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Novel organic memory devices including nonvolatile and
write-once-read-many-times memory devices are reported. These
devices were fabricated through a simple solution processing
technique. Programmable electrical bistability was observed on a
device made from a polymer film containing metal nanoparticles
capped with saturated alkanethiol and small conjugated organic
compounds sandwiched between two metal electrodes. The pris-
tine device, which was in a low-conductivity state, exhibited an
abrupt increase of current when the device was scanned up to
a few volts. The high-conductivity state can be returned to the
low-conductivity state by applying a certain voltage in the reverse
direction. The device has a good stability in both states, and the
transition from the low- to the high-conductivity state takes place
in nanoseconds, so that the device can be used as a low-cost,
high-density, high-speed, and nonvolatile memory. The electronic
transition is attributed to the electric-field-induced charge transfer
between the metal nanoparticles and small conjugated organic
molecule. The electrical behavior of the device is strongly depen-
dent on the materials in the polymer film. When gold nanoparticles
capped with aromatic thiol were used, the device exhibited a
transition from low- to high-conductivity state at the first voltage
scan, and the device in the high-conductivity state cannot be
returned to the low-conductivity state. This device can be used as a
write-once-read-many-times memory device.

Keywords—Charge transfer, electrical bistable, memory, metal
nanoparticles, organic, polymer.

I. INTRODUCTION

Organic semiconducting materials exhibit strong potential
to be the active materials in almost all kinds of electronic
devices. During the past ten years, organic LEDs [1], [2],
organic photovoltaic cells [3], and organic transistors [4]
made great progress, and some were even commercialized.
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Organic electronic devices demonstrate unique advantages
compared with the inorganic semiconductor devices. These
include low fabrication cost, high mechanical flexibility,
and versatility of the material chemical structure. However,
electronic memory using organic materials is still in the
exploration stage. A high-performance organic memory
will have a strong impact on rapidly developing informa-
tion technology and will be an important player in flexible
electronics. Though three-terminal transistors, using ferro-
electric polymers [5], and two-terminal bistable devices,
which exploit charge transfer between metal atoms and
organic compounds [6], [7], exhibit interesting performance,
they are far from practical applications in memories. A
new electronic bistable device with a triple-layer struc-
ture, two organic layers, and a middle discontinuous metal
layer, sandwiched between two metal electrodes, exhibits
promising performance and can be used as a nonvolatile
memory [8]–[10]. However, the fabrication of this device is
through thermal evaporation in high vacuum, and stringent
conditions are required to control the morphology of the
middle, discontinuous metal layer. Recently, Möller et al.
reported a memory device using conducting polymers, but
this device can be written only once and cannot be used as
nonvolatile memory [11]. A two-terminal electronic bistable
device, which can be fabricated through solution processing
and can be written/erased many times, should be the target
for organic memory.

In this paper, we describe the fabrication and operation of
two kinds of organic memory devices: nonvolatile memory
devices [12] and write-once-read-many-times memory de-
vices [13]. The active layer of these devices was fabricated
by solution processing, and the device exhibited high per-
formance. They are potentially competitive with inorganic
memory in some ways and potentially outperform it in
others. For example, they can be processed in three-dimen-
sional arrays for very high density storage and have high
flexibility to be compatible with other organic devices.
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Fig. 1. Device structure.

Fig. 2. Chemical structure of: (a) polystyrene (PS);
(b) poly(methyl methacrylate) (PMMA); (c) 8-hydroxyquinoline
(8HQ); (d) 9,10-dimethylanthracence (DMA); (e) 1-dodecanethiol
(DT); (f) 2-naphthalenethiol (2NT); (g) 2-benzeneethanethiol; and
(h) N,N -bis(naphthalene-1-yl)-N,N -bis(phenyl)benzidine (NPB).

