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 Organic Resistive Memory Devices: Performance 
Enhancement, Integration, and Advanced Architectures 
 In recent years, organic resistive memory devices in which active organic 
materials possess at least two stable resistance states have been extensively 
investigated for their promising memory potential. From the perspective of 
device fabrication, their advantages include simple device structures, low 
fabrication costs, and printability. Furthermore, their exceptional electrical 
performances such as a nondestructive reading process, nonvolatility, a high 
ON/OFF ratio, and a fast switching speed meet the requirements for viable 
memory technologies. Full understanding of the underlying physics behind 
the interesting phenomena is still challenging. However, many studies have 
provided useful insights into scientifi c and technical issues surrounding 
organic resistive memory. This Feature Article begins with a summary on 
general characteristics of the materials, device structures, and switching 
mechanisms used in organic resistive devices. Strategies for performance 
enhancement, integration, and advanced architectures in these devices are 
also presented, which may open a way toward practically applicable organic 
memory devices. 
  1. Introduction 

 Because conventional Si-based technologies are common in 
the storage media market, the demands for higher integra-
tion densities and advanced device performance are continu-
ously increasing. Si-based technologies are currently facing 
the theoretical and physical limits of downscaling. This hin-
drance to information storage has triggered the development 
of novel memory technologies that are principally based on 
the bistability of materials that arises from changes in intrinsic 
properties such as ferroelectricity, magnetism polarity, phase, 
conformation, and conductivity. [  1–5  ]  These emerging technolo-
gies include ferroelectric random access memory, [  1  ]  magne-
toresistive random access memory, [  2  ,  5  ]  phase-change random 
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access memory, [  3  ]  and resistance random 
access memory (RRAM). [  4  ,  6  ]  In particular, 
the organic-based RRAM developed by the 
Yang Yang group [  7–12  ]  is considered to be a 
promising candidate for next-generation 
nonvolatile memory devices. 

 Organic materials sandwiched between 
two vertically aligned electrodes consti-
tute a memory device design in which the 
building blocks, referred to as bit cells, 
possess at least two stable resistance states 
that can be modulated by external electrical 
stimulation. [  12–14  ]  The use of organic mate-
rials provides many advantages including 
low fabrication costs, printability, and 
simple device structures. In organic resis-
tive memory, resistance states can be read 
nondestructively, and no electrical power is 
required to maintain a given state of resist-
ance, indicating a nonvolatile memory 
effect. [  12–14  ]  Furthermore, essential require-
ments for high performance memory, such 
as a fast switching speed and a high ON/OFF ratio, have been 
experimentally verifi ed. [  8  ,  15  ]  Although identifying the operating 
mechanisms is diffi cult, in-depth studies of charge conduction 
mechanisms, which have been facilitated by the development 
of advanced measurement techniques and analytical tools, have 
contributed to an understanding of the physics that underlie the 
switching phenomena. In addition to efforts undertaken to elu-
cidate the origin of switching mechanisms, structural and elec-
trical optimization concepts [  15–28  ]  have been used successfully 
to improve performance, further advancing the realization of 
more practical information storage devices. In Section 3 of this 
review, we highlight specialized technologies associated with 
memory performance enhancement, integration, and advanced 
device architectures. Because a variety of organic materials with 
bistability properties, switching behaviors, and operating mech-
anisms have already been described in recent literatures, [  12–14  ]  
this review article focuses primarily on various strategies neces-
sary for developing viable memory technologies. 

 This article includes four sections. Following the brief intro-
duction to organic resistive memory devices in Section 1, Sec-
tion 2 provides general background knowledge on the mate-
rials, device structures, switching characteristics, and switching 
mechanisms used in organic resistive switching. In Section 3, 
“Strategies for Memory Applications,” we propose several 
critical strategies for developing memory devices that have 
been electrically and structurally optimized. We suggest the fol-
lowing concrete strategies: memory performance enhancement 
im Adv. Funct. Mater. 2011, 21, 2806–2829
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(interface tuning and active material tuning), high-density inte-
gration (downscaling and multi-bit), and advanced architectural 
concepts (active matrix systems, fl exible memory application, 
and three-dimensional integration). Section 4 includes a sum-
mary and the current prospects for organic resistive memory 
devices.   

 2. Organic Resistive Switching 

 Various organic materials show bistable switching behaviors 
based on changes in resistance in two-terminal device struc-
tures. [  9  ,  12  ,  19  ,  21  ,  24  ,  29–54  ]  Active organic materials such as small 
molecules, polymers, and composites, comprise the junction 
cells sandwiched between the bottom and top electrodes. A 
substantial amount of research has been dedicated to under-
standing the switching phenomena associated with these 
devices. Although the subject is still controversial, researchers 
have established several solid switching mechanisms based 
on theoretical simulations and experimental results. The 
reviews by Scott et al. [  13  ]  and Ling et al. [  14  ]  offer excellent 
discussions on various organic resistive memory devices. In 
this section, we provide a summary of the organic materials, 
common device structures, and switching characteristics 
of organic resistive memory devices. Mechanisms that have 
been proposed to describe the switching phenomena are also 
discussed.  

 2.1. Materials, Device Structures, and Switching 
Characteristics 

 Various organic materials show a change in resistance in 
response to an applied voltage. [  9  ,  12  ,  19  ,  21  ,  24  ,  29–54  ]  Organic mate-
rials that exhibit conductance switching include small organic 
semiconducting molecules, [  35–38  ,  54  ]  polymers, [  12  ,  39–45  ]  and com-
posites containing nanoparticles (NPs). [  19  ,  21  ,  24  ,  46–53  ]  Thermal 
deposition and electrostatic self-assembly can be used to pro-
duce small molecular fi lms. [  35–38  ,  54  ]  Defective and poorly cov-
ered regions often appear in self-assembled monolayer (SAM) 
junction devices, preventing the establishment of reliable and 
reproducible electrical properties in molecular junctions sand-
wiched between electrodes. Although conductance-switching 
phenomena have been reported for several molecular 
devices, [  35  ,  55–58  ]  the origin of the switching mechanisms is 
unclear, and research on these mechanisms is in its infancy. 
Thus, molecular-based memory is unlikely to become a viable 
technology in the near future. Compared to SAM molecules, 
many polymeric materials exhibit relatively uniform and robust 
fi lm qualities and are more suitable for realistic memory appli-
cations. In addition, single-polymer-layer structures are more 
attractive due to the simplicity of device fabrication and the 
processability of solutions. Composite materials are commonly 
used to induce resistive switching. [  19  ,  21  ,  24  ,  46–53  ,  59  ]  Polymer-
blending systems containing organic or inorganic NPs mainly 
constitute the active materials used in composite-based resistive 
memory devices. Conductance switching in organic memory 
devices including core-shell hybrid NPs has been also dem-
onstrated. [  48  ,  53  ]  Field-induced transfer of charge carriers was 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2806–2829
proposed to be responsible for the conductance switching. [  48  ]  
In organic devices utilizing CdSe/ZnS NPs embedded in a 
conducting polymer, a bistable behavior was described on the 
basis of trapping, storing, and emission of charges in the elec-
tronic states of the CdSe NPs. [  53  ]  In these materials, resistance 
changes have been described to be caused by the introduction 
of NPs into the polymer matrix. [  19  ,  21  ,  47–49  ,  51  ,  53  ,  59  ]  Thus, the con-
centration and agglomeration of NPs in a blending system are 
the most important fabrication parameters and must be care-
fully controlled during solution preparation. [  19  ,  29  ,  46  ,  59  ]  
bH & Co. KGaA, Weinheim 2807wileyonlinelibrary.com
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    Figure  1 .     a) Typical structures of organic memory devices; I) a single-layer device without NPs, II) a bilayer structure containing two types of pure poly-
mers, III) a structure in which the nano-traps are located in the middle of organic layer, and IV) spin-cast polymer-NP blends in which the nano-traps 
are randomly distributed throughout the entire thickness of the host matrix. b) Typical switching characteristics of organic resistive memory devices; 
I)  I – V  curve of DRAM-like volatile switching behavior, II) I–V curve of WORM switching behavior, III) I– V  curve of unipolar switching, and IV)  I  –V  curve 
of bipolar switching behavior.  
 In general, the following four device structures, which are 
classifi ed by the confi guration methods used to place active 
materials between electrodes, have been suggested for the fab-
rication of two-terminal organic resistive memory devices: I) a 
single-layer structure containing only one type of material and 
no NPs, II) a bilayer structure containing two types of poly-
mers, III) a trilayer structure in which nano-traps are placed 
in the middle of the organic layer, and IV) spin-cast polymer-
NP blends in which nano-traps are randomly distributed 
throughout the entire region of the host matrix (Figure  1 a). The 
electrical switching characteristics of organic memory devices 
are categorized in two classes, volatile and nonvolatile switching, 
depending on the ability to retain information (Figure  1 b). 
Similar to dynamic random access memory (DRAM), volatile 
switching requires periodic refreshing as a result of the loss 
of stored information. [  60  ]  Conversely, electrically programmed 
organic memory devices with nonvolatile switching characteris-
tics can retain data for extended periods of time. This is similar 
to conventional fl ash memory. Nonvolatile switching is often 
classifi ed into three types based on current-voltage ( I – V ) curves: 
write-once-read-many-times (WORM), [  23  ,  24  ,  61  ,  62  ]  unipolar, [  59  ,  63  ]  
and bipolar switching memory [  42  ,  64  ]  (II, III, and IV in Figure  1 b). 
WORM-type memory devices [  23  ,  24  ,  61  ,  62  ]  show electrically irre-
versible switching characteristics, and the original state is never 
recovered. These devices can be used as storage components for 
radio-frequency identifi cation (RFID) tags. Both unipolar and 
bipolar memory systems exhibit electrically reversible switching. 
Unipolar memory devices use the same voltage polarity to 
write and erase, [  59  ]  while bipolar memory devices require dif-
ferent voltage polarities. [  64  ]  Unipolar memory devices have 
several technical advantages. For example, unipolar memory 
devices can be used to achieve electrically rewritable switching 
in architectures with one diode and one resistor (1D-1R) 
© 2011 WILEY-VCH Verlag G8 wileyonlinelibrary.com
to prevent cross-talk interference. [  65–68  ]  Furthermore, the 
external circuits required in practical memory applications can 
also be simplifi ed with the use of a single voltage polarity.    

