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degradation over 10% s.

We fabricated 8 x 8 cross-bar array-type organic non-volatile memory devices of polyimide (PI) layers
embedded with ZnO nanowires. The ZnO nanowires were synthesized by chemical vapor deposition and
deposited into the PI layers by a solution coating process. The devices of PI layer without ZnO nanowires
showed an insulating characteristic without exhibiting any memory behavior. The ZnO nanowires acted
as carrier trapping sites in the insulating PI layers for our memory devices. The organic memory devices
exhibited write-once-read-many-times-type non-volatile memory characteristics with an excellent
ON/OFF switching ratio over 10%, good uniformity in cumulative probability, and stability without serious

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic-based electronics, such as organic photovoltaic cells,
field-effect transistors, light-emitting diodes, and memory devices,
have been intensively researched over the past decade. Organic
materials and devices provide a number of advantages, including
simple device structures, large-scale fabrication, good scalability,
and flexibility [1-3]. In particular, the viscous inkjet solution-based
printability of organic materials is becoming an enabler of future
cost-effective electronics technology [4,5]. Among the various device
types of organic materials, organic non-volatile resistive memory
devices have been widely researched, due to their simple and low-
cost fabrication process, good stability, low-power consumption,
and multi-stacking capability [6—8]. In organic memory devices,
each bi-stable resistive state can be read nondestructively, and there
is no need to supply electrical power to maintain a given resistive
state, i.e., the memory is non-volatile [9]. Because the properties of
organic memory devices primarily depend on the active material
itself, a significant amount of research on discovering appropriate
materials applicable to organic memory devices has been conducted.
Recently, organic memory devices using a chemically producible
graphene oxide (GO) as the active layer have been reported [10,11].
From the device structure perspective, the organic memory devices
have been manufactured as a single-layer structure, consisting of
only one type of organic material; a bi-layer structure, consisting of
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two types of organic materials; a tri-layer structure, in which nano-
traps for charge carriers are sandwiched between two organic
layers; or a spin-cast blend of polymer and nano-traps, in which
nano-traps are randomly dispersed in the entire region of the
polymer layer [12]. In a tri-layer or composite structure of polymer
and nano-traps, finding suitable materials to produce the nano-traps
has been the major issue because the organic layers simply act as an
insulating host layer. Organic memory devices that use various
types of nano-traps materials, such as multilayer graphene, carbon
nanotubes, indium phosphide (InP), zinc sulfide (ZnS), cadmium
selenide (CdSe), and zinc oxide (ZnO) nano-particles, have recently
been reported. The hybrid inorganic/organic nano-composites de-
vices containing nano-traps have exhibited long retention times,
indicating excellent device stability [13—17].

In this paper, we fabricated 8 x 8 cross-bar array organic
memory devices consisting of polyimide (PI) layers embedded with
ZnO nanowires. The ZnO nanowires were synthesized by chemical
vapor deposition and deposited within the PI layers by solution-
coating. We characterized the fabricated organic memory devices
in terms of their switching properties, ON/OFF ratio, cumulative
probability, and retention characteristics.

2. Experimental details
2.1. Device fabrication and characterization

The fabrication process of our organic memory devices is shown
in Fig. 1. First, a Si wafer with a 300-nm-thick SiO, layer was cleaned
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Fig. 1. The fabrication process of our organic memory devices.

using the standard-cleaning process using acetone followed by
isopropyl alcohol (IPA) and then de-ionized water in an ultrasonic
bath for 10 min. The bottom electrodes (consisting of 50-nm-thick
Al) were deposited onto the Si substrate by a thermal evaporator
using a 100-pm-line-width shadow mask (Fig. 1(a)). The bottom Al
electrodes were exposed to UV-ozone for 10 min to enhance the
film uniformity. The polyimide (PI) solution was prepared by dis-
solving biphenyltetracarboxylic acid dianhydride p-phenylenedi-
amine (BPDA-PPD) in N-methyl-2-pyrrolidone (NMP) with a
weight ratio of BPDA-PPD:NMP = 1:3. The prepared PI solution was
spin-coated onto the Si substrate at 2000 rpm for 40 s, and the PI-
coated Si substrate was subsequently heated on a hot plate at 60 °C
for 10 min (Fig. 1(b)). Next, the PI-film/Al-pad structure was

removed from the Si substrate, and the samples were heated at
300 °C for 30 min. After cooling, the IPA solution containing the
ZnO nanowires was spin-coated onto the PI-film/Al-pad at
1500 rpm for 10 s, followed by heating at 60 °C for 5 min to
evaporate the residual solvent (Fig. 1(c)). After the 10-min
UV-ozone cleaning, a second PI layer was spin-coated under the
same conditions described above (Fig. 1(d)). Finally, the top elec-
trodes (consisting of 50-nm-thick Al) were deposited by a thermal
evaporator with a shadow mask (Fig. 1(e)). By arranging the top
and bottom shadow mask lines to cross perpendicularly,
100 pm x 100 pm junctions are produced, each of which define a
unit memory cell. A photographic image of completed organic
memory devices is shown in Fig. 1(f).

Count (#)

0 50 100 150
Position (nm)

Fig. 2. (a) Schematic of the fabricated organic memory devices. (b) SEM image of the ZnO nanowires grown by chemical vapor deposition. (c) TEM cross-sectional image of a
representative organic memory device (across the line in (a)). (d) The compositional profile for the elements of carbon, oxide, and zinc across the line indicated in (c).
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Fig. 3. I-V characteristics of an organic memory device. The inset shows the data for a
device consisting of the polyimide layer without ZnO nanowires.

