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Electrical memory devices based on inorganic/organic

nanocomposites

Tae Whan Kim!, Yang Yangz, Fushan Li3> and Wei Lek Kwan*

Nonvolatile memory devices based on hybrid inorganic/organic nanocomposites have emerged as excellent candidates for
promising applications in next-generation electronic and optoelectronic devices. Among the various types of nonvolatile memory
devices, organic bistable devices fabricated utilizing hybrid organic/inorganic nanocomposites have currently been receiving
broad attention because of their excellent performance with high-mechanical flexibility, simple fabrication and low cost.
The prospect of potential applications of nonvolatile memory devices fabricated utilizing hybrid nanocomposites has led to
substantial research and development efforts to form various kinds of nanocomposites by using various methods. Generally,
hybrid inorganic/organic nanocomposites are composed of organic layers containing metal nanoparticles, semiconductor
quantum dots (QDs), core-shell semiconductor QDs, fullerenes, carbon nanotubes, graphene molecules or graphene oxides
(GOs). This review article describes investigations of and developments in nonvolatile memory devices based on hybrid
inorganic/organic nanocomposites over the past 5 years. The device structure, fabrication and electrical characteristics of
nonvolatile memory devices are discussed, and the switching and carrier transport mechanisms in the hybrid nonvolatile
memory devices are reviewed. Furthermore, various flexible memory devices fabricated utilizing hybrid nanocomposites are

described and their future prospects are discussed.
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DEVICE STRUCTURE AND FABRICATION OF THE
NONVOLATILE MEMORY DEVICE

Fabrication of nonvolatile memory devices by utilizing the
evaporation method

A typical structure for a hybrid organic/inorganic nonvolatile memory
device consists of composite organic molecules: metal/semiconductor
nanoparticles layer sandwiched between two metal electrodes. The
device area is defined by the overlap between the top and the bottom
electrodes; therefore, a very high memory density can be easily
achieved by using cross-bar arrays.!> The organic material used
can consist of small organic molecules or polymers. Small organic
molecules have low molecular weight and can be deposited under
high vacuum without decomposition by using thermal evaporation.
Polymer molecules, on the other hand, consist of much larger
molecules with long chains of repeating monomer units and will
decompose before evaporation begins. Polymeric materials and
devices will be discussed in detail in the next section.

One advantage of thermal evaporation is that multiple layers of
organic thin films can be deposited uniformly over a large area. As a
result, device characteristics can be controlled by changing the
materials and thickness. Ma et al. first demonstrated that resistive

switching could be achieved by depositing a layer of aluminum
nanoparticles between two organic layers.> Because the depositions of
the nanoparticles and the organic layer are independently controlled,
the distribution of nanoparticles can be very well controlled in these
devices. Figure 1 shows a typical structure for such devices. Usually,
the metal cluster layer is formed by depositing a thin metal film at a
very slow evaporation rate (<0.1 As~!). The metal layer has been
shown not to form a continuous film when the deposition rate and
the thickness are low (Figure 1).5® For the case of aluminum,
aluminum oxide may be formed spontaneously because of residual
oxygen in the vacuum chamber.® This insulating oxide layer is
believed to be important as it can improve the charge retention
properties of the nanoparticles. An oxygen plasma has also been used
to form an oxide around the metal particles.” Semiconducting
materials, for example, MoO; and so on,!0 with suitable energy
band levels can also be used in place of the metal particles. However,
as shown by the vast differences in the electrical characteristics of the
devices fabricated in different laboratories,>®% the reproducibility
of the device depends very much on the vacuum chamber and
deposition conditions. Therefore, a more repeatable fabrication
process is required for the large-scale manufacture of such devices.
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Figure 1 Typical device structure and atomic force microscope

measurement of the metal cluster layer. Figure from Ma et al.6 (©® 2003
American Institute of Physics).