 2.2. Mechanisms of Resistive Switching 

 Resistive memory devices are based on changes in the con-
ductivity of a material that result when an electric fi eld is 
applied. Conductivity is defi ned as the product of the carrier 
concentration and the charge mobility, and a change in the 
carrier concentration, charge mobility, or both, can lead to a 
change in conductivity. Although the origin of this change is 
unclear, each conductance state has been thoroughly described 
using the following well-established conduction mechanisms: 
ohmic conduction, [  59  ]  Schottky emission, [  69  ]  thermionic emis-
sion, [  70–72  ]  space-charge-limited current (SCLC), [  36  ,  70  ]  tunneling 
current, [  70  ,  73  ]  ionic conduction, [  50  ,  74  ]  and hopping conduction. [  71  ]  
In addition, the development of advanced analytical techniques 
has provided insight into switching phenomena. [  31  ,  36  ,  37  ,  49  ,  61  ,  75  ]  
Potential conductance and transition mechanisms have been 
proposed and partially established. In this section, we review 
the switching mechanisms of organic memory devices that have 
been reported and discussed previously. A recent review article 
contains a more extensive discussion of these mechanisms. [  14  ]  

  2.2.1. Filamentary Conduction 

 Filamentary conduction occurs when the fl ow of current is 
limited to highly localized regions in a junction area. [  76  ]  Two 
types of fi lament paths have been suggested. One is associated 
with the carbon-rich fi laments formed by the local degrada-
tion of organic fi lms. [  77  ,  78  ]  The other is related to the metallic 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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bridges that result from the migration of electrodes. [  79  ,  80  ]  The 
fi lamentary switching mechanisms have been often suggested 
to explain resistive switching phenomena observed in a variety 
of organic memory devices. For example, Cu ions penetrated 
into organic layer under forward bias could result in fi lament 
formation in Cu/poly(3-hexylthiophene) (P3HT)/Al device, 
which was experimentally proved by secondary ion mass spec-
troscopy analysis. [  75  ]  Similar metallic fi laments could also be 
formed in poly(ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) or poly(4-hydroxystyrene) composite materials 
that contain homogeneously dispersed Au clusters. [  81  ]  In the 
study, the stability and irreversibility of highly conductive per-
colation paths in a polymer resulted in WORM-type memory. [  81  ]  
Meanwhile, electrical evidence of fi lamentary conduction has 
been reported in terms of metallic [  82  ]  and area-independent 
behaviors of high conductance state. [  83  ]  Indeed, nanoscale 
memory devices can be achieved in fi lamentary-based systems 
because switching occurs in highly localized regions, indicating 
the ease of downscaling.   

 2.2.2. Space Charge and Traps 

 If the contact between the electrodes and the organic material is 
ohmic and the insulator is trap-free, the accumulation of carriers 
near the electrode builds up a space charge. Mutual repulsion 
between individual charges restricts the total charge injected into 
a sample, and the resulting current is called SCLC. [  84  ,  85  ]  Several 
factors contribute to this phenomenon: the injection of electrons 
or holes from the electrode, the presence of ionized dopants in 
interfacial depletion regions, and the accumulation of mobile 
ions at electrode interfaces. Traps present in the bulk of the 
material or at interfaces reduce carrier mobility. When the traps 
are located at interfaces, they can affect the injection of charges 
into a material. The electrical bistability of some organic mate-
rials has been reported to be associated with space charges. [  43  ]  
For example, hysteresis in the  I – V  curves of an ITO/poly[3-(6-
methoxyhexyl)thiophene]/Al structure was observed. [  43  ]  Bist-
able switching arises from the accumulation of space charges. 
The space charges accumulate at the metal–polymer interface 
and restrict the electrical fi eld, which limits the injection of 
charges into the organic layer. [  86  ]  The stored charges control 
charge injection and lead to hysteresis in the  I – V  curve. Bozano 
et al. [  87  ]  discussed the switching phenomena of trilayer structures 
composed of granular metals sandwiched between two organic 
layers. They proposed that the switching phenomena are based 
on the charge storage mechanism described by Simmons and 
Verderber. [  88  ]  Specifi cally, bistable switching in the trilayer struc-
tures exhibits a negative differential region (NDR), causing bi- 
and multi-stability. At voltages in the NDR region, charges are 
tunneled into trapping sites, and a space-charge fi eld builds up, 
inhibiting the fi eld applied at the electrode and reducing cur-
rent. Indeed, similar switching behaviors have been reported for 
many different materials in the same trilayer structure, [  30  ,  63  ,  70  ]  
which provides the insight for the switching mechanisms.   

 2.2.3. Charge Transfer 

 Charge transfer occurs in electron donor–acceptor systems in 
which electrical charges are partially transferred from the donor 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2806–2829
to the acceptor moiety. [  9  ,  24  ,  51  ,  89  ]  Field-induced transfers are 
expected to occur most frequently in the charge transfer com-
plexes. Resistive switching of the complexes was observed in 
Cu-tetracyanoquinodimethane (TCNQ) [  89  ] ; Cu and TCNQ acted 
as the donor and acceptor, respectively. Raman spectroscopy 
measurements verifi ed that pristine, high-resistance TCNQ 
anions were changed into neutral TCNQ molecules in a low-
resistance state. [  90  ]  Chu et al. [  9  ]  also observed that the bistable 
resistance states of a [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) and tetrathiofulvalene (TTF) dispersed in a polystyrene 
(PS) matrix were due to a charge transfer effect between the 
TTF and PCBM in the fi lm. A strong electric fi eld facilitated 
the transfer of electrons from the highest occupied molecular 
orbital of TTF to the lowest unoccupied molecular orbital of 
PCBM, producing a positive charge in TTF and a negative 
charge in PCBM. A sharp increase in conductivity occurred 
after the charge had been transferred.   

 2.2.4. Conformational Change 

 Resistive switching often arises from electrically induced 
conformational changes in molecules or molecular 
bundles. [  35  ,  41  ,  54  ,  61  ] For example, Rose Bengal (RB) molecules 
in supramolecular matrices of polyelectrolytes have shown 
conductance switching. [  54  ]  The conformational change effect 
responsible for this switching has been thoroughly described. In 
a low-voltage region, the reverse-bias-induced electro-reduction 
of RB molecules facilitates the restoration of conjugation in 
the backbone of the molecule, resulting in an ON state. With 
large biases, two perpendicular planes present in RB mol-
ecules induce a forward-bias-based conformational change 
and result in conductance switching. However, this switching 
phenomenon was not observed in devices made with RB spin-
cast fi lms. [  91  ]  This is because strong intermolecular interactions 
caused by the high packing density of the spin-coated fi lm 
hindered conformational changes and rotations of molecular 
planes. A similar effect was also proposed for the resistive 
switching of poly(2-(9H-carbazol-9-yl)ethyl methacrylate) (PCz) 
and poly(9-(2-((4-vinylbenzyl)oxy)ethyl)-9 H -carbazole) (PVBCz), 
which are non-conjugated polymers containing electron-
donating carbazole pendant groups. [  41  ,  61  ]  Upon application of an 
electric fi eld, randomly oriented carbazole groups in the organic 
materials were rearranged into face-to-face conformations, thus 
facilitating carrier delocalization and transport and producing a 
high-conductance state. The difference in the memory behavior 
between PCz and PVBCz arose from inherent differences in 
the degree of regioregularity and the ease of conformational 
relaxation.   

 2.2.5. Ionic Conduction 

 Ionic conduction usually occurs in polymers containing ionic 
groups. Compared to the activation energy required for elec-
tronic conduction, the movement of ions requires a relatively 
high activation energy, and a long transit time of the ions is 
also expected. Electrically rewritable switching effects have 
been observed in P3HT [  74  ]  and a sexithiophene-poly(ethylene 
oxide) (6T-PEO) block copolymer. [  50  ]  Inorganic salts such 
as LiCF 3 SO 3  and NaCl were used as dopants. [  50  ,  74  ]  It has been 
mbH & Co. KGaA, Weinheim 2809wileyonlinelibrary.com
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suggested that the migration of the dopant ions into and out of 
the P3HT or 6T-PEO depletion layer at the aluminum Schottky 
contact causes electrical bistability. In the case of 6T-PEO, the 
electrochemical doping of 6T occurs at both electrodes under 
a forward bias. [  50  ,  74  ]  Near the Al electrode, 6T is reduced by 
the migration of sodium ions toward the metal electrode 
(n-type doping), while the oxidation of 6T occurs near the inter-
face with the PEDOT:PSS electrode. This latter step is related to 
the migration of chloride ions in the vicinity of the interface (p-
type doping). [  50  ]  These processes create a p-n junction and result 
in an asymmetrical I–V curve. Thus, rectifying bistable switching 
can be induced in organic systems using ionic conduction.     

 3. Strategies for Memory Applications 

 The viability of a memory technology is usually decided by the 
projected values of parameters such as the memory margin, 
switching speed, cycling endurance, retention time, and cell 
density. These parameters should enable organic memory 
devices to meet the minimum specifi cations necessary for next-
generation memory applications. Uniform statistical data for 
these parameters, obtained from a large number of cells, are 
another essential requirement. This section, the core of this 
review article, presents essential strategies for practically imple-
menting organic resistive memory devices. Three parts com-
pose this section. In the fi rst, we discuss various approaches 
to modulate switching characteristics and improve memory 
performance. In the second, we address the methods used to 
obtain high-density integration. Finally, advanced memory 
architectures, such as the active matrix system, fl exible memory 
applications, and three-dimensional integration, are suggested.  

 3.1. Memory Performance Enhancement  

 3.1.1. Electrodes 

 The switching characteristics of organic resistive memory 
devices are strongly infl uenced by the properties of interfaces 
and active materials. [  15–28  ]  Accordingly, various approaches 
to control and optimize these switching properties have been 
applied. [  15–28  ]  In particular, the interface state between an elec-
trode and an organic material infl uences the charge injection 
barrier, and new interfaces can be designed to adjust the elec-
trical characteristics of organic devices. [  92  ]  The simplest method 
for modulating this interface is to change the type of elec-
trodes used in organic resistive memory devices. The effects 
of different electrode combinations on conductance switching 
devices have been studied. [  15  ]  With a suitable electrode combina-
tion and as a result of a lowering of the injecting barrier height, 
a change in the conduction mechanism, and a decrease in the 
bulk resistance, improved conductance switching behavior 
(an ON/OFF ratio of approximately 10 7 ) was observed in 
an ITO/2,3-dichloro-5,6-dicyano-1,4-benzoquinone/Al device. [  15  ]  
Additionally, the resistive switching voltage in polymer-metal 
nanoparticle fi lms can be tuned by changing the work function 
of the electrode. [  64  ]  Specifi cally, the electrode sensitivity of the 
resistive switchings is due to the contact potential at the contact 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com
of gold nanoparticles and electrode arising from charge transfer 
between them. 