II. NONVOLATILE POLYMER MEMORY DEVICES

Fig. 1 shows the device structure of our nonvolatile
polymer memory device. This device has a simple archi-
tecture: a polymer film sandwiched between two metal
electrodes. The polymer film consists of small conjugated
organic compound and metal nanoparticle capped with
saturated alkanethiol. The chemical structure of some ma-
terials presented in this paper is shown in Fig. 2. The metal
nanoparticles were prepared by the two-phase arrested
growth method [14]. The gold nanoparticles capped with
DT had a narrow size distribution (1.6–4.4 nm in diameter)
and an average particle size of 2.8 nm (Fig. 3).

The device using PS, gold nanoparticles capped with DT
(Au-DT NP), and 8HQ was fabricated through the following
process. The device using other materials was fabricated
through a similar process. At first, the bottom aluminum (Al)
electrode was thermally evaporated on a glass substrate in a
very clean chamber with a vacuum of 10 torr. Then, the
active layer between the two Al electrodes was fabricated

Fig. 3. Transmission electron microscope (TEM) image of
Au-DT NPs.

Fig. 4. I–V curves of the device, Al/Au-DT NP+DMA+PS/Al.
(a), (b), and (c) represent the first, second, and third bias scans,
respectively. The arrows indicate the voltage-scanning directions.

by spin coating a 1, 2-dichlorobenzenic solution of 0.4%
by weight Au-DT NP, 0.4% by weight 8HQ, and 1.2% by
weight PS. This organic 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
a linewidth of 0.2 mm and were aligned perpendicular to
each other, so that the device had an area of 0.2 0.2 mm .
This device is represented as Al/Au-DT NP+8HQ+PS/Al in
this paper. When 8HQ is replaced by DMA, the device is
denoted as Al/Au-DT NP+DMA+PS/Al.

Fig. 4 shows the – curves of Al/Au-DT
NP+DMA+PS/Al in air, tested with an HP 4155B
semiconductor parameter analyzer. The pristine device
exhibited very low current, approximately 10 A at 1 V.
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Fig. 5. (a) Device structure of Al (top)/NPB/Au-DT NP+8HQ+PS/Al (bottom)/glass. The bottom
electrode is grounded. (b) I–V curves when the top electrode was positively biased. (c) I–V curves
when the top electrode was negatively biased. The arrows in (b) and (c) denote the voltage-scanning
directions.

An electrical transition took place at 6.1 V with an abrupt
current increase from 10 to 10 A [curve (a)]. The
device exhibited good stability in this high-conductivity
state during the subsequent voltage scan [curve (b)].
The high-conductivity state was able to return to the
low-conductivity state by applying a negative bias as
indicated in curve (c) where the current suddenly dropped
to 10 A at 2.9 V.

When the device was tested in a nitrogen atmosphere or in
vacuum, it exhibited similar electrical behavior. The transi-
tion voltages and the current for the device in the high-con-
ductivity state are almost the same as those tested in air, while
the current for the device in the low-conductivity state is
lower by one to two orders of magnitude than that tested in
air. Hence, the conductivity difference for the device in the
two conductivity states in vacuum could be more than four
orders of magnitude.

Other materials were also used to fabricate the device
to study the effect of materials on the device performance.
When DMA was replaced with 8HQ, the device Al/Au-DT
NP+8HQ+PS/Al exhibited similar behavior, but the transi-
tion voltages were lower. The threshold voltage from low-
to high-conductivity state was at about 2.8 V, while the
threshold voltage from high- to low-conductivity state ap-
peared at about 1.8 V. When PS was replaced by PMMA,
similar repeatable switching behavior between the two con-

ductivity states was observed. Moreover, when the polymer
film consisted of only PMMA and Au-DT NP without 8HQ
or any other conjugated organic compound, no remarkable
electrical transition was observed.

The Al electrode might oxidize in air. To investigate
whether this oxidized Al layer contributed to the electrical
transition and the effect of interface between the polymer
layer and the electrode on the device performance, devices
using other conductive materials, such as gold, copper, and
indium–tin–oxide (ITO), as one or both electrodes were
fabricated as well. These devices exhibited quite similar
electrical behavior. A very thin aluminum oxide layer on the
electrode does not affect the electrical transition.

