
Polymer 48 (2007) 5182e5201
www.elsevier.com/locate/polymer
Feature Article

Polymer memories: Bistable electrical switching and device performance

Qi-Dan Ling a, Der-Jang Liaw b, Eric Yeow-Hwee Teo c, Chunxiang Zhu c, Daniel Siu-Hung Chan c,
En-Tang Kang a,*, Koon-Gee Neoh a

a Department of Chemical and Biomolecular Engineering, National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260, Singapore
b Department of Chemical Engineering, National Taiwan University of Science and Technology, 43, Section 4, Keelung Road, Taipei, Taiwan

c SNDL, Department of Electrical and Computer Engineering, National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260, Singapore

Received 29 April 2007; received in revised form 9 June 2007; accepted 13 June 2007

Available online 21 June 2007

Abstract

As an emerging area in organic electronics, polymer memories have become an active research topic in recent years. Polymer memories
based on bistable electrical switching are likely to be an alternative or supplementary technology to the conventional memory technology facing
the problem in miniaturizing from micro- to nano-scale. In this article, an account of our recent work on bistable electrical switching in a series
of processable electroactive polymers is given. The polymers can provide the required electronic properties within a single macromolecule for
memory device applications. Bistable electrical switching phenomena arising from four processes, viz., trappingedetrapping, charge transfer,
conformational change and nanocomposite redox effects, in electroactive polymers are described. In each case, three aspects of the memory
effect, viz., (i) materials and structural features, (ii) conductance switching and currentevoltage characteristics, and (iii) operating mechanism
and electronic transitions are emphasized. Finally, the performance of these polymer memories is summarized.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The amazing success of microelectronics over the past 40
years is based to a large extent on advances in the fabrication
of silicon-based integrated circuits. However, a number of
physical and economic factors, which threaten the continued
scaling down of silicon semiconductor devices, have moti-
vated research into electronic systems based on other technol-
ogies [1e3]. Organic materials are promising candidates for
future molecular-scale device applications. Their attractive
features include miniaturized dimensions and the possibility
for molecular design through chemical synthesis [4,5]. It has
been demonstrated that individual or small packets of mole-
cules, mounted within addressable scaffolds, can conduct
and switch electrical currents, and can retain electrical bits

* Corresponding author. Tel.: þ65 6516 2189; fax: þ65 6779 1936.

E-mail address: cheket@nus.edu.sg (E.-T. Kang).

0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.06.025
of information [6]. A wide variety of organic materials, includ-
ing organic dyes [7e10], charge transfer (CT) complexes
[11e15], conjugated oligomers [16e18], redox metal com-
plexes [19e21] and other molecules [22e25], have been ex-
plored for memory applications. Rather than encoding ‘‘0’’
and ‘‘1’’ as the amount of charge stored in a cell in silicon
devices, organic memory stores data in an entirely different
form, for instance, based on the high- and low-conductivity re-
sponse to an applied voltage [26]. Advantages of polymer and
organic memories include simplicity in device structure, good
scalability, low-cost potential, low-power operation, multiple-
state accessibility, three-dimensional (3D) stacking capability
and large capacity for data storage [27e34]. In particular,
polymer materials possess unique properties, such as good me-
chanical strength, flexibility, and most important of all, ease of
processing [35,36]. As alternatives to the more elaborated pro-
cesses of vacuum evaporation and deposition of inorganic and
organic molecular materials, other solution processes, includ-
ing spin-coating, spray-coating, dip-coating, roller-coating and
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ink-jet printing, are well known in the art and can be used to
deposit polymers on a variety of substrates (plastics, wafers,
glass and metal foils) [34].

A number of polymeric materials, including a composite
material of poly(ethylenedioxythiophene) and poly(styrene-
sulfonic acid) (or PEDOT:PSS) [37], a mixture of gold
nanoparticles, 8-hydroxyquinoline and polystyrene [38], supra-
molecular structures doped with dyes [7], and other polymer
CT complexes [39] have been explored for polymer memory
effects and applications. Most of the polymers in these pio-
neering works were used as the polyelectrolyte, matrix of a
dye, or component of a CT complex in a doped or mixed sys-
tem. Doping or mixing of incompatible components may give
rise to non-uniform dispersion, resulting in phase separation
and ion aggregation [40].

We have embarked on the design and synthesis of a series
of processable polymers, which can provide the required elec-
tronic properties within a single macromolecule and yet still
possess good chemical, mechanical and morphological charac-
teristics, for memory device applications. The molecular
design-cum-synthesis approach has allowed several polymer
memories, including flash (rewritable) memory, WORM
(write-once read-many-times) memory and dynamic random
access memory (DRAM) to be realized. In this feature article,
we summarize our recent work on these polymer memories. A
more comprehensive review on the topic of molecular and
polymer memories will appear in the second edition of Ency-
clopedia of Nanoscience and Nanotechnology [26].

2. Device structure and fabrication method

The memory cell test structure consists of an electroactive
polymer thin film sandwiched between two electrodes on a sup-
porting substrate (plastics, wafer, glass or metal foil), as shown
in Fig. 1(a). The configuration of electrodes can be symmetric
or asymmetric, with Al, Au, Cu, p- or n-doped Si, and
indium-tin oxide (ITO) as the most widely used electrode
materials. The basic memory cells can be integrated into a cross
point memory array. A schematic diagram of a 4 (word
line)� 4 (bit line) crossbar memory device is shown in
Fig. 1(b). Each memory cell is univocally identified by its X
and Y coordinates and this kind of selection is used both for
programming and for reading the desired cell. Cross point
memory arrays are two terminal devices. The arrays can be
stacked to form three-dimensional (3D) data storage devices.
A schematic diagram of a 2 (stacked layer)� 4 (word line)� 4
(bit line) stacked memory device is shown in Fig. 1(c). Inside
each memory layer, cells are arranged in two-dimensional
arrays. Stacked multilayer memories offer high data storage
density and simplicity in device fabrication, to overcome the
limitations of conventional lithographic process.

Polymer memory fabrication is a bottomeup approach. By
contrast, silicon memory fabrication is a topedown approach,
involving etching away of a silicon crystal to form microme-
ter-sized devices and circuitry. Bottomeup approach gives
rise to the prospect of manufacturing electronic circuits in
rapid and cost-effective flow-through processes. In the typical
fabrication of test structures, a polymer solution is spin-coated
onto the bottom electrode (such as ITO) to provide a polymer
film of w50 nm thickness. Complete solvent removal is
achieved by heating in a vacuum chamber. The top electrodes
of 0.4� 0.4, 0.2� 0.2 and 0.15� 0.15 mm2 area, and several
hundred nanometers in thickness, are thermally evaporated
onto the polymer surface at a reduced pressure of about
10�5 Pa through a shadow mask. The devices are character-
ized, under ambient conditions, using a HewlettePackard
4156A semiconductor parameter analyzer equipped with an
Agilent 16440A SMU/pulse generator.

3. Bistable electrical switching based on trappinge
detrapping processes in polymers

3.1. Materials and structural features

Certain electroactive polymers containing electron donor
and electron acceptor moieties exhibit bistable electrical
switching behavior arising from carrier trappingedetrapping
processes. Three representative classes of polymer materials
Fig. 1. (a) The basic configuration of a polymer memory cell. (b) Schematic diagram of a 4 (word line)� 4 (bit line) cross point memory array. (c) Schematic

diagram of a 2 (stacked layer)� 4 (word line)� 4 (bit line) stacked memory device.
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for the trappingedetrapping memories are shown in Scheme 1.
PKEu and PCzOxEu are non-conjugated polymers containing
carbazole group as the electron donor (D) and europium com-
plex as the electron acceptor (A). PF6Eu and PF8Eu are con-
jugated polymers containing the fluorene group as the electron
donor and europium complex as the electron acceptor.
PFOxPy is a conjugated polymer containing the fluorene
group as the electron donor, and the oxadiazole and bipyridine
groups as the electron acceptors.