 The bistable switching effect can be altered depending on the 
metal deposition method. [  45  ]  Thermal deposition of Al has been 
reported to be more effective than electron-beam deposition in 
obtaining a high ON/OFF ratio and stable operation because of 
Al island growth, which is critical to memory performance and 
is dominant in thermally deposited Al fi lms. [  45  ]  The fl atness or 
geometrical shape of an electrode is also an important factor 
in terms of switching reproducibility. [  27  ]  For this reason, Lei 
et al. [  27  ]  statistically characterized polyfl uorene-based memory 
cells and observed that switching probability was closely linked 
to the required switching voltage. Furthermore, they suggested 
that protrusions from the electrodes dominated the switching 
phenomena, and thus, their various geometries, led to errors 
in cycle testing. To reduce the probability of switching failure, 
a programming scheme that dynamically adjusts the switching 
voltages was designed. These researchers also stressed that 
a device structure with uniform bottom geometries should 
be devised to minimize changes in the switching sites, thus 
yielding a highly reliable and reproducible memory device.   

 3.1.2. Self-Assembled Monolayer and Nanodots 

 Introducing additional layers at the metal–polymer interfaces 
is an effective strategy for controlling the mobility or number 
of charge carriers that pass through organic devices. Among 
the types of layers that can be added, SAMs have attracted a 
substantial amount of attention due to simple and cost-effi cient 
manner to change the interface property and then to modulate 
electrical property. [  20  ,  21  ,  56  ,  93  ]  For instance, a hydroxyl-terminated 
Al electrode surface was treated with a 4-nitrophenyl dichloride 
phosphate SAMs. This treatment enhanced the switching repro-
ducibility with a narrow distribution of the current level. [  21  ]  Sim-
ilarly, Li et al. [  20  ]  investigated the infl uence of SAM molecules 
as an ultrathin potential barrier in an organic two-terminal 
structure. They characterized electrical switching behavior 
for the vertical charge transport through the organosilane of 
n-octyltrichlorosilane (OTS) embedded between two rubrene 
layers ( Figure 2  a,b ). Although the OTS molecule, which con-
sists of a saturated carbon backbone with a trichrolosilane end 
group, is dielectric in nature, high conductivity was observed 
in a sample that had been exposed for 6 h to OTS deposition 
and had no LiF layer (square line in Figure  2 c). This result indi-
cates the presence of defective regions with no or poor OTS 
coverage through which charges were actively transported. 
However, typical electrical switching behavior was observed in 
a sample that had been exposed for 6 h to OTS deposition and 
had a 15-nm LiF layer (curves 1–4 in Figure  2 c). With a 450-fold 
increase in the current density, electrical switching suddenly 
occurred when the applied voltage was increased to 2.8 V. For 
an OTS deposition time of 15 or 30 min at the rubrene surface, 
negligible switching behavior was observed (Figure  2 d). When 
the OTS deposition lasted for 2 and 6 h, 130- and 450-fold 
increases, respectively, were observed in the current densities at 
1 V. The data for high- and low-conductivity states showed good 
fi ts to straight lines of the function ln  J –V  1/2  (inset in Figure  2 d), 
indicating that conduction was mainly associated with the ther-
mionic emission model. [  72  ]  This conductance transition was 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  2 .     Schematic cross-section of a) the sample and b) the intergranular region between LiF 
grains, illustrating the formation of a discontinuous rubrene layer at the interface with the OTS 
layer during the early stages of deposition. c) Current density versus voltage ( J – V ) characteris-
tics of the sample that was exposed for 6 h to OTS deposition and included a 15-nm LiF layer. 
The black square line represents the  J – V  characteristics of the sample that was exposed for 6 
h to OTS deposition and had no LiF layer. d) J–V characteristics of samples with different OTS 
deposition times. The inset shows the  J–V  characteristics of the high-conductivity (top right) 
and low-conductivity states (bottom right). Reproduced with permission. [  20  ]  Copyright 2010, 
American Institute of Physics.  
attributed to the potential OTS barrier, which can be tuned by 
changing the degree of OTS coverage on the rubrene layer. This 
result demonstrates the signifi cance of self-assembly molecules 
in controlling vertical charge transport.  

 Kondo et al. [  16  ]  reported a method for improving memory 
performance by introducing charge-trapping layers. Three dif-
ferent types of devices were fabricated and compared. Device 
I consisted of a poly(N-vinylcarbazole) (PVK) layer embedded 
between two electrodes (ITO/PVK/Al) ( Figure 3 a). For device 
II, a similar structure was used, and Ag-nanodots (Ag-NDs) 
were added on the surface of the ITO substrate (ITO/Ag-NDs/
PVK/Al) (Figure  3 b). In device III, Ag-NPs (10 wt%) were dis-
persed in the PVK layer (ITO/PVK + Ag-NPs/Al) (Figure  3 c). 
The ON/OFF ratios observed at a read voltage of 1 V were 20, 
10 4 , and 10 2  for devices I, II, and III, respectively (Figure  3 d–f). 
Notably, the ON current values near the  V  max  region remained 
nearly constant regardless of the device type, while the OFF 
states were drastically affected by the presence of Ag-NDs or 
Ag-NPs. The nanomaterials added to device I played a critical 
role in enhancing the ON/OFF ratio, especially by reducing 
the current level in the OFF state. The authors explained that 
ON currents fl owed through the low-resistance pathways of Al 
particles created in the PVK layer, while OFF currents were 
controlled by the charge-trapping layer of either Ag-NDs or 
Ag-NPs. Particularly, the Ag-NDs were much more effi cient 
trapping sites than the homogenously dispersed Ag-NPs in the 
PVK layer.    
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2011, 21, 2806–2829
 3.1.3. Interfacial Oxide 

 A native oxide layer on an electrode surface 
sometimes seems to be necessary for resistive 
switching. [  94  ,  95  ]  Furthermore, reproducible 
switching can be achieved by the introduction 
of an additional oxide fi lm. [  96  ]  These obser-
vations validate the signifi cance of the oxide 
layer in resistive switching memory. Similarly, 
we have investigated the effects of treating 
bottom Al electrodes with O 2  plasma on the 
switching characteristics of a polyimide (PI) 
composite material containing PCBM small 
molecules. [  18  ]  As shown in  Figure 4 a, the oxide 
thickness gradually increased as the treatment 
time increased. The increase in the oxide 
thickness was attributed to the time-induced 
enhancement of chemical reactions between 
Al atoms and oxygen molecules. X-ray 
photo electron spectroscopy (XPS) depth 
profi les of the Al samples treated with O 2  
plasma for different lengths of time (0, 5, 
10, and 20 min) were compared (Figure  4 b). 
In the graph, Al m  2p and O 1s represent 
the metallic Al peak (Al–Al bonds) and the 
oxygen peak (Al–O bonds), respectively. As 
the plasma treatment time increased, the dif-
fusion depth of oxygen gas into the Al layer 
gradually increased, indicating the formation 
of a thicker oxide layer. This is consistent with 
the transmission electron microscopy (TEM) 
data of Figure  4 a. All of the devices tested 
showed typical unipolar switching behaviors, though their cur-
rent levels differed depending on the plasma treatment time 
(Figure  4 c). Both the ON and OFF resistance values gradually 
increased as the plasma treatment time increased (Figure  4 d). 
Compared to the ON resistances, a relatively larger increase was 
observed in the OFF resistances, and this, in turn, produced 
a high ON/OFF ratio. This result indicates that the additional 
oxide served as a series resistor and considerably infl uenced the 
initial OFF resistance. The simple plasma treatment proposed 
in this study could be cost-effective because it does not require 
complex and expensive deposition equipment.    

 3.1.4. Organic Morphology 

 The importance of morphology in organic electronics has 
been emphasized because charge conduction through a device 
is often strongly governed by the surface morphology of an 
organic fi lm. [  92  ]  For this reason, the morphology of the organic 
layer has been carefully controlled to produce excellent non-
volatile memory effects. [  17  ,  23  ,  28  ]  For example, the deposition of 
a pentacene layer at a low deposition rate was found to play 
a defi nitive role in the occurrence of the resistive switching, 
while the deposition of a pentacene layer at a high deposition 
rate stabilized device performance. [  23  ]  Metal atoms can move 
inside an organic layer during the evaporation of the top elec-
trode, and this inter-diffusion phenomenon strongly depends 
eim 2811wileyonlinelibrary.com
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    Figure  3 .     Schematics of three different device structures: [  16  ]  a) Device I includes a simple 
PVK layer embedded between two electrodes, with an ITO/PVK/Al structure; b) Device II con-
sists of a similar structure but includes Ag-NDs on the surface of the ITO substrate and has 
an ITO/Ag-NDs/PVK/Al structure; c) Device III contains Ag-NPs (10 wt%) dispersed in the 
PVK composite and has an ITO/PVK + Ag-NPs/Al structure. Typical current density-voltage 
( J – V ) characteristics for d) Device I with the ITO/PVK (150 nm)/Al structure, e) Device II 
with the ITO/Ag-NDs/PVK (150 nm)/Al structure, and f) Device III with the ITO/PVK + Ag-NPs 
(150 nm)/Al structure. In these fi gures, ITO and Al electrodes were used as the anode and 
cathode, respectively. Reproduced with permission. [  16  ]   
on the grain size of an organic fi lm. [  97  ]  The deposition rate is 
one of the growth parameters that can be adjusted to change 
the grain size of pentacene fi lms. [  98  ]  Thus, electrical character-
istics in the organic memory were governed by the deposition 
rate of organic pentacene fi lms. 

 Memory performance can be further improved with the use 
of new functional materials designed for nanomorphological 
control. [  17  ]  For instance, the material structures and electrical 
properties of devices fabricated with a nanoaggregated dis-
persed red 1-grafted poly(N-vinylcarbazole) (PVDR) and a non-
nanoaggregated PVDR were characterized and compared. [  17  ]  
Both devices exhibited a typical WORM memory effect, with 
a high ON/OFF ratio of more than 10 5  and a long retention 
time. However, the nanoaggregated PVDR device was much 
more stable than the non-nanoaggregated PVDR device. The 
surface defects and the large number of grain boundaries in 
the amorphous PVDR sample acted as charge-trapping centers, 
limiting mobility and degrading current in the ON state. Con-
versely, the helical columnar stacks that formed perpendicularly 
to the device electrodes in the self-assembled PVDR sample 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, We2 wileyonlinelibrary.com
greatly enhanced electron delocalization via 
extended  π – π  interactions between the carba-
zole moieties in the polymer system. These 
  π  – π  interactions provided an effective charge 
transport channel throughout the fi lm. 
Moreover, the smoother surface of the nano-
aggregated PVDR sample promoted better 
contact between the polymer and metal. 
These effects contributed to a much more 
stable ON current.   

