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promising properties: non-volatility, fast 
device operation (<10 ns), [ 6–9 ]  and high 
endurance (>10 10  cycles). [ 10–13 ]  The write 
energy of these devices is typically in the 
range of hundreds of fJ to a few pJ and 
thus higher as in a conventional dynamic 
random access memory (DRAM). How-
ever, in memory concepts that capitalize 
on the non-volatility of the resistive devices 
the overall energy consumption during 
operation is much lower. In addition, the 
energy consumption for nanometer-sized 
devices will be more and more dominated 
by the charging of the memory array 
itself. [ 14,15 ]  While phase change memo-
ries are already in the market since 2009 
(512Mb PRAM by Samsung), [ 16 ]  the fi rst 
product based on TaO x -based VCM cells 
has been released in 2013 by Panasonic [ 17 ]  
and large-scale ECM memory prototypes 
have been demonstrated recently. [ 18 ]  In 
addition to the memory application, ECM, 
VCM and PCM devices offer the potential 
for realization of logic-in-memory con-
cepts. [ 19–22 ]  Such concepts can overcome 

the limitations of the conventional von Neumann computing 
paradigm. 

 In order to meet the requirements for a competitive non-
volatile memory, on the one hand a resistive switch needs 
to switch as fast as some nanoseconds when electrically 
excited with only a few volts. On the other hand the resist-
ance state should not change while applying a read voltage 
of few hundred mV for up to ten years. This combination 
of fast switching and immunity to long-lasting read-disturb 
is also known as voltage-time dilemma. [ 1 ]  In order to fulfi ll 
both requirements in one device its switching kinetics should 
exhibit a non-linearity that is large enough to span over these 
more than 15 orders of magnitude in time. This is a max-
imum requirement due to the fact that a memory cell is not 
read out continuously. To achieve a very high non-linearity, 
the development of a general understanding of the electro-
chemical and physical processes that determine the switching 
kinetics of PCM, VCM and ECM devices is one of the most 
relevant research tasks. In particular, the question arises how 
the voltage-time dilemma can be solved for a specifi c type of 
resistively switching devices. 

 In this paper we fi rst give a basic overview of the potential 
switching mechanisms. Then, we describe in more detail how 
physical and electrochemical processes can limit the switching 
speed and discuss their non-linearity. Finally, we consider 
experimental observations in those three types of resistive 
memory devices.  
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  1.     Introduction 

 As conventional memory devices are approaching their scaling 
limits, non-volatile resistive switching devices attract great 
attention for their utilization in resistive random access memo-
ries (RRAM). [ 1–5 ]  In a resistive memory the different memory 
states are accessed by a resistive non-destructive read-out. 
Among the various types of resistive switching devices, redox-
based resistive memories (ReRAM) based either on a valence 
change mechanism (VCM) or on an electrochemical mecha-
nism (ECM) and also phase change memory (PCM) show very 
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  2.     Physical Switching Principle of Resistive 
Memories 

 PCM, VCM, and ECM devices can be switched repetitively 
between a high resistance state (HRS) and a low resistance 
state (LRS). Thereby, the transition from HRS to LRS is called 
SET operation and the reverse operation RESET. Moreover, it 
is possible to switch into intermediate resistance states and 
hence storing more than one bit in a single cell is attainable. 
In a PCM device SET and RESET operation can be performed 
with the same voltage polarity, that is, unipolar operation. In 
contrast, the SET and RESET operation in ECM and VCM cells 
require opposite voltage polarities, so-called bipolar operation. 

  2.1.     Phase Change Memories 

 Prominent materials for prototype phase change memory 
devices can be found on the pseudo-binary line between GeTe 
and Sb 2 Te 3 . Beside these commonly used compounds, also stoi-
chiometries like doped Sb 2 Te, Ge 15 Sb 85  or even pure antimony 
show a pronounced contrast in their electrical properties as 
well as fast switching kinetics. [ 23,24 ]  For electrical data storage 
applications the strong contrast in resistivity between the crys-
talline (LRS) and the amorphous phase (HRS) of up to 4 orders 
of magnitude is used to defi ne logical states. [ 25,26 ]  

 In order to guarantee fast SET and RESET speeds the revers-
ible transition between the two phases has to be performed 
within a few nanoseconds. During RESET the conductive crys-
talline phase change material is locally heated (via Joule heating) 
above the melting temperature and subsequently cooled down. 
Due to the thermal design of phase-change memory devices (i.e., 
the thermal conductivity of the surrounding materials and the 
large surface-to-volume ratio) high cooling rates (10 9 –10 11  K/s) 
are realized. [ 27 ]  This way, the atomically disordered liquid mate-
rial is melt-quenched, resulting in an amorphous solid state. 
While the duration of the RESET process is mainly controlled 
by the thermal time constant of a phase change memory cell 
and especially its surrounding rather than by the phase change 
material itself, it is the SET operation, that is, the crystallization, 
in which the write speed is crucially limited by fundamental 
properties of the chosen phase change material. [ 28–32 ]  For the 
SET process the temperature within the amorphous material 
is locally raised (again via Joule heating) above the glass transi-
tion temperature. At these elevated temperatures crystallization 
of the amorphous matrix occurs via spontaneous creation of 
crystalline nuclei (nucleation) and via growth of existing crystal 
grains. Which of the two mechanisms dominates the overall 
crystallization, strongly depends on the local temperature, the 
given volume and boundary conditions. [ 33–35 ]  For example, due 
to the existence of a crystalline surrounding around an amor-
phous volume, as it is commonly found in vertical memory cell 
geometries, fast re-crystallization is possible via crystal growth 
alone, without the need to wait for spontaneous nucleation. 
Then again, Loke et al. presented a crystallization speed of 500 ps 
in Ge 2 Sb 2 Te 5  when superimposing a constant low voltage signal 
with the SET pulse. [ 36 ]  The extremely fast phase transition in 
this work was explained by pre-ordering effects under applied 
bias. Although one of the crystallization mechanisms might 
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dominate under specifi c boundary conditions, in general both 
nucleation and crystal growth are present during crystallization. 

 A recent study on the crystal growth velocity in melt-
quenched amorphous AgIn-doped Sb 2 Te revealed an Arrhenius 
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behavior over 8 orders of magnitude. [ 37 ]  Also Orava et al. meas-
ured a strongly non-linear temperature dependence of the 
crystal growth velocity in Ge 2 Sb 2 Te 5  using ultra-fast differential 
scanning calorimetry. [ 38 ]  The strong non-linearity in crystal-
lization kinetics thereby provides good data retention at low 
temperatures as well as fast switching speeds (crystal growth 
velocity of ≈1 m/s) at elevated temperatures between glass tran-
sition and melting temperature. 

 Another key feature in amorphous PCM that helps to over-
come the voltage-time dilemma is the pronounced non-line-
arity of the current–voltage characteristics, most importantly 
the “threshold switching” phenomenon (see  Figure    1  a). With 
a linear current–voltage relationship, suffi ciently strong Joule 
heating would require extremely large voltages, due to the low 
conductivity of the amorphous phase. In reality, however, the 
current follows the applied voltage linearly only at low electric 

