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Electrical Switching and Bistability in Organic/
Polymeric Thin Films and Memory Devices**

By Yang Yang,* Jianyong Ouyang, Liping Ma, _ :

Ricky Jia-Hung Tseng, and Chih-Wei Chu

Recently, films created by incorporating metallic nanoparticles into organic or polymeric
materials have demonstrated electrical bistability, as well as the memory effect, when sub-
jected to an electrical bias. Organic and polymeric digital memory devices based on this bi-
stable electronic behavior have emerged as a viable technology in the field of organic elec-
tronics. These devices exhibit fast response speeds and can form multiple-layer stacking
structures, demonstrating that organic memory devices possess a high potential to become

flexible, ultrafast, and ultrahigh-density memory devices. This behavior is believed to be related to charge storage in
the organic or polymer film, where devices are able to exhibit two different states of conductivity often separated by
several orders of magnitude. By defining the two states as “1” and “0”, it is now possible to create digital memory de-
vices with this technology. This article reviews electrically bistable devices developed in our laboratory. Our research
has stimulated strong interest in this area worldwide. The research by other laboratories is reviewed as well.

1. Introduction

Organic materials have attracted a lot of attention for build-
ing large-area, mechanically flexible electronic devices.I"
Organic light-emitting diodes for flat-panel displays are ready
for mass production,” and significant progress has also been
made in organic thin-film transistors,”) and organic solar
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cells.!*! There is a strong desire to develop new advanced mate-
rials that can overcome the potentially limiting scaling difficul-
ties present in the semiconductor industry. Development of
future information technology could come from data storage
incorporating these advanced materials. So far, many methods
have been reported for achieving inorganic nonvolatile memo-
ry, such as implementing phase-change memory," programma-
ble metallization cells,” mechanical switches,”! quantized
atomic switches,®! quantum dots,”) and nanocrystal memory.!"”!

Organic materials are promising candidates for electronic
devices in new information technologies.[“] The devices can be
fabricated through either a bottom—up method or by forming a
composite active layer, and can be easily addressed by x-y
cross-wire, two-terminal structures, which sandwich the active
layer. The use of organic materials provides a simplified manu-
facturing process yielding low-cost, flexible, and light-weight
devices that have an active device area approaching the nano-
scale. To examine the processibility of these devices while
scaling to the nanoscale, some experiments were conducted
using scanning tunneling microscopym] and cross-wired junc-
tions."?*3 In general, the memory effect observed in these
organic devices is related to charge storage (including charge
trapping, charge separation, and change transfer)'*! within
active components in the organic layer. The critical material
requirement for the memory effect is the existence of an ener-
gy barrier preventing the positive and negative charges from
recombining, even after the electric bias has been removed.
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After the materials have been polarized, the device exhibits a
conductance change, where a low-conductance (OFF) state
switches to a high-conductance (ON) state, resulting in so-
called electrically bistable devices. The states are stable for
prolonged periods of time, allowing them to be used in nonvol-
atile memory device applications, such as flash memory and
random access memory. In addition to memory applications,
organic electronic devices have also demonstrated the poten-
tial to be used as switches to drive organic light-emitting diodes
for electronic-display applications.[lﬁ] This article covers memo-
ry devices incorporating a two-terminal structure and an active
thin film sandwiched between two electrodes. It does not
include devices using single or multiple molecular layers, or
devices with a three-terminal structure.!'”!

Organic memory devices and organic logic circuits are often
characterized by their reliability. The nonvolatile performance
criteria that must be satisfied for a device to be considered reli-
able are data retention for at least ten years, low power con-
sumption, and 10° operation cycles. These criteria are compar-
able to those provided by flash memory. Here, we introduce
several organic materials and device structures that show
promise for memory applications, while also analyzing their
bistability mechanisms, retention times, cycling tests, and over-
all operation. Nevertheless, the technology at this stage has not
yet matured, so hopefully we can encourage and provide moti-
vation for further research in this area to provide future tech-
nology for memory applications.

Our laboratory pioneered the development of organic or
polymer bistable devices. In this article, we review five types
of bistable devices developed at our laboratory. The first de-
vice has the architecture of a triple layer (organic/metal-nano-
cluster/organic (OMO)) sandwiched between two metal elec-
trodes and is presented in Section 2. The other four devices
have the architecture of a single layer sandwiched between
two metal electrodes. The active layer of these devices is a
polymer film containing different materials. The second device
presented in this article uses polymer/metal nanoparticles
(NPs) in the active layer and is discussed in Section 3. The de-
vices with three different materials systems are presented in
Section 4. Our research stimulated strong interest in this area
worldwide. The research by other laboratories is reviewed in
Section 5.

2. Triple-Layer Device Fabricated via Thermal
Evaporation

The device with a triple-layer structure sandwiched between
two metal electrodes is introduced in this section. The chemical
structure of some materials presented in this and the following
sections are listed in Figure 1. The material layers of these de-
vices are deposited by thermal evaporation, so it is imperative
that this process is accurately controlled in order to generate
functional devices. Material selection is critical to this process,
as only the correct combination of materials will create the
desired memory effect. Here, the fabrication procedures are
discussed and device operation is analyzed. The resulting mem-
ory performance is evaluated based on retention time and
write-read—erase cycles of the devices. This information also
allows further conclusions to be drawn regarding the device-
switching mechanism.

2.1. Device Fabrication

The active layer of the organic bistable device (OBD) con-
sists of a nominal organic/metal-nanocluster/organic trilayer
structure interposed between an anode and a cathode, as
shown in the bottom inset of Figure 2.[18] Thus, the entire
device structure is given as AI/OMO/AI A photo of a typical
device is shown in the top inset of Figure 2. Initially 2-amino-
4,5-imidazoledicarbonitrile (AIDCN) was selected for the or-
ganic material and Al was used for the middle metal layer and
the top and bottom electrodes. However, various other materi-
als have been used to fabricate functional devices. As men-
tioned earlier, the material layers were deposited by several se-
quential thermal evaporations under a vacuum of 1 x 107® Torr
(1 Torr=133.32 Pa) without ever breaking the vacuum. It is
important to note that a pure metallic middle layer leads to a
nonfunctional device, so the formation of metal nanoclusters is
critical to achieving the memory effect. During the evaporation
of the middle Al-nanocluster layer, a small amount of AIDCN
vapor was purposely introduced to obtain more controllable
device-fabrication conditions, yielding a unique co-evaporation
process of Al and AIDCN. By carefully adjusting the Al/
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Figure 1. Chemical structures of a) 2-amino-4,5-imidazoledicarbonitrile (AIDCN), b) polystyrene (PS), c) 8-hydroxyquinoline (8HQ), d) 1-dodecanethiol
(DT), e) 2-naphthalenethiol (2NT), f) polyaniline (PANI), g) tetrathiafulvalene (TTF), and h) [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM).