 3.1.5. Composite Nanomaterials 

 Previous studies have shown that nanomate-
rials in various composite systems produce 
electrical bistability. [  19  ,  21  ,  24  ,  46–53  ]  Generally, the 
electrical switching characteristics of memory 
devices fabricated with composite materials 
can be modulated by controlling the nano-
material concentration. Laiho et al. [  46  ]  showed 
that a nanostructure of PCBM and PS enabled 
the facile tuning of switching behavior. With 
an increase in the PCBM concentration from 
2 to 6 wt % , the switching voltage systemati-
cally decreased, while the unipolar switching 
curves including NDR region were observed 
across the entire concentration range. This 
was a result of the shorter average PCBM 
separation distance at higher concentrations. 
However, above 7 wt%, ohmic behavior was 
observed, but switching and NDR were not 
observed. The NDR region is an outcome 
of the tunneling process between PCBM 
clusters. Thus, cluster chains or single large 
clusters at high PCBM concentrations are 
believed to bridge two electrodes, resulting in 
a short-circuit current. 

 By controlling the carbon nanotube (CNT) 
content in PVK composite thin fi lms, the 
electrical behavior of an ITO/PVK-CNT/Al structure can be 
tuned. [  29  ]  Distinctly different electrical conductance behav-
iors, such as insulator behavior, bistable conductance, and 
conductor behavior, were observed, depending on the CNT 
concentration in the PVK polymer. The controllable elec-
trical properties and bistable switching effects in composite 
fi lms have been attributed to electron trapping in the CNTs. 
Meanwhile, conjugated copolymers with doped CNTs have 
been shown to improve the performance of WORM memory 
behavior. [  24  ]  Doping the electroactive polymer layer with 
1 wt% CNTs substantially enhanced device performance, e.g., 
a reduced turn-on voltage of –1.7 V and an enhanced ON/OFF 
ratio of 10 5 . The lower energy barrier for charge transfer from 
the CNTs to the polymer contributed to the increase in the ON/
OFF ratio, and the increased electron injection from the CNTs 
into the polymer lowered the turn-on voltage. Optimizing the 
ratio of Au-NPs in the PVK matrix was shown to improve cur-
rent stability during constant stress tests. [  19  ]  Unwanted current 
fl uctuations (e.g., sharp transitions from one state to another) 
during stress tests were observed for PVK-only devices and 
inheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  4 .     a) The thickness of Al oxide as a function of O 2  plasma treatment time: 0, 5, 10, and 20 min. The insets show TEM images of each memory 
device. The top and bottom pair of lines in each TEM image indicates the formation of the native Al oxide during deposition of the top electrodes and 
the interfacial Al oxide on the bottom electrodes created during plasma treatment, respectively. b) The XPS depth profi les of Al m  2p and O 1s in the Al 
samples treated for varying times with O 2  plasma. c)  I–V  characteristics of organic memory devices treated with O 2  plasma for varying times. d) The ON 
and OFF resistances (left y-axis) and the ON/OFF ratios (right y-axis) as functions of the O 2  plasma treatment time. Reproduced with permission. [  18  ]  
Copyright 2010, American Institute of Physics.  
Au NPs:PVK  =  0.2:1 devices, while good current stability was 
obtained for the Au NPs:PVK  =  0.083:1 device. The role of Au 
NPs in this study was to store electrons donated from PVK. The 
proper amount of Au-NPs in the polymer-NP system stabilized 
the high-conductivity state.   

 3.1.6. Other Approaches 

 Other approaches for the modulation of active mate-
rials in organic resistive memory devices have been 
reported. [  22  ,  25  ,  26  ,  60  ,  99  ,  100  ]  Chen and Ma [  22  ,  99  ]  observed increases 
in the ON/OFF ratio after doping organic molecules with fl uo-
rescent dyes. To describe this effect, they proposed that doped 
fl uorescent dyes in organic molecules act as trapping centers 
for charge carriers, [  101  ]  which improves the memory effect. A 
systematic study of organic bistable devices with the trilayer 
organic/metal-nanocluster/organic structure was performed 
by Pyo et al. [  100  ]  They observed an exponential decrease in the 
injection current of the ON state as the thickness of the organic 
layer increased, suggesting a decrease in the probability of elec-
tron transmission. Notably, the evolution from a current-step to 
bistability occurred above the critical thickness (10 nm) of an 
Al nanocluster. This phenomenon was described by a shift in 
the conduction mechanism from charge injection and trapping 
to resonant tunneling and charge storage. Meanwhile, the loca-
tion of the middle metal layer in the trilayer structure, which 
consisted of 4,4 ′ ,4 ′  ′ -tris[N-(3-methylphenyl)-N-phenylamino] 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2806–2829
triphenylamine (m-MTDATA) containing an ultra-thin Ag fi lm, 
was also found to be an important processing parameter to 
determine memory performance. [  25  ]  Bottom and top electrode of 
the devices were ITO and Al, respectively. For devices in which 
the Ag fi lm was located at the ITO/m-MTDATA interface, the 
largest ON/OFF ratio was observed, despite poor cycling endur-
ance. However, for devices in which the Ag fi lm was located in 
the middle region of the m-MTDATA layer, better endurance 
cycling was obtained, but the ON/OFF ratio was reduced. When 
the Ag fi lm was near the Al electrode, the ON/OFF ratio and 
retention time of the devices decreased sharply. This result sug-
gests that changing the location of the middle metal layer in 
the polymer can be used to modulate memory parameters (ON/
OFF ratio, endurance, retention, and so on) 

 We recently found that the introduction of metal ions into 
the polymer can change the switching speed. [  26  ]  Poly[(9,9-
bis((6 ′ -(N,N,N-trimethylammonium)hexyl)-2,7-fluorene)-alt-
(9,9-bis(2-(2-methoxyethoxy)ethyl)-fl uorene)] dibromide (WPF-
oxy-F) and its derivatives (Ca-WPF-oxy-F and Na-WPF-oxy-F) 
were synthesized [  102  ]  and used as active layers for our organic 
memory devices ( Figure 5 a–c). The device structure consisted 
of p  +   Si/polymers/Ag layers ( Figure 5 d). The cell size depend-
ence of both the high-resistance state (HRS) and low-resistance 
state (LRS) was explored, as shown in Figure  5 e. The resist-
ance of the polyfl uorene derivative with metal ions (Ca- and 
Na-WPF-oxy-F) clearly scaled with the cell size, indicating that 
the current fl owed through the whole cell area in the HRS. [  103  ]  
mbH & Co. KGaA, Weinheim 2813wileyonlinelibrary.com
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    Figure  5 .     Chemical structures of polyfl uorene-derivatives a) WPF-oxy-F, b) Na-WPF-oxy-F and 
c) Ca-WPF-oxy-F. d) Schematic of MIM-type organic nonvolatile memory device. e) Resistance 
values of the ON and OFF states of the three types of polyfl uorene-derivative memory devices 
as a function of junction area. f) Transient response characteristics of the three types of devices. 
The inset shows the circuit of measurement method. Reproduced with permission. [  26  ]  Copy-
right 2010, Elsevier.  
However, the resistance values of the three polymer materials 
in the LRS did not change signifi cantly with cell size due to the 
formation of localized current paths. [  104  ]  However, unlike the 
results for Ca- and Na-WPF-oxy-F devices, HRS in WPF-oxy-
F devices did not show any clear size dependence as a result 
of the SCLC and localized current fl ows. [  31  ]  To further study 
the effects of metal ions on memory performance, we meas-
ured the transient response times of the three types of polymer 
memory devices. The transient responses of Ca- and Na-WPF-
oxy-F were fast (approximately 10  μ s writing process), while 
WPF-oxy-F showed a much slower response time of approxi-
mately 2 ms (Figure  5 f). The relatively fast switching time of 
WPF-oxy-F derivatives was due to the formation of conductive 
paths by metal ions within the polymers.  

 Lee et al. [  60  ]  found that the thickness of polymer fi lms 
infl uenced the switching type. A fully  π -conjugated polymer, 
poly(diethyl dipropargylmalonate), showed different electrical 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, We14 wileyonlinelibrary.com
 I–V  curves, depending on the fi lm thickness. 
Specifi cally, a polymer fi lm with a thickness 
of 32 nm exhibited reliable WORM memory 
characteristics because localized fi laments 
were stable at this thickness. However, the 
fi laments in relatively thicker fi lms (62 and 
100 nm) were less stable, and DRAM charac-
teristics were observed.    

 3.2. High-Density Integration  

 3.2.1. Downscaling Techniques 

 Organic-memory research has focused pri-
marily on demonstrating bistable switching 
in existing or synthesized organic materials. 
However, the essential step for practical 
memory applications is to integrate the max-
imum number of memory cells into a single 
chip. To achieve this purpose, a consider-
able amount of effort has been devoted to 
the development of lithographic tools. [  105  ,  106  ]  
Generally, conventional lithography tech-
niques require a solution process to develop 
or remove the photoresist. Because inorganic 
materials are robust against organic solvents, 
the well-established lithographic processes 
are suitable for the fabrication of inorganic-
based memory devices. However, the use of 
the solution process dissolves the organic 
active layer on the substrate, thus rendering 
this process unsuitable for the downscaling 
of cell size in organic memory devices. 