fi eld strengths. Already under medium electric fi elds an expo-
nential current–voltage-dependence sets in. In literature, 
this behavior is often attributed to the large concentration of 
defects and the fi eld-induced reduction in Coulomb-barrier 
described by the Poole- and Poole-Frenkel effect in the amor-
phous phase. [ 39,40 ]  A further increase in electrical fi eld leads to 
a super-exponential  I – V  characteristic, which ends in an abrupt 
breakdown in resistivity, the threshold switching phenomenon. 
The threshold switching effect thereby describes the transition 
from the poorly conductive (off-state) to the highly conductive 
amorphous phase (on-state). Thus, the thermally driven crys-
tallization of the amorphous material (SET) is triggered by the 
threshold-switching event. In PCM the strong non-linearity in 
switching behavior can therefore be understood as a coopera-
tive effect between the threshold switching phenomenon and 
the exceptional crystallization kinetics. 
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 Figure 1.    Illustration of the different switching principles with corresponding  I – V  characteristics: a) The SET process of phase-change memory cell 
(PCM) is correlated with two steps. Firstly, the reversible reduction in resistivity at the threshold voltage (B1), indicated by a reversible increase of the 
current, leads to an increase of the local temperature in the phase-change nano-structure via Joule-heating facilitating in a second step the crystalliza-
tion of the intial amorphous phase-change material (B2). This change of the cell state is irreversible, that is, after reducing the applied bias the cell 
resistance remains low (C). The RESET process is triggered by applying an intense voltage pulse, which raises the local temperature above the melting 
temperature and partially melt the crystalline cell (D). The subsequent rapid quenching of the device freezes the atoms in a disordered confi guration 
resulting in an amorphous solid with a high resistivity. b) By applying a positive voltage to the active electrode of an electrochemical metallization cell 
(ECM), an oxidation reaction occurs at the active electrode/insulating layer interface. Then, the injected Cu or Ag ions migrate within the electric fi eld 
through the insulating layer (B). At the inert electrode/insulating layer interface another electron-transfer reaction occurs. The Cu/Ag ions are reduced 
and a Cu/Ag fi lament starts to grow towards the anode after having formed a stable Cu/Ag nucleus (C). c) When a negative voltage is applied to the 
active electrode, oxygen vacancies migrate towards this electrode (B). Hence, the insulating region between the substoichiometric well – conducting 
fi lament and the active electrode becomes conducting and the VCM cell switches to the LRS (C). By reversing the voltage – polarity oxygen vacancies are 
pushed back from the active electrode (D) and fi nally the HRS is reestablished (A). (b,c) are reproduced with permission. [ 81 ]  Copyright 2012, Wiley-VCH.
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    2.2.     Electrochemical Metallization Memories 

 ECM cells consist of one active silver or copper electrode an ion-
conducting insulating layer and an inert electrode. [ 2,41 ]  Thereby, 
solid electrolytes such as GeS x , [ 42,43 ]  GeSe, [ 11,44 ]  or AgI, [ 45,46 ]  or 
metal oxides such as Ta 2 O 5  [ 47 ]  or SiO 2  [ 48,49 ]  can serve as ion-
conducting layer. The resistive switching mechanism in ECM 
cells is based on the electrochemical formation/dissolution of 
a Ag/Cu fi lament within the insulating layer. [ 2,41,50 ]  The SET 
process consists of a dissolution of the active anodic Ag or Cu 
electrode, a subsequent ion migration and a reduction at the 
cathode resulting in a growth of a metallic fi lament towards 
the anode as illustrated in Figure  1 b. As soon as an electronic 
contact is achieved, the cell resistance drops to the LRS. For 
this reason, ECM cells are also widely known as Conductive 
Bridging Random Access Memories (CBRAM). [ 51 ]  Typically, 
pristine ECM cells do not require a special electroforming step 
for successful operation. 

 The electronic contact can be achieved by the onset of elec-
tron tunneling between the fi lament and the active electrode. 
By tuning the current limitation during the SET operation dif-
ferent LRS can be programmed. [ 49,51,52 ]  These different resist-
ance states can be attributed to different tunneling gaps in 
the range of 0.3 nm to 2 nm between the fi lament tip and the 
active electrode. [ 53 ]  When the current compliance is further 
increased the gap can be shortened establishing a galvanic 
contact with a lower LRS resistance. Further LRS resistance 
reduction might result from a fi lament diameter widening. [ 53 ]  
It is experimentally observed that quantized conduction states 
appear for resistances below the resistance of a single-atom 
contact  R  0  = 12.9 kΩ, [ 45,54–56 ]  which is an indirect proof of the 
transition between tunneling gap regime and galvanic contact. 
Furthermore, it has been reported that the RESET transition 
can be polarity-independent in the low resistance regime, [ 57–60 ]  
whereas it is always bipolar for resistances  R  > R  0.  

 To RESET the cell back to the HRS state a negative voltage 
must be applied to the active electrode and the fi lament is dis-
solved. Depending on the physical nature of the LRS the dissolu-
tion of the fi lament takes place in slightly differing ways. If a tun-
neling gap remains in the LRS, the RESET operation involves the 
same processes as the SET operation, only the role of the elec-
trodes is interchanged—the inert electrode becomes the anode, 
the active electrode the cathode. Of course, a nucleation step is 
not required for the RESET operation. If a galvanic contact has 
formed during SET, the RESET process starts with a pinching 
of the fi lament. This effect has been experimentally observed 
using conductive atomic force microscope (c-AFM) tomography 
by Celano et al. [ 61,62 ]  Due to the high currents in this confi gura-
tion also Joule heating occurs with the hot spot at the weakest 
spot within the fi lament, for example, for a conically shaped fi la-
ment at the thinner side. As the electron-transfer reactions are 
thermally enhanced, both the oxidation of the fi lament and the 
redeposition (reduction) occur close to this hot spot at the fi la-
ment. Thus the fi lament reshapens in such a way that it pinches 
where the oxidation takes place. [ 60 ]  As both reactions occur at the 
fi lament a RESET operation is feasible for both voltage polarities, 
but still the bipolar operation leads to more stable switching. [ 57,60 ]  

 The charge state of the cations is not always obvious. For a Ag 
ion the charge state is +1, whereas for Cu ions the charge state 

could be +1 or +2 depending on the specifi c system. In the Cu 2 S 
system the charge state is +1 due to its bond nature. In contrast 
the charge state in the other materials SiO 2 , Ta 2 O 5 , a-Si, and Al 2 O 3  
cannot be easily foreseen. It depends for example on the ease of 
injecting a specifi c sort of ions from the active electrode into the 
switching layer, that is, the oxidation reaction. Furthermore also 
the mobility of the charged species within the switching layer is 
important. Cyclic voltammetry experiments in the preforming 
stage of Cu/SiO 2 /Pt cells revealed that Cu 1+  and Cu 2+  ions can 
be injected but the dominating species is Cu 2+ . [ 63 ]  Using soft 
X-ray absorption spectroscopy the bonding characteristics of Cu z+  
ions in SiO 2  have been analyzed by Cho and co-workers. [ 64 ]  The 
analysis reveals that Cu 2+  ions form weaker bonds than Cu 1+  sug-
gesting that Cu 2+  ions are more mobile and play the dominating 
role in the resistive switching in Cu/SiO 2  ECM systems. 

 A very important variant of the ECM switching principle is 
the gap-type atomic switch. [ 65 ]  In this variant an air(vacuum)-
gap exists between the ion conductor and the inert elec-
trode. This can be achieved using an STM tip in non-contact 
mode [ 66–68 ]  or by an electroforming process in a nano-crosspoint 
confi guration. [ 65 ]  In contrast to the standard ECM cell, the cat-
ions cannot migrate through the air gap to the inert electrode. 
Instead the Ag or Cu cations at the ion conductor surface are 
reduced by tunneling electrons forming a small nucleus, fur-
ther ions drift towards the nucleus and subsequently a fi la-
ment grows from the surface to the inert electrode. This kind 
of growth mode from anode to cathode has been also observed 
by c-AFM tomography for a Cu/Al 2 O 3 /TiN based ECM cell [ 61 ]  
or using in situ TEM in a Ag/SiO 2 /W ECM cell. [ 69 ]  Yang et al. 
could demonstrate that the growth direction is in fact domi-
nated by the kinetic factors of the fi lament formation. [ 69 ]  If the 
cation mobility is high the conventional growth mode from 
cathode to anode occurs. In contrast, the growth from anode 
to cathode is favored, if the ion transport is very low. The latter 
condition is fulfi lled for gap-type atomic switch.  