2.2. Synthesis of ZnO nanowires

ZnO nanowires were prepared from ZnO powder and graphite
powder using the well-known chemical vapor deposition (CVD)
method. A c-plane sapphire wafer was cleaned by a standard
solvent-cleaning process as above, and a 3-nm-thick Au layer was
deposited onto the cleaned sapphire wafer by a thermal evaporator.
ZnO powder and graphite powder were mixed with an equal mass-
ratio uniformly in IPA, and the mixture was dried overnight to
vaporize the unnecessary remaining solvent. An alumina boat
containing the mixed powder and the Au-coated sapphire was
loaded into the center of the quartz tube of the CVD reactor. In the
CVD reactor, ZnO nanowires were synthesized on the sapphire
substrate under a flow of 50 sccm Ar and 0.2 sccm O; for 30 min
at ~920 °C. After cooling, to disperse the ZnO nanowires, the sap-
phire substrate coated with ZnO nanowires was soaked with 2 ml of
IPA and sonicated for 1 min [18]. Fig. 2(b) shows a scanning electron
microscope (SEM) image of the ZnO nanowires grown by the pro-
cedure described above. Fig. 2(c) shows a transmission electron
microscope (TEM) cross-sectional image of ZnO nanowires in pol-
yimide layers, which was obtained across a line indicated in Fig. 2(a).
The elemental profiles along the line profile shown in Fig. 2(d)
confirm the presence of ZnO nanowires in the polyimide layers.

2.3. Electrical characterization

The electrical measurements were performed using a probe
station that was placed in a nitrogen-filled glove box to prevent the
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devices from being exposed to the oxygen and moisture present in
the ambient atmosphere. The devices were electrically grounded at
the bottom electrodes, and the voltage was applied to the top
electrodes. The electrical data were obtained with a Keithley-4200-
scs-probe station system at room temperature.

3. Results and discussion

Fig. 3 shows the representative current versus voltage (I-V)
characteristics of an organic memory device. We recorded the
electrical characteristics of the device in the following sequence.
At the beginning of the measurement, voltage was applied from
zero to 7 V. After the applied voltage reached 7 V, the voltage was
decreased back to zero (blue squares in the web version). Then,
the voltage was applied again, but this time over the range from
zero to 10 V (red circles in the web version). The initial state of the
memory devices was a high-resistive state (OFF state). In the first
voltage sweep, when the applied voltage reached ~2.5 V, the OFF
state of the memory devices was changed to a low-resistive state
(ON state). Even if the voltage was decreased back to zero, the ON
state remained, indicating the non-volatile character of the
memory. When the voltage was applied from zero to 10 V after
setting ON state (red line in the web version), the ON state was
still maintained, indicating the write-once-read-many-times
(WORM) type memory characteristic of the device. This WORM
characteristic indicates that the initial OFF state of the organic
memory device can be switched to the ON state but that the de-
vice cannot be switched back to the OFF state. A memory device
that is switchable between the ON and OFF states (called rewrit-
able switching) is preferred, but the WORM-type organic memory
devices are also useful, as long as the ON and OFF states can be
stably maintained in a manner similar to that in CD-ROM type
memory.

Our memory devices consisting of Pl embedded with ZnO
nanowires exhibited WORM-type non-volatile memory with a high
ON/OFF ratio (Fig. 3). If the ZnO nanowires were not embedded into
the PI layers, those organic devices with only the PI layer did not
exhibit any memory properties. Instead, they exhibited electrical
insulating behavior, thus confirming that the ZnO nanowires played
the role of the material that produced nano-traps in our organic
memory devices, whereas the polyimide layer acted only as an
insulating layer.

The observed memory switching characteristics can be
explained by the charging effect of the ZnO nanowires embedded
between the insulating polyimide layers. It is well known that the
work function of Al and the ZnO nanowires is ~4.3 eV and ~5.3 eV,
respectively [19,20]. When the voltage is applied, the carriers from
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Fig. 4. (a) The cumulative probability and (b) the retention characteristics of our organic memory devices.
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the Al electrode are injected into the insulating polyimide layer and
ZnO nanowires. Here, because of the work function difference be-
tween the Al and the ZnO nanowires, the injected carriers are
trapped in the ZnO nanowires, resulting in charge accumulation.
With sufficient applied voltage, the trapped carriers can penetrate
into the other polyimide layer, and the accumulated internal charge
generates a local electric field, which ultimately affects the
switching behavior, i.e., a filamentary path is formed. This charging
effect observed in the organic memory devices has been reported
previously for many types of nano-trap materials, including ZnO
nano-crystals [15,16,21].

In addition to the switching characteristics, organic memory
devices should be characterized in terms of memory performance,
such as uniformity in the cumulative probability and retention
characteristics. Fig. 4(a) shows the cumulative probability of the ON
and OFF resistive states in the memory devices that were charac-
terized. Although the ON state was relatively wide, each state was
well separated by at least 10? times the current level, which
confirmed that reliable memory operation is possible. Fig. 4(b)
shows the retention times of our organic memory devices. Each
state was maintained over 10 s at 1 V (reading voltage) without
serious degradation, indicating the bi-stability of the devices.

4. Conclusions

In summary, we investigated 8 x 8 cross-bar array-type organic
memory devices consisting of polyimide layers embedded with
ZnO nanowires. The ZnO nanowires, synthesized by chemical vapor
deposition, were deposited into the polyimide layers by solution
spin-coating, and they were used as carrier trapping sites in the
insulating polyimide layers. The organic memory devices exhibited
WORM-type memory characteristics with an excellent ON/OFF
switching ratio of over 10® and a good retention property of over
10*s. Although there is some improvement required to improve the
density of the ZnO nanowires embedded in the polyimide layers,
the solution-coating method used to disperse the ZnO nanowires is
a convenient tool to form the active layer in a composite structure
in organic memory devices.
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