3.2. Memory effects and currentevoltage characteristics

The memory effects of devices based on different materials
are summarized in Table 1. The devices based on PKEu and
PCzOxEu exhibit the ability to write, read, erase and retain
the stored state. They are non-volatile and rewritable flash
memories. The devices based on PF6Eu and PF8Eu exhibit
the ability to write and read. The ON-state cannot be erased
but is retained permanently. Thus, they are write-once read-
many times (WORM) memories. The device based on
PFOxPy exhibits the ability to write, read and erase. The reten-
tion time of the ON-state is very short, but the ON-state can be
electrically sustained by a refreshing voltage pulse every few
seconds. These abilities fulfil the functionality of a dynamic
random access memory (DRAM).

3.2.1. Flash memory effect from non-conjugated polymers
containing metal complex

Flash memory is a type of non-volatile memory, which does
not require power to retain the information stored in the cell. It
can be electrically erased and reprogrammed. Flash memories
are widely used in portable systems, such as PDA, mobile PC,
video/audio player and digital camera. Current flash memory
technology is based on metal-oxide-semiconductor field-effect
transistor (MOSFET) with a floating gate. Electric field can
transfer charge to and from the floating gate and modifies
the threshold voltage (encoding ‘‘0’’ and ‘‘1’’ signals) of the
underlying transistor. Flash memory effect can also be realized
S
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Scheme 1. Chemical structures of some polymer materials exhibiting trappingedetrapping-induced memory effects.
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Table 1

Structural features and memory effects of different classes of polymer materials

Materials Structural features Memory effects

Conjugate e-Donor e-Acceptor Complex Write Read Erase Retain Refresh Rewritable Volatile

PKEu, PCzOxEu � u u u u u u u O u �
PF6Eu, PF8Eu u u u u u u � u O � �
PFOxPy u u u � u u u � þ u u

u e Yes or able; � e not or unable; þ e necessary; O e unnecessary.
in many polymer materials based on their resistance changes
in response to an applied voltage [27].

In our copolymer system, the devices based on non-
conjugated polymers containing electron DeA structure and
metal complex exhibit flash memory effect [41,42]. Fig. 2
shows the typical current densityevoltage (JeV) characteris-
tics of the Al/PKEu/ITO sandwich device [41]. J increases
progressively with the applied bias (stage I). A sharp decrease
in current occurs at about 4 V (stage II), indicating the transi-
tion of the device from the high conductivity state (ON-state)
to a low conductivity state (OFF-state). This transition from
the ON-state to the OFF-state is equivalent to the ‘‘writing’’
process in a digital memory cell [41]. After this transition,
the device remains in this state even after the power is turned
off. This phenomenon can be seen in the third scan (stage III)
in Fig. 2. The JeV characteristics define the electrical bistabil-
ity of the PKEu and also reveal the non-volatile nature of the
memory effect. The OFF-state can be recovered by the simple
application of a reverse voltage pulse (at about �2 V, stage
IV). This is equivalent to the ‘‘erasing’’ process of a digital
memory cell. Stage V of Fig. 2 shows the JeV characteristics
of the device after application of a �2 V bias. The behavior is
nearly identical to that of stage I. This feature allows the
application of PKEu in a rewritable flash memory [41].
Similar memory behavior has also been observed in a series
of rare earth metal complexes, including Eu(DBM)3(tmphen),
Sm(DBM)3(tmphen) and Gd(DBM)3(bath), doped into poly-
(N-vinylcarbazole) (PVK) as active medium in the memory

Fig. 2. Current densityevoltage (JeV) characteristics of the Al/PKEu/ITO de-

vice based on a spin-cast film of PKEu (w50 nm) for two sweep directions.

Arrows indicate the sweep direction of the applied voltage (Ref. [41]).
devices (DBM¼ dibenzoylmethane, tmphen¼ 3,4,7,8-tetra-
methyl-1,10-phenanthroline, bath¼ 4,7-diphenyl-1,10-phen-
anthroline) [43].

3.2.2. WORM memory effect from conjugated polymers
containing metal complex

WORM memory is a type of non-volatile memory that is
capable of holding data permanently and being read from re-
peatedly. It can be written only once physically, and it is not
feasible to modify the stored data. WORM memory can be
used to store archival standards, databases and other massive
data where information has to be reliably kept and made avail-
able over a long period of time. In these cases, WORM mem-
ory functions as the conventional CD-R, DVD� R or PROMs.
WORM memory can also be used as disposable memory in
some niche environments, such as electronic labels and
RFIDs.

The devices based on conjugated polymers containing elec-
tron DeA structure and metal complex exhibit the WORM
memory effect [41,44e48]. The memory effect of PF6Eu is
shown in the JeV characteristics of the device Al/PF6Eu/
ITO in Fig. 3. Initially, the as-fabricated device is at its low
conductivity state (OFF-state). The current density in the
low voltage range on the first sweep is quite low (of the orders
of 10�10e10�8 A/cm2). When a switching threshold voltage
of about 3 V is applied, an abrupt increase in J from 10�8 to
10�2 A/cm2 is observed, indicating the device transition
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from a low conductivity state to a high conductivity state (ON-
state, the first sweep) [44]. This electrical transition from the
OFF-state to the ON-state serves as the ‘‘writing’’ process
for the memory device. The device exhibits good stability in
this high conductivity state during the subsequent forward
and reverse voltage scans (Fig. 3). It remains in the ON-state
even after turning off the power (the second sweep) and
does not return to the low conductivity state upon applying
a negative bias (the third sweep). Thus, this device exhibits
the WORM-type memory effect [44]. For the same class of
conjugated copolymers containing europium complex with
different substituted alkyl group [45], composition [46] or co-
ordination ligands [48], the devices exhibit similar WORM
memory effect. When n-type silicon substrate is used as the
bottom electrode instead of ITO (Al/PF6Eu/n-Si), diode recti-
fying characteristics were observed for the turned-on device
with a current ratio of 7� 104. This feature is essential to ad-
dress one memory cell in large passive matrix circuits [47].
Without the rectifying characteristics, parasitic paths may ex-
ist in parallel to the selected node, through all the neighboring
nodes [49]. These paths can affect the reading process, intro-
ducing parasitic leakage currents, and hinder programming
in passive array or cross point memories [50]. A flexible
WORM memory device based on P6FBEu has been demon-
strated with a conductive polypyrrole film as the bottom elec-
trode and gold as the top electrode [48]. The flexible polymer
memory is expected to meet the demand for data storage in
memory devices of unique spatial construct or architecture,
such as smart label and RFID.

3.2.3. DRAM effect from conjugated polymers without metal
complex

DRAM is a random access memory that stores each bit of
data in a separate capacitor. As the real-world capacitors have
tendency to leak electrons, the information eventually fades
unless the capacitor charge is refreshed periodically. Because
of this refresh requirement, it is a dynamic memory. Since
DRAM loses its data when the power supply is removed, it
is in the class of volatile memory devices. Currently, DRAM
is used as the main memory of most computers.

