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We fabricated an 8 � 8 cross-bar array-type organic nonvolatile memory devices on twist-
able poly(ethylene terephthalate) (PET) substrate. A composite of polyimide (PI) and 6-
phenyl-C61 butyric acid methyl ester (PCBM) was used as the active material for the mem-
ory devices. The organic memory devices showed a high ON/OFF current ratio, reproduc-
ibility with good endurance cycle, and stability with long retention time over 5 � 104 s
on the flat substrate. The device performance remained well under the twisted condition
with a twist angle up to �30�. The twistable organic memory device has a potential to
be utilized in more complex flexible organic device configurations.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Numerous studies have reported on organic-based elec-
tronic devices such as organic light-emitting diodes, tran-
sistors, photovoltaics, and nonvolatile memories since the
discovery of conducting polymers [1–5]. These organic-
based materials and devices have many merits due to their
innovative potential for flexibility and their easy and low-
cost large-scale fabrication achieved by spin-coating and
roll-to-roll processes [3,6–17]. In particular, organic non-
volatile memory (ONVM) devices are being widely investi-
gated for next-generation data storage applications
[15,17–23]. Although ONVMs still require considerable
development to enhance device performances in compari-
son to inorganic nonvolatile memory devices, recent re-
ports on the flexibility of organic memory and other
types of devices have demonstrated various possibilities
in unconventional device applications [24–27]. In future
electronics, flexibility will be a very important factor in
the development and applications of foldable and wearable
electronics. Many research groups have reported amazing
results for active materials, electrodes, and integrated cir-
cuits in flexible electronics based on organic and inorganic
materials [26,28–31]. In addition, our group recently re-
ported on molecular-scale flexible electronics achieved
using self-assembled monolayers [32].

Likewise, ONVMs will be important in flexible elec-
tronic device applications. There are multiple types of
ONVMs, which are classified as ferroelectric [17,22,23],
flash [15,23], and resistive type [23,33,34] organic memory
devices based on their operating mechanisms and device
structures [23]. Among these types, resistive type memory
devices have advantages such as lower operating voltages
and simpler device structures. We recently reviewed some
of the existing organic resistive memory devices in terms
of performance enhancement and architectural issues,
including the one transistor–one resistor (1T–1R)-type
memory, the one diode–one resistor (1D–1R)-type mem-
ory, three-dimensionally integrated memory, and flexible
memory [24,25,33–36]. Until now, most reports on flexible
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memory devices have focused on bending conditions.
However, such devices should be flexible in a variety of
mechanically deformed configurations. For example, flexi-
ble devices should be not only bendable but also twistable
or stretchable if possible. Thin and wavy Si-based foldable
or stretchable electronic devices that are embedded in or
deposited on poly(dimethylsiloxane) (PDMS) have been
widely reported for various mechanical modification con-
ditions [28,31,37].

In this work, we report the results of a study on the
switching characteristics of organic resistive memory de-
vices on a flexible substrate that was twisted to various de-
grees. A composite of polyimide (PI) and 6-phenyl-C61
butyric acid methyl ester (PCBM) was used as the active
material of our resistive memory, as in our previous stud-
ies [24,34,35]. PI and PCBM composite materials have
shown chemical and mechanical robustness and good ther-
mal stability [35]. We fabricated PI:PCBM organic memory
devices on flexible and twistable poly(ethylene terephthal-
ate) (PET) substrates. The device parameters were charac-
terized according to the degree of twisting, up to a twist
angle of approximately 30�. We found that the statistical
threshold voltage distribution and the ON/OFF current le-
vel remained well regardless of the degree of twisting,
indicating the stability of the electrical characteristics of
our memory devices under twisting stress. Moreover, reli-
able memory performance in terms of endurance cycles
and retention time was demonstrated under twisting
conditions.