Besides depositing a separate layer of metal/semiconductor clusters,
metal atoms from the electrodes can also be ‘driven’ into the organic
layer by applying a large voltage across the device during the ‘forming’
process.!! However, such processes are difficult to control and often
result in nonuniform distributions of particles due to local field
enhancements at the rough edges of the electrodes (Figure 2).!2
Metals like gold can also be introduced into the organic layer
during deposition. Gold, for example, is deposited at high
temperature and does not react with the organic film. As a result, it
readily diffuses into the organic layer, forming clusters within the
organic layer.!> Care has to be taken in the fabrication of such devices
so that a short circuit does not form between the top and the bottom
electrodes.

Fabrication of nonvolatile memory devices by using the solution
method

One of the main advantages provided by organic materials and
devices is low fabrication cost and simplicity. The fabrication of these
devices through thermal evaporation requires high vacuum and
stringent conditions to control the morphology of the organic active
layer.'* As alternatives to the more elaborate processes of vacuum
evaporation and deposition of organic and inorganic molecular
materials, solution processes, including spin-coating, spray-coating,
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Figure 2 Cross-sectional scanning electron microscope images of the device
at different spots: (a) uniform regions and (b) nonuniform regions. Figure
from Lei et al.12 (© 2009 Elsevier).

Nanocomposite

Substrate

Figure 3 Schematic of a single-layer hybrid memory device.

dip-coating, roller-coating and ink-jet printing, are well known and
can be used to deposit polymer materials on a variety of substrates,
such as glasses, plastics, metal foils and wafers.!>=!

Single-layer structure. The simplest structure for a hybrid memory
device fabricated utilizing the solution method is a single-polymer
layer embedded with inorganic nanomaterials and sandwiched
between two metal electrodes, as shown in Figure 3. Generally, the
hybrid nanocomposites are formed by dissolving inorganic nanoma-
terials and a polymer matrix simultaneously in a certain organic
solvent with a relatively high volatility.?? To date, fabrications of
single-layer-structured nonvolatile memories based on various
organic/inorganic hybrid nanocomposites have been reported.
Inorganic species used in these memories include semiconductor
nanoparticles (ZnO, CdSe, Si, CuO and so on) and metal
nanoparticles (Au, Ag, FeNi and so on).2?28 Both insulating
polymers, such as polyimide (PI), poly(methylmethacrylate) and
polystyrene, and conducting polymers, such as poly(N-
vinylcarbazole) and poly(2-methoxy-5-(2-ethyhexoxy)-1,4-phenylene



vinylene), are used as a matrix for the inorganic nanoparticles.?>-%3

Most of these hybrid thin films are formed on a certain substrate by
using a spin-coating technique, where the inorganic nanoparticles are
randomly dispersed in the polymer layer. The morphology and
uniformity of the hybrid films can be controlled by varying the
precursor concentration and spin conditions.

Multilayer structure. The single-layer structure fabricated via the
solution process offers the simplest way to realize a nonvolatile
memory device. However, several key issues need to be addressed for
this type of memory device. One of the problems that single-layer
memories face is the cross talk of neighboring memory cells due to
the presence of parasitic conduction paths, which causes misreading
during the operating process.>* A possible solution to this problem is
to use one diode and one resistor or one transistor and one resistor
structures to construct an individual memory cell with high reading
accessibility.3>3¢ Therefore, multilayer structures might be required
to realize one diode and one resistor or one transistor and one
resistor cells.

On the other hand, device reproducibility may not be ensured
because of the contact uncertainty at the interface between the hybrid
layer and the metal electrode. Thus, the multilayer structure, where
inorganic nanoparticles are sandwiched between organic layers, has
been employed in order to obtain memories with high stability and
reproducibility.’” The main challenge to obtain such a structure is the
dissolving of the underlying polymer layer caused by the solvent used
to form the upper polymer layer. Thus, the key point in realizing a
multilayer structure is the availability of an appropriate polymer
material. It has been shown that a polymer thin film made of PJ, after
annealing at a certain temperature, can well withstand the organic
solvent used to form the polymer layer. Some works concerning
the formation of multilayer-structured nonvolatile memory devices
by using PI materials have been reported, and their memory effects
have been demonstrated as well.>4% It was shown that the cell
reproducibility and the cell-to-cell uniformity of the hybrid memory
devices could be significantly improved by employing a multilayer
structure.