AIDCN volume ratio, it was determined that the optimum
ratio of AI/AIDCN for the formation of the Al-nanocluster
layer in the chamber is 3:1 to 4:1, where the device yield is over
95 % percent. (This ratio may vary in different chambers.)

<
<
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Figure 2. Current-voltage (/-V) curves of an OBD with the nominal struc-
ture AlI/AIDCN (50 nm)/Al nanoclusters (20 nm)/AIDCN (50 nm)/Al.
Curves (a,b) represent the -V characteristics of the first and second bias
scan, respectively. Curve (c) is the -V curve of the third bias scan after the
application of a reverse voltage pulse (-3 V). The bottom inset shows the
device structure, the top inset shows an image of a typical OBD. Repro-
duced with permission from [18b]. Copyright 2002, American Institute of
Physics.
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Atomic force microscopy (AFM) images of the surface of the
AV/AIDCN layer with a ratio of 3.3:1 indicate a metal-organic
nanocomposite structure, as shown in Figure 3.I""! Further anal-
ysis of the nanoclusters shows that they each consist of a metal-
lic core and an aluminum oxide shell, which results from the re-
action of Al with AIDCN and/or oxygen during the co-
evaporation process. Thus, a very thin oxidation layer between
the metallic Al nanoclusters is formed. More details about the
device fabrication can also be found in the literature.!"™!
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Figure 3. AFM phase image of the surface of an AIJAIDCN (3.3:1) layer.
Reproduced with permission from [19]. Copyright 2004, the MRS Bulletin.
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2.2. Electrical Characteristics

A typical current-voltage (/-V) curve for an OBD is shown
in Figure 2. The first voltage scan, depicted by curve a, shows a
sharp increase in the current at about 2 V. After this transition,
the device remains in this high-current state even after turning
off the power. This can be seen in the second voltage scan
(curve b) in Figure 2. Curve c in Figure 2 shows the I-V char-
acteristics of the device after the application of a -3 V bias; it
is nearly identical to curve a.

The estimated electron travel time from the electrode to the
middle layer would be about 1 ps, which is based on an
AIDCN layer with a thickness of 50 nm and a charge mobility
of 107 cm?V~'s™". However, the switching time for the OBDs
is actually less than 20 ns, as seen in the inset of Figure 4.8}
This nanosecond response time suggests that the electrical-
switching process is probably not caused by a simple charge-
trapping process, which is defined by charge injection from the
electrode, electron transportation through the medium, and
charge trapping within the metal-nanoclusters layer, but rather
a field-induced effect. Furthermore, the switching voltage of
the OBDs is independent of the temperature (Fig. 4),*"! which
suggests that a tunneling process is veritably responsible for
the switching process, rather than a process flow comprised of
charge injection, transportation, and trapping, which has a
strong dependence on temperature.

The memory retention of these devices was evaluated by
leaving several OBDs in the ON state at ambient conditions
and monitoring the current. It was found that the devices
remain in the ON state for several days to weeks. The origin of
the variation in the retention ability is still under investigation.
The devices exemplify good rewritable characteristics during
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Figure 4. |-V curves of an OBD at various temperatures. The inset shows
the dynamic response of an OBD initially in the OFF state to an applied
voltage pulse. Reproduced with permission from [20]. Copyright 2002, Tay-
lor & Francis.
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cycle testing (shown in Fig. 5), where more than one million
write-read—erase cycles were performed on the OBD without
failure.

4

W(3V)

L E(-0.5V)

Voltage(V)
(yr)usung

-8 L I . \ . I

Time(s)

Figure 5. Typical current responses of an OBD during the write-read—
erase voltage cycle. Reproduced with permission from [18b]. Copyright
2002, American Institute of Physics.

2.3. Conduction and Switching Mechanisms

The energy diagram of the unbiased Al-nanocluster layer
shows a distribution of many energy wells (nanoclusters) next
to each other, which are sandwiched between the two organic
layers with relatively high LUMO-HOMO (lowest unoccupied
molecular orbital-highest occupied molecular orbital) energy
levels. When a sufficient bias is applied to the device, the Al-
nanocluster layer becomes polarized, and opposite charges are
subsequently induced (or stored) at the top and bottom inter-
faces of the middle Al-nanocluster layer and organic layers.
The stored charges lower the interfacial resistance and switch
the device to the ON state, while only a reverse bias can restore
the device to the OFF state. In this fashion, a nonvolatile-mem-
ory effect is created. The charge storage in our OBD device
comes from the redistribution of charges within the partially
oxidized Al-nanocluster layer; hence, the switching process is
very fast, which is demonstrated by the write speed of the
devices being in the nanosecond regime. Further, the oxide
layer between the metal nanoclusters prevents charge recombi-
nation after the voltage is removed.

We have established a theoretical model using the single-
band Hubbard model®! that considers the interactions among
the nanoclusters, organic molecules, and electrodes.”” Initially
the electron-transmission probability is calculated for the de-
vices in two generalized situations. The first situation repre-
sents the case where no charge is stored in the metal nanoclus-
ters, and the other situation considers the case where positive/
negative charges are stored on both sides of the nanocluster
layer, as shown in the insets of Figure 6. It was found that the
electron transmission probability increases by several orders of

Adv. Funct. Mater. 2006, 16, 1001-1014



Y. Yang et al./Electrical Switching and Bistability in Organic Thin Films and Devices

07°F  OFF-state

-0 " " " " "

20 -15 -1.0 -05 0.0 05 1.0 L5 20
E-E, (eV)

ON-state

30 PR R
20 -15 -1.0 -05 0.0 05 1.0 15 2.0
E-E_(eV)

10

Figure 6. The transmission probabilities T(E) as a function of energy for
the following cases: a) without charges in the nanocluster layer, and
b) with positive/negative charges stored in the nanocluster layer. The in-
sets show the corresponding device states. Reproduced with permission
from [22]. Copyright 2004, the American Physical Society.

magnitude when the metal-nanocluster layer is positively/nega-
tively charged, which is in agreement with the OBD-operation
mechanism.