2. Experimental section

To produce twistable organic memory devices on a PET
substrate, the PET substrate was first cleaned by the typical
ultrasonic cleaning process using acetone and IPA for
5 min, respectively. The bottom electrodes were deposited
with eight lines of a 100-lm line-width pattern using a
shadow mask by a thermal evaporator with the deposition
rate of 5 Å/s at a pressure of �10�7 torr (Fig. 1a). The
deposited metal consisted of Al (70 nm thickness) and
Fig. 1. (a–d) The fabrication process of the Al/PI:PCBM/Al organic resistive mem
illustration of twisted organic resistive memory devices. (f) A photographic ima
the surface of the Al bottom electrodes was exposed to
UV–ozone treatment for 10 min. Note that the surface of
the Al bottom electrodes may contain the native Al oxide
layer. The thin Al oxide layer may enhance the reliability
of the organic resistive memory devices [38,39]. To prepare
an active layer for the organic resistive memory, we used
biphenyltetracarboxylic acid dianhydride p-phenylene dia-
mine (BPDA–PPD) as a PI precursor; the BPDA–PPD was
dissolved in N-methyl-2-pyrrolidone (NMP) solvent
(BPDA–PPD:NMP solvent = 1:3 weight ratio). The 6-phe-
nyl-C61 butyric acid methyl ester (PCBM) was dissolved
in NMP solvent at a concentration of 0.5 wt%. Then, a
PI:PCBM composite solution was prepared by mixing the
PI solution (2 ml) with the PCBM solution (0.5 ml) and
the PI:PCBM composite solution was spin-coated onto the
Al electrodes/PET substrate at 500 rpm for 5 s and subse-
quently at 2000 rpm for 35 s (Fig. 1b). The coated film
was soft-baked at 60 �C on a hotplate for 10 min in a N2-
filled glove box to dry and harden the deposited organic ac-
tive layer. After the baking step, the bottom electrode pads
were exposed by rubbing with a methanol-soaked swab for
electrical probing (Fig. 1c). Next, we hard-baked the mem-
ory devices in a vacuum oven at 110 �C for 24 h to enhance
the film uniformity, evaporate the residual solvent, and
perform thermal curing. The thickness of the PI:PCBM
composite active layer was measured at �60 nm by trans-
mission electron microscopy (TEM) analysis. Finally, we
deposited the top electrodes at a thickness of 70 nm cross-
wise to the bottom electrodes (Fig. 1d). Fig. 1f shows a pho-
tographic image of the completely fabricated our twistable
organic memory devices.

Fig. 2a shows a cross-sectional TEM image of an organic
memory cell. Good structural properties were observed by
TEM; no agglomerations of the PCBM were observed in this
image, indicating a good dispersion of the PCBM in the PI.
Furthermore, aluminum was found to be absent in the or-
ganic active layer by the energy dispersive X-ray spectros-
copy (EDS) data (Fig. 2b). The accidental penetration of Al
elements would create filamentary paths and short out
the memory cell. Carbon elements were mainly detected
ory devices in an 8 � 8 array structure on a PET substrate. (e) Schematic
ge of the fabricated organic memory devices under the flat condition.



Fig. 2. (a) Cross-sectional TEM image of an organic memory device. The device was diced with a focused ion beam. (b–f) TEM EDS element profiles of an
organic memory device. Each profile exhibits different color according to the different element (aluminum, carbon, platinum, oxygen, and silicon) contained
in the total layer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in the organic active layer and the PET substrate (Fig. 2c).
These results imply that the layers are well-separated
and the resistive switching of our memory devices mainly
functions in the PI:PCBM active layer.

3. Results and discussion

As shown in Fig. 3a, the electrical measurements of
twistable organic memory devices were conducted using
Fig. 3. (a) Photographic images showing the measurement of the organic memor
Representative I–V curve of the fabricated organic memory devices under the flat
to a 30� twist angle.
a semiconductor analyzer system (Model 4200-SCS, Keith-
ley, Inc.) at room temperature in a N2-filled glove box. Our
memory devices exhibited well-defined memory-switch-
ing characteristics. The current–voltage (I–V) switching
characteristics of our memory devices are shown in
Fig. 3b. We applied a voltage from 0 to 7 V using a double
sweep measurement. The initial state of the memory de-
vice was a high-resistance state (HRS, the OFF state). When
the applied voltage exceeded 4.2 V, the OFF state of the
y devices under twisting using a probe station in a N2-filled glove box. (b)
condition. (c) I–V curves measured under various angles of twist from flat
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memory device was abruptly changed to a low-resistance
state (LRS, the ON state). Subsequently, when the voltage
was decreased back to 0 V, the device remained in the
ON state. This result reflects a nonvolatile memory charac-
teristic. To turn off the device, the applied voltage was
swept from 0 to 15 V; the device tracked the previous cur-
rent characteristics of the ON state, and the device was
turned off after �11 V. We also observed a negative differ-
ential resistance (NDR) region between 9 and 13 V. The
memory switching behavior shown in Fig. 3b is called uni-
polar type. Unipolar switching is achieved by the succes-
sive application of voltages with the same polarity [40].
These resistive switching characteristics can be explained
by the charge-trapping mechanism proposed by Simmons
and Verderber [41] and Bozano et al [42,43].