On the other hand, it was observed that the insertion of
an additional organic layer between the polymer film and
the Al electrode changed the electrical behavior of the de-
vice. When the device had a structure of the polymer film
sandwiched between the two Al electrodes, the switching
behavior was symmetrical in the two polarities; that is, the
transition voltage from low- to high-conductivity state took
place at almost the same absolute voltage value regardless
whether the top electrode was positively or negatively biased.
However, asymmetrical switching behaviors were observed
when an additional layer of NPB (thickness was 30 nm) was
thermally deposited on the film consisting of Au-DT NP,
8HQ, and PS [device structure shown in Fig. 5(a)]. This de-
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Fig. 6. Stress test of Al/Au-DT NP+8HQ+PS/Al in the
high-conductivity state at 1 V in nitrogen.

vice is denoted by Al (top)/NPB/Au-DT NP+8HQ+PS/Al
(bottom)/glass. The transition from low- to high-conductivity
state appeared at about 3.3 V when the top electrode was pos-
itively biased [Fig. 5(b)], while it changed to about 1.9 V
when electrical polarity was reversed [Fig. 5(c)].

The electrical switching between the high- and low-con-
ductivity states of these bistable devices could be repeated
numerous times. These two states could be programmed by
applying a positive or negative voltage pulse. Hence, when
the high- and low-conductivity states are defined as “1” and
“0,” respectively, this device can be used as a nonvolatile or-
ganic digital memory.

One important point for the application of a device as a
nonvolatile electronic memory is the stability of the device
in the two states. This device exhibited good stability in the
two states. The device in the low-conductivity state always
exhibited very low current under a constant voltage of 1 V.
The stability in the high-conductivity state showed device
dependence. We got a device which exhibited stability longer
than 50 h (Fig. 6).

The device in the low-conductivity state can be switched
to high-conductivity by a pulse of 5 V with a width of 25 ns.
The device, which was in the low-conductivity state, exhib-
ited current less than 10 A in the voltage range of 0–1 V.
It exhibited a current four orders of magnitude higher after
applying a pulse of 5 V with a width of 25 ns. At this time,
our equipment (HP 214B Pulse Generator) was incapable of
generating a pulse shorter than 25 ns. It is possible that this
device is actually faster than that we are able to measure.

III. WRITE-ONCE-READ-MANY POLYMER MEMORY

The electrical behavior of the device was dependent on
the chemical structure of the conjugated organic compounds
and the metal nanoparticles in the polymer film. When the
chemical structure of the capping molecule on the gold
nanoparticle changed from a saturated thiol compound to
an aromatic compound, the electrical behavior of the device
significantly changed. A device using a PS film consisting
of gold nanoparticles capped with 2NT (Au-2NT NP) was
fabricated through a similar fabrication process as that of
Al/Au-DT NP+8HQ+PS/Al. This device is represented
by Al/ Au-2NT NP+PS/Al, and its I–V curve is shown in
Fig. 7. At the first voltage scan, the current exhibited rapid

Fig. 7. I–V curves of the device Al/Au-2NT NP+PS/Al. The
arrows indicate the voltage-scanning directions [13].

Fig. 8. I–V curves of the device Al/Au-BET NP+PS/Al. The
arrows indicate the voltage-scanning directions.

increase starting from about 4 V, but this current increase
was less abrupt than the device presented in Section II. After
the voltage scan from 0 to 8 volt, the device transited to a
high-conductivity state. The current at 2 V was different
by about three orders in magnitude for the device in the
two conductivity states. This device after transiting to the
high-conductivity state could not return to the low-conduc-
tivity state by applying a negative voltage or a high voltage
in either polarity.

The effect of the chemical structure of the gold nanopar-
ticles was further investigated. A device using a PS film
consisting of gold nanoparticle capped with 2-benze-
neethanethiol (Au-BET NP) was fabricated as well. This
device is represented by Al/ Au-BET NP+PS/Al, and its I–V
curve is shown in Fig. 8. A rapid current increase started
from about 6 V. This current increase as well was less abrupt
than the device presented in Section II. The current at 2 V
was different by less than two orders in magnitude for the
device in the two conductivity states. The less current dif-
ference for Al/Au-BET NP+PS/Al than that of Al/Au-2NT
NP+PS/Al may be due to less conjugated -electrons on
2-benzeneethanethiol than those on 2NT, which are the
capping molecules on the gold nanoparticles.