In order to further examine the potential difference across
the active interfaces of the device, the middle nanocluster layer
was externally wired to measure the potential change across
only one interface. A potential difference between the middle
nanocluster layer and the bottom electrode was measured, and
the conductivity was shown to change by more than three
orders of magnitude between the OFF and ON states.”*! This
directly proves our proposal that device switching is a result
of charge storage at the interface of the nanocluster/organic
layer.

3. Polymer/NP Version of the Single-Layer Device

The organic memory device has made a giant leap in technol-
ogy by simplifying the layered structure into a single-layer
polymer memory device, which can be formed by solution pro-
cessing. In this section, nonvolatile memory is demonstrated
using a polymer film blended with small conjugated organic
compounds and metal NPs.?*%! The metal NPs are capped
with saturated alkanethiols, and this device has a very simple
architecture —essentially just a polymer film sandwiched be-
tween two metal electrodes.

Adv. Funct. Mater. 2006, 16, 1001-1014
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3.1. Device Fabrication

The device layout is shown in Figure 7. The gold NPs, pre-
pared by the two-phase arrested growth method,” are capped
with 1-dodecanethiol (DT) (hereafter referred to as Au-DT
NPs) and have a narrow size distribution (1.6-4.4 nm in diame-
ter) and an average particle size of 2.8 nm. For fabrication, at
first the bottom Al electrode was thermally evaporated onto a
glass substrate in a very clean chamber at a vacuum pressure
of 10~ Torr. Next, the active layer was formed by spin-coating
a solution of 0.4 wt % Au-DT NPs, 0.4 wt % 8-hydroxyquino-
line (8HQ), and 1.2 wt % polystyrene (PS) in 1,2-dichloroben-
zene. The polymer film had a thickness of about 50 nm. Finally,
the device was completed by thermal evaporation of the top Al
electrode. The top and bottom Al electrodes had line widths of
0.2 mm and were aligned perpendicular to each other, so that
the device had an area of 0.04 mm? (0.2 mm x 0.2 mm). This
device is represented as AI/Au-DT NP +8HQ + PS/Al in this
manuscript.

Al y —Au nanoparticles
o (<]
!Q)/u wﬂﬂuﬂugnsnuﬂ'il Iﬂ Al
P, oyt o

Middle composite layer

Figure 7. Device structure of polymer memory device.

3.2. Electrical Characteristics

The I-V curves for the Al/Au-DT NP + 8HQ + PS/Al system
is shown in Figure 8. This pristine device exhibited a very low
current, approximately 10! A at 1 V. The electrical transition
from the low- to the high-conductivity state took place at 2.8 V

Figure 8. |-V curve of an Al/Au-DT NP +8HQ + PS/Al device tested in vac-
uum: a) first, b) second, and c) third bias scans. The arrows indicate the
voltage-scanning directions. Reproduced with permission from [24]. Copy-
right 2004, the Nature Publishing Group.
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with a dramatic current increase from 10! to 10 A (curve a).
The high-conductivity state is able to return to the low-conduc-
tivity state by applying a negative bias as indicated in curve c,
where the current suddenly dropped to 107 A at-1.7 V.

The device exhibited similar behavior when it was tested in a
nitrogen atmosphere and also in air. The transition voltage and
current for the device in the high-conductivity state are almost
the same as for the device tested in vacuum, while the current
for the device in the low-conductivity state tested in air is high-
er by one to two orders of magnitude than for that tested in
vacuum. These responses indicate that oxygen and moisture do
not have a significant effect on the electrical transitions.

Cycling between the high- and low-conductivity states of the
device was performed numerous times in air. The write, read,
and erase voltages used for the cycle tests were 5, 1.1, and
—2.3 'V, respectively. After applying a pulse of 5 V for a dura-
tion of 25 ns, the current became four orders of magnitude
higher. Currently, our equipment (HP 214B Pulse Generator)
is incapable of generating a pulse shorter than 25 ns, so it is
therefore possible that the response time of this device is actu-
ally faster than what we are able to measure.

To study the impact of material composition on device per-
formance, other materials were also used to fabricate the
device. For example, when 8HQ was replaced by other conju-
gated organic compounds (such as 9,10-dimethylanthracene)
and PS was replaced by poly(methyl methacrylate) (PMMA),
similar electrical behavior to that obtained in the initial case
was observed. However, when a PMMA film consisting of only
Au-DT NPs without S8HQ or any other conjugated organic
compound was used, no remarkable electrical switching was
observed. Another material-related concern, potentially
harmful to proper device operation, is the possible oxidation of
the Al electrodes. To test whether this is a viable concern that
could affect device performance, devices using other conduc-
tive materials, such as Au, copper, and indium tin oxide (ITO),
as one or both electrodes were also fabricated. Since these de-
vices exhibited quite similar electrical behavior to the device
using Al as both electrodes, it can be concluded that a very thin
aluminum oxide layer at the electrode interface did not
affect the electrical transition. Moreover, the operation of the
device can be combined with AFM, so that an extremely high
device density can be achieved. (Results in a previous publica-
tion.?*)