An ultra-high storage density, which can be achieved by using a
vertically stacked three-dimensional architecture, has been shown to
be required for next-generation nonvolatile memory devices.A!™#
Therefore, a multilayer structure based on hybrid nanocomposites
may offer a promising approach to future ultra-high-density
memories. Recently, Song et al*’ developed a hybrid resistive
memory device with a three-dimensional stacked 8 x 8 cross-bar
array by using a composite of PI and 6-phenyl-C61 butyric acid
methyl ester. The results indicated that the memory cells in each layer
could be programmed or erased with a uniform parameter. That
study provided a simple and straightforward method for increasing
the storage density without using a complicated downscaling
procedure.

Fabrication of nonvolatile memory devices utilizing graphene
materials embedded in a polymer matrix

Graphene, comprised of one or several monolayers of carbon atoms
packed into a two-dimensional honeycomb lattice, is predicted to
have remarkable properties, such as superior mobility, thermal
conductivity, current-carrying capability and room-temperature bal-
listic transport, which make it an attractive material for electric,
optoelectronic and photonic devices.4>! The two-dimensionality of
graphene allows scaling beyond the conventional semiconductor
technology, which could be instrumental for high-density storage-
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memory applications. Furthermore, if graphene is integrated with
polymers and flexible substrates, a spectrum of graphene-based
memory applications, including transparent, flexible, and wearable
electronics, is possible.’?> Some works concerning graphene-based
memory devices have been reported recently.>>>® For instance, Jeong
et al.>* reported a reliable and reproducible bipolar resistive-switching
effect in a GO film spin-casted on a flexible substrate, as shown in
Figure 4. The device exhibited a long retention time and a low
switching voltage, but the ON/OFF current ratio was relatively
modest, ~ 100, while 10°-10° has been typically achieved in
complementary metal-oxide semiconductor devices.

Graphene sheets, acting as charging and discharging media, have
been particularly interesting because of their being promising
candidates for hybrid-nanocomposite-based  resistive-switching
devices for potential applications in low-cost flexible memories.
However, the pristine graphene materials are unsuitable for intercala-
tion in large species, such as polymer chains, because graphene has a
pronounced tendency to agglomerate in a polymer matrix, which
leads to difficulty in material processing and to a high cost of device
fabrication. One of the approaches for improving the solubility of the
graphene material is to modify GO by using a chemical method.>-6!
For example, Zhuang et al®? demonstrated a single-layer hybrid
bistable memory containing GO sheets covalently grafted with
soluble conjugated polymer triphenylamine-based polyazomethine
(TPAPAM). The device was fabricated by using a simple spin-
coating technique, and the TPAPAM-GO-based memory device
exhibited typical bistable electrical switching and a nonvolatile
rewritable memory effect, with a turn-on voltage of about —1V
and an ON/OFF current ratio of about 103, This is thought to be the
first example of a polymer-modified graphene-based memory device.

However, multilayer-structured memory devices still need to be
developed in order to improve device reproducibility. A nonvolatile
hybrid bistable device fabricated with graphene sandwiched between
two insulating poly(methylmethacrylate) polymer layers was reported
by Son et al®® An ON/OFF ratio of 4.4 x 10° was maintained for
retention times longer than 10%s, and the endurance number of the
ON/OFF switching was 1.5 X 10° cycles. The bistable behavior for the
poly(methylmethacrylate)-graphene-based device was attributed to
conducting filaments having been formed in the hybrid active layer.
Wu et al® demonstrated a nonvolatile hybrid memory device
employing a tri-layer structure, PI/PI:GO/PI, in which insulating
polymer PI was used as the matrix for the GO sheets. Apart from the
high ON/OFF ratio (~10°) and the long retention time (>1400s),
the device exhibited excellent cell-to-cell uniformity (70 out of 81
cells, 86%), as shown in Figure 5.

