a 5 V pulse (writing process, VP) and a �4 V pulse (erasing
process, VE) with pulse duration (tp) of 30 and 200 ms, respectively.
b) Retention characteristics of the 1T–1R device. The current value was read
at a fixed gate of �1.0 V and drain bias of �0.1 V.
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damages in the dielectric layer during operation of the transistor
(1T).

In conclusion, we successfully demonstrated 1T–1R hybrid
memory devices consisting of a silicon transistor (p-MOSFET)
and a polymer memory. Individual p-MOSFET and polymer
memory devices exhibited typical p-channel transistor and
nonvolatile memory properties, respectively. The 1T–1R memory
device was successfully switched by applying consecutive voltage
pulses to the polymer memory. The written or erased data in the
1T–1R device was maintained for more than 104 s.
Experimental

The novel structure p-MOSFET was fabricated on an n-type (100) silicon
substrate (resistivity of 4–6V � cm). After the isolation was defined, 50 Å
thick SiO2 was grown by dry oxidation to form the gate oxide. Subsequently,
2000 Å thick undoped polysilicon was deposited on the gate oxide layer.
Gate electrodes were made by photolithography and wet etching of the
polysilicon. Boron implantation was then performed at 20 keV, followed by
a rapid thermal-annealing (RTA) process. The Si doped Al (1% of Si)
electrode layer was deposited on the source electrodes, while the drain
electrodes were left open for connection to the polymermemory layer. After
defining the source and drain electrodes, forming-gas annealing was
performed at 400 8C for 30min under nitrogen and hydrogen mixture gas
(N2 97%þH2 3%) atmosphere. The resulting transistor-device structure
has a gate width and gate length of 20mm.

As a polymer resistor layer, WPF-oxy-F was synthesized using a
palladium-catalyzed Suzuki coupling reaction method [31]. WPF-oxy-F was
first dissolved in methanol at a concentration of 10mg mL�1 and was then
spin-coated on the substrate. The typical spin-coating condition was
2000 rpm for 30 s. Post-baking was performed at 150 8C for 20min on a
hotplate in a nitrogen-filled glove box. To form electrodes on top of the
polymer layer, a shadow mask with a line width of 100mm was aligned and
a 100 nm thick Ag layer was deposited using a thermal evaporator under a
pressure of 10�6 Torr (1 Torr¼ 133.32 Pa). The device area of the polymer
memory is 100mm� 100mm, which is defined by the crosspoint area of
the junction and top electrode. The current–voltage (I–V) measurements
were carried out using a semiconductor parameter analyzer (Agilent
Technology 4155C) with pulse generator units (Agilent 41501B PGUs)
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