To realize the DRAM effect, a special polymer, PFOxPy,
has been designed and synthesized [51]. It is a conjugated
polymer containing the fluorene group as the electron donor,
and the oxadiazole and bipyridine groups as the electron ac-
ceptors. The JeV characteristics of the device based on
PFOxPy is shown in Fig. 4. The device, ITO/PFOxPy/Al, is
swept negatively with the sweep direction indicated by the
arrows. Initially, the device is at its low conductivity state
(OFF-state). The current density in this state is quite low (of
the orders of 10�9e10�7 A/cm2). When a switching threshold
voltage of about �2.8 V (onset) is applied, an abrupt increase
in J from 10�7 to 10�2 A/cm2 is observed, indicating the device
transition from a low conductivity state to a high conductivity
state (ON-state). This electrical transition serves as the ‘‘writ-
ing’’ process for the memory device [51]. Subsequent forward
and backward sweeps show that the device remains in its
high conductivity state. The distinct bi-electrical states in the
voltage range of about 0 V to �2 V allow the use of a voltage
(e.g., �1.0 V) to read the ‘‘0’’ or ‘‘OFF’’ signal (before writ-
ing) and ‘‘1’’ or ‘‘ON’’ signal (after writing) of the memory.
As indicated in the 2nd sweep after a reverse voltage pulse
of about 3.5 V, the memory device can be reset to the initial
low conductivity state (‘‘0’’ or OFF-state), corresponding to
the ‘‘erasing’’ process for the memory device. The erased state
(‘‘0’’) can be further written to the stored state (‘‘1’’) when the
switching threshold voltage is applied, indicating that the
memory device is rewritable. The slightly higher turn-on volt-
age for the 1st sweep might have been caused by the initial de-
lay in conformational change of the polymer chain under the
electric field. The 3rd sweep is carried out after turning off
the power for about 2 min. It is found that the ON-state has re-
laxed to the steady OFF-state [51]. However, the device can be
further programmed to the ON-state. The short retention time
of the ON-state indicates that the memory device is volatile.
However, the ON-state can be electrically sustained by a re-
freshing voltage pulse of �1 V in every 10 s (Fig. 4, solid
square curve). The above characteristics are repeatable with
high accuracy and device degradation is not observed. This
ability to write, read, erase and refresh the electric states of
the device fulfils the functionality of a DRAM [51].

3.3. Operating mechanism and electronic processes

The flash, WORM and DRAM memory effects of these
polymers can be explained by electronic processes of carrier
trappingedetrapping. Fig. 5(a) and (b) shows the highest
occupied molecular orbitals (HOMO), the lowest unoccupied
molecular orbitals (LUMO) and their energy levels for the
PFOxPy segments calculated from the density function theory
(DFT). The work functions (F) of ITO and Al electrodes are
also shown in Fig. 5(a). The energy barrier between the F

of ITO and the HOMO level is very low (0.4 eV), indicating
that hole injection from ITO into the HOMO of PFOxPy is

Fig. 4. JeV characteristics of the ITO/PFOxPy/Al device in the ON- and

OFF-state, and maintaining the ON-state by refreshing at �1 V every 10 s

(Ref. [51]).
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the favored process. On the contrary, electron injection from
Al into the LUMO of PFOxPy is much more difficult due
the high barrier between the LUMO and the F of Al
(2.1 eV). Thus, PFOxPy is a p-type material and holes will
originally dominate the conduction process. Fig. 5(c) shows
a molecular surface with continuous positive electrostatic po-
tentials (ESP) (in red color) along the conjugated backbone,
indicating that charge carriers can migrate through this open
channel. However, there are some negative electrostatic poten-
tial regions (in green color) lateral to the conjugated backbone.
These negative regions arise from the electron acceptor groups
and can serve as traps to block the mobility of charge carriers.

The electronic processes and experimental JeV curve fit-
ting are shown in Fig. 6(a), (b) and (c), respectively. Under
a low bias voltage (0 V to �1.3 V), the JeV curve is linear
and can be fitted with the Ohmic model. The material is insu-
lating with a resistance of about 109 U, and the device is at its
OFF-state. When the voltage exceeds the Schottky barrier
(�1.3 V), holes are injected from the ITO into the polymer.
The existence of traps in polymer can lead to an accumulation
of space charges and a redistribution of the electric field. Thus,
the Ohmic current changes to the space charge limited current.
At the turn-on voltage (�2.8 V), the generated carriers fill
some of the charge traps and the Al cathode also becomes

Fig. 5. (a) and (b) show the HOMO, LUMO energy levels and orbitals for the

PFOxPy segments calculated from the density function theory (DFT). (c)

Molecular electrostatic potential (ESP) surfaces of the basic unit of PFOxPy

(hydrogen atoms are hidden for a clear view) (Ref. [51]).
an electron-injecting contact, leading to double injections.
Under such condition, most traps become filled, leading to
enhanced carrier concentration and mobility. The current
increases rapidly to switch the sample to the high conductivity
state (ON-state). At the ON-state, the JeV curve again follows
the Ohmic model, with a room-temperature resistance in the
order of 103 U.

In the case of PFOxPy, the charge traps of oxadiazole
groups are shallow (0.6 eV), thus, the filled traps can be easily
detrapped and the device behaves as a DRAM. In the case of
conjugated polymers containing metal complexes, the charge
traps are much deeper. For example, the trap depth of the
europium complex in PF6Eu is 2.0 eV. Thus, it is difficult to
detrap (or detrapping will require a voltage higher than the
break-down voltage of the device), and the device behaves
as a WORM memory. PF6Eu is a p-type material with the
holes as the dominant charge carriers. As a conjugated poly-
mer, delocalized charge carriers can migrate through the
p-conjugated backbone of the fluorene group. The current
density of the device based on PF6Eu is much lower than
that based on the Eu-free poly(9,9-dihexylfluorene) (PF6) in
the low voltage range during the first sweep (Fig. 3) [44].
Eu complex is an electron-deficient complex and can act as
an electron acceptor to block the charge carriers (holes)
[52]. The europium complexes along the conjugated backbone
in the copolymer probably serve as ‘temporary barriers’ to
block the charge carriers. Thus, there are not many free charge
carriers in PF6Eu and the presence of both the long alkyl side
chains in fluorene and the bulky Eu complex substituent in the
present copolymer reduces interchain interactions and inter-
chain carrier hopping. Thus, the device is at its low conductiv-
ity state in the low voltage range during the first sweep. With
the increase in applied voltage, the electric field exceeds the
energy barriers for Al/fluorene (HOMO �5.66 eV) contact
(1.38 eV) and the ITO/Eu complex (LUMO �3.50 eV) contact
(1.34 eV) [44], electrons are injected into the LUMO of the Eu
complexes and holes are injected into the HOMO of the fluo-
rene moieties. The charged LUMO (radical anion) of the
Eu complex and the charged HOMO (radical cation) of the
fluorene moiety form a channel for charge carriers through
non-radiative intersystem transition. The polymer becomes
p-doped under the induction of the electric field and switches
to the high conductivity state (ON-state). Due to the high elec-
tron affinity (EA) of the Eu complex (4.0 eV), as determined
from cyclic voltammetry (CyV) results, the radical anions
can coexist with the surrounding radical cations of the fluorene
moieties. The ‘doped state’ of PF6Eu is stable and the high
conductivity state can be maintained. Thus, the devices based
on PF6Eu and its analogues exhibit WORM memory effect.