As a whole, recent results clearly show that graphene/polymer
hybrid nanocomposites are able to present a superior memory effect
with a large ON/OFF ratio, good endurance, long retention time and
high cell-to-cell uniformity. These advantages may enable graphene/
polymer nanocomposites to serve as a storage media in low-cost
flexible nonvolatile memories. However, for practical applications,
some issues, for example, the cross talk between the adjacent memory
cells, the difficulty of in-situ synthesis of graphene in a polymer
matrix and so on, still need to be addressed. These problems may be
overcome in the near future as more and more research is focused on
graphene-based hybrid memory devices.

ELECTRICAL CHARACTERISTICS OF THE HYBRID
NONVOLATILE MEMORY DEVICE

In general, the electrical properties of nonvolatile memories based on
hybrid nanocomposites can be investigated by using current-voltage
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Figure 4 (a) Schematic of a GO-based flexible cross-bar memory device. (b) Typical |-V curve of an AlI/GO/AI/PES device plotted on a semilogarithmic scale.
The arrows indicate the voltage sweep direction. The left inset is a real photo image of a device. (c) Continuous bending effect of an Al/GO/AI/PES device.
The insets show photographs of two repeated bending states. (d) The resistance ratio between the high-resistance state and the low-resistance state as a
function of the bending radius (R). The inset is a photograph of an |-V measurement being performed under a flexed condition. (e) Retention test of an
Al/GO/AI/PES device read at —0.5V. (f) Endurance performance of an Al/GO/AI/PES device measured during 100 sweep cycles. Figure from Jeong et al.5*

(© 2010 American Chemical Society).

(I-V) measurements. The applied voltage across the device is varied in
a cycle from negative bias to positive bias and then to negative bias
again. Two distinct conducting states, the ON state and the OFF state,
corresponding to the high-current and the low-current states,
respectively, can be observed in the I-V curves. The electrical
hysteresis behavior shown in the I-V characteristics is an essential
feature of a resistive-switching memory device.®> The resistive
transition (OFF— ON) occurs at a certain applied voltage, which is
defined as the turn-on voltage. The transition is equivalent to the
‘writing’ process in a digital memory cell. A high turn-on voltage
means high power consumption and always reduces the reliability.
Thus, the operating voltage for a hybrid nonvolatile memory should
be only a few volts. After the transition is finished, the ON state
remains in the device even after the power is turned off, which reveals
the nonvolatile nature of the hybrid memory device.®

Depending on the I-V characteristics, three types of nonvolatile
memory effects, write-once-read-many-times and unipolar and bipo-
lar electrical switching, can be observed for hybrid devices. The write-
once-read-many-time memory exhibits an irreversible electrical
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transition upon external voltage stimulation. Both unipolar and
bipolar memories can restore their original conducting state when a
voltage with the same (for unipolar) or different (for bipolar) polarity
is applied to the device. Typically, the maximum ON/OFF ratio in the
I-V curves for hybrid nonvolatile memories is > 103, which distin-
guishes the two states and decreases the probability of misreading.
In the case of a nonvolatile memory based on hybrid nanocompo-
sites, the memory effect is strongly correlated with the presence of
inorganic nanomaterials, for example, ZnO QDs, Au nanoparticles,
CdSe nanoparticles and carbon nanotubes, embedded in a polymer
matrix because the current difference between the ON and the OFF
states for the polymer-only device is negligible.’® Recently, for a
hybrid device containing Au QDs embedded in a PI layer, Wu et al.*
reported an electrical bistability with an ON/OFF ratio of ~ 108,
which is one of the largest values for a stable hybrid memory device.
In the case of a unipolar nonvolatile memory, due to the presence of a
negative differential resistance in the I-V characteristics, the OFF state
can be regained when a forward bias is given to the memory
device.t”70 For bipolar memories, the OFF state of the hybrid
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Figure 5 (a) Schematic of the hybrid memory device containing GO sheets embedded in a PI layer. (b) |-V characteristics for Ag/PI/GO:PI/Pl/indium tin
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state and high-resistance stateat 1V for 130 cycles. (e) Cumulative probability data for the resistances of the low-resistance state and high-resistance state.
(f) Threshold voltage distributions for the ‘write’ and the ‘erase’ processes. Figure from Wu et al.5% (© 2011 American Institute of Physics).

device can be recovered by applying a reverse bias voltage, which is
equivalent to the ‘erasing’ process in a digital memory cell.