  2.3.     Valence Change Memories 

 VCM cells consist of a metal-insulator-metal (MIM) structure. 
As insulator-layer various oxide materials have been investi-
gated such as strontium titanate (STO), [ 70–72 ]  titanium oxide 
(TiO x ), [ 73,74 ]  hafnium oxide (HfO x ), [ 75,76 ]  and tantalum oxide 
(TaO x ). [ 7,12 ]  The latter two are regarded as the most promising 
materials, not least because of their CMOS compatibility. Apart 
from a single oxide layer, bilayer or multilayer stacks consisting 
of different materials have been investigated, too. [ 12,77,78 ]  

 It is widely accepted that the switching mechanism of VCM 
cells is based on the movement of oxygen ions in terms of a 
vacancy transport mechanism accompanied by a local valence 
change. [ 1,3,79,80 ]  This can infl uence the cell resistance in dif-
ferent ways. First, the local conductivity/electron transport 
mechanism of the material itself is changed. Second, oxygen 
vacancies act as mobile donors. If the oxygen vacancy concen-
tration at a metal/insulator interface is changed, the electro-
static barrier is altered according to the Schottky effect. [ 1,79,81 ]  

 Pristine cells typically need an electroforming step which 
makes the switching between ON and OFF possible. During 
this step the oxide material is reduced resulting in a better 
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conducting state which may be the HRS or LRS. Electroforming 
is regarded as a complex redox reaction of simultaneously 
occurring processes. [ 1,70,82 ]  Oxygen is extracted from the insu-
lating layer at the anode leaving oxygen vacancies behind. This 
oxidation reaction manifests either in an oxidation of the anode 
metal or in the release of gaseous oxygen. The corresponding 
reduction reaction takes place by the local valence change in the 
metal cation sublattice. The charged oxygen vacancies migrate 
through the insulating layer in the direction of the electric fi eld 
and pile up at the cathode interface. The resulting oxygen-defi -
cient region is well-conducting and acts as a virtual cathode. 
This typically fi lamentary region grows towards the anode. Up 
to now it is not clear whether this region is merely oxygen-defi -
cient without changing the material structure or if an additional 
phase transition occurs. For example, Kwon et al. observed that 
Ti 4 O 7  Magnèli phases have formed within a TiO 2  matrix after 
unipolar switching by TEM analyses. [ 83 ]  Recently, Kamaladasa 
et al. observed the formation of Wadsley defects and Magnèli 
phases during resistive switching in TiO 2  based VCM cells 
using in situ TEM imaging. [ 84 ]  However, Magnèli phase forma-
tion was only observed at elevated temperatures and not during 
bipolar operation. In addition, the formation/dissolution did 
not appear to correlate to the resistive switching phenomena at 
all. Nevertheless, if a phase transition occurs, a nucleation step 
is required before the new phase can grow. 

 For the sake of completeness, it should be noted that in case 
of HfO x -based VCM cells, an alternative model has been pro-
posed in which oxygen vacancies are formed not at the interface 
with the anode but by breaking Hf-O bonds within the bulk of 
the oxide layer. [ 85–87 ]  This process creates a Frenkel defect pair 
consisting of an interstitial oxygen ion and an oxygen vacancy. 
In this model the interstitial oxygen ion is mobile whereas the 
oxygen vacancy is assumed to be immobile. In the end also an 
oxygen-defi cient phase is formed. However, it has been shown 
by theoretical calculations that this sort of Frenkel defects are 
thermodynamically unstable in HfO 2 ; the oxygen ion would 
relax to its equilibrium position kinetically unhindered within 
a time scale of phonon frequencies. [ 88 ]  Moreover, it was shown 
that it is thermodynamically favorable to form an oxygen 
vacancy at an Hf/HfO 2  interface rather than in the bulk. [ 88,89 ]  

 After the forming process two different proposed switching 
mechanisms can be discriminated. In the fi rst one the SET pro-
cess is considered to be a mere completion of what happens 
during the electroforming of the fi lament employing the same 
microscopic processes. In this case, the fi lament is oxidized 
during the RESET operation and a reduction reaction occurs at 
the cathode. This means the amount of oxygen vacancies within 
the fi lm varies during switching by oxygen exchange via the 
active electrode. [ 86,90,91 ]  The second proposed mechanism relies 
on the redistribution of oxygen vacancies next to the active elec-
trode during the switching process as illustrated in Figure  1 c. [ 1,79 ]  
In this case the total amount of oxygen vacancies stays constant.   

  3.     Underlying Physical Processes of the 
Non-Linear Resistive Switching 

 In order to understand the non-linear switching kinetics of PCM, 
VCM, and ECM cells one has to consider all electrochemical 

and physical processes that can infl uence the switching speed. 
According to the switching mechanisms described above the 
most relevant processes are: i) crystallization including nuclea-
tion and growth of a new phase, ii) threshold switching, iii) the 
migration of ions, iv) electron-transfer (redox) reactions taking 
place at the boundaries, and v) electro-crystallization. The latter 
three are most relevant for ECM and VCM, while processes 
(i) and (ii) typically dominate in PCM cells. However, also for 
VCM cells phase transitions have been described in literature 
to occur during electroforming, for example, the formation of 
the Magnèli phase Ti 4 O 7  in TiO 2 . [ 83 ]  However, prior to this pro-
cess the oxide has to be reduced by means of oxygen vacancy 
migration. 

  3.1.     Crystallization 

 The collective process of crystallization in phase-change mate-
rials has been successfully described by the interplay of atomic 
mobility and driving force for crystallization (see  Figure    2  ). 
For temperatures close to the glass transition temperature  T  g  
the driving force Δ G ( T ) is large, while the atomic mobility is 
low hindering the crystallization process. This way, the small 
mobility is the reason for high data retention in phase-change 
memories at low temperatures, that is, ambient/operating 
temperature of the device. In this regime the slow processes 
of nucleation and growth are easily accessible experimentally, 
for example, by transmission electron or atomic force micros-
copy. [ 92–94 ]  At temperatures close to the liquidus temperature 
 T  l  the driving force vanishes. Therefore, the crystallization 
is also suppressed very close to the melting point despite the 
fact that the atomic mobility is extremely high. The technologi-
cally relevant fast switching in phase-change memories can be 
realized in the regime of fast crystallization between  T  g  and  T  l , 
where the atomic mobility is very high and the driving force 
still signifi cant. 

   3.1.1.     Growth of a Crystallite 

 In the framework of classical crystallization theory the tem-
perature dependence of the crystal growth velocity  u ( T ) can be 
described as

     
1 exp

B

u T D T
G T

k T
( ) ( ) ( )∝ ⋅ − −

Δ⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟   

(1)
 

   The difference in Gibbs free energy between the liquid and 
crystal phase can be calculated using the Thompson-Spaepen 
approximation [ 95 ] 

     

2
m

m

m m

G T H
T T

T

T

T T
( )Δ = Δ

−
+

⎛
⎝⎜

⎞
⎠⎟   

(2)
 

 with heat of fusion Δ H  m  and melting temperature  T  m . 
 The moderate change of  ΔG  with temperature signifi cantly 

below the melting temperature cannot explain the pronounced 
change in  u ( T ). Instead, the many orders of magnitude of 
change of crystallization speed (see both Equation  ( 1)   and 
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Figure  2 ) originate mainly from the pronounced non-linearity 
in temperature dependence of atomic mobility  D ( T ), which is 
often expressed via the temperature dependence of viscosity 
 η(T)  using the anti-proportionality of the Stokes-Einstein 
equation [ 37 ] :

    

BD T
k T

Tη
( )

( )
∝

  
(3)

 

   A breakdown of the Stokes-Einstein equation observed at 
temperatures close to  T  g  in various, especially fragile, super-
cooled liquids can be coped with a modifi cation of the exponent 
 ξ  ≤ 1: [ 96 ] 

     

BD T
k T

Tη
( )

( )
∝ ξ

  
(4)

 

   This deviation has been commonly explained to originate from 
heterogeneous dynamics in supercooled liquids. In recent 
years, evidence from different experimental methods pointed 
towards the existence of extraordinarily high fragilities in 
phase change materials. [ 37,38 ]  The according super-exponential 
deviation from a pure Arrhenius behavior in the temperature 
dependence of viscosity is traditionally described with the 
Vogel-Fulcher-Tamann equation:

     
exp0

0

T
A

T T
η η( ) =

−
⎛
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(5)

 

 with  η  0 ,  A  and  T  0  being constants. 
 With this high fragility of phase-change materials it is pos-

sible to explain the combination of a relatively wide window 
of fast crystallization at high temperatures with steeply 
increasing stability of the disordered phase towards lower/
ambient temperatures, which is so benefi cial for memory 
applications.  