For the case of non-conjugated polymers containing carba-
zole group as the electron donor and europium complex as the
electron acceptor, the europium complex can further form an
insulating charge transfer (CT) complex with the carbazole
group under an electric field. Charge carriers are trapped in
the insulating CT complex. However, the CT complex can de-
compose under reverse bias. Thus it is a rewritable and non-
volatile memory or flash memory [41,42]. Fig. 7 depicts the
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Fig. 6. (a) Operating mechanism of the memory. Experimental and fitted JeV curves of the ITO/PFOxPy/Al device. (b) OFF-state with the Ohmic current (<1.3 V)

and space charge limited current (SCLC, w1.3e2.6 V) models. (c) ON-state with the Ohmic current model (>2.8 V) (Ref. [51]).
operating mechanism and electronic processes of the device
Al/PKEu/ITO. The high conductivity state (ON) of PKEu is
similar to that of PVK since the carbazole groups are the dom-
inant moieties in the copolymer and the Eu complexes only act
as the ‘‘dopant’’ [41]. When a forward voltage is applied, the
carbazole groups near the interface are oxidized and holes are
generated (ON-state). With the increase in forward bias, holes
are transported from the polymer/anode interface to the bulk
through the neighboring carbazole groups. Since the PKEu
chains are saturated, carriers probably do not move along
the polymer chain. Instead, they hop between neighboring car-
bazole groups (either on the same or neighboring polymer
chains) [53]. The carbazole group has a tendency to form a
partial or full face-to-face conformation with the neighboring
carbazole groups. As a result, the region of electron delocali-
zation is extended [54]. When the voltage reaches the thresh-
old voltage of þ4 V, the reduced Eu complex can form a CT
complex with the surrounding (intrachain and/or interchain)
oxidized carbazole species. Because of the presence of a large
redox potential difference (DEredox¼ 2.8 V) in PKEu, the CT
complex is basically insulating (to achieve a highly conductive
Fig. 7. The oxidation, reduction and charge migration processes in the copoly-

mer PKEu during memory device operation (write/erase) (Ref. [41]).
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CT complex, the DEredox between the donor and the acceptor
must be in the range of �0.25 V to 0.25 V) [55]. Now the
material is in its low conductivity state (OFF-state). The CT
complex so-formed is not very stable because of the steric
hindrance of the Eu complex. A reversal of voltage can attract
the holes (detrapping) from the bulk back to the interface to
recombine with the electrons, resulting in the return of the
carbazole groups and Eu complexes to their original states
(erase) [41].

In addition to Eu complex, further incorporation of an elec-
tron acceptor, 1,3,4-oxadiazole moiety (Ox), can improve the
performance of the memory device to result in a shorter re-
sponse time, longer retention time and higher ON/OFF ratio
[42]. The additional electron acceptor can act as a mediator
to facilitate carrier transport from the respective HOMOs
and LUMOs of the carbazole (Cz) and Eu components. The
mediation effect reduces internal energy barriers and acceler-
ates hole transport from the HOMO of Cz and electron trans-
port from the LUMO of Eu when a threshold voltage is
applied [42].

4. Bistable electrical switching based on charge transfer
processes in polymers

4.1. Materials and structural features

Some polyimides (PIs) containing electron donor and elec-
tron acceptor groups (Scheme 2) are capable of exhibiting
bistable electrical switching arising from field-induced CT
processes. For example, in TPS-PI, the triphenylamine groups
act as electron donors, the imide groups act as the electron
acceptors. Polyimides are widely used in the microelectronics
industry [56], owing to their excellent mechanical strength,
superior thermal and chemical stabilities, and low dielectric
constants [57,58]. The LangmuireBlodgett (LB) technique
has been used to fabricate memory devices based on PIs
[59], and scanning probe microscopes, such as STM and
AFM, have been used as probe electrodes in memory charac-
terization [60]. LB films of PI are usually prepared by thermal
imidization (at about 300 �C for 10 min) of the poly(amic
acid)-(N,N-dimethyl-n-hexadecylamine) salt LB films [61].
Physical and molecular packing defects commonly found in
LB films may affect the reliability and performance of elec-
tronic devices which incorporate these films [62]. As an alter-
native to the LB technique, PIs with hexafluoroisopropyl
groups are soluble in organic solvents and thus can be cast
into films directly from solution.

4.2. Memory effects and currentevoltage characteristics

It is possible to tune the memory properties by tailoring the
molecular structure of PIs. By selecting PIs with electron do-
nating and/or withdrawing groups of proper strengths, and
with suitable arrangements of the donors and acceptors in
the structure, memory device based on these PIs can behave
as a DRAM (using TP6F-PI and Cz6F-PI), a non-volatile
and rewritable flash memory (using PP6F-PI and NP6F-PI)
and a WORM memory (using TPS-PI).

4.2.1. WORM memory effect from TPS-PI
The memory effect of TPS-PI is illustrated by the JeV

characteristics of an ITO/TPS-PI/Al device (Fig. 8). When
swept positively from 0 V to 5 V, J is in the order of 10�8e
10�5 A/cm2, indicating that the device is initially at its low
conductivity state (OFF-state, or ‘‘0’’ signal in data storage).
In the 1st sweep from 0 V to �7 V, an abrupt increase in J
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occurs at the switching threshold voltage of about �5.7 V, in-
dicating the device transition from a low conductivity state to
a high conductivity state (ON-state, or the ‘‘1’’ signal in data
storage). This electrical transition from the OFF-state to the
ON-state serves as the ‘‘writing’’ process for the memory de-
vice. The distinct bi-electrical states in the voltage range of
0 to �5.7 V allow a voltage (e.g., �1.0 V) to read the ‘‘0’’ sig-
nal (before writing) and ‘‘1’’ signal (after writing) of the mem-
ory. The device remains in this high conductivity state during
the subsequent negative scan (the 2nd sweep in Fig. 8) and
even after the power is turned off. When the device is swept
positively while in the ON-state (the 3rd sweep), an abrupt de-
crease in J occurs at the threshold voltage of about þ4.4 V,
corresponding to the ‘‘erasing’’ process for the memory de-
vice. The device remains in this low conductivity state during
the subsequent positive sweep (the 4th sweep) and even after
the power is turned off. It should be noted that the memory de-
vice is not completely reset to the initial low conductivity
state, since J of the erased state is about 2 orders of magnitude
higher than that of the initial OFF-state. However, the erased
state can be similarly re-written to the ON-state, when swept
negatively (the 5th sweep), and retained in the ON-state (the
6th sweep). The subsequent attempt to erase the ON-state by
a positive sweep (the 7th sweep) only results in a small drop
in J. In the subsequent negative sweep (the 9th sweep), J in-
creases steadily to the ON-state without an abrupt increase.
The results indicate that, although the device has the capability
for rewriting, its erasing capability is rather poor. Thus, this
device can be used as a WORM-type memory rather than
a flash type memory.

4.2.2. Flash memory effect from PP6F-PI
The IeV characteristics of the ITO/PP6F-PI/Al sandwich

structure are shown in Fig. 9. The device is at its low conduc-
tivity state (OFF-state) initially and I increases progressively
with the applied bias (stage I). A sharp increase in injection
current occurs between þ4 V and þ5 V (stage II), indicating
the transition of the device from the OFF-state to the high

Fig. 8. JeV characteristics of the ITO/TPS-PI/Al device for two sweep direc-

tions. The numbers in the figure indicate sweep sequence.
conductivity state (ON-state). The transition from the OFF-
state to the ON-state is equivalent to the ‘‘writing’’ process
in a digital memory cell. After this transition, the device re-
mains in the ON-state when further swept forward to þ6 V
(stage III). After this ‘‘writing’’ process, the device remains
in its high conductivity state during the subsequent positive
or negative sweeps, as well as after the power has been turned
off (stages IV and V). The distinct dual electrical states in the
voltage range of 0 V to þ4 V allow the use of a voltage (e.g.,
þ2.0 V) to read the ‘‘0’’ signal (before writing) and ‘‘1’’ signal
(after writing) of the memory. The IeV characteristics not only
define the electrical bistability of PP6F-PI, but also reveal the
non-volatile nature of the memory effect.