3.3. Conduction and Switching Mechanisms

The nanosecond-scale transition of these devices and the
electric-field-induced change of the surface potential of the
polymer film both indicate that the switching process may be an
electronic one rather than one involving chemical rearrange-
ment, conformational change, or isomerization. For example,
conformational change for a ferroelectric polymer occurs on a
30 us time scale.’”? Atomic movement or molecular isomeriza-
tion that can result in electrical bistability was observed on mo-
lecular devices:?**! however, the transition time was on the or-
der of milliseconds and in some cases even longer.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To further study the switching mechanism we employed ac—
impedance spectroscopy, which allows the study of energy
levels and transport mechanisms of materials. Our experimen-
tal results suggest that the switching mechanism is not due to
the formation of conductive filaments®"! between the two met-
al electrodes, which is observed in other polymer-film sys-
tems.®! It is unlikely that filament formation is the reason for
the electronic transitions in our device, since the electrical
behavior of our device is strongly dependent on the structure
and the concentration of the gold NPs. In addition, ac-imped-
ance studies from 20 to 10° Hz indicate that the electronic
transitions in our device are different from the dielectric break-
down found in polymer films. (Results presented in a previous
publication.™) We observed dielectric breakdown in devices
with a PS film sandwiched between two Al electrodes where,
after breakdown, the current increased by more than four
orders of magnitude and the capacitance was lowered by about
one order of magnitude across the whole frequency range. In
comparison, the Al/Au-DT NPs+8HQ + PS/Al system exhib-
ited an increase in current by more than four orders of magni-
tude. When the device was in the high-conductivity state, the
capacitance increased in the low-frequency range, while it
remained the same in the high-frequency range. These studies
suggest that space charges may generate in the film after the
as-prepared device is electrically switched to a high-conductiv-
ity state. PS may act merely as an inert matrix for Au—-DT NPs
and 8HQ, and, as a result, will not play a role in the electronic
transition mechanism.

The conduction mechanism for Al/Au-DT NPs+8HQ + PS/
Al in the low-conductivity state may be due to a small amount
of impurity present in the active layer or through hot-electron
injection. The conduction mechanism of the device in the high-
conductivity state was studied by the temperature dependence
of the current and analysis of the -V behavior. (Results pre-
sented in a previous publication.?*!) The current for the device
in the high-conductivity state was almost temperature-indepen-
dent, and the I~V curves can be accurately fit by a combination
of direct tunneling (tunneling through a square barrier) and
Fowler—-Nordheim tunneling (tunneling through a triangular
barrier), as given by the following expression:m]

2dVIm @  4d 2
I=CVe o+ GV o 3V (1)

The first term on the right hand side of the equation is the cur-
rent contributed by direct tunneling, and the second term is the
current contributed by Fowler-Nordheim tunneling. In this
equation, d is the tunneling distance, m* is the effective mass of
the charge carrier, Cy, C; are constants, e is the base of the nat-
ural logarithm, % =h/2rn, where A is Planck’s constant, ¢ is the
electronic charge, and @ is the energy-barrier height. At low
voltage (V< ®), direct tunneling is the dominant conduction
mechanism, and at high voltage (V> ®), Fowler— Nordheim
tunneling becomes the dominant conduction mechanism.

The different conduction mechanisms in the two states sug-
gest that a change occurs in the electronic structure of the
device after the electrical transition. It has already been dem-
onstrated that SHQ and gold NPs can act as electron donors!*’!

Adv. Funct. Mater. 2006, 16, 1001-1014
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and acceptors,® respectively. Moreover, the different surface

potentials of the Au-DT NPs+8HQ + PS film after treatment
with different electric fields suggest that the electric field can
induce polarization of the film. Hence, we propose a charge-
transfer effect occurring between the Au-DT NPs and 8HQ
under a high electric field that results in electronic transition.
Prior to the electronic transition there is no interaction be-
tween the Au-DT NPs and 8HQ and, since the concentration
of charge carriers due to impurities in the film is quite low, the
film initially exhibits very low conductivity. However, when the
electrical field increases to a certain value, electrons on the
HOMO of 8HQ may gain enough energy to tunnel through the
capping molecule, DT, and into the gold NP (Fig. 9a). Conse-
quently, the HOMO of 8HQ becomes partially filled, so that
8HQ and the gold NPs are positively and negatively charged,
respectively. Carriers are then generated and the device is able
to switch to a high-conductivity state after the charge transfer.
This phenomenon is presupposed though, as it is well known
that the conductivity of conjugated organic compounds will in-
crease after their HOMO or LUMO becomes partially
filled.l'%]

Considering the case for an electrical transition leads to clos-
er analysis of the electrically active materials within the system.
Since the separation between 8HQ molecules in the polymer
film will be larger than that in the S8HQ crystal (a simple esti-
mation suggests that the separation between the 8HQ mole-
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Au NP DT 8HQ
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Figure 9. a) Schematic of the electron transfer from 8HQ to the core of
the gold NP. The inner gray circle indicates the core of the gold NP, and
the outer gray ring indicates the capped DT. b) Energy-level diagram of the
core of the gold NP, DT, and 8HQ. The two dots on the HOMO of 8HQ
represent two electrons. The straight arrow indicates the direction of the
electric field (E), and the curved arrow indicates the electron transfer from
8HQ to the core of the gold NP. Reproduced with permission from [25].
Copyright 2005, IEEE.
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cules in the Au-DT NP +8HQ + PS film is about 6 to 10 A), it
is reasonable that tunneling becomes the dominant charge-
transport mechanism among the SHQ molecules.

Stability of the negative charge on the gold NPs is due to the
insulating coating on the gold NPs (DT), which prevents
recombination of the charge after removal of the external elec-
tric field. Since an external electrical field induces the charge
transfer, the film becomes polarized after the charge transfer,
and only a reverse electric field can cause tunneling of the elec-
tron from the gold NP back to the HOMO of 8HQ", resulting
in a return to the low-conductivity state. Charge tunneling
through the insulator coating on the gold NP is possible, and it
has been observed frequently that gold NPs coated with an
insulating alkanethiol layer can be reduced or oxidized through
electrochemical methods.*!

The HOMO and LUMO levels of 8HQ, calculated by means
of density functional theory using Becke’s three-parameter
functional with the Lee, Yang, and Lee correlation functional
(DFT B3LYP) method with the 6-31+G(d,p) basis set,*” are
1.9 and 6.1 eV, respectively (Fig. 9b). The quantized energy, J,
for a gold NP with a diameter of 2.8 nm is about 0.014 eV cal-
culated using the following equation:*®!

