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Nanoionics-based resistive switching 
memories
 

Many metal–insulator–metal systems show electrically induced resistive switching effects and have 

therefore been proposed as the basis for future non-volatile memories. They combine the advantages 

of Flash and DRAM (dynamic random access memories) while avoiding their drawbacks, and they 

might be highly scalable. Here we propose a coarse-grained classification into primarily thermal, 

electrical or ion-migration-induced switching mechanisms. The ion-migration effects are coupled to 

redox processes which cause the change in resistance. They are subdivided into cation-migration 

cells, based on the electrochemical growth and dissolution of metallic filaments, and anion-migration 

cells, typically realized with transition metal oxides as the insulator, in which electronically conducting 

paths of sub-oxides are formed and removed by local redox processes. From this insight, we take a 

brief look into molecular switching systems. Finally, we discuss chip architecture and scaling issues.
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Memory concepts that have been recently pursued range from 
spin-based memories (magnetoresistive random access memories, 
or MRAM for short, and related ideas), in which a magnetic field 
is involved in the resistance switching, to phase-change RAM 
(PCRAM), in which thermal processes control a phase transition in 
the switching material from the amorphous to the crystalline state. 
Yet another class of resistive switching phenomena is based on the 
electrically stimulated change of the resistance of a metal–insulator–
metal (MIM) memory cell, usually called resistance switching RAM, 
or RRAM for short. The ‘M’ in MIM denotes any reasonably good 
electron conductor, often different for the two sides, and the ‘I’ stands 
for an insulator, often ion-conducting material. Typically, an initial 
electroforming step such as a current-limited electric breakdown is 
induced in the virgin sample. This step preconditions the system 
which can subsequently be switched between a conductive ON state 
and a less conductive OFF state. The necessity of this initial step 
and its mechanism strongly depend on the switching class, as will 
be described.

Starting with the report on oxide insulators by Hickmott1 in 
1962, a huge variety of materials in a MIM configuration have been 
reported to show hysteretic resistance switching. In general, the ‘I’ 
in MIM can be one of a wide range of binary and multinary oxides 
and higher chalcogenides as well as organic compounds, and the 

‘M’ stands for a similarly large variety of metal electrodes including 
electron-conducting non-metals. A first period of high research 
activity up to the mid-1980s has been comprehensively reviewed 
elsewhere2–4. The current period started in the late 1990s, triggered 
by Asamitsu et al.5, Kozicki et al.6 and Beck et al.7.

Before we turn to the basic principles of these switching 
phenomena, we need to distinguish between two schemes with 
respect to the electrical polarity required for resistively switching 
MIM systems. Switching is called unipolar (or symmetric) when the 
switching procedure does not depend on the polarity of the voltage 
and current signal. A system in its high-resistance state (OFF) is 
switched (‘set’) by a threshold voltage into the low-resistance state 
(ON) as sketched in Fig. 1a. The current is limited by the compliance 
current of the control circuit. The ‘reset’ into the OFF state takes 
place at a higher current and a voltage below the set voltage. In this 
respect, PCRAMs show unipolar switching (without compliance 
current in this case). In contrast, the characteristic is called bipolar 
(or antisymmetric) when the set to an ON state occurs at one voltage 
polarity and the reset to the OFF state on reversed voltage polarity 
(Fig. 1b). The structure of the system must have some asymmetry, 
such as different electrode materials or the voltage polarity during 
the initial electroforming step, in order to show bipolar switching 
behaviour. In both characteristics, unipolar and bipolar, reading of 
the state is conducted at small voltages that do not affect the state.

ClassifiCation of sWitChing MeChanisMs

In conjunction with the discussion of conceivable switching 
mechanisms, we must address the question of the geometrical location 
of the switching event in a MIM structure. With respect to the cross-
section of the electrode pad, the switching to the ON state is typically 
reported as a confined, filamentary effect rather than a homogeneously 
distributed one, leading to a resistance that is independent of pad size. 
In planar MIM structures, filaments along the surface are observed 
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(Fig. 2). For both cases, in the perpendicular direction (along the 
path between the electrodes), evidence for interface effects are more 
frequently described than bulk switching effects.