One of the most important features of the present polymer
memory is that the OFF-state can be recovered by the simple
application of a reverse voltage pulse of �5 V for 2 s. This is
equivalent to the ‘‘erasing’’ process of a digital memory cell.
The device remains in this low conductivity (‘‘0’’) state during
the subsequent negative sweeps and even after the power is
turned off (stage VI). The erased (‘‘0’’) state can be further
written to the stored (‘‘1’’) state when the device is swept pos-
itively again to the switching threshold voltage, indicating that
the memory device is completely rewritable. As shown in
Fig. 9, the IeV characteristics are repeatable with good accu-
racy and device degradation is not observed. The small varia-
tions in transition voltage and current during different sweeps
are likely to be due to the inherent relaxation property of the
polymer. The ability to write, read, erase and rewrite the elec-
trical states of the device fulfils the functionality of a flash
memory.

4.2.3. DRAM effect from TP6F-PI
The ITO/TP6F-PI/Al device exhibits DRAM behavior [63],

and its JeV characteristics are shown in Fig. 10. The device is
initially at its low conductivity state. When a switching

Fig. 9. Currentevoltage (IeV) characteristics of a 0.4� 0.4 mm2 ITO/PP6F-

PI/Al device. The magnitude of I, but not the current density, was dependent

on the electrode area. The high conductivity (ON) state was ‘‘erased’’ by an

applied �5 V voltage pulse of 2-s duration.
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threshold voltage of about þ3.2 V is applied, an abrupt in-
crease in J can be detected, indicating the device transition
from a low conductivity state to a high conductivity state
(the ‘‘writing’’ process). The device remains in this high con-
ductivity state during the immediate and subsequent sweeps in
the same direction as the switching threshold voltage (Fig. 10).
However, when the device is swept in the reverse bias direc-
tion, or pulsed at an erasing threshold voltage of about
�2.1 V, or when the power is switched off, it returns to the sta-
ble OFF-state. The switching behavior indicates that the mem-
ory effect is volatile. The erased (‘‘0’’) state can be further
written to the stored (‘‘1’’) state when the switching threshold
voltage is re-applied, indicating that the memory device is
rewritable. The short retention time of the unstable ON-state
indicates that the memory device is volatile. However, the un-
stable ON-state can also be electrically sustained by a refresh-
ing voltage pulse. This ability to write, read, erase and refresh
the electrical states of the device fulfils the functionality of
a DRAM [63].

4.3. Operating mechanism and electronic processes

The mechanism of high-field induced conductivity may be
similar to the photoinduced electron transfer mechanism com-
monly observed in many photoconductive PI systems [64]. In
the absence of an electric field, the charge transfer excitons
have no net dipole moment, because there are as many states
polarized to the right as to the left within the PI films, and thus
can give rise to the CT photoluminescence. In the presence of
an applied field, the right and left polarized states do not have
the same energy and there should therefore be a splitting of the
original CT exciton states. In view of the distinct dipolar na-
ture of these CT excitons, it is possible to move these excitons
by the application of an intense electric field [65]. The pres-
ence of a high enough electric field can also quench the CT

Fig. 10. The JeV characteristics of a 0.16 mm2 ITO/PP6F-PI/Al device. The

writing, reading, erasing and refreshing processes and sweep directions are

indicated in the figure (Ref. [63]).
photoluminescence to generate the charge carriers [66]. Mo-
lecular simulation of a model imide compound, N-phenyl-
phthalimide, was carried out using Fujitsu MOPAC 2000
with AM1 as the potential function [67]. Fig. 11 shows the
resulting LUMO and HOMOs of N-phenylphthalimide. The
LUMO is located on the phthalimide group (acceptor), while
the first and second HOMOs are located on the phenylamine
group (donor). The plausible processes induced by an electric
field are shown in Fig. 11. At the threshold voltage, one of the
electrons at the third HOMO transits to the LUMO within the
phthalimide group and forms the excited state. Excitation of
the acceptor leads to an increased electron affinity of the
acceptor, and consequently promotes charge transfer at the
excited state. Electron transfer can occur from the HOMO of
the phenylamine group to the third HOMO of the phthalimide
group to form a conductive CT complex (Fig. 11). Due to the
presence of the two carbonyl substituents on the nitrogen
atom, the electron donating ability of the phenylamine group
is much lower than the electron-accepting ability of the phtha-
limide group. The incorporation of electron donor groups can
result in an enhancement of photocurrent by several orders of
magnitude, as compared to the donor-free PI [68]. This en-
hancement has resulted from the improved CT complex for-
mation in the PI backbone [68]. In TP6F-PI, triphenylamine
acts as an electron donor, while phthalimide as an electron ac-
ceptor to promote the CT complex formation. The charges can
be further segregated under an electric field and delocalized to
the conjugated triphenylamine, thus stabilizing the CT state to
some extent. However, the ON-state of TP6F-PI could not be
sustained due to limited charge delocalization in the triphenyl-
amine moieties. A reverse bias of about �2.1 V, or removal of
the electric field, can dissociate the CT complex and return the

Fig. 11. Molecular orbitals (left) of the model compound, N-phenylphthali-

mide, and electronic processes (right) from the ground state to the charge

transfer state induced by the electric field.
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device to the initial OFF-state. Thus, the device based on
TP6F-PI exhibits DRAM effect.

Differing from the TP6F-PI, the electron donor group of
PP6F-PI (the pyrene moiety) is present as a pendant group
rather than in the backbone. With this difference in structure,
PP6F-PI has a much lower HOMO energy level (�5.40 eV)
and a higher dipole moment (2.28 Debye) in comparison to
those of TP6F-PI (�4.93 eV and 2.06 D, respectively). The
lower HOMO energy level may explain the higher switch-on
voltage required for the memory device based on PP6F-PI,
while the higher dipole moment leads to a more stable CT
structure. Thus, the device based on PP6F-PI exhibits the
non-volatile and rewritable flash memory behavior. In TPS-
PI, the triphenylamine moieties act as the electron donors,
the sulfonyldiphthalimide groups serve as the electron accep-
tors, and the perylene moieties with the highly delocalized
charge carriers provide the conductive channels, to improve
the CT complex formation and charge transportation. It is
found that the charges can be further segregated under
a high electric field and delocalized to the large conjugated
moieties nearby, resulting in the formation of a very stable
CT complex. Thus, the high conductivity state of TPS-PI
can be maintained for a long period even after the removal
of the electric field, and it cannot be erased to the initial low
conductivity state within the experimentally applied bias.
The device based on TPS-PI, therefore, functions as
a WORM memory. Thus, it is possible to tune the memory
properties by tailoring the molecular structure of PIs.

5. Conformation-induced conductance switching in
polymers

5.1. Materials and structural features

The memory switching effect was firstly observed in thin
(600 nm) tetracene films sandwiched between aluminium and
gold electrodes in 1969 [69]. After that, several acene deriva-
tives including naphthalene [70], anthracene [70e72], penta-
cene [73], and the like, have been reported. In recent years,
some acenyl moieties, such as anthracenyl and naphthalenyl,
have been incorporated into polymers [74e77]. Polymeric
materials have obvious advantages, such as ease of preparation,
diversity in backbone structures, and higher thermal stability,
compared to small organic molecular acenes. Scheme 3 shows
some polymers with or without a flexible spacer (O]CeOe
CeC and phenyleCeOeCeC units) for bridging the electroac-
tive pendant chromophore, such as carbazole (Cz), naphthalene
(Na) and anthracene (An). These isolated chromophores can fa-
cilitate charge carrier (hole or electron) injection and transport
from the electrodes when induced by light irradiation or an elec-
tric field. Many of these polymers have been used as photocon-
ductive, xerographic and charge transport materials [56,78e81].