 As an alternative method, we recently 
devised a via-hole structure that can be used 
as a scalable test bed to characterize switching 
in organic materials. [  83  ]  The sequential fabri-
cation process is described in detail. A silicon 
oxide fi lm with a thickness of 100 nm was 
deposited on a heavily doped p-type silicon 
substrate. Electron-beam lithography was 
used to defi ne via-hole junctions with six different feature sizes: 
40  μ m, 8.5  μ m, 4.5  μ m, 1  μ m, 500 nm, and 200 nm. To expose 
the bottom electrode, the silicon oxide fi lm was etched using a 
6:1 buffered oxide etchant. The via-holes were fi lled via polymer 
spin-coating. The chemical structure of the WPF-oxy-F polymer 
is shown schematically in  Figure 6 a. To create the top electrodes 
on the deposited polymer layer, an Ag layer with a thickness 
of 100 nm was deposited using a shadow mask. The fabricated 
organic memory device consisted of Ag/WPF-oxy-F / p  +   Si layers, 
as shown in Figure  6 b. Current only fl ows through the via-hole 
junction. Figure  6 c shows an AFM image of a via-hole device 
with an active area of 200 nm  ×  200 nm. Figure  6 d shows a 
tilted scanning electron microscopy (SEM) image of the organic 
memory device. Representative bipolar switching in a via-hole 
device with an active area of 500 nm  ×  500 nm was obtained 
(Figure  6 e), and this behavior was identical to that of devices 
with feature sizes of approximately 100  μ m, suggesting the 
inheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  6 .     a) Chemical structure of WPF-oxy-F polyfl uorene derivative. b) Schematic of a polymer memory device in a via-hole structure. c) AFM image of 
a via-hole of area 200 nm  ×  200 nm. d) SEM image of a tilt view of a via-hole polymer memory device. e) Semilog scale  I – V  characteristics of a polymer 
memory device with a 500 nm  ×  500 nm via-hole. f) Cumulative probability data set for polymer memory devices with a 500 nm  ×  500 nm via-hole 
(28 devices), showing a good device-to-device switching uniformity. The inset fi gure shows the histogram of the OFF-to-ON transitions for polymer 
memory devices with a 500 nm  ×  500 nm via-hole. Reproduced with permission. [  83  ]  Copyright 2009, IOP Publishing Ltd.  
feasibility for submicron-scale organic memory applications. 
The basic operation of our memory device can be described 
by the SCLC model with fi lamentary conduction. [  31  ]  The statis-
tical memory parameters (ON and OFF currents and transition 
voltages) were also narrowly distributed, indicating excellent 
switching uniformity (Figure  6 f). These electrical characteristics 
suggest that the WPF-oxy-F polymer can be employed in high-
density memory applications. In addition, the scalable via-hole 
structure can act as a useful test bed for evaluating the electrical 
characteristics of nanoscale organic devices.  

 As a more practical method to downscale cross-bar array 
organic memory devices, we used the direct metal transfer 
(DMT) method, a unique pattern transfer technique. [  107  ]  DMT 
is a nonaqueous process that is suitable for transferring metal 
patterns from a stamp directly onto a substrate at a low temper-
ature and pressure (100  ° C and 2 MPa). This method can also 
reduce damage to the organic layer and enable the three-dimen-
sional stacking of device applications. The sequential process 
fl ow of the DMT method for cross-bar array memory devices 
with 2- μ m feature sizes is illustrated in  Figure    7  . The fi rst step 
is the preparation of a glass stamp, as shown in Figure  7 a. 
A transparent glass stamp with a 2- μ m line width was fabricated 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2806–2829
using conventional photolithography techniques. The surface 
of the glass stamp was treated with a monolayer of a releasing 
material, tridecafl uoro-1,1,2,2-tetrahydrooctyltrichlorosilane, [  108  ]  
and to easily detach the metallic layer from the glass stamp, 
an Au/Ag double layer (35 nm) was deposited on the releasing 
layer. The second step is the preparation of the bottom elec-
trode and spin-coating of the polymer layer (Figure  7 b). The 
bottom electrodes, with a 2- μ m line width, were prepared on the 
silicon-on-insulator wafer using conventional lithography tech-
niques. Heavily doped p-type polysilicon was used to pattern 
eight bottom electrode lines. The next step is the key process 
of the DMT method: transfer of the top electrodes onto the sub-
strate (Figure  7 c). The metal-deposited glass stamp was verti-
cally aligned with the bottom electrodes and pressed at a tem-
perature of 100  ° C and a pressure of 550 psi for 10 min. After 
detaching the glass stamp from the polymer layer (Figure  7 d), 
fabrication of the organic memory devices with an 8  ×  8 cross-
bar array and a junction area of 2  μ m  ×  2  μ m was completed. 
Lee et al. [  109  ]  also successfully fabricated nanoscale metal pat-
terns for organic memory devices using the same technique. 
A DMT method featuring a two-step thermal treatment was 
capable of transferring metal lines with a 70-nm half-pitch 
mbH & Co. KGaA, Weinheim 2815wileyonlinelibrary.com
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    Figure  7 .     Fabrication process of cross-bar type polymer non-volatile 
memory devices using the DMT method. a) Metal evaporation on pat-
terned glass stamp; b) spin-coating of polymer layer on the patterned 
bottom electrode; c) transfer of top electrode; d) detaching the stamp. 
Reproduced with permission. [  107  ]  Copyright 2008, IOP Publishing Ltd.  
to an organic active layer. This unique strategy for producing 
high-density organic memory devices simplifi es the fabrication 
process and lowers the costs of production.  

 Electrical switching in nanoscale junctions is often character-
ized with conducting atomic force microscopy (CAFM). [  31  ,  37  ]  Lau 
et al. [  37  ]  developed a novel scanning probe technique to capture 
images of electrical responses in a Pt/stearic acid/Ti structure. 
The nanoscale conductance peaks of the scanned area appeared 
or disappeared depending on the conductance state. This result 
indicates that the formation and dissolution of individual nano-
scale fi laments caused conductance switching. The specialized 
CAFM technique can be used to assess nanoscale switching 
prior to the fabrication of nanoscale memory devices.   

 3.2.2. Multi-bit Storage Capability 

 Unlike complex concepts such as downscaling or multi-
stacking, the multi-bit memory approach is a simple method 
for increasing integration density. A variable initial program 
voltage magnitude for conductance transition can provide 
access to multi-conductance states. The multi-conductance 
states of a variety of organic materials have been demon-
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
strated. [  36  ,  38  ,  63  ,  91  ,  110  ,  111  ]  In particular, multi-bit storage capabili-
ties are commonly observed in unipolar switching including 
NDR region. [  63  ,  110  ,  112  ]  Reddy et al. [  63  ]  reported multilevel con-
ductance switching in unipolar memory devices consisting of 
ITO/Tris(8-hydroxyquinolinato)aluminum (AlQ 3 )/Al/Alq 3 /Al. 
The intermediate states between the ON and OFF states were 
accessed by applying a voltage within the NDR region. The 
authors proposed that the fi eld-induced transfer of charge car-
riers between AlQ 3  and the aluminum core was responsible for 
the observed conductance switching. Additionally, the multi-
level conductance states remained constant during continuous 
stress tests, indicating the stability of both the material and 
the material-electrode interfaces. A similar multilevel memory 
effect has also been demonstrated in inorganic SiO thin-fi lm 
structures. [  112  ]  A detailed experimental study revealed that fi la-
ment formation was the dominant mechanism in switching 
from the OFF state to the lower ON state [  94  ] , while the Poole-
Frenkel effect dominated switching from the lower ON state to 
the higher ON state. [  113  ,  114  ]  Das et al. [  38  ]  examined voltage-driven 
electrical multilevel in the bipolar switching of an organic 
semiconductor, namely Ponceau SS. Typical bipolar  I–V  curves 
of Ponceau SS sandwiched between ITO and Al electrodes 
are shown in  Figure    8  a. Variable high-conducting states were 
formed, depending on the magnitude of  V  Max  (Figure  8 b). The 
authors reported that this might be attributed to the switching 
of a higher number of molecules upon application of a higher 
voltage amplitude or the presence of more than one stable con-
ducting conformer in the molecules. To demonstrate multilevel 
memory, different pump voltages ( ± 1.8,  ± 2.2, and  ± 2.6 V) were 
applied, and the current states were probed as a function of 
time (Figure  8 c). A write-read-erase-read voltage pulse sequence 
for multilevel memory is shown in Figure  8 d. After write pulses 
of 1.8, 2.2 and 2.6 V or an erase pulse of –2.6 V was applied to 
the device, a read voltage pulse of 0.8 V was selected. The device 
showed four distinct current states ((0,0), (01), (10), and (11)), 
indicating two-bit memory. The results demonstrate the ability 
to achieve multilevel memory elements at the molecular scale.  

 NDR and multilevel memory effects were also obtained 
in organic devices consisting of an anthracene derivative, 
9,10-bis-(9,9-di-(4-(phenyl-p-tolyl-amino)-phenyl)-9H-fluoren-
2-yl)-anthracene (DAFA), sandwiched between Ag and ITO 
electrodes. [  111  ]  Different negative voltages produced mul-
tiple conductance states. To explain the NDR and multilevel 
effects, the charge trapping mechanism at the DAFA / Ag inter-
face, which was caused by the diffusion of Ag atoms into the 
DAFA during the deposition process, was proposed. Mukherjee 
et al. [  91  ]  reported that multilevel conductance states could be cre-
ated in Langmuir–Blodgett fi lms of the organic semiconductor 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). The multi-
level conductivity occurred as a result of density differences 
between the reduced DDQ molecules and the neutral mole cules. 
The multilevel memory capabilities of an organic device con-
taining 2-(hexahydropyrimidin-2-ylidene)-malononitrile (HPYM) 
molecules between Al/Al 2 O 3  and Ag have also been observed. [  36  ]  
The high conduction mechanism was governed by trap- and 
space-charge-limited conduction [  85  ] , and the low conduction 
mechanism was partially explained by the Poole–Frenkel emis-
sion model. [  115  ]  The existence of multilevel conductance states in 
this memory structure could be due to the different degrees of 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  8 .     a)  I–V  characteristics of a device based on spun-cast fi lm of Ponceau SS in three loops. Inset shows the molecular structure of a Ponceau SS 
molecule. b)  I–V  characteristics of a device based on spun-cast fi lm of Ponceau SS from different values of  +  V  Max . For  V  Max   =  2.7 V, the current value 
reached the limit of the measuring instrument during the voltage sweep. Inset shows the current at 0.8 V as a function of  V  Max . c) Multilevel read-only 
memory of a device based on spun-cast fi lm of Ponceau SS. Current was read under a  + 0.8 V pulse (width 2 s; duty cycle  =  17%); for (11), current 
values were divided by six for comparison. d) Multilevel random-access memory application of the same device. Current under ‘‘write-read-erase-read’’ 
voltage sequence is presented. Reproduced with permission. [  38  ]  Copyright 2008, Elsevier.  
rearrangement of dipolar molecules. Various operating mecha-
nisms have been proposed to explain the origin of the multiple 
observed states. However, the absence of an established model or 
theory related to these phenomena has hindered the implemen-
tation of multiple stable conductance states. Thus, the operation 
mechanisms of multi-bit memory should be further studied.    

 3.3. Architectural Concepts for Advanced Memory Devices  

 3.3.1. Active Matrix Systems: 1T-1R and 1D-1R 

 The cross-talk phenomenon in memory cells often occurs 
due to parasitic leakage paths (called sneak paths) through 
neighboring cells with low resistances in cross-bar array struc-
tures [  66  ,  68  ]  or the presence of excess currents that can cause elec-
trical damage. [  116  ]  These phenomena disturb the reading process 
in selected cells, which must be eliminated in practical memory 
applications. To solve the cross-talk problem, a switching ele-
ment (diode or transistor) can be added to each memory cell. [  117  ]  
The International Technology Roadmap for Semiconductors [  118  ]  
has also stressed the incorporation of switching elements in 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2806–2829
cross-bar array memory structures. Indeed, the one diode and 
one resistor (1D-1R) [  119  ,  120  ]  or one transistor and one resistor 
(1T-1R) [  121  ]  architectures improve reading accessibility without 
disturbing the reading process. 