Conceivable mechanisms for the resistive switching in MIM 
systems often consist of a combination of physical and/or chemical 
effects. As a first approach, however, they can be classified according 
to whether the dominant contribution comes from a thermal effect, 
an electronic effect, or an ionic effect. Caution must be exercised, 
because in many reports the switching mechanism has not yet 
been elucidated or suggestions are based on little experimental 
and theoretical evidence. Unfortunately, papers often do not report 
full details of the sample preparation and electrode deposition, the 
polarity of voltage applied during electroforming and during the first 
voltage pulse or voltage sweep, the electrode pad-size dependence of 
the current, the temperature dependence of the electrical response, 
the yield and the statistics in the cell-to-cell data, or the shift of 
characteristics on repeated cycling. As a consequence, in many 
cases we cannot make a comparison of the results and a reasonable 
assignment of a switching mechanism. Therefore, we attempt a 
coarse-grained classification of conceivable mechanisms and try to 
assign selected examples.

A typical resistive switching based on a thermal effect shows a 
unipolar characteristic. It is initiated by a voltage-induced partial 
dielectric breakdown in which the material in a discharge filament 

is modified by Joule heating. Because of the compliance current, only 
a weak conductive filament with a controlled resistance is formed. 
This filament may be composed of the electrode metal transported 
into the insulator, carbon from residual organics4 or decomposed 
insulator material such as sub-oxides8. During the reset transition, 
this conductive filament is again disrupted thermally because of high 
power density of the order of 1012 W cm–3 generated locally, similar to 
a traditional household fuse but on the nanoscale. Hence, we refer to 
this mechanism as the fuse–antifuse type. One candidate out of many 
is NiO, first reported in the 1960s9. Recently, the filamentary nature 
of the conductive path in the ON state has been confirmed for NiO 
(ref. 10) and TiO2 (ref. 11). Cells based on Pt/NiO/Pt thin films have 
been successfully integrated into CMOS (complementary metal oxide 
semiconductor) technology to demonstrate non-volatile memory 
operation12. A critical parameter for this unipolar switching effect 
seems to be the value of the compliance current. In fact, it has recently 
been demonstrated that a TiO2 thin film shows bipolar switching, 
and that this can be changed to unipolar switching characteristics by 
setting the compliance current to a larger value13.

Electronic charge injection and/or charge displacement effects 
can be considered as another origin of resistive switching. One 
possibility is the charge-trap model14, in which charges are injected by 
Fowler–Nordheim tunnelling at high electric fields and subsequently 
trapped at sites such as defects or metal nanoparticles in the insulator. 
This modifies the electrostatic barrier character of the MIM structure 
and hence its resistance, resembling the gate–channel resistance in 
a Flash field-effect transistor (FET). For example, gold nanoclusters 
incorporated in either polymeric15,16 or inorganic insulator films17 
can be trapping sites. In a modified model, trapping at interface 
states is thought to affect the adjacent Schottky barrier at various 
metal/semiconducting perovskite interfaces18–20. A similar mechanism 
has been reported for ZnSe–Ge heterojunctions21.

Another possible model is the insulator–metal transition (IMT), 
in which electronic charge injection acts like doping to induce an 
IMT in perovskite-type oxides such as (Pr,Ca)MnO3 (refs 5,22,23) 
and SrTiO3:Cr (ref. 24). A generic model by Rozenberg et al.25 has 
recently been extended to bipolar switching26.

Finally, a model based on ferroelectricity has been proposed 
by Esaki27 and theoretically described by Kohlstedt et al.28, 29. Here, 
an ultrathin ferroelectric insulator is assumed whose ferroelectric 
polarization direction influences the tunnelling current through 
the insulator.
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Figure 2 sketch of filamentary conduction in MiM structures. Redrawn with 
modifications from ref. 4. a, Vertical stack configuration. b, lateral, planar 
configuration. the red tube indicates the filament responsible for the on state.