5.2. Memory effects and currentevoltage characteristics

Poly(2-(9H-carbazol-9-yl)ethyl methacrylate), or PCz, is
a non-conjugated polymer containing an electron donating
carbazole pendant group attached to the main chain by an ethyl-
acrylate unit [82]. Fig. 12(a) shows the JeV characteristics of
the ITO/PCz/Al device. The top Al electrode and bottom ITO
electrode are connected to a varying voltage source. The bottom
ITO is grounded and the current passing through the electrodes
is monitored. For the as-fabricated device, the conductivity is
very low. The as-fabricated device shows the current density
of the low conductivity state (w10�6 A/cm2, OFF-state) at
a read voltage of �1 V. By sweeping the voltage from 0 V to
�3 V, a switch in the conductivity state is observed [82].
Upon reaching the threshold voltage of around �1.8 V, the de-
vice switches from the low conductivity (OFF) state to a high
conductivity (ON) state with a current density of w1 A/cm2.
The device remains in the ON-state as the voltage is swept
from�1.8 V to�3 V. With subsequent sweeping of the voltage
under negative bias, the current density is characteristic of that
of the ON-state current in Fig. 12(a). The device ITO/PCz/Al
thus exhibits WORM memory behavior as it is both non-
rewritable and non-volatile after it has been switched ON [82].
The devices based on polymer containing anthracenyl moiety
with a similar linker (such as PMAn) also exhibit non-volatile
memory effects, while the devices based on polymers with a
longer and bulkier spacer (such as PVBCz) exhibit volatile
memory effects. In the absence of a spacer unit between the
pendant carbazole group and the main chain, PVK does not
exhibit memory switching effects. Fig. 12(b) shows the JeV
characteristics of an equivalent ITO/PVK/Al device. Using a
similar sweep from 0 V to�3 V, the device exhibits only a single
ON-state, without any discernible conductance switching [82].
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5.3. Operating mechanism and electronic processes

Compared to that of PVK, the well-defined memory prop-
erty of PCz can be attributed to the presence of the spacer be-
tween the pendant carbazole group and the polymer backbone.
In PVK, the neighboring carbazole (Cz) groups have a high
tendency to form the face-to-face conformations in the ground
state [54]. As a result, the region of electron delocalization is
extended to several Cz groups. The charge carriers (holes) can
be shared as such and hop through the regioregular Cz groups
in the direction of electric field [41]. In PCz, the flexible mo-
lecular spacer between the Cz group and the backbone does
not favor interaction of the neighboring Cz groups, but pro-
motes them to form regiorandom structure at the ground state
[82]. The charge carriers (holes) will have difficulty hopping
through the neighboring carbazole groups due to the absence
of the face-to-face conformation and the long distance be-
tween the neighboring carbazole groups [82]. However, driven
by the applied field, the charged carbazole group has the ten-
dency to attract the nearby neutral carbazole groups to form

Fig. 12. (a) Typical JeV characteristics of an Al/PCz/ITO device in the ON-

and OFF-state, showing an OFFeON transition when voltage¼�1.8 V. (b)

Typical JeV characteristics of the Al/PVK/ITO device, showing PVK always

exhibiting an ON-state (Ref. [82]).
partial or full face-to-face conformation. The positive charge
will then be delocalized to neighboring carbazole groups
through the more ordered conformation. As the delocalization
process increases with the increase in electric field up to the
required threshold value, the carbazole groups in the bulk ma-
terial transform from a regiorandom to a regioregular struc-
ture, in the general direction of the electric field towards the
Al cathode [82]. As a result, a high conductivity path among
the hole-transporting carbazole groups is established and the
device is switched to its ON-state. The oxidized carbazole
groups are further stabilized by the neighboring electron-
withdrawing eOeC]O groups [82]. After the device is
switched to the ON-state, it cannot be reverted back to the initial
regiorandom structure, even by applying a reverse bias of
higher magnitude than the switching voltage. Once the con-
duction pathways are formed under an applied field, they facil-
itate charge transport under both biases and the device cannot
be switched off by applying a reverse voltage. Thus, the device
based on PCz behaves as a WORM electronic memory [82].

For the volatile memory effect involving PVBCz, the phenyl
group in the spacer is a less efficient transporter of charges than
the carbazole group, thus hindering the formation of continuous
transport pathways. The more amorphous nature of PVBCz also
means that the carbazole groups are further apart in the ground
state and the charge transport pathways formed by conforma-
tional changes may be shorter (more difficult to influence the ad-
jacent carbazole group) or less continuous. Thus, the change in
conductivity due to conformation changes is limited. As a result,
the ON-state current density and the ON/OFF current ratio of
PVBCz device are lower than those in the corresponding PCz
devices. Similar to that of the PCz device, once the conduction
pathways are formed under an applied electric field, they facil-
itate charge transport under both biases. Thus, the PVBCz de-
vice also cannot be switched off by applying an opposite bias
or a higher voltage of the same bias. However, the PVBCz device
can return to the OFF-state through conformational relaxation
since there is sufficient conformational freedom provided by
the benzyloxyethyl spacer unit.

Fig. 13(a) and (b) shows, respectively, the optimized geo-
metries of PVK and PCz at the ground state. PVK exists in the
face-to-face conformation, while PCz is in a regiorandom con-
formation. The structure difference between PVK and PCz is
also revealed by the X-ray diffraction (XRD) and field-emission
transmission electron microscopy (FE-TEM) results. The
XRD spectra in Fig. 13(c) reveal an additional diffraction
peak at 2q¼ 8� for PVK, which is attributable to the crystalline
microdomains of PVK. The nearest face-to-face distance is
about 11.384 Å. The XRD spectrum for PCz shows only a broad
amorphous peak at 2q of about 20� [82]. Fig. 13(d) and (e) shows
the FE-TEM images of PVK and PCz before voltage sweeps.
The PVK film shows crystalline microdomains, while the PCz
film is amorphous and homogeneous. However, as shown in
the high resolution TEM images of Fig. 13(f) and (g), crystalline
microdomains have also appeared in the PCz film after the
device has been transformed to the high conductivity ON-state
(using the TEM Cu grid as the bottom electrode and a removable
Hg droplet as the top electrode). Thus, the field-induced
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Fig. 13. (a) and (b) Simulation results by molecular mechanics showing the optimized geometry corresponding to the minimized energy states in PVK and PCz. (c)

X-ray diffraction patterns of PVK and PCz at ground state (Ref. [82]). (d)e(g) FE-TEM images of PVK and PCz before and after transformation to high con-

ductivity state under electric field.
conformational ordering (OFF- to ON-state switching) and re-
tention of the ordered state (ON-state) in these non-conjugated
polymers with electroactive pendant chromophore groups
have been ascertained [82].

6. Bistable conductance switching based on redox effects
in polymer nanocomposites

6.1. Materials and structural features

Nanomaterials, such as fullerene [83,84], carbon nanotube
[85] and gold nanoparticles [38,86,87], are also used as nano-
traps. Most of them are doped into polymer matrices to form
composite materials and to facilitate solution processing during
device fabrication. Flash and WORM memories have been real-
ized in some nanocomposite materials. Fig. 14(a) shows the
composite material of PVK and gold nanoparticles (AuNP),
which serve as the electron donors and acceptors, respectively.
As shown in the FE-TEM image and the size distribution charts
of Fig. 14(c) and (d), respectively, the size of the gold nanopar-
ticles is in the range of 1.5e6.5 nm [88]. As an effort to design
and synthesize polymers with the necessary electronic proper-
ties for the single component memory device, PVK modified
by covalently tethered fullerene (PVKeC60, Fig. 14(b)), which
contains about 4 wt% C60 or x:y w 0.99:0.01, has been synthe-
sized. In PVKeC60, the carbazole groups act as the electron do-
nors and the C60 serves as the electron acceptor [89]. Thus, for
the PVK:AuNP nanocomposite, the nanomaterial (AuNP) is
physically doped into the PVK matrix, while for the PVKe
C60 compound, the nanomaterial (fullerene) is chemically
bonded to the PVK backbone.