_ 4Eg

I=3N ()

where Ef is the Fermi energy of bulk Au, and N denotes the
number of Au atoms in one gold NP. This quantized energy is
even much smaller than the thermal energy at room tempera-
ture, so that its effect can be neglected. On the other hand, the
Coulomb energy (E.) needed to charge a gold NP with a diam-
eter of 2.8 nm capped with DT is about 0.1 eV, as calculated
using the equationst®

2
e
Ec - i (3)
and
C= 471?8081-2 (r+4d) 4)

where C is the capacitance of the gold NP, ¢, the permittivity of
free space, ¢ the permittivity of the capped molecule on the
gold NP, r the radius of the gold NP core, and d the length of
the capped molecule. This charging energy is the energy to be
overcome for the charge transfer to take place. It is possible
for the electron to gain such energy under a high electric field.
These considerations on the energies suggest that charge trans-
fer from S8HQ to gold NP is possible under the application of a
high electric field. This electric-field-induced charge-transfer
model explains the electronic transition observed in the Al/
Au-DT NP +8HQ + PS/Al system quite well, and is supported
by the evidence noted above.

4. Advanced Memory Device Architectures with a
Single-Layer Structure

Based on our understanding of the field-induced switching
mechanism, several material systems have been developed that
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either generate additional functionality or simplify the device
architecture. Applications for write-once-read-many (WORM)
memory devices are first demonstrated with a system com-
prised of gold NPs capped with aromatic thiols that can switch
to a stable high-conductivity state, but are unable to switch
back to a low-conductivity state. For simplification of the
device architecture, two material systems are given that possess
easy fabrication and operation. An all-organic system com-
prised of an electron donor and acceptor yields a highly
efficient electrical symbiosis, and, finally, a nanocomposite
in which the Au NPs are directly bound to polymer is pre-
sented.

4.1. WORM Memory Devices'>*"!

By simply replacing the capping of the Au NPs with conju-
gated molecules, a WORM device has been demonstrated. This
device structure is similar to the polymer-blend system dis-
cussed in Section 3, except that Au NPs capped with 2-
naphthalenethiol (2NT) (hereafter referred to as Au-2NT
NPs) are used to replace the Au NPs capped with saturated
alkanethiol.

The device exhibited a very different electrical behavior, and
its I-V curves are shown in Figure 10a. The current exhibited a
rapid increase starting at 4 V at the first voltage scan. It lacks
the sudden jump, however. After the voltage scan from 0 to
8 V, the device converted to a high-conductivity state. At 2V,
the current difference in the device between the two conductiv-
ity states is different by about three orders of magnitude. Once
switched to the high-conductivity state, neither a low nor high
voltage bias of either polarity is able to cause the device to
revert to the low-conductivity state.

To further understand this electric-field-induced transition,
the -V curves in both states were analyzed according to some
theoretical models.[*"! Before the transition, there is a linear
relationship between Ig/ and V' between 0 and 3 V. This
suggests that the current before the electrical transition is
controlled by charge injection from the Al electrode into the
Au-2NT NPs. After the electrical transition, the I-V relation
changes: Ig/ has a linear relationship with IgV. A best fit of
lg/-1gV indicates that /o V', From this it is concluded that the
device behavior becomes space-charge-limited.m]

For devices in the high-conductivity state, the current
increases proportionally to the concentration of the Au NPs in
the film. This is because both the charge-carrier population
and the charge-carrier mobility are dependent on the popula-
tion of the Au-2NT NPs within the polymer. These results
suggest that the Au—2NT NPs are the active media for charge
transport through the film because of their conjugated
naphthalene structure. This differs from the film of Au-
DT NP +8HQ +PS, where the 8HQ has a conjugated quinoline
structure and, thus, becomes the media for charge transfer
through the film.

Furthermore, the behavior of these devices suggests an elec-
trical transition due to an electric-field effect, which is evi-
denced by the fact that the transition voltage increases linearly

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. a) /-V curves of the device Al/Au-2NT NP+ PS/Al. The arrows
indicate the voltage-scanning directions. (The inset is the I-V curve for the
two polarities for the device in the high-conductivity state [40].) b) Sche-
matic of electron transfer from the capping molecule 2NT to the core of
the gold NP. Only four 2NT molecules are plotted to represent all capping
2NT molecules on the gold NP. The curved arrow indicates the electron
transfer. The straight arrow denotes the direction of the electric field (E).
Reproduced with permission from [25]. Copyright 2005, IEEE.

with the increase in film thickness. This effect can also be iden-
tified by the asymmetric I-V curve for the device in the high-
conductivity state (inset of Fig. 10a), which suggests that the
electric field may induce a polarization in the Au-2NT NPs in
the polymer film.

Based on these experimental results, we propose an electric-
field-induced charge transfer similar to that found in the
blended polymer device (Al/Au-DT NP +8HQ + PS/Al). The
polarization of the polymer film after the electronic transition
is postulated to be the result of a high electric-field-induced
charge transfer between the gold NP and the capping 2NT,
where the capping 2NT donates an electron to the core of the
gold NP (Fig. 10b). After the charge transfer, the Au-2NT NP
polarizes along the applied electric field. Hence, the device will
exhibit a higher current when the external electric field is

Adv. Funct. Mater. 2006, 16, 1001-1014
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applied along this polarization direction than when the field is
applied against this polarization.

This model explains the presence of the two conductivity
states well. Before the transition, the current is controlled by
the charge injection from the electrode into the polymer film
due to a big energy barrier between the Al electrode and the
Au-2NT NPs. After charge transfer occurs between the Au
nanoparticle and 2NT as a result of a high electric field, the
2NT becomes positively charged and the film then exhibits a
high current.

4.2. All-Organic Donor-A cceptor Systems

Electrical bistability can also be found in all-organic systems
possessing both an electron donor and acceptor.’! In these sys-
tems the electronic-switching mechanism is attributed to an
electric-field-induced charge transfer between conjugated
organic compounds. In fact, this system presents one of the
most direct proofs of this mechanism. This idea is tested by
using methanofullerene [6,6]-phenyl Cg;-butyric acid methyl
ester (PCBM) as an organic electron acceptor and tetrathiaful-
valene (TTF) as an organic electron donor. The active layer of
this device was formed by spin-coating a solution of 1.2 wt %
PS, 0.8 wt % TTF, and 0.8 wt % PCBM in 1,2-dichloroben-
zene.

The device exhibits electrical bistable behavior, as shown in
Figure 11. The voltage to turn the device from a low to high
conductivity state is 2.6 V. At this critical voltage, the current
increases abruptly from 107 to 10 A, and the device is then
stable in this high-conductivity state. The low-conductivity
state can be recovered by simply applying a larger voltage bias
at either polarity (for example, 9 or -9 V can be used) as
indicated by curve (c), where the current suddenly drops from
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Figure 11. I-V curves of the device Al/PS+PCBM +TTF/Al: a) first, b) sec-
ond, and c) third bias scans. The arrows indicate the voltage-scanning
directions. Reproduced with permission from [43].
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-10* to —10° A at —6.5 V. The switching time for the device
from the ON to the OFF or from the OFF to the ON state is
shorter than 100 ns.