  3.1.2.     Nucleation 

 Without a preexisting crystal surface, the formation of a crystal-
line nucleus within the amorphous matrix is required, before 
the process of crystal growth can start. [ 24,27–29,32,33 ]  In classical 
nucleation theory, the nucleation rate of crystallites in a non-
crystalline surrounding is derived beginning with the driving 
force for the formation of a spherical crystalline cluster of 
atoms, that is, the difference in Gibbs free energy between the 
two phases:
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   Here,  r  is the radius,  V  the volume and  A  the surface of the 
nucleus, Δ G  V  the difference in Gibbs free energy per unit 
volume and  σ  the interfacial energy per unit area. While the 
crystallization of a given volume leads to a reduction in total 
energy, the formation of a crystalline-to-amorphous interface 
costs energy. The critical radius  r  C 

     

2
C

V

r
G

σ
=

Δ
  

(7)
 

 describes the size of a crystalline cluster, at which the dif-
ference in Gibbs free energy (Equation  ( 6)  ) reaches its max-
imum. For nuclei larger than that, i.e.,  r  >  r  C,  a further crystal 
growth is energetically favorable, whereas for  r  <  r  C  the free 
energy of the system is increased by adding further atoms 
to the subcritical cluster. Nevertheless, the latter process 
takes place due to thermally induced statistical fl uctuations, 
which eventually lead to the formation of supercritical crystal-
line nuclei. The steady-state nucleation rate  I  SS , that is, the 
number of supercritical nuclei forming per time and volume, 
is given by:
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 Figure 2.    Temperature dependencies of crystallization kinetics (left), atomic mobility (middle) and driving force for crystallization (right). The atomic 
mobility is linked to the viscosity via the Stokes-Einstein equation in an inversely proportional way. For increasing temperatures the atomic mobility 
increases while the driving force for crystallization, the difference in Gibbs free energy Δ G  between the liquid and crystal, decreases to zero at the 
liquidus temperature  T  l  (in this example at around 900 K). Δ G  is plotted in units of the heat of fusion  H  f . Although the driving force is large at low tem-
peratures close to the glass transition temperature  T  g , the atomic mobility is strongly reduced. Therefore, the regime of fast crystallization can be found 
at intermediate temperatures between  T  l  and  T  g . Due to the interplay of the atomic mobility and the driving force, the crystallization does not occur 
immediately, when cooling a liquid below  T  l . For rapid cooling rates of about 10 10  K/s (orange line) the regime of fast crystallization can be bypassed 
and the material ends up in the melt-quenched amorphous phase. In case of much slower cooling rates, the phase-change material crystallizes. The 
blue curves indicate how much time it takes at a certain temperature to crystallize 10% and 90% of the volume respectively. While the amorphous 
phase-change material provides good data retention (over 10 years) at room temperature, the crystallization can take place on a nanosecond time scale 
at elevated temperatures (purple curves). Reproduced with permission. [ 24 ]  Copyright 2011, Wiley-VCH.
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 with  η ( T ) the temperature dependent viscosity.  f ( θ ) accounts 
for the effect of heterogeneous nucleation at interfaces with the 
wetting angle  θ . [ 97,98 ]  For homogeneous nucleation this factor 
equals unity. 

 In general, both crystal growth and nucleation can be 
simultaneously present during crystallization. Which of these 
processes is dominating the crystallization process, strongly 
depends on the observed volume and the presence of preex-
isting crystalline surfaces in the surrounding. Because of the 
fact that nucleation rate and growth velocity have differing tem-
perature dependencies, for example, maxima at different tem-
peratures, the local device temperature can play an important 
role, too. [ 99 ]  

 An increase of the temperature in a phase-change memory 
element into the regime of fast crystallization needs suffi cient 
Joule-heating and thus signifi cant current densities. Since the 
resistivity of the amorphous phase is high and the available volt-
ages in a memory device are typically limited to a few volts, the 
increase in local temperature could, in principal, pose a chal-
lenge to the ability to electrical switch a phase-change memory 
element. Thus, the existence of a pronounced non-linearity in 
the current–voltage characteristic of these amorphous mate-
rials is essential for a memory application. Especially the quite 
abrupt transition from a poorly to a highly conductive amor-
phous state at high electrical fi elds (threshold switching) is an 
enabling feature.   

  3.2.     Threshold Switching 

 Since the discovery of the threshold-switching effect in 1968 by 
Ovshinsky [ 100 ]  several different physical mechanisms have been 
proposed for its explanation. An extensive discussion about 
whether the driving force for this reversible switching phenom-
enon is controlled by a thermal or by an electronic effect was 
settled in the 1980s in favor of an electronic excitation mecha-
nism. [ 101–104 ]  While today there is a broad agreement about 
the electrical-fi eld-driven nature of the reversible threshold-
switching, [ 39,105–107 ]  thermal effects are also considered, espe-
cially when dealing with nano-scale devices. In order to give 
an impression of the current discourse on the potential mecha-
nisms behind threshold switching, three incompatible models 
are highlighted. 

 Ielmini et al. proposed a widely cited model for the sub-
threshold conduction and the transient effect of threshold 
switching in amorphous phase-change materials. In their work, 
the non-linear current–voltage characteristic at moderate fi elds 
is explained by the Poole-Frenkel effect. Here, the potential 
energy barrier for excitation of trapped charge carriers into con-
ducting states is reduced by the presence of near trap states and 
by the electrical fi eld, which thereby strongly enhances the elec-
trical conductivity. In 2007, Ielmini et al. extended this existing 
model for the steady-state transport in amorphous solids [ 108–110 ]  
in order to also explain the regime at high electrical fi elds where 
threshold switching occurs. [ 39 ]  Under the infl uence of strong 
fi elds charge carriers can be excited from deep trap states into 

shallow trap states close to the band edge. A relaxation mech-
anism counteracts the carrier generation leading towards a 
steady-state distribution. When enough carriers are excited into 
shallow trap states, threshold switching occurs. 

 The second model, which should be highlighted was fi rst 
proposed by Adler et al. in 1980 [ 111 ]  and more recently refor-
mulated by Pirovano et al. and Redaelli et al. [ 105,106 ]  Similar to 
Ielmini´s model, the threshold switching effect is described by 
an interaction of charge carrier generation and recombination 
mechanisms, whereas the electrical conduction is explained 
by trap-limited band transport. In case of low electrical fi elds, 
most of the generated free charge carriers can recombine via 
Shockley-Hall-Reed and/or Auger recombination. The gen-
eration mechanism (e.g., impact ionization and avalanche 
multi plication) strongly depends on the electrical fi eld and 
the concentration of free carriers. In this model the break-
down in conductivity occurs at large electrical fi elds, when all 
traps close to the band edge are fi lled and the rate of recom-
bination saturates. In this moment the process of recombina-
tion cannot counter-balance the generation of charge carriers 
anymore, leading to a strong increase in free charge carriers 
in the conduction band and thereby to threshold switching. 
Although both mechanisms for threshold switching proposed 
by Ielmini et al. and by Pirovano et al. appear to be similar on 
the fi rst view, it has to be noted that the generation and recom-
bination mechanisms as well as the detailed dependencies 
on the electrical fi eld and charge carrier concentration differ 
signifi cantly. 

 Thirdly, as an extension to the classical nucleation theory, 
Karpov et al. proposed a fi eld-induced nucleation model to 
explain the threshold-switching phenomenon. [ 107,112 ]  In this 
model, the electrostatic energy and thereby the free energy of 
a system is reduced by the formation of a crystalline nucleus 
within the amorphous material under bias. The energy bar-
rier for the formation of a stable nucleus as well as the critical 
radius is reduced in the presence of an electrical fi eld, which 
facilitates the nucleation process (see  Figure    3  a). According 
to Karpov et al. the nucleation takes place heterogeneously at 
the interface between electrode and phase-change material. [ 112 ]  
Once a crystalline nucleus is formed, it grows into a cylindrical 
fi lament. It thereby enhances the electrical fi eld in the amor-
phous material at the tip of the fi lament accelerating further 
nucleation in this region. In the moment when the crystal-
line fi lament fully bridges the two electrodes, the threshold-
switching becomes observable as a pronounced increase in con-
ductance of the memory device. 