To verify whether our memory devices exhibited reli-
able switching characteristics under twisted conditions,
we performed I–V measurements under twist conditions
at various angles, as shown in Fig. 3c. During the twisting
test, we twisted our organic memory devices from a flat
condition to an angle of 30� with an increment angle of
5�. The memory characteristics were well maintained up
to a 30� twist angle. Our organic memory devices did not
exhibit reliable memory switching at a 35� twist angle;
at that point, they showed a behavior of mixed ON and
OFF states that could not be distinguished as reliable ON
or OFF states. When we twisted beyond a 35� angle, we
also observed irreversible failure of the memory devices.
Therefore, we concluded that 30� was the maximum stable
twist angle for our devices. The memory devices exhibited
highly similar switching characteristics under both flat
conditions and maximum twist angle (30�) conditions. To
validate the reversibility of the electrical properties of
our twistable organic memory devices, we measured the
electrical characteristics when the devices were returned
to the original flat condition after twisting. The switching
characteristics showed no significant changes after the
twist test (Fig. 3c), indicating that the switching property
of our memory devices is resilient under twisting stress.
The ON/OFF current ratios were found to be over 103 at
all twist angles up to 30�.

Fig. 4 illustrates the statistical data for the switching
characteristics of all of the memory devices under three
conditions: flat (black), 15� twist angle (red), and 30� twist
Fig. 4. Statistical data on the switching characteristics of all of the memory devic
30� twist angle (blue color). (a) Cumulative probability of the switching curren
Threshold voltage distribution of the switching currents of all of the operative
references to color in this figure legend, the reader is referred to the web versio
angle (blue). Despite the loss of some memory devices, our
twistable devices exhibited a high device yield; specifi-
cally, all 64 devices operated well under the flat condition.
Furthermore, 59 devices out of 64 (i.e., 92.2%) were opera-
tive as memory devices in the 15� twist angle condition,
and 56 devices (i.e., 87.5%) were operative as memory de-
vices in the 30� twist angle condition. These results suggest
that a twisted organic memory device is possible, enabling
the integration of twisting cross-bar type organic nonvola-
tile resistive memory devices. Fig. 4a shows the cumulative
probability of the switching currents for all of the operative
memory devices under three conditions: flat (black), 15�
twist angle (red), and 30� twist angle (blue). Here, the cur-
rent values were measured at a read voltage of 0.3 V and
are plotted as the ON and OFF currents. The distribution
of the ON current values is observed to lie within approx-
imately two orders of magnitude, while the distribution of
the OFF current values is somewhat broader. However, the
important point is that the ON and OFF currents of our
twistable memory devices are well separated by more than
three orders of magnitude in both flat and twist conditions.
Fig. 4b displays the statistical distributions of the threshold
voltages (Vth) of the operative memory devices under flat
and twist conditions. The threshold voltage is the value
at which the memory device switches to ON. As shown
in Fig. 3b, the transition from the HRS to the LRS occurs
at voltages between 3 and 7 V, which is a rather broad
range. The distributions of the Vth values were found to
be similar for both the flat and twist conditions, indicating
that all of the individual memory devices can be switched
ON by a uniform parameter.

To examine in detail the memory performance of our
twistable organic memory devices, we performed a series
of characterizations, including a DC sweep endurance test
and a retention test. As shown in Fig. 5a, the twisted organ-
ic memory devices exhibited good retention over a
5 � 104 s test period. In this retention test, the ON/OFF cur-
rent ratios were also well maintained over four orders of
magnitude and did not exhibit any serious electrical degra-
dation under the three conditions: flat (black), 15� twist
angle (red), and 30� twist angle (blue). Here, the current
values of the two states (ON and OFF) were measured at
a read voltage of 0.3 V. Fig. 5b–d show the results of the
DC sweep endurance test for the three conditions. DC volt-
es under three conditions: flat (black color), 15� twist angle (red color), and
ts of all of the operative memory devices under the three conditions. (b)

memory devices under the three conditions. (For interpretation of the
n of this article.)



Fig. 5. (a) Retention times of the twistable organic memory devices under the three conditions: flat (black color), 15� twist angle (red color), and 30� twist
angle (blue color). (b–d) DC sweep endurance test of the twistable organic memory devices under the three conditions. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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age sweeps were performed approximately 200 times
using the same parameters for the memory devices under
both flat and twist conditions. During the repetitive
sweeps, our twistable memory devices maintained ON/
OFF ratios of over �104 without showing any significant
electrical degradation. As demonstrated in our previous
study, these reliable electrical performances highlight the
potential for device application, which is strongly related
to the possibility of three-dimensional stacking on flexible
and twistable substrates [35].

4. Conclusions

In summary, we investigated the switching characteris-
tics of 8 � 8 cross-bar array-type organic resistive memory
devices on a PET twistable plastic substrate. A composite of
PI and PCBM was used as the active material for the mem-
ory devices. Various device parameters were characterized
over different twist angles. We found that the ON/OFF cur-
rent cumulative probabilities were well separated regard-
less of the degree of twisting, up to a maximum twist
angle of approximately 30�, indicating stable electrical
characteristics of our memory devices under twisting
stress. Moreover, reliable memory performance in terms
of endurance cycles and retention time was demonstrated
under twist conditions.
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