 Array circuits with the 1T-1R and 1D-1R architec-
tures have been demonstrated with complementary 
metal-oxide-semiconductor (CMOS) technologies to study 
inorganic-based memory devices. [  66  ,  116  ,  122  ]  The Samsung 
Advanced Institute of Technology is one of the leading groups 
in this research fi eld. Lee et al. [  66  ]  reported the combination 
of a Pt/NiO/Pt memory element with nonvolatile resistance 
switching behavior and a Pr/VO 2 /Pt switching element with 
threshold resistance switching behavior. The main advantages 
of such a memory structure include an extremely fast switching 
speed of several tens of nanoseconds and a low processing tem-
perature below 300  ° C, which is suitable for three-dimensional 
structures. High-performance oxide-based nonvolatile memory 
devices were also investigated by Ahn et al. [  120  ]  A p–n CuO/
InZnO x  diode was used as a switching element, and Al 2 O 3  anti-
fuse was used as a storage node. The memory cells showed large 
ON/OFF ratios of approximately 10 6 , small current distributions 
at programmed and unprogrammed states, and a fast switching 
mbH & Co. KGaA, Weinheim 2817wileyonlinelibrary.com
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    Figure  9 .     a) Schematic and optical image of 1T-1R hybrid devices. The area with the black 
dotted line indicates a silicon transistor (1T) and a polymer memory (1R). b) Schematic of a 
single 1T-1R device and chemical structure of WPF-oxy-F. c) Schematic of the basic operation of 
the 1T-1R device. The current fl ow from source to drain in the 1T-1R device is controlled by the 
resistance state of the polymer memory device (see text). Reproduced with permission. [  121  ]   
speed of approximately 20 ns. They also dem-
onstrated the applicability of the advanced 
memory architecture using a select transistor 
(GIZO-based transistor) in a peripheral circuit 
with an existing all-oxide 1D-1R structure. [  123  ]  
The individual components exhibited the 
required material properties: bistable storage 
node, rectifying diode, and select transistor. 

 Active matrix systems (1D-1R or 1T-1R) 
in organic electronics are also necessary 
for practical memory applications. Möller 
et al. reported an architecture for WORM 
memory based on the hybrid integration of 
an electrochromic conducting polymer with 
a thin-fi lm silicon p–i–n diode. [  62  ]  This work 
was the fi rst demonstration of the integra-
tion of both organic memory and switching 
components into a single chip. The platform 
not only prevents reading disturbance but 
also potentially enables high-density memory 
applications with vertical stacking struc-
tures. Our group has also made progress in 
the development of this hybrid structure. 
We demonstrated a hybrid-type 1T-1R cir-
cuit consisting of an inorganic transistor 
(p-MOSFET) and a polymer memory. [  121  ]  
 Figure 9 a shows a schematic and optical 
image of 1T-1R devices fabricated on a 

silicon substrate. Figure  9 b shows the schematic of a one-bit 
1T-1R cell and the chemical structure of the organic memory 
material (WPF-oxy-F). The p-MOSFET device was fabricated 
using a conventional CMOS process. An organic non-volatile 
memory device with cross-point architecture was fabricated on 
the drain side (p  +   Si) of the Si transistor, which was used as 
the bottom electrode (Figure  9 b). When the switching compo-
nent (p-MOSFET) was turned ON, the current fl ow from the 
source to the drain was modulated by the resistance state of the 
organic memory (Figure  9 c).  

 We also performed  I–V  characterizations of the p-MOSFET 
and organic memory devices.  Figure 10 a shows the drain 
current versus drain voltage ( I  D – V  D ) characteristic of the 
p-MOSFET device and its circuit diagram (inset). To turn the 
p-MOSFET device ON, we applied a negative bias to the gate 
electrode. The drain current was saturated at approximately 
–70  μ A at a gate bias of –2 V, indicating typical long channel 
p-MOSFET behavior. The organic memory devices showed 
typical bipolar switching behavior (Figure  10 b). The polymer 
memory device exhibited turn-ON and turn-OFF events at 3 V 
and –2 V, respectively. To evaluate the  I–V  characteristics of the 
p-MOSFET combined with the organic memory, we measured 
the  I  D – V  D  and drain current versus gate voltage (I D -V G ) char-
acteristics of the 1T-1R device. As shown in Figure  10 c, when 
the organic memory device was in the LRS condition, the 1T-1R 
device showed a  I  D – V  D  curve similar to that of the p-MOSFET 
device alone. This result indicates that the memory compo-
nent in the LRS condition did not affect the operation of the 
transistor. However, because of the series resistance of both the 
channel and the polymer memory, the current level in the satu-
ration regime of the 1T-1R device (Figure  10 c) was reduced by a 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
factor of 0.7 compared to the single transistor under the same 
gate bias. In contrast, when the organic memory device was 
programmed to the HRS, the current fl ow from the source to 
the drain in the p-MOSFET device was signifi cantly interrupted 
by the high resistance of the organic memory device. In the 
HRS condition, a low current of approximately 10 nA fl owed 
from the source to the drain through the 1T-1R device under 
a gate bias of –2 V. The drain current for the 1T-1R device at a 
fi xed drain bias of –0.1 V was 10  μ A (in the LRS condition) and 
10 nA (in the HRS condition) (Figure  10 d). This result indicates 
that the drain current of the 1T-1R device could be controlled 
by the resistance states of the organic memory device. Thus, 
we successfully demonstrated the performance of 1T-1R hybrid-
type memory devices.  

 Compared to the integration of the 1T-1R structure, the 
1D-1R architecture is preferred because it occupies less area, 
approximately 4F 2 , where F is a minimum feature size. Fur-
thermore, the design and fabrication are simpler for 1D-1R cir-
cuits than for 1T-1R devices. For these reasons, 1D-1R systems, 
such as WORM memory devices combined with a diode [  119  ]  and 
a diode-switch organic nonvolatile bistable memory, [  67  ]  have 
recently been developed. However, the electrically irreversible 
switching of these devices limits their application in situations 
in which a rewritable capability is required. Electrically rewri-
table switching in the 1D-1R structure can be achieved only with 
the use of unipolar-type switching memory. [  66–68  ]  Meanwhile, 
the poor reliability and performance of organic diodes can pre-
vent the 1D-1R system from operating ideally. Thus, we devel-
oped a hybrid-type 1D-1R structure combining an inorganic 
diode with organic unipolar memory. [  65  ]   Figure 11 a shows a 
three-dimensional schematic of the 1D-1R devices with 16 unit 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  10 .     a)  I  D – V  D  characteristics of the p-MOSFET device and its circuit diagram. b)  I–V  characteristics of polymer memory device and its circuit 
diagram. c)  I  D – V  D  characteristics of the 1T-1R device. d)  I  D – V  G  characteristics of the 1T-1R device with respect to the resistance state of the polymer 
memory device. Reproduced with permission. [  121  ]   
cells. A cross-sectional image and electronic circuit diagram of 
the device are illustrated in Figure  11 b. In the 1D-1R devices, an 
inorganic Schottky diode was created at the Schottky junction 
between the Al and p-type Si. The organic resistive memory com-
ponent consisted of a PI:PCBM composite sandwiched between 
Al and Au electrodes. The  I–V  characteristics of the inorganic 
Schottky diode and organic resistive memory were tested and 
found to be asymmetrical (Figure  11 c). Figure  11 d shows the 
typical unipolar switching  I–V  curves of an organic resistive 
memory device. A 1D-1R device with bipolar memory is not 
erasable due to the suppressed current at the reverse polarity. 
Instead, unipolar memory is required to implement the elec-
trically rewritable switching of 1D-1R devices. Figure  11 e 
shows the  I–V  characteristic of a 1D-1R memory cell (p-Si/Al/
PI:PCBM/Au). Unipolar switching characteristics were observed 
in the forward bias regime, while switching in the reverse 
bias regime disappeared due to the rectifying property. The 
ON/OFF ratios for 1R and 1D-1R devices as functions of the 
applied voltage were compared (Figure  11 f). The ON/OFF ratio 
of the 1R device was constant regardless of the voltage polarity 
because of the symmetrical  I–V  behavior of this device. How-
ever, the ON/OFF ratios of the 1D-1R devices were completely 
different depending on the voltage polarity, and this result was 
attributed to the diode component.  

 Unnecessary leakage paths in cross-bar array structures can 
form through the neighbors of a selected cell if the polymers 
lack rectifi cation properties. [  66  ,  68  ]  These paths affect the reading 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2806–2829
process and cause misreading errors (i.e., they produce cross-
talk phenomena). We experimentally observed such reading 
disturbances in 1R array-type memory devices ( Figure 12 a,b). 
Specifi cally, if cells (1,2), (2,1), and (2,2) were set to the ON 
states and the (1,1) cell was initially set to the OFF state, the 
(1,1) cell was read as possessing an ON resistance (7.9 k Ω ) as 
a result of the leakage path (2,1)  →  (2,2)  →  (1,2). This indi-
cates that the selected OFF state could be misread as an ON 
signal. This reading disturbance problem can be prevented by 
adding diode components. If rectifying diode components are 
integrated into the resistive memory cells, the unintentional 
leakage path through the (2,2) cell can be prevented, and mis-
reading can be avoided. To prove this, we tested a 2  ×  2 array 
device consisting of 1D-1R cells. As illustrated in Figure  12 c 
and d, when the ON state was set in neighboring cells (i.e., the 
(1,2), (2,1), and (2,2) cells), the OFF signal of the selected (1,1) 
cell was successfully identifi ed without any reading disturbance. 
This improved reading capability can enable the production of 
high-density organic memory devices integrated with an array 
architecture. This research was the fi rst demonstration of rewri-
table switching in organic-based 1D-1R systems. Nevertheless, a 
“realistic” active matrix system integrated with a cross-bar array 
structure requires new 1D-1R circuit designs and an improved 
device performance.  