For a nonvolatile rewritable hybrid memory, a ‘write-read-erase-
read’ sequence test is commonly carried out to investigate the
endurance of the device. Before the ON and OFF states are no longer
distinguishable, the number of cycles should be large enough to obtain
an advantage over conventional semiconductor-based memories, which
show a typical endurance of 103-107 cycles under ambient conditions.
Besides the endurance, the retention time is also an important
parameter for a memory device. A test for the retention time can be
performed by keeping the hybrid device in the ON or OFF state and
observing the device current over time to identify the conductive state
of the device. The retention time clearly reflects the environmental
stability and capability of the memory to maintain its storage. Most
commercial products claim to have retention times of > 10 years.”! As
reported by Son et al.,%3 some hybrid nonvolatile memories, in which a
hybrid nanocomposite of graphene-poly(methylmethacrylate) was used
as an active layer (Figure 6), have been demonstrated to exhibit
retention time comparable to those of commercial products.

The switching speed is defined as the shortest time for program-
ming or erasing a hybrid memory cell. Obviously, for practical
applications, a high switching speed (<100ns) is necessary to meet
the requirement of ultra-high-density information storage. Ma et al.?

reported that a hybrid memory cell could exhibit a switching speed as
fast as 10ns.

The device yield for hybrid memories should definitely be taken
into account for future commercialization. Unfortunately, the yield is
generally rather low due to the uncontrollability of the microstructure
of the hybrid active layers. The uncertainty at the hybrid layer/
electrode interface also contributes to low device reproducibility and
cell-to-cell uniformity. Thus, the morphology of the hybrid active film
should be precisely controlled because the carrier transport of a
hybrid memory device is strongly governed by the microstructure of
the hybrid film. The growth parameters, such as the concentration of
inorganic nanoparticles, should be carefully adjusted to obtain a
repeatable nonvolatile memory effect. It has been shown that the
ON/OFF ratio of a hybrid memory based on a CdSe QD—poly(N-
vinylcarbazole) structure can be maximized when the content of CdSe
QDs is optimized.”? Excessive CdSe leads to an aggregation of the
poly(N-vinylcarbazole) matrix and to a degradation of the memory
properties, including the device reproducibility.

SWITCHING AND CARRIER TRANSPORT MECHANISMS IN
THE HYBRID NONVOLATILE MEMORY DEVICE

The switching mechanism has been under debate since the discovery
of the memory phenomenon in hybrid devices. It has been argued
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Figure 6 (1) Memory characterization of the organic bistable devices (OBDs) before bending: (a) |-V curves for the Al/poly(methylmethacrylate) (PMMA)/
graphene/PMMA/ITO/polyethylene terephthlate (PET) device, (b) operation of a write-read-erase-read (5/2/-5/2V) sequence, (c) cycling stress test of the Al/
PMMA/graphene/PMMA/ITO/PET device under a stress voltage of 2V per 4 ms and (d) retention test of OBDs in an ambient environment. (2) Memory
characterization after bending (bending radius, 10 mm): (e) |-V curves for the Al/PMMA/graphene/PMMA/ITO/PET devices after bending, (f) operation of a
write-read-erase-read (5/1.8/-5/1.8V) sequence, (g) cycling stress test of the AI/PMMA/graphene/PMMA/ITO/PET device under a stress voltage of 1.8V per
4 ms and (h) retention test of the memory device in an ambient environment. Figure from Son et a/.63 (© 2010 American Chemical Society).

that because the device characteristics are so similar across different
material systems, one underlying mechanism might explain the
phenomenon completely. However, a unifying explanation has been
elusive due to inconclusive evidence. The lack of understanding of the
switching mechanism has hindered progress towards the commercia-
lization of these devices.