The stability of these devices was first probed by stress test-
ing. For this experiment, a constant voltage of 0.5 V was ap-
plied to the devices while in both the OFF and ON states, and
the current output versus time was recorded. It is noted that
there was no significant current change for the devices in either
state, even after 12 h of continuous stress testing. Stability can
also be evaluated by determining the retention ability, which is
measured by leaving several devices in the high-conductivity
state without any applied voltage in a nitrogen environment. It
was witnessed that once the device is in the ON state it will
remain that way for several days, sometimes even for weeks.
This device can also be successfully cycled between the two
states many times, allowing implementation into rewritable
memory applications.

To understand the electrical-switching mechanism, we stud-
ied the conduction mechanism of the devices in both states.
Before the electrical transition, there was a linear relation
between logl and V' in the voltage range 0-1.7 V. Such linear-
ity suggests that the conduction mechanism is probably therm-
ionic emission,! that is, the conduction mechanism is domi-
nated by charge injection. After the electrical transition, a
linear relationship was observed between log(/V) and V'2
Hence, Poole-Frenkel (P-F) emission is probably the conduc-
tion mechanism for the device in the high-conductivity state.
The P-F conduction mechanism is dominated by charge trans-
port though the bulk materials, which are filled with electrically
charged defects.* The presence of this P-F mechanism is
further confirmed by symmetric -V characteristics for both
polarities when using electrodes of dissimilar work functions
(i.e., with the ITO/PS + PCBM + TTF/Al configuration). There-
fore, the current conduction changes from an injection-domi-
nated mechanism in the OFF state to a charge-transport-domi-
nated mechanism in the ON state.

The switching mechanism was further studied using ac-im-
pedance spectroscopy. The device in the OFF state exhibited a
capacitance of 30 pF from 20 to 10° Hz, unaffected by changes
in frequency. However, when the device was in the ON state,
the capacitance became strongly dependent on the frequency.
For devices in the ON state, the capacitance in the high-fre-
quency range 10*-10° Hz was almost the same as that in the
OFF state, then it subsequently increased with decreasing fre-
quency. The capacitance in the ON state was higher than that
in the OFF state by more than one order of magnitude at low
frequencies less than 600 Hz. This increased capacitance at low
frequency may be influenced by the increase of the apparent
dielectric constant of the film. The change of apparent dielec-
tric constant is believed to be associated with the field-induced
dipole formation between the donor and acceptor.

In light of the above experimental results and discussions, we
propose that the electronic transition is due to an electric-field-
induced charge transfer in the film between TTF and PCBM.
This can be partially confirmed by observing that the bistable
phenomenon does not exist if only one component is present.
By noting that the HOMO and LUMO levels for TTF are,
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respectively, 5.09 and 2.33 eV,[46] and those for PCBM are,
respectively, 6.1 and 3.7 eV,[47] it can be inferred that TTF and
PCBM are an electron donor*! and acceptor,["g] respectively.
The materials were chosen because their energy levels do not
allow electron transfer in their ground states. Also, the result-
ing UV-vis absorption spectrum is a superposition of the indi-
vidual TTF and PCBM spectra. Therefore, the interaction be-
tween TTF and PCBM may be weak prior to the electronic
transition. In addition, the concentration of charge carriers as a
result of impurities in the film is quite low, so that the film has
a low conductivity. However, a high electrical field may facili-
tate electron transfer from the HOMO of TTF to the LUMO
of PCBM. Consequently, the HOMO of TTF and LUMO of
PCBM become partially filled, and TTF and PCBM are
charged positively and negatively, respectively. Therefore, car-
riers are generated and the device exhibits a sharp increase in
conductivity after the charge transfer.

4.3. Polymer with Built-In NP System

By exploiting the advantages of nanocomposite materials,
further progress on the development of polymer electronic
memory devices can be made.’”! As discussed above, the elec-
trical bistability is related to the electric-field-induced charge
transfer between two components. Thus, the compatibility of
these two components is crucial for optimal device perfor-
mance. Enhancing the interface between the two components
could lead to superior device performance, and therefore, to
this end, a nanocomposite of polyaniline (PANI) nanofibers
and Au NPs has been used as the active material.

A conducting polymer (such as PANI) decorated with metal-
lic or semiconducting NPs furnishes an exciting system to in-
vestigate, with the prospect of designing device functionality
directly into the material. A facile bulk-synthesis method capa-
ble of producing high-quality PANI nanofibers, with diameters
tunable from 30 to 120 nm, has been employed.”" The nano-
composite was prepared by growing gold NPs on the PANI
nanofibers through the reduction of chloroauric acid (HAuCly,)
in an aqueous solution containing the nanofibers.”?l A trans-
mission electron microscopy (TEM) image of the PANI nano-
fiber/gold NP composite is shown in Figure 12a. An active film
was formed by spin-coating an aqueous solution of ~0.1 wt %
PANI-nanofiber/gold-NP composite in 1.5 wt % polyvinyl
alcohol, with an overall film thickness of 70 nm. Polyvinyl al-
cohol serves as an electrically insulating matrix for the nano-
composite. The actual device structure and fabrication process
are similar to the methods used to fabricate devices with the
Al/Au-DT NP + 8HQ + PS/Al system.