 The development of a single element that simultaneously 
exhibits both switching and diode behavior could be the ulti-
mate solution for the creation of matrix array structures 
bH & Co. KGaA, Weinheim 2819wileyonlinelibrary.com
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  Figure  11 .     a) A schematic of a 1D-1R hybrid-type memory device. b) A schematic of the layered structure and an electronic circuit diagram of the 1D-1R 
device. c)  I–V  characteristics and circuit diagram (left inset) of an inorganic Schottky diode. Right inset shows the rectifi cation ratio as a function of 
voltage. d)  I–V  characteristics of an organic resistive memory and its circuit diagram (inset).  V  th ,  V  max , and  V  min  indicate the threshold voltage, the 
voltage at the local current maximum point, and the voltage at the local current minimum point, respectively. e)  I–V  characteristics and circuit diagram 
(inset) of a 1D-1R memory device. f) Comparison of the ON/OFF ratios for 1R and 1D-1R devices as a function of the applied voltage. Reproduced 
with permission. [  65  ]   
because its cell structure and fabrication process would be 
simpler than those of common 1D-1R structures with two ele-
ments. [  34  ,  50  ,  124  ]  For instance, a single device consisting of ITO/
PEDOT:PSS:NaCl/6T-PEO block copolymer/Al showed resis-
tive switching behaviors with rectifying properties. [  50  ]  The 
asymmetric response to bias polarity was attributed to selectivity 
in the transport of ions by the block copolymer. Similarly, Asadi 
et al. [  34  ]  developed a single storage medium consisting of a phase-
separated blend of organic ferroelectric and semiconducting 
polymers that produced bistable rectifying diodes. Recently, 
these authors designed and performed an extended experi-
ment. [  124  ]  They used the previously developed phase- separated 
© 2011 WILEY-VCH Verlag 0 wileyonlinelibrary.com
blend of ferroelectric (star-shaped matrix) and semicon-
ducting polymers (spheres) ( Figure 13 a). The polarization fi eld 
of the ferroelectric polymer modulated the injection barrier at 
the semiconductor contact. [  34  ]  The diodes could be switched 
at biases larger than the coercive fi eld (Figure  13 b). Both sym-
metric and rectifying  I – V  curves were observed with current 
modulations of up to 10 6 . To further demonstrate the feasi-
bility of the ferroelectric diodes, 9-bit memory cells in a 4F 2  cell 
confi guration were fabricated (Figure  13 c). The most diffi cult 
state, the state that is the most sensitive to cross-talk, was cre-
ated as shown in Figure  13 d. A single low-conducting “0” bit 
was in the center of the 3  ×  3 array, and it was surrounded 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  12 .     The reading process of the 1R array type memory device. a) Schematic illustration 
of cross-talk interference during the reading of an OFF (1,1) cell when neighboring cells ((1,2), 
(2,1), and (2,2)) were set to the ON state. b) Resistance values of each cell in the 1R device. 
Each resistance was measured at a voltage of 1 V. The (1,1) cell was misread as an ON signal 
due to interference from neighboring cells during reading. The reading process of the 1D-1R 
array type memory device. c) Schematic illustrating current fl ow during the reading of an OFF 
(1,1) cell when neighboring cells ((1,2), (2,1), and (2,2)) were set to the ON state. d) Resistance 
values of each cell in the 1D-1R device. Each resistance was measured at a voltage of 1 V. The 
(1,1) cell was accurately read as an OFF signal, demonstrating the absence of the cross-talk 
problem. Reproduced with permission. [  65  ]   
by 8 high-conducting “1” bits. The most challenging state, 
111101111, was unambiguously identifi ed without cross-talk 
(Figure  13 e). Cross-talk in a cross-bar geometry was prevented 
by the rectifying properties of the phase-separated blend. This 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2011, 21, 2806–2829

    Figure  13 .     a) SEM micrograph of the phase-separated morphology and b)  J–V  characteristics of 
10/90 wt% blend of a ferroelectric polymer, P(VDF-TrFE), and a semiconducting polymer, PFO. T
diode was fabricated with a gold bottom electrode and an LiF/Al top electrode. The total device
 + /–20 V, exceeding the coercive fi eld. The voltage axis was corrected for the built-in voltage of 
layout. c) A photograph of a 3  ×  3 cross-bar memory array. The width of the electrode line and sp
of the 3  ×  3 array shown in (a) programmed with the 111101111 logic state. e) The current pass
state over time. The measurement shows that cross-talk was eliminated; the programmed state
sion. [  124  ]  Copyright 2010, American Institute of Physics.  
result indicates a step toward immortal 
memory, a cross-talk-free memory array with 
an unpatterned storage medium.    

 3.3.2. Flexible Memory Applications 

 Flexibility is required for future electronic 
applications, such as foldable and stretchable 
electronics. A variety of technologies have 
been conceived and applied to achieve fl ex-
ibility in organic and inorganic electronics, 
and new concepts are being developed. In 
particular, the evolution of fl exible electronic 
applications that require information storage 
components has advanced research on fl ex-
ible memory devices. [  6  ,  53  ,  69  ,  125–128  ]  A method 
for depositing inorganic-based switching 
materials onto fl exible polymer substrates has 
been suggested as a promising approach for 
fl exible memory applications. [  6  ,  125  ,  126  ]  Thus, 
low-temperature processing techniques are 
required to prevent polymer-based fl exible 
substrates from being transformed during 
the fabrication process. Kim et al. [  125  ]  treated 
Al fi lms with plasma oxidation to form alu-
minum oxide, which is an active switching 
material for nonvolatile memory applica-
tions. The high ductility of the Al fi lms pro-
vides excellent fl exibility. Furthermore, the 
low-temperature plasma oxidation process is 
advantageous for producing fl exible electronic devices. Flexible 
TiO 2  cross-bar array devices on plastic substrates were success-
fully demonstrated using a low-temperature (80  ° C) process; 
the devices showed stable endurance and low switching 
heim 2821wileyonlinelibrary.com
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    Figure  14 .     a) A schematic illustration of a G-O based fl exible cross-bar memory device. b) Typical  I–V  curve of an Al/G-O/Al/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/G-O/Al/PES device. The insets show photographs of repeated two bending states. d) Resistance ratio between the HRS and LRS as a function of 
the bending radius (R). The inset is a photograph of an I–V measurement being performed under a fl exed condition. e) Retention test of an Al/G-O/Al/
PES device read at –0.5 V. (f) Endurance performance of an Al/G-O/Al/PES device measured over 100 sweep cycles. Reproduced with permission. [  127  ]  
Copyright 2010, American Chemical Society.  
voltages comparable to those observed in memory cells on 
rigid substrates. [  6  ]  Multi-stacked memory architectures could 
also be readily constructed by a simple additional process. Fur-
thermore, mechanical robustness without interlayer cell-to-cell 
interference was achieved. The structural and electrical proper-
ties of fl exible substrates should be considered when attempting 
to produce reliable switching properties. In place of common 
polymer substrates, such as polyethylene–terephthalate and 
polyethylene–naphthalate, stainless steel could be used as an 
alternative fl exible substrate because it has a high corrosion 
resistance, high conductivity, and thermal stability. [  129  ]  For these 
reasons, the stainless steel substrate demonstrated excellent 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
fl exibility in a ZnO-based RRAM. [  126  ]  The ZnO-based fl exible 
memory devices exhibited stable and reliable resistive switching 
behaviors over 100 switching cycles and were not degraded 
upon bending. These results indicate that stainless steel could 
be used as both a substrate and an electrode in fl exible RRAM 
applications. 

 Although metal-oxide-based resistive memory devices have 
several advantages, such as scalability, low power consump-
tion, and fast switching speeds, their use with large-area 
fl exible substrates has been limited because of their mate-
rial characteristics and high-temperature fabrication process. 
As a promising nonvolatile memory technology, Jeong et 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  15 .     a) Illustrated and b) optical images of a Ti/Au/Al/PI:PCBM/Al fl exible organic 
memory device in an 8  ×  8 array. c) Schematic view of a Ti/Au/Al/PI:PCBM/Al memory cell. 
d) Cross-sectional TEM image of the layers in a memory cell. e) On/off ratio as a function of 
the bending condition (the substrate distance and the bending radius). f) On/off ratio as a 
function of the number of bendings. Reproduced with permission. [  128  ]   
al. [  127  ]  developed a memory device based on graphene-oxide 
(G-O) using a simple spin-coating method on a fl exible sub-
strate. This device showed a reliable memory performance. 
A 5  ×  5 cross-bar memory structure with G-O fi lms sand-
wiched between Al electrodes on a fl exible polyethersulfone 
(PES) substrate is shown in  Figure 14 a. The Al/G-O/Al/
PES fl exible device showed bipolar resistive switching behav-
iors (Figure  14 b). The authors proposed that the bipolar 
switching in such Al/G-O fi lm/Al devices could be asso-
ciated with the formation and rupture of conducting fi la-
ments in the insulating barrier at the top interface and not 
throughout the entire G-O bulk fi lm. [  130  ,  131  ]  To confi rm the 
feasibility of the G-O device for fl exible memory applications, 
mechanical fl exibility tests were performed. During the large 
number of bending tests, which included 1000 cycles, the 
switching properties were not degraded; the devices maintained 
an ON/OFF ratio of greater than 10 2  (Figure  14 c). Figure  14 d 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2011, 21, 2806–2829
shows the results of a bending test as a func-
tion of bending radius (R). The ON/OFF 
ratio of the fl exible memory device remained 
constant without any serious degradation, 
even in the maximum bending condition 
with a 7-mm bending radius. This was a 
result of the excellent mechanical properties 
of the G-O fi lm, which was stable even in an 
extremely fl exed state. The memory perform-
ance of this device, in terms of retention and 
endurance, was also evaluated. Figure  14 e 
shows the retention behavior of the G-O 
fi lm fl exible memory device. Two resistance 
states were maintained for approximately 10 5  
sec without serious changes. The endurance 
stability was also assessed, and operation was 
steady for over 100 cycles (Figure  14 f). This 
research is an important step toward the 
application of G-O fi lms in fl exible memory 
electronics.  

 Indeed, the use of fl exible memories based 
on organic materials is important because 
of their simplicity, low manufacturing costs, 
and fl exibility. Several studies on organic 
memory devices fabricated on fl exible sub-
strates have been conducted. [  53  ,  69  ,  128  ,  132  ]  
Using organic transistors with a fl oating gate 
embedded in hybrid dielectrics with a 2-nm 
SAM and a 4-nm plasma-grown metal oxide, 
Sekitani et al. [  132  ]  produced transistor-type 
memory arrays on fl exible plastic substrates. 
The transistors endured more than 1000 
program and erase cycles. By integrating a 
fl exible array of organic fl oating-gate transis-
tors with a pressure-sensitive rubber sheet, 
these authors demonstrated a sensor matrix 
capable of detecting the spatial distribution 
of applied mechanical pressures and storing 
the analog sensor input as a two-dimensional 
image over long periods. 