One approach to understanding the switching mechanism is to
study the carrier transport mechanisms of the device at the two
resistive states. Fittings to the I-V curves and their temperature
dependences are often used to study the charge transport during
device operation. Ohmic conduction, thermionic emission, space-
charge-limited current (SPLC) and Fowler—Nordheim tunneling are

NPG Asia Materials

few of the more common mechanisms used to explain charge
transport in organic devices. Even though this is not always explicitly
acknowledged, the current distribution is almost always assumed to be
uniformly distributed across the entire device. However, in reality, this
is often difficult to achieve because of localized nonuniformities in the
devices. As a result, the parallel pathways with different transport
mechanisms may exist in one device, which may complicate analysis.

More recently, high-resolution transmission electron microscopy
has been used to examine the change in the nanoscale structure of a
device before and after switching. This may provide an important new
evidence for a complete understanding of the switching phenomenon.
In this section, recent works on the switching and the charge carrier



transport mechanisms in inorganic/organic nanocomposite memories
are reviewed.

Filament formation

One of the earliest explanations for the large change in resistance is
the formation of the highly conductive pathways in the composite
layer. As in copper-ion memories,”>~”> mobile metallic ions from the
electrodes or the nanoparticles can migrate to form a conductive
filament between the two electrodes when a high enough voltage is
applied to the device. It has been observed using a current-sensing
atomic force microscope’®’® and an infrared microscope®® that only
the switching occurred in localized areas of the devices. Highly
conductive spots are created after the device is switched to the low
conductive state. In some cases, damage to the electrodes due to high-
current densities at such spots is detected.?! Because the filament is
metallic in nature, the temperature dependence of the current at the
low conductive state is very low.

Because of the simplicity of the idea, many groups have attributed
the switching phenomenon to the formation and the destruction of
the conductive pathways despite of the lack of direct evidence. As the
filaments are usually nanoscale and sparsely distributed, probing the
filament directly is very difficult. Only recently has direct observation
of the filaments been possible, through the use of high-resolution
transmission electron microscopy, for carefully prepared cross-sec-
tions of the device.!'®? Figure 7 shows that gold atoms from the
electrode are injected into the polymer film after a high voltage is
applied to the device (‘forming’ process). Figures 8a and b show a
highly conductive pathway between the top and the bottom electrodes
after the device is switched to a low conductive state. The change in
the temperature dependence of the current of the device (Figure 8c)
clearly shows that the device has changed from an electronic
conduction mechanism to a filamentary one after the switching
process. Although a device that switches with a filamentary mechan-
ism has been shown to be able to switch more than a few thousand
cycles, this is undesirable as it requires a large switching current and
may damage the electrodes.

SPLC
Usually a non-ohmic contact is formed between the electrode and the
organic/inorganic hybrid layer. When that happens, the current that
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Figure 7 Cross-sectional scanning transmission electron microscope (STEM)
images of devices whose bottom gold electrode was (a) flat and (b) irregular.
The white lines denote the locations of the TEM-energy-dispersive X-ray
spectroscopy (EDS) line scan. (c) TEM-EDS line scan data for (a) and (b).
Figure from Kwan et al.!! (© 2009 American Institute of Physics).
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flows through the device is injection limited. The I-V and temperature
characteristics will, thus, reflect the injection mechanism of the
interface. The two most common injection mechanisms found in
organic devices are thermionic emission and Fowler—Nordheim
tunneling.8%% During the switching process, as more carriers are
injected into the composites, traps that are formed from nanoparticles
are hypothesized to fill up, which eventually causes the current to
increase rapidly, reaching a SPLC.% The nanoparticles can act as traps
as long as the energy level is within the lowest unoccupied molecular
orbital and highest occupied molecular orbital levels of the organic
matrix. Figure 9 shows a transition from thermionic emission to a
SPLC when the bias voltage is increased. Interestingly, the trap is able
to hold the charges very stably, with the retention time being
extrapolated to as long as 10 years.?’