Figure 1 Classification of the switching characteristics in a voltage sweeping experiment. depending on the specific system, the curves vary considerably. the purpose of 
these sketches is to differentiate between the two possible switching directions. dashed lines indicate that the real voltage at the system will differ from the control voltage 
because of the compliance current (CC) in action. a, unipolar switching. the set voltage is always higher than the voltage at which reset takes place, and the reset current is 
always higher than the CC during set operation. b, Bipolar switching. the set operation takes place on one polarity of the voltage or current, and the reset operation requires 
the opposite polarity. in some systems, no CC is used.
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In this review, we will focus on MIM systems in which ionic 
transport and electrochemical redox reactions provide the essential 
mechanism for bipolar resistive switching. It is this area in which 
nanoelectronics30 becomes intimately connected to nanoionics31. One 
class in this category relies on the sequence of the following processes: 
the oxidation of an electrochemically active electrode metal such as 
Ag; the drift of the mobile Ag+ cations in the ion-conducting layer; 
their discharge at the (inert) counterelectrode leading to a growth 
of Ag dendrites, which form a highly conductive filament in the ON 
state of the cell32. When the polarity of the applied voltage is reversed, 
an electrochemical dissolution of the conductive bridges takes place, 
resetting the system into the OFF state. Instead of silver, it is possible 
to use copper and other metals in the moderate area of the standard 
electrochemical potential series. A second class in this category operates 
through the migration of anions, typically oxygen ions, towards the 
anode (better described by the migration of oxygen vacancies towards 
the cathode), a subsequent change of the stoichiometry, and a valence 
change of the cation sublattice associated with a modified electronic 
conductivity. We will outline the main similarities and differences 
between the two classes, summarize the current state of knowledge 
and technology, and sketch future work in this area.

Redox pRoCesses induCed By Cation MigRation 

Silver growth from heated argentite (α-Ag2S) was reported more than 
400 years ago33. Extensive studies following the first study of electric 
conduction of Ag2S by Faraday in the early nineteenth century34 
established the thermodynamical theory of ionic conduction which 
is a key characteristic of a solid electrolyte. A galvanic cell was used 
to control stoichiometric deviation of Ag+ cations in Ag2S crystals35, 
and this revealed a mechanism for the silver whisker growth.

By using solid electrolytes in which conduction is due to metal 
cations, the formation and annihilation of a metal filament in the 
MIM system can be controlled. To achieve the bipolar switching 
behaviour, the MIM system consists of an electrode made from an 
electrochemicall active metal, a solid electrolyte as an ion-conducting 
‘I’ layer, and a counter electrode made from an inert metal. Switching 
behaviour due to silver dendrite formation and annihilation was first 
reported by Hirose in 1976 using Ag-photodoped amorphous As2S3 as 
‘I’ of a MIM system with a lateral structure36. Kozicki et al. succeeded 
in developing the MIM system in a vertical configuration by using 
GeSe as the ion conductor and applied this to making non-volatile 
memory6. Recently, resistive switching GeSe structures as small as 
20 nm have been fabricated (Fig. 3).

In these systems, metal cations in the ionic conductors migrate 
towards the cathode made of inert materials and are reduced there. The 
reduced metal atoms form a metal filament which grows towards the 
anode to turn on the switch. As the anode is made of electrochemically 
active material, metal atoms of the anode are oxidized and dissolved 
into the ionic conductor, maintaining the number of metal cations 
for continuous electrochemical deposition. In the case of Ag2S, the 
following chemical reaction occurs at the anode and the cathode:

 
Ag+(Ag2S) + e– Ag

Reduction

Oxidation  
(1)

On changing the polarity of the bias voltage, metal atoms dissolve 
at the edge of the metal filament, eventually annihilating the filament 
so that the switch is turned off. Because the chemical reaction ideally 
does not cause any damage to the MIM system, the switch may in 
principle be expected to work indefinitely6.

Solid electrolyte can be used as one of the ‘metal’ electrodes of the 
MIM system. Terabe et al. developed this type of MIM switch using 
an electronic and ionic mixed conductor for one of the electrodes32. In 
this case, a vacuum nano-gap is used as an insulator layer, and a metal 

filament grows in the gap to bridge the mixed conductor electrode 
and the counterelectrode (Fig. 4). Because the switching is caused 
by an electrochemical reaction, increasing a switching bias voltage 
shortens the switching time exponentially37. Reducing the size of a 
metal filament also produces faster switching.