6.2. Memory effects and currentevoltage characteristics

Both the devices based on PVK:AuNP and PVKeC60 ex-
hibit non-volatile, rewritable flash memory effects. The mem-
ory effect of the device Al/PVK:AuNP/TaN is suggested by
the JeV curves shown in Fig. 15(a) [88]. The JeV curves
are recorded by scanning from 0 V to 4 V and then going
back to 0 V. The device distinctively displays two conductivity
states. With an applied voltage on the as-fabricated device, the
current increases slowly with the voltage and remains low. The
current density is in the range of 10�8 A/cm2 at 1 V. This is the
low conductivity state (OFF-state). When the applied voltage
is increased further to w3 V, a sharp increase in the current
is observed, indicating the device transition from the OFF-
state to a high conductivity state (ON-state) [88]. For the
programmed device, it shows a high current for the voltage
applied and the current density at 1 V is about 10�3 A/cm2.
This current density is 5 orders of magnitude higher than
that in the OFF-state. The distinct bi-electrical states in the
voltage ranging from 0 V to 2 V allow a low voltage (e.g.,
1.0 V) to read the ‘‘0’’ or ‘‘OFF’’ signal (before writing) and
‘‘1’’ or ‘‘ON’’ signal (after writing) of the device [88]. Curve
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Fig. 14. (a) and (b) Structures of PVK:AuNP composite material and the copolymer of N-vinylcarbazole and fullerene (PVK:C60, wherein x:y w 0.99:0.01)

(Ref. [89]). (c) and (d) Size of gold nanoparticles (determined by FE-TEM) and their distribution (Ref. [88]).
2 in Fig. 15(a) shows a sweep from 0 V to 4 V after the first
sweep. It can be seen that the device, after reaching its high
conductivity state, remains in this ON-state even after turning
off the power. The ON-state can be erased to the OFF-state by
applying a reverse bias, as indicated by curve 3, where the cur-
rent density suddenly drops to 10�8 A/cm2 at �1.7 V. The
erased state (‘‘0’’) could be further written to the high
conductivity state (‘‘1’’) when the switching threshold voltage
is re-applied (curve 4), indicating that the memory device is
rewritable and non-volatile [88].

The JeV characteristics of an ITO/PVKeC60/Al sandwich
device are shown in Fig. 15(b) [89]. Initially, the device is swept
positively (with ITO as the cathode, Al as the anode) from 0 V to
4 V. The device remains in the low conductivity state without
Fig. 15. The JeV characteristics of the (a) Al/PVK:AuNP/TaN and (b) ITO/PVKeC60/Al devices (Refs. [88,89]).
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any abrupt increase in current density. However, when it is swept
negatively (with ITO as the anode, Al as the cathode) from 0 V to
�4 V, J increases progressively with the applied bias and a sharp
increase in injection current occurred at about �2.8 V (the 2nd
sweep), indicating the device transition from a low conductivity
state (OFF-state) to a high conductivity state (ON-state) [89].
The device exhibits good stability in this high conductivity state
during the subsequent negative sweep (the 3rd sweep). It re-
mains in the ON-state even after turning off the power (the 4th
sweep). The JeV characteristics define the electrical bistability
of PVKeC60 and also reveal the non-volatile nature of the mem-
ory effect. The ON-state can be recovered by the simple applica-
tion of a reverse voltage of about 3.0 V (the 5th sweep). The 6th
and 7th sweeps show the JeV characteristics of the device right
after the application of an erase sweep and turning off the power,
respectively [89]. The JeV characteristics are nearly identical to
those of the 1st sweep, indicating that the device remains in the
stable OFF-state. This feature allows the application of PVKe
C60 in a rewritable memory device. The above JeV characteris-
tics of the device are repeatable with high accuracy. Sweeps 8, 9
and 10 are the JeV characteristics of the device after 20 writee
read (ON)eeraseeread (OFF) switching cycles. With the
decrease in active area (0.16 / 0.04 / 0.0225 mm2) of the
device, the current magnitude decreases accordingly. However,
the current density remains almost constant, indicating the
absence of sample degradation or dielectric break-down [89].

6.3. Operating mechanism and electronic processes

Electrical bistability and memory effects in the Al/
PVK:AuNP/TaN and ITO/PVKeC60/Al devices are due to
charge transfer from the electron donor PVK to the electron
acceptor nanomaterials. The operating mechanism and elec-
tronic processes are elucidated with the latter as the represen-
tative device.

Table 2 shows the simulation results for fragments and ba-
sic unit of PVKeC60 by DFT B3LYP 6-31G(d) method [89].
Vinylcarbazole (VK) has a lower HOMO energy level (value)
than that of C60, indicating that the VK group has a stronger
tendency to donate an electron. The electron-withdrawing
Table 2

Molecular simulation results for the components in PVKeC60 (Ref. [89])

Components VK C60 VK-C60

HOMO

(energy level)

(-5.116 eV) (-6.014 eV) (-5.469 eV)

LUMO

(energy level)

(-0.435 eV)

4.681 eV

1.93 Debye

(-3.129 eV)

2.885 eV

0.00 Debye

(-2.748 eV)

2.721 eV

3.32 Debye

Bandgap

Dipole Momenta

 

ESPb

Total Energy -635.4 Hartreec -2286.2 Hartree -2842.6 Hartree

a Field-independent basis dipole moment.
b Molecular electrostatic potential surface (mapped with total charge density).
c 1 Hartree ¼ 4.36 � 10�18 J.
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ability of C60 is indicated by a high LUMO energy level. It has
been reported that a C60 molecule can become negatively
charged and can capture up to six electrons [90]. When these
two components are covalently connected, the HOMO of
PVKeC60 is located on the carbazole side, while the LUMO
of PVKeC60 is located on the C60 side. This feature promises
easier charge transfer from carbazole (HOMO) to C60

(LUMO). The dipole moment data show that C60 is a non-
polar and symmetric molecule, while carbazole is slightly polar
with a total dipole moment of 1.93 Debye. When these two
components are covalently connected, the total dipole moment
is 3.32 Debye, which is almost comparable to that of a highly
polar molecule, such as HCl (3.57 Debye). This phenomenon
indicates that there is a high tendency for charge separation
in PVKeC60, as well as a good ability for PVKeC60 to retain
charges once induced by an electric field [89].