Simmons and Verderder’s model

In the Simmons and Verderder’s model, when the traps are empty, the
device is in the low resistive state, which is contrary to that of the
SPLC model. The Simmons and Verderder’s model argues that when
the trap is not filled, the impurity band of the composite layer is free
to conduct current. However, as more charges are introduced into the
material through a larger bias voltage, the charges start to occupy the
impurity states, thus lowering the impurity band. This prevents
additional charge from being injected into the device. The trapped
charge can be removed by applying an even larger voltage bias to the
device.?®8% This model is successful in explaining the negative
differential resistance, whereby the current decreases with increasing
voltage bias.
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Figure 8 (a) TEM cross-sectional view of the device near the filament. Near
the edge of the gold electrode, the top electrode was almost in contact with
the bottom electrode. (b) Close-up TEM image of the boxed region in (a).
(c) Arrhenius plots of the currents measured at 0.6V at the ON and OFF
states of the device. Figure from Kwan et al.l! (© 2009 American Institute
of Physics).
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Figure 9 A log—log plot of the current as a function of the applied voltage
for AI/PMMA/UGS/PMMA/ITO/PET devices. The curves are fitted for the
SCLC mechanism. The inset presents a log-log plot of the current as a
function of the voltage for the bistable organic memory devices before
bending. Figure from Son et a/.8” (© 2011 IOP Publishing Ltd.).
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Electric-field-induced charge transfer
Because the nanocomposite layer is usually less than a few hundred
nanometers, the electric field across the device can be very large, even
though the applied bias is only a few volts. This high field is thought
to cause charges to be transferred between donors and acceptors in the
composite layer. Depending on the relative energy levels, the organic
matrix and metallic/semiconducting nanoparticles can act as donors
and acceptors, respectively. The metal particles are usually surrounded
by an insulating layer, so the charges are prevented from moving back
even when the applied voltage is removed. As the electrons from the
organic matrix are transferred from the highest occupied molecular
orbital level to the nanoparticles, additional holes are created after the
charge transfer, thereby increasing the conductivity of the device.”
In a competing theory on electric field transfer of charge, Ling
et al’' suggest that a charge-transfer complex, which may be
insulating or conducting,’? is formed after the threshold electric
field has been reached. In the case of an electron-donating polymer
and a GO composite, the electron from the polymer is transferred to
the giant 7m-conjugated system of the GO, thereby reducing the
insulating GO to a highly conductive graphene. This substantially
enhances the conductivity.®?
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Figure 10 (a) Three-dimensional schematic diagram of the flexible hybrid memory device architecture. Patterned Ti/Au on a PES plastic substrate was
used as the gate electrode, and cross-linked PVP layers were used as the blocking and the tunneling organic dielectric layers. The self-assembled
gold nanoparticle charge storage layers were formed on the APTES-coated PVP blocking dielectric layer. A pentacene active layer and gold source/
drain contacts were formed to make the organic transistor-based memory devices. The chemical structures of the organic layers are shown in the
figure. (b) Photograph of a fabricated flexible organic memory device. (The device size is 3 x 3cm?2.) Figure from Kim and Lee®3 (® 2010 American

Chemical Society).
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FLEXIBLE MEMORY DEVICE FABRICATED UTILIZING HYBRID
NANOCOMPOSITES
One of the main advantages of a nonvolatile memory device based on
hybrid nanocomposites is the possibility of realizing flexible memories
at extremely low fabrication cost. These hybrid devices can be
processed at low temperatures and, therefore, are regarded as one
of the most important types of information-storage components for
future stretchable/portable electronic device applications.>*>-% For
example, Kim and Lee®> developed nonvolatile memory devices on
plastic substrates (PES) based on a pentacene layer embedded with
self-assembled gold nanoparticles, as shown in Figure 10. The
nanofloating gate memory exhibited a large memory window that
could be maintained for >1 year. The hybrid memory was reliable
after several hundreds of repeated programming/erasing operation
cycles. Additionally, the mechanical flexibility was confirmed using
the bending-cycle test over 1000 times. Nonvolatile electrical bist-
ability of a hybrid device fabricated utilizing CdSe/ZnS nanoparticles
embedded in a conducting poly(N-vinylcarbazole) polymer layer on
flexible polyvinylidene difluoride and polyethylene terephthlate sub-
strates has also been reported.®® The results indicate that the hybrid
bistable memory devices are prospects for potential applications in
flexible nonvolatile flash memory devices.*®