In both types of MIM system, the switching effect is most easily 
found for material systems that are cation conductors for the redox active 
species (such as Ag+ in Ag2S) or, alternatively, compounds with high 
solubility of the redox active cation (such as Ag+ in GeSex). The switches 
can be operated with smaller bias voltage, such as 0.2 V, which may be 
preferable for memory devices with low power consumption6,38.

Some applications, such as non-volatile switches in reconfigurable 
large-scale integrated systems (LSIs), require higher threshold bias 

Figure 3 Cross-section of a vertical type of MiM switch using ag+ conducting solid 
electrolyte. a silver filament is electrochemically formed in the gese layer to turn on 
the switch. the cross-section is shown for the device for which the inset I–V curve 
was recorded. Reprinted with permission from ref. 44.
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Figure 4 scanning electron micrograph of an atomic switch and its operating 
mechanism32. silver atoms precipitated from the ag2s electrode make a bridge in a 
vacuum gap of 1 nm between the two electrodes. from ref. 32.
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voltages than that of CMOS devices38. Because the switching bias 
voltage is mainly determined by the activation energy for the chemical 
reaction and the ionic diffusion constant, the operating bias voltage 
can be tuned by choice of materials for MIM systems, especially the 
ion-conducting material. For instance, Ta2O5 with Cu cations has 
been reported39 to have an operating bias voltage of 2 V. Therefore, 
switches using a variety of solid electrolyte materials such as (Zn,Cd)S, 
WO3, and SiO2 are being investigated40–42. It is interesting to note that 
systems such as Ag/(Zn,Cd)S/Pt, which were initially attributed to a 
completely different category43, are now shown to fall into this cation-
migration class40. The state of the art with respect to non-volatile 
memories is demonstrated by Ag/GeSex/W cells integrated into 
90-nm CMOS technology44,45. In this work, an active matrix concept 
with one access transistor per switching cell has been used and a 
prototype integration density of 2 Mbit has been achieved.

Making use of an electrochemical reaction makes it possible to 
configure three-terminal devices in which switching can be controlled 
by the gate electrode. Gate-controlled formation and annihilation of 
a metal filament was first demonstrated by using (liquid) electrolyte46, 
and it has been confirmed with fully solid-state three-terminal devices 

(Fig. 5)47. Such devices, in which the control line is separated from 
the conduction line, widen the possibility of practical use of the solid 
electrolyte switches.

Although the electrochemistry of the cation-migration-based 
resistive switching cells is reasonably well understood, some 
questions remain open: for example, the microscopic nature of the 
cation conduction paths; the impact of thermal effects, details of the 
electrode reactions in particular for the OFF switching, as well as 
the interrelationship of the electrolyte nature, the cell geometry and 
the morphology of the metal dendrites on the nanoscale. In specific 
systems, such as the GeSex electrolyte, the role of defects that are also 
known to affect phase-change alloys has not been clarified yet48.

Redox pRoCesses induCed By anion MigRation 

In many oxides, in particular in transition metal oxides, oxygen 
ions defects, typically oxygen vacancies, are much more mobile 
than cations. If the cathode blocks ion exchange reactions during an 
electroforming process, an oxygen-deficient region starts to build and 
to expand towards the anode. Transition metal cations accommodate 

Figure 5 three-terminal solid electrolyte switch. electrochemical reaction for formation and annihilation of a metal filament between the source and the drain electrodes is 
controlled by the gate voltage. Reprinted with permission from ref. 47. 

Figure 6 Multilevel switching in a Cr-doped srzro3 MiM cell operated at 77 k. a, Voltage stimulation. b, Current response. Reprinted with permission from ref. 7. By applying 
voltage pulses of appropriate levels, the system can be set to three different on state resistances (levels 1 to 3). together with the off state (level 0) this represents a two-bit 
memory cell.
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this deficiency by trapping electrons emitted from the cathode. In 
the case of TiO2 or titanates, for example, this reduction reaction

 ne– + Ti4+→Ti(4–n)+ (2)

is equivalent to filling the Ti 3d band. The reduced valence states of the 
transition metal cations which are generated by this electrochemical 
process typically turn the oxide into a metallically conducting phase, 
such as TiO2–n/2 for approximately n > 1.5. This ‘virtual cathode’ 
moves towards the anode and will finally form a conductive path49. At 
the anode, the oxidation reaction may lead to the evolution of oxygen 
gas, according to