  If the electrical fi eld is removed before the crystallite has 
grown larger than the critical radius for the fi eld-free case, the 
conductive fi lament decays. This way the fi eld-induced reduc-
tion in the critical radius can explain the transient nature of the 
threshold switching event and the relaxation from the highly 
conductive amorphous “ON-state” back to the poorly conduc-
tive amorphous “OFF-state”.  

  3.3.     Ion Migration 

 In the physical processes considered for crystallization and 
threshold switching atoms need to change their positions 
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only very moderately, that is, with respect to their direct 
neighbors, if at all. Quite contrary, ions when exposed to an 
electric fi eld can move over much longer distances. Ions move 
by hopping from site to site over a barrier Δ W  hop  in the resis-
tive switching layer. The average distance between these sites 
is called hopping distance  a  and it is typically in the order 
of interatomic distance, that is, 0.2–0.5 nm. Without applied 
electric fi eld this motion occurs randomly due to thermal 
fl uctuations with a net motion only in case of a concentration 
gradient. By application of an electric fi eld  E  the ion move-
ment becomes directional. If an electric fi eld is applied, the 
hopping barrier is affected according to Δ W  hop  = Δ W  hop,0  ± 
1/2 zeaE  (cf. Figure  3 b). This leads to a hyperbolic sine term 
in the mathematical description of the ionic hopping current 
density

     
2 exp sinh

2
hop

hop,0

B B

j zecaf
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k T
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k T
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⎞
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(9)
 

   Here,  z  is the charge number,  e  the elementary charge,  c  the ion 
concentration, and  f  the attempt frequency. Equation  ( 9)   is also 
called the Mott–Gurney law for ion hopping. For low electric 
fi elds the ionic current density depends linearly on the electric 
fi eld, whereas for high electric fi elds the dependence becomes 
exponential. The electric fi eld that drives the ion motion is the 
average electric fi eld resulting from the voltage  V  that drops 
over a certain distance  w , that is,  E  = V/w . In literature some 
groups used the local Lorentz fi eld in order to calculate the 
ion-hopping-current, [ 113–115 ]  which results in a stronger non-
linearity. This proposition, however, is incorrect as the electric 
fi eld experienced by the moving ion spatially fl uctuates and the 
Lorentz fi eld gives only the maximum value as pointed out by 
Meuffels et al. [ 116 ]  Thus, the use of the average fi eld is indeed 
the correct approach.  

  3.4.     Electron-Transfer 

 A further rate-limiting step can be attributed to redox reactions 
occurring at the metal/insulator interfaces, for instance, the 
oxidation of an oxidizable electrode. The energy diagram of this 
process is shown in Figure  3 c. The left potential well describes 
the potential energy of a metal atom M at the metal surface, 
whereas the right one is attributed to the corresponding metal 
ion M z+  close to the metal surface. Δ G  ox  and Δ G  red  denote 
the activation energies to oxidize a surface metal atom and to 
reduce a M z+  ion, respectively. Without an external electrical 
fi eld, the oxidation current density  j  ox  and the reduction current 
density  j  red  correspond to the exchange current density  j  0,et  = 
 j  ox  = | j  red | and thus there is no net current fl ow. Taking into 
account the reaction rate constants  k  ox  and  k  red , the current den-
sities are given by:
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   By application of a negative potential to the metal electrode 
its Fermi energy is increased by – zeΔ ϕ  et , where Δ ϕ  et  repre-
sents the additional voltage (or overpotential) drop across the 
interface. Consequently, the activation energies are altered and 
in the case of Figure  3 c the reduction process is favored over 
the oxidation process. The change of the activation energy is 
proportional to the overpotential, whereas the charge transfer 
coeffi cient  α  determines how the individual activation barriers 
are lowered. The values of the charge transfer coeffi cient lie 
between 0 and 1. The net current density across such an inter-
face  j  et  due to the involved charge transfer, can be described by 
the Butler-Volmer equation
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 Figure 3.    a) Free energy of a crystalline nucleus or fi lament as a function of its size. In comparison to the fi eld free situation (yellow and blue curves), 
under the infl uence of an electrical fi eld (red curve) both the critical radius and the according free energy that needs to be overcome for the formation 
of a stable crystalline nucleus are reduced. This way the electrical fi eld facilitates the creation of a crystalline nucleus. When the radius of a nucleus has 
grown between  R  E,0  and  R  0 , it is stable under the presence of the electrical fi eld, but not when its absent. In case of a reduction of the electrical fi eld to 
zero, the free energy is minimized by a shrinkage and subsequent decay of the nucleus. In contrast, nuclei that had enough time to grow larger than 
 R 0   under electrical bias are even stable in the fi eld-free situation. b) Schematic presentation of a random jump of an ion overcoming a potential barrier 
Δ W  a . upper fi gure: without externally applied electric fi eld  E ; lower fi gure: electric potential gradient  E  = Δ V/ 2 a  showing that the potential barrier to 
the right is reduced by  W  =  eaE / 2.  c) Illustration of the energy profi le of an electron transfer reaction at the interfaces between a metal atom M at the 
surface of the metal electrode and a corresponding cation M z+  within the outermost layer of the electrolyte as described by the Butler-Volmer equation. 
The grey line represents the equilibrium situation, and the red line represents the situation with an overpotential applied. (b,c) are are reproduced 
with permission. [ 81 ]  Copyright 2012, Wiley-VCH.
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   If Δ ϕ  et  > 0 the oxidation reaction dominates, that is, described 
by the left term in Equation  ( 10)  . In contrast, the reduction 
reaction prevails if Δ ϕ  et  < 0.  

  3.5.     Electrocrystallization 

 Electrocystallization denotes nucleation and crystal growth 
in electrochemical systems under infl uence of the electric 
fi eld. [ 117,118 ]  In contrast to the crystallization discussed in Sec-
tion 3.1, during electrocrystallization also a charge transfer is 
involved, for example, in the process of nucleation of Ag/Cu on 
the inert electrode prior to fi lamentary growth in an ECM cell. 
To be stable the nucleus must have a critical size/radius, which 
is related to a critical number of atoms  N  c . By application of 
an overpotential Δ ϕ  nuc  this critical nucleus size is reduced, as 
is the nucleation barrier Δ G  nuc  (cf. Figure  3 a). The nucleation 
time, which is the required time to form a stable nucleus, can 
be calculated according to [ 118,119 ] 

    
exp expnuc

B

c

B
nuct

G

k T

N ze

k T
nuc α ϕ( )

∝
Δ⎛

⎝⎜
⎞
⎠⎟

−
+⎛

⎝⎜
⎞
⎠⎟

Δ
  

(12)
 

 where  α  is again the charge transfer coeffi cient. The critical 
number of atoms can be any integer number including zero. [ 117,120 ]  
In the latter case every reduced atom can be regarded as a stable 
nucleus. In contrast for  N  C  = 1, the reduced atom needs to fi nd a 
stable surface site in order to act as a stable nucleus. After nuclea-
tion a metal phase can grow. According to Faraday, the growth rate 
 v  growth  is directly proportional to the ionic current  J  ion :
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   Here,  M  Me  denotes the atomic mass of the deposited metal, and 
 ρ  m,me  its mass density.  

