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Organic robust polyradicals are establishing their position as a
new class of functional polymers, such as ferromagnetic materials,
based on the spin alignment of unpaired electrons through
conjugated backbones.1 An intriguing aspect of the current research
is the application of radical polymers, i.e., aliphatic polymers
bearing redox-active radical pendant groups, to high capacity
charge-storage materials for secondary batteries.2 The high power
characteristics of the so-called “radical battery” originate from the
large heterogeneous electron-transfer rate of the redox centers and
the efficient mass-transfer process within the polymer layers,
allowing facile accommodation of electrolyte ions to compensate
charges generated from the neutral radicals. Nernstian electrochemi-
cal behaviors have been found for a number of robust radicals,
such as the 1e- oxidation of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) to the oxoammonium cation and the 1e- reduction of
galvinoxyl radicals to the galvinolate anion.3 Radical polymers
bearing pendant TEMPO and galvinoxyl groups undergo heavy p-
and n-doping and are used as cathode- and anode-active materials
in the radical battery, respectively, by sandwiching an electrolyte
layer. We anticipated that a similar charge-storage configuration
should develop for a dry system in the absence of the electrolyte
layer, by sandwiching a dielectric material with the radical
polymers. The expected result is an electroconductive bistability,
rather than the power storage. Here we report the excellent
properties of an organic “radical memory”, which provided insight
into the mechanism of charge storage at an electrode interface under
dry conditions.

The organic-based memory was first introduced for FeRAM-
type devices, wherein fluorine-containing polymers were used as
the dielectric material to replace silicon dioxide in combination with
inorganic semiconductor-based transistors.4 All plastic-type memory
systems have attracted recent attention as a new type of low voltage-
driven memory between conventional DRAM/SRAM devices and
magnetic hard discs, in addition to the inherent advantages allowing
for a facile wet-process fabrication. Several types of organic
materials have been examined for this purpose, such as organic
semiconductors,5-7 charge-transfer complexes,8,9 redox-active com-
pounds, and metal nanoparticle-dispersed thin films.10,11However,
the organic-based devices often fell into write-once-read-many type
memory characteristics and suffered from a low ON-OFF ratio
remaining at less than 2 orders of magnitude. We selected structure-
defined radical polymers which yielded contamination-free, homo-
geneous, and tough organic layers for improvement of the device
behaviors.

The metal-insulator-metal diode-type structure of the fabricated
radical memory is shown in Figure 1. The device was composed
of the thin layers of poly(2,2,6,6-tetramethylpiperidine-1-oxyl
methacrylate) (PTMA) as the p-type redox active material, poly-
vinylidene difluoride (PVDF) as the dielectric material, and poly-
(4-(2,6-di-tert-butyl-R-(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadien-
1-ylidene)-p-tolyloxy)styrene) (PGSt) as the n-type redox activate

material. These layers were conveniently spin-coated onto an ITO/
glass electrode from solutions of PTMA in ethyl lactate, PVDF in
hexamethylphosphoramide, and PGSt in toluene. The polymer
multilayer was successfully formed without substantial intermixing,
by virtue of the significant difference in solubility. An AFM image
of the PTMA layer on the ITO substrate (Figure S1) revealed a
highly smooth and homogeneous surface with a mean roughness
of 1 nm, although the ITO surface had a larger roughness of ca. 10
nm. The effects of the depletion defects and pinholes are thus likely
to be excluded for the polymer-based devices. The top Al electrode
had a width of 5 mm, so that the device had a measured area of 25
mm2.

The typicalI-V characteristics of the device are shown in Figure
2a. When an increasing voltage of 0 to-5 V was applied to the
Al electrode versus the ITO electrode (sweep 1), the state of the
device was precipitously switched to low resistance near-4.5 V

Figure 1. Radical polymer-based memory architecture and charge injection,
transporting, and trapping mechanism at the PVDF interfaces, and energy
level diagram for the ITO, PTMA, PGSt, and Al.