For these two devices using gold nanoparticles capped
with aromatic thiols, the presence of other conjugated or-
ganic compound, such as 8HQ, did not affect the I–V curve.
This is because conjugated structure has already been in the
polymer film, and the aromatic group on the capped molecule
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Fig. 9. Test configuration for the operation of the device using an
AFM tip as the top electrode.

Fig. 10. Scanning surface potential AFM image of Au-DT
NP+8HQ+PS film with Al as bottom electrode and silicon wafer as
substrate. The vertical bar with yellow color was pretreated with
a +10-V dc bias, while the horizontal bar with brown color was
pretreated with a �10-V dc bias [12].

screens the interaction between the core of the gold nanopar-
ticle and the conjugated compound.

These devices using gold nanoparticles capped with aro-
matic thiols can transit to a high-conductivity state and have
good stability in the high-conductivity state. Therefore, these
devices can be used as write-once-read-many-times memory
devices.

IV. HIGH-DENSITY MEMORY DEVICES

These polymer memory devices have a simple device
structure and could have very high density when high-den-
sity electrodes are fabricated. The device structure can be
made even simple, and the density can be pushed to very
high, when the operation of the device is combined with an
atomic force microscope (AFM). A schematic configuration
for this device is shown in Fig. 9. The device was fabricated
by one step: the polymer film was spin coated on a con-
ductive substrate. The conductive substrate was used as the
bottom electrode, while an AFM tip was as the top electrode.

Fig. 10 shows a surface potential AFM picture of a Au-DT
NP+8HQ+PS film on Al coated on silicon wafer. At first, an
area of 20 m 10 m of the film was scanned vertically in

contact mode while positively applying 10-V dc bias through
a 50-nm silicon nitride AFM tip coated with Au. Then, an-
other area of 20 m 5 m was scanned horizontally while
applying a 10-V dc bias through the tip. Finally, the scan-
ning surface potential image was taken with a tapping model.
A dc bias of 4 V was applied on the film through the 50-nm
AFM silicon nitride tip coated with Au. The two pretreated
areas exhibited remarkably different potential in the surface
potential AFM. These experiments demonstrated the feasi-
bility of the device operated with an AFM.

V. PROPOSED MECHANISM FOR ELECTRICAL SWITCHING

A. Electric-Field-Induced Charge Transfer Between Gold
Nanoparticle and 8HQ

The nanosecond-scale transition of these devices suggests
that the switching process may be an electronic process rather
than chemical rearrangement, conformational change, or iso-
merization. For example, conformational change for a ferro-
electric polymer occurs on a 30- s time scale [5]. Atomic
movement or molecular isomerization that can result in elec-
trical bistability is observed on molecular devices [15], [16];
however, the transition time is on the millisecond time scale
or even longer. We study the switching mechanism by ac
impedance spectroscopy and a study of the transport mecha-
nisms and the energy levels of the materials.

Our experimental results suggest that the switching mech-
anism is not due to the formation of conductive filaments
between the two metal electrodes, which was observed in a
polymer film by others [17], [18]. 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
nanoparticles. In addition, ac impedance studies, from 20 to
10 Hz (Fig. 11), indicate that the electronic transitions in
our device are different from the dielectric breakdown found
in polymer films. We observed dielectric breakdown in a de-
vice with a PS film sandwiched between two Al electrodes.
After breakdown, the current increased by more than four
orders of magnitude, and the capacitance was lowered by
about one order of magnitude. In comparison, Al/Au-DT
NP+8HQ+PS/Al exhibited an increase in current by more
than four orders of magnitude. The capacitance increased
in the low-frequency range while remaining the same in the
high-frequency range after a pristine device was turned to the
high-conductivity state. This suggests that space charges may
generate in the film after the as-prepared device is electrically
turned to a high-conductivity state. PS may act as an inert
matrix for Au-DT nanoparticles and 8HQ and may not play
a role in the electronic transition. So we exclude from our
model changes in electrical behavior based on slow-speed
switching mechanisms and filament formation.