This PANI-nanofiber/gold-NP device can be used as an elec-
tronic memory device due to its bistable electrical behavior, as
seen in Figure 12b. The voltage used to switch the device from
the low- to the high-conductivity state is 3 V, where the current
changes from 107 to 10™ A. The device is then stable in the
high-conductivity state until a reverse bias of -5 V is applied to
return the device to the low-conductivity state. When the volt-
age is raised above +3 V, a region of negative differential resis-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

10-3 E— 1 T ) ' ) ' LI
N . —— A ]
10 NDR > B 3
10° | ¢
< | ]
= 10°¢ e T
[ d 10° ON state 17
0 7T 9
=10 F 10°F 13
= i 2 17
[ 10 ]
o 10° 3 10°F OFF state 13
10° L 10°F T 1]
F 10%¢° 10' 1(_')2 10° 100 10°]
107" r . 1, Tjme (s) L

0 1 2 3 4 5 6 7

Voltage (V)
(b)

Figure 12. a) TEM image of the PANI-nanofiber/gold-NP composite. The
black dots are ~1 nm gold NPs contained within ~30 nm diameter PANI
nanofibers. b) |-V curves of the PANI nanofiber/gold-NP device. The
potential is scanned from A) 0 to +4 V, B) +4 to 0V, and C) 0 to +4 V.
Between +3 and +4 V a region of negative differential resistance (NDR) is
observed. The inset shows the retention-time test of the ON-state (top)
and OFF-state (bottom) currents when biased at +1 V every five seconds.
Reproduced with permission from [50]. Copyright 2005, American Chemi-
cal Society.

tance (NDR) is observed, but appears to have no effect on the
performance of the device within the +3 to +4 V region. NDR
has been reported in other memory devices,*****! and here it
seems that this NDR behavior is related to the size of the Au
NPs. When the diameters of the gold NPs are greater than
20 nm, the devices can only be switched on once, and during
this time in the ON state they exhibit ohmic behavior, indicat-
ing that the more metallic nature of larger Au particles domi-
nates the switching. The Au NPs are absolutely critical to the
operation of the devices, as devices made with only PANI
nanofibers do not demonstrate electronic switching.

Adv. Funct. Mater. 2006, 16, 1001-1014
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To further demonstrate the feasibility of this material for use
as nonvolatile memory, the stability of the system must be eval-
uated. Data retention was gauged by measuring the current of
the device in the ON state over a long period of time, and even
after a three-day period no appreciable change in conductivity
was observed for these devices. However, after several days, a
slight decrease in conductivity in the high-conductivity state
was observed. A stress test can indicate the device robustness,
and this was performed by applying a constant voltage of 1 V
and recording the current every five seconds. In this case, the
test occurred over a 14 hour period and ran until the parameter
analyzer reached its 10000 point limit, at which time no signifi-
cant change in conductivity was witnessed (inset, Fig. 12b).

The PANI-nanofiber/gold-NP device exhibited very fast re-
sponse times while switching, less than 25 ns for switching ON
and OFF. Cycle tests on the device were conducted to measure
the lifetimes of the devices, and the parameters used for the
write-read—erase voltages are as follows: the write voltage was
4.8 'V, the read voltage was 1.2 V, and the erase voltage was
-6 V. The current was measured at the read voltage (1.2 V) for
the device in the high- and low-conductivity states, and were
1075 A and 10°-107 A, respectively. A readily distinguishable
ON/OFF ratio around 20 was always maintained.

The switching mechanism in these devices is similar to the
all-organic donor—acceptor system discussed in Section 5.2 and
appears to be caused by an electric-field charge-transfer effect
between the PANI nanofibers and the gold NPs. Under a suffi-
ciently strong electric field, electrons that reside on the imine
nitrogen of the PANI may gain enough energy to surmount the
interface between the nanofibers and the gold NPs and move
onto the gold NPs (Fig. 13). Consequently, the gold NPs be-
come more negatively charged, while the PANI nanofibers be-
come more positively charged. The conductivity of the PANI-
nanofiber/gold-NP composite will increase dramatically after
the electric-field-induced charge transfer. To corroborate this
experimentally, first, X-ray photoelectron spectra taken on the
composite showed a shift from 399.2 to 399.7 eV for the N 1s
core electrons compared to the undoped, emeraldine base
PANI, indicating that the nitrogen in the PANI-nanofiber/gold-
NP composite is partially positively charged. At the same time,
the binding energy of the gold electrons (4fs,) decreases from
87.7 to 87.5 eV, indicating that a partial negative charge resides

.
H o+
N /N
N N n
H

Emeraldine Base

Figure 13. Schematic structure of a PANI-nanofiber/gold-NP after applica-
tion of +3 V. An increase in charge transfer from PANI to the gold NPs is
believed to occur. Reproduced with permission from [50]. Copyright 2005,
American Chemical Society.
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on the gold NPs. Second, our assumption of an interface be-
tween the PANI nanofibers and gold NPs seems reasonable,
since, without such an interface, instability of the device
through rapid charge recombination would be expected. Addi-
tionally, since our device exhibits NDR, a mechanism involving
filament formation is unlikely, as discussed by Scott and co-
workers, 5%

5. Summary of Polymer/Organic Memory Devices
Developed at the University of California, Los
Angeles

Though these five devices presented above use different ma-
terials, all of them exhibit electrically bistable behavior, and
their switching mechanisms are related to the charge storage in
their active layers. The charge storage takes place on the metal
NPs for the first four devices, while, for the all-organic donor—
acceptor device, it takes place on the organic molecules.
Charges store in the middle metal-nanocluster layer for the tri-
ple-layer devices, and it leads to the polarization of the middle
layer. For the three devices made using gold NPs, the charges
store on the gold NPs, resulting from an electric-field-induced
charge transfer between the gold NPs and conjugated organic
compounds or conjugated polymers. The charge storage on the
organic compounds, as well as for the all-organic donor-accep-
tor device, is induced by an external electric field.

6. Research on Polymer/Organic Memory Devices
Worldwide

Our research has stimulated strong interest worldwide be-
cause of the high potential of using these devices in nonvolatile
memory. Devices with different materials or architectures have
been demonstrated. The materials used, device architectures,
electrical behaviors, and mechanisms of these devices are re-
viewed in the following paragraphs.