Figure 2. (a) I-V characteristics of the device with an ITO/PTMA/PVDF/
PGSt/Al configuration. Inset: Analysis ofI-V characteristics for the device
in the ON (b) and OFF (O) states. The ON- and OFF-state responses were
fitted for the Poole-Frenkel emission and Schottky effects, respectively.
(b) Retention cycle tests for current density at-1 V after pulse applications
at the write voltage of-7 V (blue circles) and the erase voltage of 5 V
(red circles). Inset: Endurance test results during the application of write-,
read-, and erase-voltage cycles.
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as the threshold voltage. The low-resistance state was maintained
during the reverse sweep of the voltage from-5 to 1.4 V (sweeps
2 and 3 in Figure 2a). The low-resistance or ON state was observed
for repeated sweeps, regardless of the sweep direction (Figure S2a).
When a bias of ca. 1.5 V was applied, the device sharply switched
to the high-resistance or OFF state again (sweep 4). In the hysteretic
curve, the ON-OFF ratio amounted to 4 orders of magnitude. The
optimum write (VW), erase (VE), and read voltages (VR) were
determined to be-7, 5, and-1 V, respectively. The results of the
retention and endurance cycle tests for switching between the ON
and OFF states are shown in Figure 2b. The current for the OFF
state after theVE pulse for 0.1 s, detected by theVR pulse with a
current of 10-3 µA, was significantly smaller than that for the ON
state after theVW pulse for 0.1 s (100µA). The retention cycles of
the ON and OFF states under open-circuit conditions persisted for
more than 104 times. Furthermore, each state survived for a month
after the corresponding once-time-only pulse as well as consecutive
pulses. Endurance tests were similarly performed by consecutively
applying the pulses in the order ofVW, VR, VE, andVR. The slight
decay of the ON-OFF ratio might be caused by slow degradation
of the device. However, the repeatable performance was confirmed
for more than 103 cycles.

Control experiments using a PVDF-free device with a config-
uration of ITO/PTMA/PGSt/Al (Figure 3a) revealed the origin of
the ON-state stability. The negative bias applied to the pristine
highly resistant device induced a similar transition to the low-
resistant state (sweeps 1 and 2). However, the resulting ON state
was quenched by applying any positive bias (sweep 3). The ON-
state current gradually decreased and converged to that of the OFF
state after 50 sweeps (Figure 3b). A plausible mechanism based
on these result is a rectification effect of the p-n junction where
charge consumption by recombination prevails at the PTMA/PGSt
interface (Figure 3b, inset). The lack of any current from the
positively biased device (sweeps 4 and 5) suggests the absence of
the trapped charges in the polymer layers.

The Schottky effect and the Poole-Frenkel (PF) emission are
anticipated for the charge injection at the radical polymer/electrode
interface and the charge transfer within the radical polymer layer,
respectively.12-14 As shown in Figure 2a, the plots of log(I) versus
V1/2 were linear in the high-resistance range of 0 to-4.5 V before
the electrical transition, which indicated that the OFF state was
dominated by the Schottky barrier or the charge-injection process.
On the other hand, theI-V plots for the ON state obeyed a linear

log(I/V) versusV1/2 relationship, suggesting that the PF emission
was responsible for the charge transfer (see Figure 2a). In the ON
state, charges were trapped at the radical polymer/PVDF interfaces,
which induced accumulation of the opposite charges at the radical
polymer/electrode interfaces and reduced the Schottky barriers,
allowing charges to transfer across the radical polymer/electrode
interfaces even at low voltages.

The SOMO levels of PTMA and PGSt were 5.2 and 4.2 eV,
respectively. The PTMA layer accepts holes from the ITO, and
electrons are injected into the PGSt layer from Al. The injected
holes and electrons are transported by the hopping mechanism and
are stored at the radical polymer/PVDF interfaces. Under open
circuit conditions, the trapped holes and electrons were nonvolatile
due to not only the charge trapping at the radical polymer/PVDF
interfaces but also the blocking of the charge transfer in the PTMA
and PGSt layers having sufficient resistances. The asymmetric
configuration of the electrodes with the different work functions
allows initialization of the device by applying an inverse voltage.

In conclusion, the battery-inspired PTMA/PVDF/PGSt config-
uration led to the unique electroconductive bistability that functions
as the memory device. Our preliminary impedance experiments have
suggested that the device operates at a frequency of up to 105 Hz
indicating a high rate of switching for the ON-OFF transition,
which are the topics of our continuous research.
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Figure 3. (a) I-V characteristics of the rectifying device with a config-
uration of ITO/PTMA/PGSt/Al (see Figure S3). (b) Retention cycle tests
by applying the pulses in the order ofVW andVR (ON state,b), or VE and
VR (OFF state,O), consecutively. Inset: Energy level diagram for the
rectifying device.
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