The conduction mechanism for Al/Au-DT
NP+8HQ+PS/Al in the low-conductivity state may
be due to a quite small amount of impurity or hot electron
injection. The current for the device in the high-conductivity
state was almost temperature independent (Fig. 12), and
the – curves can be fitted well by a combination of
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Fig. 11. Capacitance of: (a) pristine Al/PS/Al; (b) Al/PS/Al after
breakdown; (c) Al/Au-DT NP+8HQ+PS/Al in high-conductivity
state; and (d) pristine Al/Au-DT NP+8HQ+PS/Al.

Fig. 12. Arrhenius plot of temperature dependence of current
for Al/Au-DT NP+8HQ+PS/Al in the high-conductivity state at
applied voltages of 1, 2, 3, and 4 V (Reference [12]).

direct tunneling (tunneling through a square barrier) and
Fowler–Nordheim tunneling (tunneling through a triangular
barrier) (Fig. 13) as given by the following expression [19]:

The first term on the right-hand side of the equation is the
current contributed by direct tunneling, and the second term
is the current contributed by Fowler–Nordheim tunneling. In
this equation, is the tunneling distance, is the effec-
tive mass of the charge carrier, and is the energy barrier
height. At low voltage, , direct tunneling is the dom-
inant conduction mechanism, and at high voltage, ,
Fowler–Nordheim tunneling becomes the dominant conduc-
tion mechanism.

The different conduction mechanisms in the two states
suggest change in the electronic structure of the device after

Fig. 13. I–V curve of the device Al/Au-DT+8HQ+PS/Al in
the high-conductivity state [12]. The scattered points are the
experimental results, the solid line is the data fit combining direct
tunneling and Fowler–Nordheim tunneling, and the broken line is
the data fit of Fowler–Nordheim tunneling.

Fig. 14. Schematic electron transfer from 8HQ to the core of the
gold nanoparticle. The yellow circle indicates the core of the gold
nanoparticle, and the gray ring indicates the capped DT. The curved
arrow denotes the electron transfer from 8HQ to the core of gold
nanoparticle; e denotes the electron. The direction of the electric
field (E) is represented by the linear arrow.

the electrical transition. It has already been demonstrated
that 8HQ and gold nanoparticle can act as electron donor
and acceptor, respectively [20]–[23]. Moreover, the different
surface potentials of the Au-DT NP+8HQ+PS film after the
treatment by different electric fields as shown in Fig. 10
suggest that the electric field can induce the polarization
of the film. Hence, we propose a charge transfer between
Au-DT NP and 8HQ under a high electric field for the
electronic transition in Al/Au-DT NP+8HQ+PS/Al. Prior to
the electronic transition, there is no interaction between the
Au-DT nanoparticle and 8HQ. Concentration of charge car-
riers due to impurity in the film is quite low, so that the film
has very low conductivity. However, when the electrical field
increases to a certain value, electron on the highest occupied
molecular orbital (HOMO) of 8HQ may gain enough energy
to tunnel through the capped molecule, DT, into the gold
nanoparticle (Fig. 14). Consequently, the HOMO of 8HQ
becomes partially filled, and 8HQ and gold nanoparticle are
charged positively and negatively, respectively. Therefore,
carriers are generated and the device exhibits a high-con-
ductivity state after the charge transfer. It is well-known
that the conductivity of conjugated organic compounds will
increase after their HOMO or lowest occupied molecular
orbital (LUMO) becomes partially filled [7], [24], [25].