Both small conjugated molecules and polymers were
employed as the organic semiconductor materials in these
devices. Besides AIDCN presented above, tris-(8-hydroxyquin-
oline) aluminum (Algs),*** pentacene,” and cyanopolyfluor-
enel®® were used in the device with a triple-layer structure.
Single-layer devices using either small organic compounds
or polymers were demonstrated as well. Small organic com-
pounds include pentacene,[ss] co-deposited Cu:TCNQ (TCNQ:
7,7,8,8-tetracyanoquinoline),[57] Alq3,[58] N,N’-diphenyl-N,N’-
bis(1-naphthyl)-(1,1’-biphenyl)-4.4’-diamine (NPB),*! poly|3-
(6-methoxyhexyl)thiophene] >l and the copolymer of N-vi-
nylcarbazole and Eu-complexed vinylbenzoate.®” Polymers
have the advantage of solution processibility. It is still too early
to make a correlation between the electronic structure of the
materials and device performance, though wide-bandgap or-
ganic compounds or polymers may be more favorable.[182463]

These devices exhibit stability in two or multiple conductive
states, but the I-V curves do exhibit discrepancies for different
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devices or in different laboratories. Though negative resistance
was not observed in our triple-layer devices, it has been
observed in some laboratories®**®* (Fig. 14). Different depen-
dences of the device performance on film thickness have also
been observed. For example, Oyamada et al.®” found that the
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Figure 14. Current-voltage characteristic of an Al/(50 nm)/Algs (50 nm)/
Al (5 nm)/Algs (50 nm)/Al (50 nm) device. Reproduced with permission
from [53a). Copyright 2004, American Institute of Physics.

switching characteristics were almost independent of the
organic layer, while Tondelier et al.’®! observed that the
switching threshold voltage varies approximately linearly with
the film thickness. These different behaviors may be attributed
to the different parameters for the device fabrication in differ-
ent laboratories. The electrical behavior of the device is
strongly related to the device-fabrication conditions.

The switching mechanism for these devices has been the sub-
ject of debate; we propose electric-field-induced polarization
of the middle metal layer for the triple-layer devices, and elec-
tric-field-induced charge transfer for the polymer version of
the single-layer devices. The charge-transfer mechanism is
adopted in the devices that use co-deposited Cu:TCNQP”! or
the copolymer of N-vinylcarbazole and Eu-complexed vinyl-
benzoate.”! In addition to these mechanisms, several different
mechanisms have also been proposed. Tondelier et al. studied
bistable devices with a single-layer or triple-layer structure,
and found similar electrical behavior for both devices.*! They
believed that switching of the device from the low- to the high-
conductivity state is the result of the formation of nanofilamen-
tary metallic pathways through the organic film that resulted
from field-induced percolation of the metal NPs. However,
many other groups disagree with this filament-formation mech-
anism, and believe that the switching is related to charge stor-
age (either charge transfer or charge trapping) in the metal
NPs.

The change of the conductance of the device may be due to
the effect of charge storage on the charge injection or charge
transport. Bozano et al. interpreted NDR of their device in
terms of the Simmons and Verderber (SV) model.** They
argued that the switching from high to low conductance is due

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to charge trapping on the metal NPs and the resulting space-
charge field inhibits charge injection. This charge-trapping
mechanism was adopted by some other groups as well.F2%T On
the other hand, Tang et al. argued that the SV model may not
be a good one for the conductance switching, since it disregards
potential energy changes resulting from the charging pro-
cess.! They believe that the electrical behavior in their
devices was caused by 2D single-electron tunneling by nano-
meter-sized metal islands, formed unexpectedly by the nuclea-
tion and growth of a metal thin-film electrode. Yet another
model was proposed by Rozenberg et al.[6¢] They proposed
three kinds of metal domains in the film between the top and
bottom electrodes: the top domain, the middle domain, and the
bottom domain (Fig. 15). The current through the two elec-
trodes is controlled by the charge injection into the top or
bottom domain, tunneling through the domains, and, finally,

TOP ELECTRODE

Top Domains

eeobdddee0
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Bottorm Domains

BOTTOM ELECTRODE

Figure 15. Schematic view of the model with top and bottom electrodes,
insulating medium, smaller top and bottom domains, and large middle
domains. Reproduced with permission from [66]. Copyright 2004, the
American Physical Society.

tunneling to another electrode. The charge tunneling between
the bottom (or top) domains and the middle domains is much
larger than the tunneling between the bottom (or top) elec-
trode and the bottom (or top) domains. When a voltage pro-
duces a large transfer from the middle to the top domain and
from the bottom to the middle domain, switching from low to
high conductance takes place. On the other hand, when a volt-
age fills up the bottom domains and empties the top ones, the
probability of carrier transfer into the already-filled bottom
domains is low and, likewise, the probability of carrier transfer
out of the emptied top domains to the electrode is also low.
Hence, the device is switched to the low-conductance state.
Majumdar et al. thought that the bistability is related to the
metal/film interface, and proposed that the space charge stored
at the polymer layer near the metal/polymer interface controls
charge injection and results in hysteresis-type I-V characteris-
tics. 10061

Bistable devices that operate by using ion diffusion!**® or
conformational change of special molecules!®’" have also
been demonstrated. These mechanisms do not involve charge
storage at bulk film or at metal/film interface, and therefore
these devices were not discussed here.

Adv. Funct. Mater. 2006, 16, 1001-1014
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7. Summary and Outlook

Electrically addressable bistable devices based on organic
and polymer films have been developed for memory applica-
tions. Several materials and device structures with bistable
states have been reviewed, including the organic/metal-nano-
cluster/organic structure, polymer composites blended with
synthesized metal NPs, polymer nanofibers decorated with
NPs, and donor—-acceptor complexes. I-V characteristics show
a conductance change of at least three orders of magnitude.
These transitions between the ON and OFF states can be trig-
gered on a nanosecond time scale. The fast response times sug-
gest that the switching is due to electric-field-induced charge
transfer. Details of retention time and write-read—erase cycles,
pertinent for memory performance, are also provided.

The bistable effect is a fascinating phenomenon covering
physics, chemistry, and materials science. The abrupt transition
of electrical conductivity on a nanosecond time scale is a quan-
tum phenomenon, although observed in a large-scale device.
Although these devices show promising performance, they are
still in the early stages of research. Several important issues are
still not clear at this moment. For example, how do the size and
density of the nanoparticles affect the bistability? Where are
the charges stored in the nanoparticles—in their metallic cores
or in the bonded molecules? What determines the switching
speed and why does the switching voltage vary slightly for dif-
ferent voltage scans? Finally, what are the device-failure mech-
anisms and what is the ultimate in device performance? These
questions are not only important for satisfying scientific inter-
ests, but are also important for future practical applications. By
resolving these scientific issues, we believe that much more
interesting phenomena will be discovered and these organic
bistable devices will open a new direction for future organic
electronics.
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