The HOMO and LUMO energy levels of PVKeC60, to-
gether with the work function of electrodes, are shown in
Fig. 16(a) [89]. When ITO is used as the anode and Al as
the cathode (negative sweep), the energy barriers of ITO/
HOMO and Al/LUMO interfaces are only around 0.7 eV.
For the reverse case, the energy barriers of Al/HOMO and
ITO/LUMO are 1.2 eV. The relatively high energy barriers
prevent switching of the device to the ON-state during the pos-
itive sweep. Charge injections are more favorable during the
negative sweep [89]. The high HOMO energy level of the

Fig. 16. (a) The energy band diagram of PVKeC60 (from CyV results) and its

molecular components (from calculation results). (b) Plausible electronic pro-

cesses in a molecule of VKeC60 producing the memory effects (Ref. [89]).
carbazole moiety indicates that PVKeC60 is a p-type material
with the holes as the dominant charge carriers since carbazole
is the dominant moiety in PVKeC60. However, under a low
bias, hole mobility in PVKeC60 is blocked by the C60 moie-
ties with a low HOMO energy level. The device is at the
low conductivity state (OFF-state) [89]. When the electric field
exceeds the energy barrier (w0.7 eV), holes are injected into
the HOMO of the carbazole moieties and electrons are in-
jected into the LUMO of C60. The charged HOMO of the car-
bazole moiety and the charged LUMO of C60 form a channel
for charge carriers through charge transfer interactions, as il-
lustrated in Fig. 16(b). The polymer becomes p-doped under
the induction of the electric field and switches to the high
conductivity state (ON-state). Due to the strong electron-
withdrawing ability of C60, its high LUMO energy level, and
the strong dipole moment between PVK and C60, electrons
trapped in C60 can be retained and coexist with the surround-
ing positively charged carbazole moiety (Fig. 16(b)). As a re-
sult of the dipole formation, an internal electric field is
created, maintaining the high conductivity state. Under a re-
versed bias of about þ3 V, C60 loses the charged state to neu-
tralize the positively charged carbazole moiety. The internal
electric field disappears immediately and the device returns
to its initial low conductivity state (OFF-state).

7. Performances of polymer memories

Some parameters, including write/erase/read voltages, ON/
OFF current ratio, writeereadeeraseeread (WRER) cycle,
switching time, retention ability, and stability under voltage
stress or read pulses, are of importance to the performance
of a polymer memory device. Evaluation results for some of
these parameters are shown in Fig. 17. These parameters
were evaluated under ambient conditions.

Fig. 17(a) shows the ON/OFF current ratio as a function of
applied voltage for the same sweep for the device Al/PF6Eu/
ITO. An ON/OFF current ratio as high as 107 has been
achieved. The high ON/OFF current ratio promises a low mis-
reading rate through the precise control over the ON- and
OFF-state [44]. Fig. 17(b) shows the effect of continuous
read pulses on the ON- and OFF-state of the device Al/
PF6Eu/ITO. The inset shows the pulses used for the measure-
ments. No resistance degradation is observed for the ON- and
OFF-state after more than 108 read cycles, indicating that both
states are insensitive to read cycles [44]. Fig. 17(c) shows the
stability of the device ITO/PVKeC60/Al under a constant
stress voltage for 12 h [89]. Although a slight change in the
ON- and OFF-state current density is observed, an ON/OFF
current ratio of 106 can be maintained and the stability can
be further projected to 10 years, indicative of the stability of
both the material and the electrode/polymer interfaces [89].
Fig. 17(d) shows the transient response of current versus
time of the device Al/PKEu/ITO. The inset shows the circuit
layout used in the measurement. The memory device has
a switching time of about 20 ms from the ON-state to the
OFF-state [41]. The switching time is almost comparable to
that (w1 ms) of a NAND (NOT/AND) flash memory based
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Fig. 17. Some performance results for polymer memories. (a) ON- to OFF-state current ratio as a function of applied voltage for the same sweep (Ref. [44]). (b)

Effect of 1 V read pulses on the device current density in the OFF-state and ON-state. The inset shows the pulses used for the measurements (Ref. [44]). (c) Effect

of operation time (at �1 V) on the device current density in the OFF-state and ON-state tested under ambient conditions. The inset shows the ON- to OFF-state

current ratio as a function of applied voltage for the same sweep (Ref. [89]). (d) Transient response of current versus time, showing the switching time from ON- to

OFF-state. The inset shows the corresponding circuit used in the measurement (Ref. [41]).
on the traditional semiconductors. Memory devices based on
polymeric ferroelectric materials, with a switching time of
the order of 50 ms, have been suggested for use in data storage
[91]. Thus, the device based on PKEu is a relatively fast access
memory. The response time is probably fast enough for data
storage in many hand-held device applications [91]. The per-
formance parameters of the other polymer memories are sum-
marized in Table 3.
Table 3

Summary of the performance evaluation results of the polymer memories

Devices Memory

effects

Write

voltage (V)

Erase

voltage (V)

Read

voltage (V)

Refresh

voltage

ON/OFF

ratio

Read

pulses

Switching

time

Stress

time (h)

Reference

Al/PKEu/ITO Flash �2.0 þ4.0 �1.0 e 104 106 20 ms 3 [41]

ITO/PCzOxEu/Al Flash �2.8 þ4.4 þ1.0 e 105 106 1.5 ms 8 [42]

Al/PF6Eu/ITO WORM þ3.0 e þ1.0 e 107 108 3 [44]

Al/PF6Eu/n-Si WORM þ2.2 e þ1.0 e 104 108 12 [47]

Al/PF8Eu/ITO WORM þ3.0 e þ1.0 e 106 107 w1 ms 10 [45,46]

PPy/P6FBEu/Au WORM þ4.0 e þ1.0 e 200 106 3 [48]

ITO/PFOxPy/Al DRAM �2.8 þ3.5 �1.0 �1 V/10 s 106 108 12 [51]

ITO/PCz/Al WORM �1.8 e �1.0 e 106 107 1 ms 12 [82]

ITO/PVKeC60/Al Flash �2.8 þ3.0 þ1.0 e 105 108 12 [89]

ITO/TPS-PI/Al WORM �5.7 e �1.0 e 105 108 12

ITO/PP6F-PI/Al Flash w4.5 �5.0 þ2.0 e 106 108 7

ITO/TP6F-PI/Al DRAM þ3.2 �2.1 þ1.0 1 V/5 s 105 108 5 [63]

Al/PVK:AuNP/TaN Flash þ3.0 �1.7 þ1.0 105 1.0 ms 12 [88]
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8. Summary

The demand for smaller, lighter and more compact devices,
that can perform more complicated functions, work faster, and
juggle more data, are pushing conventional semiconductor
technology to its limits. Plastic electronics are potential alter-
natives. A number of polymeric electronic devices, including
transistors, switches, wires, lasers, sensors, photovoltaic cells
and light-emitting diodes, have already been realized. Poly-
meric memories will play an increasingly important role in
plastic electronics.

Researchers at the National University of Singapore and the
Institute of Microelectronics in Singapore have successfully
produced several data storage devices based on designed poly-
mers, having the required electronic properties within a single
macromolecule. These devices exhibit distinctive bistable
conductivity (OFF- and ON-) states, which are accessible by
applying a switching threshold voltage. The electrical bistabil-
ity can be induced by trappingedetrapping, charge transfer,
conformational change, or nanocomposite redox effects. This
feature (electrical bistability) allows the fabrication of poly-
mer memories based on the high (encodes ‘‘1’’ signal) and
low conductivity (encodes ‘‘0’’ signal) responses to an applied
voltage. The molecular structure of polymers can be tailored,
through functionalization with electron donors and acceptors
of different strengths, with spacer moieties of different steric
effects for the electroactive pendant groups, or by incorporat-
ing nanostructured electroactive materials, to induce different
memory behaviors in simple metal/polymer/metal devices.
Several polymer memory effects, including rewritable flash
memory, write-once read-many-times (WORM) memory and
dynamic random access memory (DRAM) have been realized.
These polymer memory devices exhibit a high ON/OFF cur-
rent ratio, promise low misreading rates, and can endure
more than one million read cycles. Both the ON-state and
OFF-state are stable under constant voltage stress. These poly-
mer memories also have a relatively fast response time in the
microsecond range, making them suitable for many data stor-
age applications.
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