 OO →V..
O + 2e– + 1/2O2 (3)

where V..
O denotes oxygen vacancies with a double positive charge 

with respect to the regular lattice and OO represents an oxygen ion 
on a regular site according to the Kröger–Vink notation. As an 
alternative to reaction (3), the anode or the material nearby may 
be oxidized. The electroforming conditions depend on the MIM 
system. Macroscopic single crystals typically require some 100 V 
for several hours, whereas for thin films the first switching cycle 
at about 1 V may be sufficient. The total charge has been found to 
control the electroforming50. Once the electroforming is completed, 
the bipolar switching obviously takes place through local redox 
reactions between the virtual cathode and the anode, by forming or 
breaking the conductive contact. Depending on the charge transfer 
during the switching, the resistance of the system can be established 
at intermediate levels, which might help in creating multibit storage 
in future memory cells (Fig. 6)7.

As in the case of the electrochemical metallization process, RON 
is usually not pad-size dependent, indicating a filamentary switching 
in MIM structures, as reported, for example, for nanocrystalline 
Ta2O5 and Nb2O5 thin films51, VO2 thin films52, TiO2 thin films11, 
nanoscale confined TiO2 (ref. 53) and epitaxial SrZrO3:Cr thin 
films54. Use of a conductive-tip atomic force microscope (C-AFM) 
technique has shown the conductive filaments to be identical 
to dislocations in the case of undoped SrTiO3 single crystals and 
thin films55. Figure 7 shows that the conductivity enhancement by 
several orders of magnitude is confined to a region 1–2 nm wide 
at the exit of a dislocation. By repeated scanning with a suitably 
biased AFM tip, the dislocation can be made to switch between 
an ON and an OFF state. In the ON state, the conductivity shows 
metallic behaviour, in accordance with first principles calculations55. 
At the surface of ultrathin epitaxial SrTiO3 films, entire areas can 
be reversibly switched between an ON and OFF state by C-AFM 
(Fig. 8). For these films also, high-resolution studies reveal the 
filamentary nature of the conductivity and their possible correlation 
to dislocations56. In the case of other materials, such as (La,Sr)MnO3 
thin films, the conductivity is confined to boundary regions between 
islands of about 100 nm diameter57.

Lateral MIM configurations allow for the observation of 
filaments along their extension between the electrodes. In undoped 
SrTiO3 single crystals, the formation of conductive filaments 
within a network of dislocations has been verified by combining 
electrocoloration studies by optical microscopy with C-AFM scans 
(Fig. 9)55. Infrared thermal microscopy of a Cr-doped SrTiO3 single 
crystal during a current load of 5 mA confirms the confinement of 
the current path and shows a ‘hot spot’ near the electrode, where the 
virtual cathode touches the anode (Fig. 10)58.

It must be noted that this class of ion-migration-based switching 
effects is much less well understood than the switching induced by 
cation migration that was described in the previous section. Open 
questions remain about the microscopic details of the ion transport, 
the defect structure and electronic charge transport properties of the 

conductive channels formed, details of the electrochemical redox 
reactions involved, and so forth. In several cases, it is not even clear 
what ions are involved in the process and whether the system falls 
into the cation- or anion-migration class.
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Figure 7 Conductance of individual dislocations in srtio3. a, a conductivity map of 
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Figure 8 area-wide switching of an epitaxial 10-nm srtio3 thin film by C-afM. 
the left scan is produced with a tip voltage of –6 V and subsequently with +6 V in 
the inner area; the right scan is subsequently scanned with –6 V within the inner 
on-state area. Reprinted with permission from ref. 56.
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ResistiVely sWitChing systeMs inVolVing oRganiC MoleCules