 Printable organic materials are one of the 
most important emerging technologies for 
the mass production of large fl exible electronics. These tech-
nologies have been used in two-terminal-based organic resistive 
memory devices. A printed cross-bar Cu/CuPc/PEDOT:PSS/Ag 
system was applied to a fl exible polyester substrate, and bistable 
switching behavior was observed. [  133  ]  Printability is necessary 
for item-level RFID tags, large-area sensors, fl exible displays, 
and many other emerging electronic applications. Conduc-
tive poly mer fi lms [  134  ,  135  ]  can further improve the bending sta-
bility of fl exible electronics. Conductive polymer electrodes 
have been used for a fl exible polymer memory device in a 
sandwich structure containing a polypyrrole (PPy)/conjugated 
copoly mer of 9,9-dihexylfl uorene and benzoate with a chelated 
europium-thenoyltrifl uoroacetone ligand complex/Au. [  69  ]  The 
conducting PPy fi lm acted as both the conductive electrode 
and the fl exible substrate. With fl exible and conductive PPy 
substrates, polymer memory could meet future demands for data 
storage. 
eim 2823wileyonlinelibrary.com
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    Figure  16 .     a) Illustration of the 3D-stacked memory assembly (left) and statistical distribution of the memory-operative cells (red) and the electrically 
shorted cells (black) in each active layer (right). b) Cumulative probability data for all operative cells (160 operative cells out of 192 fabricated cells). 
c) Statistical distribution of the threshold voltages of the operative cells in each active layer. Reproduced with permission. [  136  ]   
 Recently, our group reported the excellent bending stability 
of an organic memory device with an 8  ×  8 cross-bar array 
on a fl exible substrate, as shown in  Figure 15 a. [  128  ]  Figure  15 b 
shows an image of a fabricated memory device under bending. 
Figure  15 c illustrates a schematic cross-sectional view of the 
structure of the Ti/Au/Al/PI:PCBM/Al layers on the fl exible 
polymer substrate. We used the Ti/Au bilayer (Ti as an adhe-
sion layer and Au as a buffer layer) to minimize the oxidation 
of the bottom Al electrodes. Figure  15 d shows a cross-sectional 
TEM image of the memory cell. The TEM results show no 
agglomerations of PCBM, indicating the uniform disper-
sion of PCBM in PI. Electrical stability under severe bending 
is a key requirement for fl exible memory devices. Thus, we 
investigated the ON/OFF ratio as a function of the degree of 
bending. As shown in Figure  15 e, the ON/OFF ratios of the 
memory device were maintained at 10 4  even in the maxi mum 
bending condition with a 14-mm bending radius. In addi-
tion, the memory performance was stable under repetitive 
bending cycles, as shown in Figure  15 f. The device main-
tained an ON/OFF ratio of over 10 4  without any signifi cant 
electrical degradation over 140 cycles. These results indicate 
that our memory device could be promising for future fl exible 
memory devices.    

 3.3.3. Three-Dimensional Integration 

 Vertically stacked three-dimensional architectures can greatly 
increase memory cell density. [  6  ,  70  ,  136–139  ]  Unlike inorganic-oxide-
based memory devices, organic-layer devices can degrade 
during subsequent spin-coating processes, and thus, creating 
multiple vertically stacked layers in organic devices is not 
easy. To a certain extent, the success of multi-layer stacked 
device fabrication depends on either the chemical and thermal 
robustness of organic materials or the deposition method. For 
instance, the material methyl-silsesquioxane (MSQ) has good 
© 2011 WILEY-VCH Verlag 24 wileyonlinelibrary.com
planarization properties and excellent chemical stability so 
that nano improint lithography was applied for downscaling 
and cross-bar array memory devices with cell size of 100 nm 
scale were also three-dimensionally stacked. [  139  ]  Furthermore, 
silver-doped MSQ was found to exhibit excellent memory per-
formance. [  139  ]  Kwan et al. [  137  ,  138  ]  reported a stackable organic 
memory device that used a photo-cross-linkable copolymer. The 
multi-stacking process was possible because the polymer fi lm, 
once cross-linked, could resist high temperatures and was suf-
fi ciently robust to withstand lithography processes. This mate-
rial could also be at once patterned using a photomask, thus 
reducing the number of processing steps. The Multi-layer stack-
able polymer memory devices offer a promising new direction 
for hybrid polymer-CMOS applications. 

 Recently, we also developed a polymer resistive memory 
device with a three-dimensional stacked 8  ×  8 cross-bar array, 
based on a composite of PI and PCBM. [  136  ]  Simple spin-coating 
processes were used to stack the active polymer layers. Once 
the composite layer was cured at a high temperature, the fol-
lowing spin-coating process was performed easily due to the 
thermal and chemical robustness of the PI fi lm.  Figure 16  
shows statistical data for the fabricated memory cells in the 
three active layers. Both operative and inoperative cells are 
distinguished with each different color. The left images in 
Figure  16 a show the three organic memory layers sandwiched 
between Al electrode layers, while the right images show how 
the operative and inoperative cells (electrical short cells) were 
distributed in each layer. Despite losses in some cells, the 
memory assembly produced a high yield: 87.5% in the fi rst 
and second active layers and 75% in the third layer. This result 
indicates that three-dimensionally stacked multilayer cross-bar 
organic memory arrays are possible and that the introduction 
of additional organic layers can enable the high-density inte-
gration of organic memory devices. The cumulative probability 
of obtaining the ON and OFF currents in all operative memory 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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    Figure  17 .     Electrical characteristics of a vertically double-stacked small-molecule nonvolatile 4F 2  memory cell: a) perspective view of the memory cell. 
Lower memory cell: b) DC  I–V  curves, d) DC retention, and f) DC endurance. Upper memory cell: c) DC  I–V  curves, e) DC retention, and g) DC endur-
ance. Reproduced with permission. [  70  ]  Copyright 2010, American Chemical Society.  
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    Figure  18 .     Active matrix system (1D-1R) three-dimensionally stacked on 
a fl exible substrate, representing the most advanced organic resistive 
memory devices incorporating individual advanced architectural con-
cepts such as 1D-1R, fl exibility, and stackability.  
cells in each layer was examined (Figure  16 b). The ON current 
values were distributed in a range of approximately one order 
of magnitude, while the OFF current values were more broadly 
distributed. However, the ON and OFF currents were distinctly 
separated by more than one order of magnitude. The statistical 
distributions of the threshold voltages of the operative memory 
cells in each layer were also investigated (Figure  16 c). The 
threshold voltage ranges of each layer were similar, indicating 
that all individual cells could be programmed with a uniform 
parameter. This study provided a simple and straightforward 
method for increasing cell density without the use of a compli-
cated downscaling process.  

 Applying both a vertical stacking structure and the multi-
bit concept on a single-chip device can maximize cell density. 
Using this concept, Park et al. [  70  ]  developed a vertically double-
stacked 4F 2  memory cell consisting of Al/AlQ 3 /Ni nanocrys-
tals surrounded by a NiO tunneling barrier/Alq3/Al struc-
ture ( Figure    17  a). Furthermore, the memory device exhibited 
four conductivity states. The lower and upper memory cells 
demonstrated excellent multi-bit operation and produced four 
stable current states. The intermediate states between the 
ON and OFF states could be obtained by applying a certain 
voltage in the NDR region to the device (Figures  17 b and  17 c). 
The DC retention times obtained from the lower and upper 
memory cells are shown in Figures  17 d and  17 e. Four reading 
current states at 1.0 V were stable for 10 5  s without any serious 
degradation, and this time could be extended to 10 years. The 
DC endurances of the lower and upper memory cells were also 
measured (Figures  17 f and  17 g). A memory margin of approxi-
mately 10 2  was sustained for 500 cycles. After 10 5  cycles, a high 
© 2011 WILEY-VCH Verlag G6 wileyonlinelibrary.com
ON/OFF ratio of 1.9  ×  10 2  was expected, indicating stable and 
reliable memory performance. The authors reported that the 
retention time characteristic was improved due to Ni nano-
crystal with a deep work function, and the stable endurance 
characteristic was ascribed to a chemically reactive interface 
between the small molecule (Alq3) layer and the NiO tunneling 
barrier. Thus, these researchers used vertical stacking and the 
multi-bit concept to successfully demonstrate extremely high 
cell densities.      

 4. Conclusions and Perspective 

 A decade ago, organic resistive memory devices attracted a 
substantial amount of attention from scientists and engineers 
working in organic electronics due to their excellent memory 
performances and low production costs. The resistive switching 
phenomena of a variety of organic materials have been corre-
spondingly demonstrated, and switching mechanisms have 
been proposed based on valid experimental evidence and 
well-established conduction theories. In the opening sections of 
this review article, we provided a brief summary of the mate-
rials, structures, electrical characteristics, and switching mecha-
nisms associated with two-terminal-based organic memory 
devices. The objectives of this review were to report the current 
status of research and development on this emerging memory 
technology and to present guidelines for viable memory tech-
nologies. In particular, we highlighted essential strategies to 
promote memory performance enhancement, high-density 
integration, and advanced architectures for future memory 
applications. Active matrix systems (1D-1R) three-dimensionally 
stacked on fl exible substrates, as schematically illustrated in 
 Figure 18 , represent most advanced organic resistive memory 
devices incorporating individual advanced architectural con-
cepts proposed in this article, which would be our fi nal goal in 
the technology development roadmap of the organic memory 
devices.  

 Despite considerable progress in the advancement of novel 
memory technologies in recent years, there remain some 
challenging tasks to be resolved. The fi rst mission is to com-
prehensively understand the causes of resistance transition. 
Although several mechanisms (Section 2.2) have been partially 
established, all observed results have not yet been thoroughly 
explained. The development of realistic devices hinges on an 
understanding of the fundamental science behind switching 
phenomena. Another important mission is to develop fab-
rication techniques that improve device reproducibility and 
consequently reduce deviations in electrical characteristics. 
Identifying and systematizing critical fabrication parameters 
for the control and optimization of switching characteristics 
is central to this effort. Furthermore, correlations between the 
memory parameters (ON/OFF ratio, retention time, cycling 
endurance, switching speed, and so on) should be investigated 
to optimize memory performance. Organic resistive memory 
devices are not likely to replace completely conventional fl ash 
memory devices. However, by resolving the scientifi c and tech-
nical issues described above, we believe organic memory tech-
nologies will facilitate the development of new fl exible memory 
applications.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2806–2829
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The authors regret a mistake in the list of contributing authors. The first name of Sunghun Song is misspelled; the correct name 
is Sunghoon Song.

The corrected byline should read:
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