For the device in the high-conductivity state, the charge
transport through the polymer film may take place through
charge tunneling among the 8HQ molecules. The separation
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Fig. 15. Energy diagram of the core of gold nanoparticle, DT, and
8HQ. The two dots on the HOMO of 8HQ represent two electrons.
The linear arrow indicates the direction of the electric field (E),
and the curved arrow indicates the electron transfer from 8HQ to
the core of gold nanoparticle.

among the 8HQ molecules in the polymer film will become
larger than that in the 8HQ crystal. A simple estimation sug-
gests that the separation among the 8HQ molecules in the
Au-DT NP+8HQ+PS film is about 6–10 . For such a sep-
aration, it is reasonable that the tunneling process becomes
the dominant charge transport mechanism among the 8HQ
molecules.

This simple model can interpret the stability of the device
in the high-conductivity state as well as the erasing process
by applying a negative bias. Stability of the negative charge
on gold nanoparticle is due to the insulator coating, DT, on
the gold nanoparticles, which prevents recombination of the
charge after removal of the external electric field. Since the
charge transfer is induced by an external electrical field, the
film is polarized after the charge transfer. Only a reverse elec-
tric field can assist the tunneling of the electron from the gold
nanoparticle back to the HOMO of 8HQ , resulting in a re-
turn to the low-conductivity state.

This electric-field-induced charge transfer model explains
quite well the electronic transition observed in the device
Al/Au-DT NP+8HQ+PS/Al and is supported by the evidence
noted above as well as the following additional evidence:
fast switching speed, lack of dielectric breakdown, temper-
ature-insensitive conductivity, and device performance de-
pendence on the gold nanoparticle concentration and size.
Charge tunneling through the insulator coating on the gold
nanoparticle is possible, as required by our model. For ex-
ample, it has been observed frequently, by electrochemical
measurements, that gold nanoparticles coated with an insu-
lating alkanethiol layer can be reduced or oxidized [26], [27].
Fig. 15 shows the energy levels of gold nanoparticle and 8HQ
and the electron transfer from the HOMO level of 8HQ to the
core of the gold nanoparticle. The HOMO and LUMO levels
of 8HQ, calculated using the DFT B3LYP method with the

basis set, are 1.9 and 6.1 eV, respectively.
The quantized energy for a gold nanoparticle with a diam-

Fig. 16. Energy diagram of 8HQ and NPB.

Fig. 17. I–V curve of Al/Au-2NT NP+PS/Al with different
Au-2NT NP concentrations in the high-conductivity state. (a) 1%.
(b) 0.4%. (c) 0.1%.

eter of 2.8 nm is about 0.014 eV calculated in terms of this
equation [28]:

where is the Fermi energy of bulk Au and denotes the
number of Au atoms in one gold nanoparticle. This quan-
tized energy is even much smaller than the thermal energy
at room temperature, so that its effect can be neglected. On
the other hand, the Coulomb energy to charge a gold
nanoparticle, with a diameter of 2.8 nm and capped with DT,
is about 0.1 eV, calculated by the following equation [29]:

and

where is the capacitance of the gold nanoparticle, the
permittivity of free space, the permittivity of the capped
molecule on the gold nanoparticle, the radius of the gold
nanoparticle core, and 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 consid-
erations on the energies suggest that a charge transfer from
8HQ to gold nanoparticle is possible under the application of
a high electric field.
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Fig. 18. Dependence of current at 6 V on the Au-2NT
NP concentration for device Al/Au-2NT NP+PS/Al in the
high-conductivity state. The scatters are the experimental data, and
the line is a best fitting on the data.

The asymmetrical switching behavior for the device Al
(top)/NPB/Au-DT NP+8HQ+PS/Al (bottom)/glass can be
interpreted based on the energy levels of NPB and 8HQ
and the proposed charge-transfer mechanism. NPB has a
HOMO level (5.4 eV) higher than the HOMO level (6.1 eV)
of 8HQ (Fig. 16), so that a barrier exists at the interface
between NPB and 8HQ for a hole transport from NPB to
8HQ, while such a barrier disappears when the hole trans-
ports in the reverse direction. This is consistent with the
different threshold voltages for the transition from low- to
high-conductivity states in the two biased directions.