  3.6.     Analysis of the Intrinsic Non-Linearity for Redox-Based 
Resistive Switching Processes 

 In a particular VCM/ECM cell all of the processes described 
in Sections 3.3, 3.4 and 3.5 might be present. The slowest one, 
however, will limit the switching speed. It is not straightforward 
to identify the limiting process from a switching-time ( t  sw )–
switching-voltage ( V  sw ) diagram. Despite their different physical 
and electrochemical nature all of these fi eld-induced processes 
are related to an activation barrier and thus obey an Arrhenius-
type law. Hence, all processes can be exponentially enhanced 
when the local temperature increases due to local Joule heating. 
In addition, the activation barrier can be lowered by an applied 
electric fi eld/voltage resulting in an exponential dependence on 
the voltage, at least when the electric fi eld is high enough. Thus, 
the different processes result in different slopes in a ln( t  sw ) – 
 V  sw  diagram due to the physical parameters involved if only a 

single process is considered. In a pulse experiment the slope 
is related to the coeffi cients in the exponential term of the rate-
limiting equation. According to Equation  ( 9)  – ( 12)  , the slopes
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 can be extracted for the ion hopping, reduction, oxidation and 
nucleation process, respectively. The slopes for the reduction 
and oxidation reaction are only valid if only one of the reac-
tions is considered. In fact always both reactions will take place, 
which would lower the slope. Instead of using the slope  m  for 
comparison of the different processes, it is more straightfor-
ward to calculate the voltage increment Δ V  10x  that is required to 
accelerate the switching process by a factor of 10 in time. This 
voltage increment can be given by

     

1
ln 1010xV

m
( )Δ = −

  
(15)

 

   In experiment the voltage increment Δ V  10x  can be extracted. 
Using Equation  ( 14)   and  ( 15)   the required physical parame-
ters assuming a single limiting process can be calculated and 
checked for physical meaningfulness. Here, two cases are of 
special interest: i) If the product of the experimentally deter-
mined slope | m | and  k  B  T/ze  is larger than 1, that is, | mk  B  T/ze  
| > 1, then nucleation can be identifi ed as the limiting process, 
because all other processes cannot accomplish such a steep 
slope with physically reasonable parameters. ii) For the ion 
hopping processes, a physically reasonable value for the ratio 
 a/w  should be smaller than 1/5. This means with a reasonable 
hopping distance of 0.3–0.5 nm the voltage is assumed to drop 
over a distance of not less than  w =  1.5–2.5 nm. Note that this 
distance  w  is still very small. As a consequence, if the experi-
mentally determined normalized slope | mk  B  T/ze | is found to be 
larger than 1/5, ion hopping can be excluded as the only lim-
iting process. 

 To compare the non-linearity of these processes the cor-
responding slopes are plotted as normalized switching time 
versus applied voltage in  Figure    4   for some limiting cases, 
which are described in the fi gure caption. Based on these 
limiting cases (for  z =  2) the voltage increments necessary to 
cause a change in switching time by one decade can be deter-
mined to 397 mV/dec < Δ V  10x,hop  < 4.97 V/dec for ion hopping, 
33 mV/dec < Δ V  10x,et  < 298 mV/dec for electron-transfer, and 
8 mV/dec < Δ V  10x,nuc  < 27 mV/dec for nucleation limiting the 
switching kinetics, respectively. Note that the calculated values 
have to be doubled for  z =  1. Thus, the highest non-linearity 
would be achieved by nucleation followed by electron-transfer 
and ion hopping. When more then a single process is present 
in a specifi c device, the slowest process will determine the slope 
in the  t-V  diagram in a certain voltage regime. The slope for 
nucleation is so steep that it is very likely that this process limits 
the switching speed only at small voltages. In contrast, a pro-
cess with a fl at slope limits the switching process very likely at 
higher voltages. Thus, it is expected that the slopes of the total 
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switching process become fl atter with increasing voltage. This 
is true as long as only voltage/fi eld acceleration is involved. In 
the previous estimations it has been assumed that it is always 
the total applied voltage that accelerates the switching speed. In 
a real device, however, part of the voltage can drop over series 
resistances. Thus, the slope in the  t  sw – V  diagram should actu-
ally be fl atter than how it appears when using the total voltage. 

  The discussion of the slopes does not consider the limit 
of the acceleration. Each physical process, however, is related 
to a certain barrier height. The fi eld/voltage acceleration in 
Equation  ( 9)  – ( 12)   results from a barrier lowering effect. Accord-
ingly, the mathematical description of thermally activated 
processes is only valid as long as the effective barrier Δ W  eff  is 
still larger than zero. Consequently, the given switching time 
estimations are only valid up to a certain maximum voltage 
 V  max  which can be given by  V  max  = Δ W/ ( k  B  Tm ). The activation 
energy of the specifi c processes indicates how many orders of 
magnitude in non-linearity can be achieved. Higher activation 
energies correspond to a stronger non-linearity. For memory 
applications more than 15 orders of magnitude in time must 
be spanned. Thus, in the framework of fi eld-induced barrier 
lowering the unaltered activation energy has to be higher than 
Δ W  min  ≥  k  B  T  0 ·ln(10 15 ) = 0.89 eV at an operation temperature 
 T  0  = 300 K in order to provide enough room for barrier low-
ering by applying voltages. 

 Besides the electric fi eld also temperature can accelerate the 
switching process as expressed by the Arrhenius-type of the 
above equations. Here, we will exemplarily discuss the tem-
perature acceleration of the ion hopping process. The conclu-
sions, however, can be also extended to the other processes. If 
we consider a fi lamentary switching mechanism, local Joule 
heating can occur due to the high current densities. The tem-
perature increase in a cylindrical fi lament can be approximated 
by

     0 th elT T R P= +   (16) 

 where  T  0  is the ambient temperature and  P  el  the electrical 
power dissipated in the VCM cell. The thermal resistance  R  th  
depends on the thermal and electrical conductivity of the fi la-
ment, which are parameter of the fi lament material, as well 
as its geometry, for example,  R  th  becomes larger for smaller 
fi lament diameter and thus higher temperature result. [ 121 ]  
For a conical shaped fi lament, the hottest spot is expected 
to appear close to the thinnest part. [ 60,122 ]  The environment 
(surrounding materials) and the cell geometry infl uence 
the thermal resistance, too. To enable effi cient heating a bad 
heat dissipation via the electrodes and the surrounding insu-
lating material is advantageous. This means materials with a 
low thermal conductivity are benefi cial in this respect. [ 123,124 ]  
To illustrate the interdependence of non-linearity and dis-
sipated electrical power, we use two different current–voltage 
scenarios: an Ohmic and a diode like behavior, as illustrated 
in  Figure    5  . The corresponding parameters are given in the 

Adv. Funct. Mater. 2015, 25, 6306–6325

www.afm-journal.de
www.MaterialsViews.com

 Figure 5.    a) Illustration of the switching time vs applied voltage calculated 
without Joule heating (black solid line) and with Joule heating assuming 
a linear  I–V  relation (blue solid line) and a diode like  I–V  behavior (red 
solid line). The corresponding  I–V  characteristics are shown in (b) using 
the same color code. The parameters used are:  a =  0.5 nm, Δ W  hop  = 1 eV, 
 V  0  = 0.25 V,  I  0  = 2.38 µA,  R  = 10 kΩ,  R  th  = 1.25 × 10 6  K/W.

 Figure 4.    Illustration of the non-linearity in the switching kinetics 
obtained for electric fi eld enhanced nucleation (red), electron transfer 
reaction (green), and ion migration (blue) in the limiting scenarios 
explained below. The different processes cover a different range of slopes 
in the  t–V  diagram. For the ion migration curves  a  = 0.3 nm and  w  = 2 nm 
and 25 nm are chosen as lower and upper limit. The charge transfer coef-
fi cient is chosen in a range between 0.1 ≤ α  ≤ 0.9 and for the nucleation  N  c  
= 1,  α  = 0.1 and  N  c  = 3,  α  = 0.9 are used. For all lines  z =  2 is assumed.
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fi gure caption. The local Joule heating effect clearly increases 
the switching speed. For the diode-like  I–V  behavior, at low 
voltages the current is too small to induce Joule heating and 
thus the corresponding  t–V  behavior (red solid line) equals 
the constant temperature case shown as solid black line. Then 
Joule heating sets in and the slope becomes steeper than in 
the case of sole voltage/fi eld acceleration. By comparing the 
two current–voltage scenarios it appears that the non-linearity 
is highly dependent on the non-linearity of the  I–V  relation 
as the Joule heating is power-dependent. In fact, the non-
linear switching kinetics in the Joule heating regime become 
power-dependent rather than fi eld-dependent as shown for 
TaO x -based VCM cells. [ 125 ]  At high voltages the slope fl attens 
again, as the slopes are in fact decreasing with temperature and 
additional Joule heating does not result in a large acceleration 
(cf. Equation  ( 14)  ). 