Electrical stability of a hybrid memory during bending is important
for practical applications in nonvolatile information storage. The
memory should be reliable after thousands of bending-cycle tests.
However, frequent folding of the memory device could cause physical
and electrical damage at the conducting substrate. Metals and indium
tin oxide are widely used as electrode materials for hybrid memory
devices.>*=% However, their brittle properties under bending may
become obstacles for application in flexible devices. For this reason, Ji
et al.'% developed a flexible hybrid resistive memory device with
transparent multilayer graphene electrodes on a polyethylene
terephthlate substrate (Figure 11). The active layer of the memory
is a hybrid nanocomposite of PI and 6-phenyl-C61 butyric acid
methyl ester. The memory devices show typical write-once-read-
many-time characteristics with an ON/OFF ratio of over ~10°. The
current levels can be maintained upon bending for up to 10000 times.
A stainless-steel foil can also serve as a conducting substrate for a
nonvolatile memory device because of its high conductivity and
flexibility. Lee et al.l%! reported the resistive-switching characteristics
of ZnO thin films grown on stainless steel for flexible nonvolatile
memory devices. The device performance was not degraded upon
bending, which indicates high potential for flexible memory
applications. However, the introduction of a stainless-steel substrate
may lead to an enhanced fabrication cost for commercialized memory
devices. In addition, a stainless-steel substrate might not be
appropriate for flexible memory devices that require high
transparency.

CONCLUSIONS AND FUTURE PROSPECTS
Hybrid inorganic/organic nanocomposites provide a frontier for
unique functions with promising applications in nonvolatile memory
devices. Organic bistable devices fabricated utilizing nanocomposites
have emerged as excellent candidates for potential applications in the
next-generation nonvolatile memory devices. In this article, the
current bistabilities, operating mechanisms, memory mechanisms
and carrier transport mechanisms of organic bistable devices fabri-
cated utilizing nanocomposites were described on the basis of recently
published experimental data.

Currently, nonvolatile memories based on hybrid nanocomposites
still have some problems. In comparison with Si-based memories, the
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Figure 11 Schematic representation showing the fabrication process for the
hybrid flexible memory device with transparent graphene top electrodes.
Figure from Ji et al.100 (©® 2011 American Chemical Society).

switching speed of hybrid memories should be further improved, even
though some hybrid systems have exhibited exceptional switching
times of ~10ns, because most hybrid memories have typical
switching speeds in the millisecond range. Other problems that
nonvolatile hybrid memories face are device-to-device uniformity
and cell reproducibility. Solution processing not only simplifies the
fabrication of nonvolatile hybrid memories but also leads to a high
uncertainty in the film’s microstructure. Thus, for practical applica-
tions, hybrid memories should have a high device yield comparable to
that of Si-based memories. Obviously, the memory properties of
hybrid devices should be improved, so new hybrid materials with
superior memory effects should be explored. Moreover, the carrier
transport mechanisms in hybrid nonvolatile memories are still under
debate and should be clarified in the near future.

One of the important applications of nonvolatile memory devices
fabricated utilizing nanocomposites is flexible memory device, which
is necessary for fascinating applications of nonvolatile memory
devices in portable equipment. The device performance should be
reproducible, regardless of repetitive bending. Because scaled-down
experiments of memory devices with nanoscale electrodes are very
important for enhancing storage density, the inherent problems due
to the limitations of organic lithography for fabrication of organic
bistable devices with nanoscale electrodes based on inorganic/organic
nanocomposites should be overcome. As an alternative, a nonvolatile
memory with a three-dimensional architecture should be developed
for the realization of an ultra-high-density memory based on hybrid
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nanocomposites. As a whole, nonvolatile memories based on inor-
ganic/organic nanocomposites hold promise for potential applications
in the next-generation portable nonvolatile memory devices.
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