B. Electric-Field-Induced Charge Transfer Between the
Core of Gold Nanoparticle and Capping 2NT

We propose that the electrical transition for the device
Al/Au-2NT NP+PS/Al is due to an electric-field-induced
charge transfer between core of the gold nanoparticle and the
capping conjugated molecule. This assumption is supported
by the following experimental results. Fig. 17 is the I–V
curve of Al/Au-2NT NP+PS/Al fabricated with different
Au-2NT NP concentration in the solution in the high-con-
ductivity state. The current increases with the increase of the
Au-2NT NP concentration. Fig. 18 plots the current at 6 V
versus the Au-2NT NP concentration. A best fitting of these
data indicates that the current is proportional to the square
of the concentration. These results suggest that the Au-2NT
NP is the media for the charge transport through the film
due to the conjugated naphthalene structure. This is different
from the film of Au-DT NP+8HQ+PMMA, of which there
is only 8HQ with conjugated quinoline structure and 8HQ is
the media for the charge transfer through the film.

The effect of film thickness on the transition voltage was
investigated as well (Fig. 19). The transition voltage for
Al/Au-2NT NP+PS/Al was not as easy to distinguish as
that for Al/Au-DT NP+DMA+PS/Al. The transition voltage
was defined as the voltage at which the current starts a
rapid increase in the log versus graph. The transition
voltage for some devices exhibited scattered values, and all
these voltages were plotted. The transition voltage increases
linearly with the increase of the film thickness. This linear
relation indicates that the electrical transition is a result of
an electric-field effect.

Fig. 19. Dependence of transition voltage on the film thickness for
the device Al/Au-2NT NP+PS/Al. The scatters are the experimental
data, and the line is a best fitting on the data.

Fig. 20. Asymmetric I–V curve of Al/Au-2NT NP+PS/Al in the
high-conductivity state [13].

Fig. 21. Schematic electron transfer from capping molecule 2NT
to the core of the gold nanoparticle. Only four 2NT molecules
are plotted to represent all capping 2NT molecules on the gold
nanoparticle. The curved arrow indicates the electron (e) transfer.
The linear arrow denotes the direction of the electric field (E).

The electric-field induced charge transfer in the polymer
film is further evidenced by the asymmetric I–V curve for
the device in the high-conductivity state. The I–V curve was
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symmetric in the two polarity directions in the voltage range
below 3 V before the transition, while it became asymmetric
after the transition. If the polarity direction that resulted in
the transition was defined as positive, the current along the
negative direction was higher than along the positive direc-
tion. (Fig. 20) The current at 3 V reached almost ten times
as that at 3 V. This asymmetric – curve after the transition
suggests that the electric field may induce a polarization of
the Au-2NT NP in the polymer film.

This polarization is interpreted as the result of a high
electric-field-induced charge transfer between the gold
nanoparticle and the capping 2NT: the capping 2NT donates
an electron to the core of the gold nanoparticle (Fig. 21).
After the charge transfer, the Au-2NT NP polarizes along
the applied electric field. Hence, the device will have higher
current when the external electric field is applied along this
polarization direction than that when the external electric
field is applied against this polarization.

This model can explain 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 Au-2NT NPs.
After the charge transfer between the Au nanopaticle and
2NT induced by a high electric field, 2NT is positively or
negatively charged so that the film exhibits a high current.

VI. SUMMARY

Both nonvolatile and write-once-read-many-times elec-
tronic memory devices in a polymer version were demon-
strated. These devices by exploiting an electric-field-induced
charge transfer between the metal nanoparticle and con-
jugated organic structure have a very strong potential
application as an ultrahigh density and ultrafast electronic
memory. This device has remarkable advantages. The ma-
terials used in this device are readily available and easily
controlled, the device can be fabricated through a simple
solution processing approach, the response time is very
short, and the operating voltages are low. The device has a
high flexibility so that it is compatible with other organic
devices. In addition, a device with multiple active layers
could be readily constructed so that the density could be fur-
ther increased. This last advantage is significant compared
to traditional inorganic semiconductor memory, which is
restricted to two dimensions.
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