Resistive switching has been seen in a large variety of MIM systems 
in which the ‘I’ layer is represented by organic molecules or polymers 
of typically 30 nm to >1 μm thickness59–61. The characteristics of the 
organic compounds include redox activity, the formation of a charge-
transfer complex, and the formation of donor–acceptor couples. 
A recent review62 summarizes the literature comprehensively and 
classifies the conceivable switching mechanisms, but in many cases 
the database is too weak to draw definite conclusions. Note that 
in several studies an aluminium top electrode has been used that 
is deposited onto the organic layer in an ex situ deposition step. 
Recent control experiments indicate that the organic layer is not 
always essential for the switching. Instead the switching event seems 
to take place in a thin Al2O3 layer inevitably formed between the 
organic layer and the aluminium metal, as found for rose Bengal63, 
for polyethylenedioxythiophene (PEDOT)64, and for Cu-tetracyano-
quinodimethane (Cu-TCNQ)65. In the latter case, a thin aluminium 
oxide/hydroxide layer was suggested as the conducting layer for 
copper ions in a cation-migration-based electrochemical switch.

In another class of potential molecular memories, the ‘I’ layer in 
a MIM system is a monomolecular film or even a single molecule 
contacted by a metal tip on the nanoscale. The aim of these molecular 
electronic studies is to make use of processes such as molecular redox, 
molecular configuration and conformation changes, or molecular 
electronic excitations, as well as molecular spin properties that may 

affect the electron transfer coefficient66. In one of the experiments, 
however, in which a redox process within a specific catenane molecule 
was originally attributed to the resistive switching of a monolayer67, 
a control experiment using electronically inactive alkanoic acids 
revealed a very similar I–V behaviour68, and a conceivable mechanism 
based on the electrochemistry of the oxide layers formed at the metal 
electrodes has been suggested69.

These examples show that great care must be exercised in 
attributing mechanistic models to observed switching events and 
that many critical control experiments are required to obtain an 
microscopic understanding. Certainly, specific organic molecules 
have advantageous electronic properties. But the inherent 
characteristics of these molecules are easily masked by the electrode 
materials and the experimental boundary conditions. The redox 
activity of viologen molecules unveiled in an electrochemical in situ 
experiment using scanning tunnelling microscopy (STM)70,71 and 
of specific oligophenylene molecules in mechanically controllable 
break-junction experiments72 are some of of the rare examples in 
which inherent molecular properties are observed.

Chip aRChiteCtuRe, ReliaBility, sCaling and outlook

In a random access memory (RAM) the storage cells are organized 
in a matrix. Along the rows and columns of the matrix, there are 
write and read lines, respectively, which are connected to electronic 
line drives and sense amplifiers in the periphery of the matrix30. 
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Figure 9 filamentary structure induced by electroformation in an undoped srtio3 single crystal. from ref. 55. a, optical micrograph of the filamentary structure created in the 
skin region of a thermally pre-reduced crystal by electroformation between planar gold electrodes. segments from left to right: near the cathode, in the central region, and near 
the anode. Clearly visible is the orthogonal network along the crystallographic [100] direction of the crystal. insets show the possible fine structure of filaments at the cathode 
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same kind of crystal give an example of the distribution of disl ocations crossing the surface, highlighting the natural tendency to agglomerate along crystallographic directions.
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Resistively switching storage cells may be organized in a passive cross-
bar matrix, just connecting the word and bit lines at each node. The 
detailed circuit requirements depend on the type (unipolar or bipolar) 
of switch. Alternatively, in an active matrix, there is a select transistor 
at each node which decouples the storage cell if it is not addressed. 
This concept significantly reduces crosstalk and disturb signals in the 
matrix. Although a passive matrix can, in principle, be fabricated on 
a (4/n)F2 scheme per cell (where F denotes the minimum feature size 
of the fabrication technology and n the number of memory layers in a 
multilayer stack), the cells in an active matrix require somewhat more 
space, of the order of 4 to 8F2. Both passive matrices38,73,74 and active 
matrices12,45 have been realized in prototype RRAMs. In passive arrays 
the storage cells need to incorporate diodes in series with the switchable 
resistors in order to avoid signal bypasses by cells in the ON state. For 
oxide-based unipolar cells, a sandwich concept has been proposed to 
integrate the diode function75. In the case of bipolar cells, serial elements 
with a Zener diode or varistor characteristic are required. In addition, 
for medium and large passive matrices the interconnect resistances 
must be taken into account, requiring dedicated reference schemes76.