  It depends on the particular ReRAM cell whether fi eld or 
temperature acceleration dominates. Furthermore, the ratio 
between fi eld or temperature acceleration also depends on 
the considered voltage regime. For low voltages the dissipated 
power might be so low that no Joule heating at all occurs and 
thus only fi eld acceleration is present. At higher voltages Joule 
heating might set in additionally accelerating the switching pro-
cess. Independent of temperature and fi eld acceleration, the 
activation energy for the limiting processes must be suffi ciently 
high to allow fast switching and robust retention as discussed 
for the fi eld acceleration. This gives a design path for material 
selection and engineering.   

  4.     Experimental Observations in Resistive 
Memory Device 

 In order to show that the voltage-time dilemma can be over-
come for a particular type of memory device, it needs to be 
proven that the SET and RESET operations are as fast as 10 ns 
and the cells show a read-disturb immunity up to 10 years. For 
the latter condition the determining operation (SET or RESET) 
needs to be identifi ed. In phase-change materials the crystal-
line phase is the thermodynamically stable one, whereas the 
amorphous phase is metastable. Thus, the stability of the HRS 
state during read-out should be considered. As VCM and ECM 
devices exhibit a bipolar operation, it depends on the chosen 
read voltage polarity whether the read-out stability of the 
HRS or LRS state needs to be investigated. As data on RESET 
kinetics are rare, we will focus the discussion on the SET pro-
cess and thus the read-out stability of the HRS. 

  4.1.     Electrochemical Metallization Memories 

 The switching kinetics of a various ECM cells have been 
studied using different measurement methods. Due to the 
relevance for device operation, mainly SET pulse studies 
of switching kinetics appear in literature, while SET sweep 
mode analyses and RESET investigations are rare. [ 48,126,127 ]  
In  Figure    6   the published data of SET switching times  t  sw  at 
room temperature as function of the pulse voltage  V  p  are 
compiled. [ 42,43,46,47,66–68,128,129 ]  

  Three different groups of data sets with similar switching 
kinetics can be identifi ed. It makes sense to introduce a new 
classifi cation in the following way: i) primary solid electrolytes 
like Cu 2 S, Ag 2 S, AgI or RbAg 4 I 5  where the metal species of the 
composition are intrinsically present as cations, ii) secondary 
solid electrolytes like GeS x  or GeSe x  which are well-known ionic 
conductors for Ag or Cu cations which are extrinsically deliv-
ered by doping during processing and/or by diffusion from the 
electrode (e.g., in an Ag/GeS x /W stack) after deposition, and 
iii) untypical solid electrolytes like a-Si and Ta 2 O 5  which differ 
from the latter type because the necessary counter charge is 
provided by ionic injection into the material. For Cu/Ta 2 O 5  and 
Cu/SiO 2  systems it has been shown that the counter charges 
are possibly OH −  ions provided by residual water within the 
thin fi lm. [ 130–132 ]  Thus, water serves as electrolyte and the solu-
bility of Cu/Ag ions depends on the amount of water remaining 
in the system. 

 In the framework of this classifi cation the gap-type atomic 
switches as Pt/air-gap/RbAg 4 I 5 , [ 66 ]  Pt/air-gap/Ag 2 S, [ 67 ]  and Pt/
air-gap/Cu 2 S, [ 68 ]  are attributed to primary solid electrolytes even 
if the fi lament is not growing in the electrolyte but in the gap. 
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 Figure 6.    Switching kinetics log  t – V  of ECM cells showing different 
inverse slopes in the specifi c voltage regimes “low” (I), “medium” (II). 
“high” (III) for: a) primary solid electrolytes Ag 2 S, [ 66 ]  Cu 2 S, [ 67 ]  RbAg 4 I 5,  [ 68 ]  
and AgI [ 46 ]  as well as secondary solid electrolytes Ag-GeSx, [ 42,43,128 ]  and 
b) untypical solid electrolytes Cu/TaOx/Pt [ 47 ]  and Cu/a-Si/Si. [ 129 ] 
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 A very general analysis of Figure  6  may end in the statement 
that the switching voltage is possibly related to the cation concen-
tration. In primary solid electrolytes this concentration is very high 
and the switching takes place at very low voltages. Untypical solid 
electrolytes with probably the lowest ion concentrations switch at 
the highest values. Furthermore, on the one hand primary and 
secondary solid electrolytes tend to higher ion mobilities, and on 
the other hand ion mobility is dependent on concentration as 
demonstrated for example for Cu/Ag ions in SiO 2  system. [ 63 ]  

 It should be mentioned at this point that in case of ECM 
cells the HRS resistances are very high and Ag and Cu are very 
good heat conductors. Therefore, a temperature – acceleration 
of the SET kinetics can be neglected, and we will only consider 
fi eld/voltage acceleration of the involved physical processes in 
the following discussion. The essential fact represented in the 
 t  sw – V  p  diagram of Figure  6  is the occurrence of more than one 
slope indicating the existence of different physical processes 
as nucleation, electron – transfer, or ion hopping limiting the 
switching speed. As expected from the discussion in Section 3.6 
the steepest slope arises for the lowest voltages. For increasing 
voltages the slope becomes fl atter. 

 The systems Cu 2 S, Ag 2 S, and RbAg 4 I 5  counting to the pri-
mary solid electrolytes show a very steep slope in the beginning, 
requiring only about 40 mV for a change of switching time by 
one decade. The charge state of a Ag ion is always  z  = +1 and 
the charge state of Cu in the Cu 2 S is also + 1 due to its bond 
nature. Thus, this slope can only be explained by a nucleation 
limitation as the  |mk B T/ze|  = 1.48 > 1, which results in a critical 
nucleus size of  N  C  = 1 and  α  = 0.48 (compare Equations  ( 14)   
and  ( 15)  ). At higher voltages a second more shallow slope 
between 120 to 280 mV/dec is observed, which fi ts in a limita-
tion either by nucleation with  N  C  = 0, or by ion transport to the 
tip as it has been proposed for the Cu 2 S system. [ 68 ]  The authors 
of that study extracted from temperature-dependent measure-
ments a single activation energy Δ W  a  = 1.38 ± 0.16 eV for all 
applied voltages. This suggests that either a nucleation process 
with two different critical nuclei or two different processes 
with similar activation energies are responsible for the limita-
tion at voltages under test. In Ag 2 S atomic switches, two dif-
ferent slopes in the  t  sw – V  diagram at different voltage regimes 
are observed, too. [ 67 ]  However, the different voltage regimes 
are linked with different activation energies (Δ W  a  = 0.58 eV at 
lower voltages and Δ W  a  = 1.32 eV at higher voltages) which is a 
clear indication that two physical processes occur. 

 From temperature-dependent measurements of RbAg 4 I 5  
atomic switches an activation energy of Δ W  a  = 1 ±0.1 eV has 
been determined, [ 66 ]  which is much higher than the diffusion 
barrier of Ag ions within RbAg 4 I 5  Δ W  a  = 0.16 eV. [ 133 ]  Therefore, 
ion transport can be excluded to be rate-limiting. Thus, the 
second slope in the  t  sw – V  diagram is related with a nucleation 
or an electron-transfer process. 

 The Ag/AgI/Pt cell exhibits three different slopes, which 
indicates that at least three different processes are limiting 
the switching speed. At low voltages below 0.3 V a slope of 
18 mV/dec appears. Thus, a nucleation limited process with  
N  C  = 3 and α = 0.3 is anticipated. For higher voltages the slope 
degrades to 150 mV/dec and further to 800 mV/dec. Hence, 
electron-transfer and ion hopping processes could be respon-
sible for determining the switching kinetics. 