Resistive switching cells offer application opportunities that 
go beyond mere high-density memory devices. In particular, they 
can be used as reconfigurable switches in field-programmable 
gate-array (FPGA) type logic too. About 10 years ago, the Hewlett-
Packard research labs developed a prototype computer, called the 
Teramac, entirely built from conventional, CMOS-based FPGAs, 
interconnected through several hierarchical levels by a ‘fat tree’77. 
They replaced the traditional computer programming based on von 
Neumann architecture by reconfiguration of the look-up matrices in 
the FPGAs of the Teramac. The concept proved to be efficient and, 
as a particular benefit, highly defect-tolerant because during the 
configuration phase routes could be made around all defects. Defect 
tolerance is one of the essential demands on any future computer as 
the defect rate will inherently increase with decreasing feature sizes. 
The far-reaching idea of the Teramac project has been to replace the 
complex cells in the conventional FPGAs by nanoscale two-terminal 
resistive switches. In recent years, considerable progress has been 
made in resistively switching matrices (described in this review) and 
in the further elaboration of the architecture concept78–81.

Compared with several other emerging memory concepts, the 
RRAM concept including its different variants is immature. As a 
consequence, the performance and reliability, and in particular the 
microscopic mechanism of processes limiting the reliability, have 
not yet been studied in detail. First results look promising. Switching 
times of under 10 ns have been reported for individual oxide cells82. 
In the case of cation-migration-induced processes, fatigue of the 
switching hysteresis of high-density RRAM prototypes did not occur 
within 106 write cycles and 1012 read cycles12,83. A data retention time 
of over 10 years has been extrapolated, for example, for Ag/GeSex 
RRAMs83. Yet these are just first results. Once we fully understand 
the particular switching mechanisms, we will need detailed studies of 
reliability, including a thorough investigation of all conceivable failure 
mechanisms, and optimization steps based on these.

For the further evolution of nanoelectronics, the question of 
inherent physical limits to scaling as well as possible technological 
barriers to scaling is most important. One ultimate limit will be 
given by the tunnelling distance between neighbouring cells as well 
as the leakage current from the word and bit line, again potentially 
dominated by tunnelling84. Another limit is obviously set by the 
lateral extension of the switching area, typically the cross-section of 
the switching filament as described above. These limits depend on the 
class of the resistive switching mechanism. The scaling of thermally 
switching cells will depend on the specific heat capacities and thermal 
conductivities of the materials involved in the cell, limiting the scaling 
by the onset of thermal cross-talk as in PCRAMs48. Cells based on 
electrical effects depend on the size of electrostatic barriers controlled 

by the shift of the charges involved85. Ionic switching cells may be 
limited in scaling by the random diffusion of migrating ions involved 
as well as the metal atoms, in the case of cation-migration-induced 
redox switching. They may also be limited by poor uniformity due to 
inherent impurities in the materials. If this is the case, then obviously 
the downscaling may be limited by the requirements of data retention. 
Proper selection of materials for their diffusion rates and precisely 
defined material interfaces on the atomic scale may limit this problem 
to the point that it falls beyond the ultimate tunnelling limit. In this 
respect, ion-migration-induced redox-type switching might offer 
huge potential for future high-density non-volatile memories.

Technologically, the scaling of the RRAMs will be determined by the 
fabrication of efficient and reliable electrode contacts and interconnects 
within the matrix. Although great progress has been made in recent 
years74,78, the structures are still far from any tunnelling limit. Another 
obvious limit to scaling of the chip size will be the size of the periphery 
circuit and, for active matrices, the size of the access transistors within 
the matrix. Concepts have been proposed in which the resistive 
switching cross-bar matrix is slightly rotated against the array of CMOS 
cells underneath, lifting the alignment constraints considerably80,86. 
This approach can be used to continue the downscaling of the resistive 
switching cells without having to shrink the access transistors.

Much research effort is still needed to explore the potential of 
the resistive switching effect in general, and ion-migration-based 
redox effects in particular, and to exploit this potential to its limits. 
Questions requiring further attention include a deeper understanding 
of the microscopic mechanism of the switching, the process and 
material optimization, the effects limiting the reliability, all aspects of 
fabrication technology, and the guidelines for scaling.
doi:10.1038/nmat2023
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