 The switching kinetics data of the different Ag/GeS x /W ECM 
cells (secondary solid electrolytes) shown in Figure  6  converge 
to a single slope of ≈45 mV/dec for voltages lower than 0.5 V 
corresponding to a nucleation limitation with  N  C  = 1 and  α  = 
0.32. For higher voltages two additional slopes emerge, which 
could be possibly attributed to a combination of electron – 
transfer and/or ion hopping limitation as in the case of the 
Ag/AgI/Pt cell. The different data of the Ag/GeS x /W ECM 
cells originate from diverse sources and mainly differ in the 
thickness of the electrolyte. The spreading of the data at higher 
voltages may be attributed to the length of the growing fi la-
ment and suggest that electron-transfer and/or ion migration 
play the decisive role for limiting the switching speed. In addi-
tion, the concentration of Ag ions dissolved into the GeS x  thin 
fi lm might depend on its thickness. Jameson et al. also meas-
ured the temperature dependence of the Ag/GeS x /W switching 
kinetics and could extract an activation energy of 0.48 eV for 
voltages higher than 1 V. [ 43 ]  Similar values were reported by 
Russo et al. [ 128 ]  (0.5 eV) and Palma et al. (0.4 eV). [ 42 ]  The coinci-
dence of all the curves in the low voltage regime, i. e. no thick-
ness dependence, is characteristic for the nucleation limitation. 

 The Cu/TaO x /Pt device, a representative of the untypical 
solid electrolyte, exhibits only a single slope of ≈240 mV/dec 
(cf. Figure  6 ) if data only of a very small voltage range are dis-
cussed. The analysis presented in Section 3.6 is successful for 
the following parameters: ion hopping distance  a  ≈ 4.2 nm, 
critical nucleus  N  C  = 0 and charge transfer coeffi cient  α  = 0.24 
(for  z  = +2) or 0.12 (for  z  = +1). In this scenario every reduced 
copper atom can serve as nucleus for fi lamentary growth. Since 
a hopping distance of several nm makes no physical sense, 
switching limited by electron-transfer reactions and/or nuclea-
tion processes might be responsible for the observed kinetic 
data. 

 The Cu/a-Si/Si switching kinetics data in Figure  6  show 
a very remarkable feature. At voltages below 7 V two dif-
ferent slopes of about ≈570 mV/dec and ≈800 mV/dec can be 
extracted for  T  = 300 K and  T  = 100 K, respectively. In contrast, 
these slopes converge to a single one at higher voltages. As 
the devices are 2.5 µm in diameter [ 129 ]  the second slope could 
also be caused by the RC–time of the device under test and 
is not necessarily a footprint of a second process limiting the 
switching process. The two extracted slopes are quite shallow, 
thus it is very likely that the fi lamentary growth is limiting the 
switching speed rather than the formation of a nucleus. The 
temperature increase from 100 K to 300 K show an acceleration 
of the switching speed, however, the slope of the 300 K-curve 
is not simply one third of that of 100 K as it is expected from 
Arrhenius-type behavior of the underlying physical processes 
discussed in Section 3.6. 

 To evaluate the contribution of each individual process to 
the switching kinetics data of the Ag/AgI/Pt cell Menzel et al. 
developed a one-dimensional simulation model for the simu-
lation of ECM cells that include nucleation, electron-transfer 
reactions, ion hopping transport and fi lamentary growth, [ 46,53 ]  
which has been subsequently extended to include the switching 
variability. [ 134 ]  In this model a cylindrical fi lament is considered 
that grows/dissolves during resistive switching (cf.  Figure    7  a). 

  The resistance change is attributed to the modulation 
of a tunneling gap  x  between the fi lament tip and the active 
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electrode. The growth/dissolution of the fi lament and thus the 
change of the tunneling gap is modeled using Faraday’s law (cf. 
Equation  ( 13)  )

     

d

d
Me

m,me
ion

x

t

M

ze
J

ρ
= −

  

(17)

 

 and is driven by the ionic current density  J  ion.  In Equation  ( 17) 
   M  Me  denotes the atomic mass of the deposited metal, and  ρ  m,me  
its mass density. The ionic current can be calculated using the 
equivalent circuit diagram in Figure  7 a. Here, the voltage con-
trolled current sources Δ ϕ  fi l , and Δ ϕ  ac , represent the charge 
transfer overpotentials at the fi lament/insulator and active elec-
trode/insulator interface, respectively. The corresponding ionic 
current is calculated according to the Butler-Volmer equation. 

Δ ϕ  hop  represents the overpotential resulting from the ion hop-
ping transport, which is modeled according to the Mott-Gurney 
law for ion hopping (9). The electronic current  I  Tu  in this model 
is calculated using Simmons equation for electron tunneling 
at intermediate voltages [ 46,53 ]  and it depends on the tunneling 
gap  x . The remaining elements of the equivalent circuit dia-
gram are the fi lament resistance  R  fi l , which depends on  x , the 
resistances of the active electrode  R  el,ac  and the inert electrode 
 R  el,in  as well as an optional serial resistor  R  S . To include the 
nucleation process, the nucleation time is calculated according 
to Equation  ( 12)   and then the fi lamentary growth is simulated 
by solving the differential Equation  ( 17)  . Using this simula-
tion model, Menzel et al. could reproduce the experimental 
switching kinetics data of Ag/AgI/Pt devices over 12 orders of 
magnitude at different ambient temperature. [ 46 ]  
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 Figure 7.    a) Schematic of the ECM switching model with an equivalent circuit diagram. A switching layer of thickness  L  is sandwiched between the 
active top electrode and the inert bottom electrode. A cylindrical fi lament grows within switching layer and modulates the tunneling gap  x  between 
the fi lament and the active electrode. In the switching layer both ionic and electronic current paths are present, respectively. b) Pulsed SET switching 
kinetics of a AgI-based ECM cell for different ambient temperatures  T  = 298 K (blue), 323 K (red), 348 K (black), and 373 K (light green). The simulated 
data are displayed using solid lines and the experimental data using squares. I, II, III mark the nucleation limited, the electron transfer limited and the 
mixed control regime, respectively. The corresponding transient overpotentials (blue) and tunneling gaps (red) are shown for an applied voltage of 
c) 0.15 V representing the nucleation limited regime, d) 0.4 V representing the electron transfer limited regime and e) 2V, which corresponds to the 
mixed control regime. In (c,d) the hopping overpotential is illustrated with blue dashed lines and the electron transfer overpotentials with blue solid 
lines. Reproduced with permission of the PCCP Owner Societies. [ 46 ]  Copyright 2013, Royal Society of Chemistry.
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 The corresponding simulation data is shown as solid lines 
in Figure  7 b, whereas the experimental data is depicted as 
squares. By analyzing the tunneling gap and voltage transients 
three different regimes could be identifi ed. For very low volt-
ages  V  app  < 0.2 V the switching time is given by the time to 
form a stable nucleus. For example at 0.15 V the nucleation 
time is  t  nuc  = 2.8 ms accounting for most of the switching 
time as illustrated in Figure  7 c. During the nucleation the elec-
tron transfer overpotentials Δ ϕ  fi l , Δ ϕ  ac  as well as the hopping 
overpotential Δ ϕ  hop  are zero. Accordingly, the fi lament does not 
grow and the tunneling gap remains constant. After nucleation 
the fi lament grows comparatively fast until the current compli-
ance is reached. In contrast, no nucleation regime is visible in 
regime II as illustrated in Figure  7 d for an applied voltage of 
0.4 V. The fi lament immediately starts to grow and the voltage 
is divided between the overpotentials Δ ϕ  fi l  and Δ ϕ  ac . As the hop-
ping overpotential is zero, the switching kinetics are limited 
by the electron transfer reaction. In regime III also a signifi -
cant hopping overpotential emerges in addition to the electron 
transfer overpotentials (cf. Figure  7 e). Thus, this regime is con-
trolled by both processes electron-transfer and ion hopping and 
it is consequently called mixed control regime. Based on the 
temperature-dependent data different activation energies have 
been extracted for the nucleation, electron-transfer and ion 
hopping processes, that is, 0.8, 0.6, and 0.32 eV, respectively. [ 46 ]  
The latter value has been confi rmed by Tappertzhofen et al. per-
forming independent measurements. [ 135 ]  

 The collected SET pulse switching data in Figure  6  show 
that a very high non-linearity of the switching kinetics is 
achieved in ECM devices. However, often only a small voltage 
regime is investigated and thus a full understanding of the cell 
switching kinetics is lacking in these cases. In addition, the 
question remains whether long retention and fast switching 
can be achieved in these systems. Recently, Calderoni et al. 
demonstrated on a test array that their ECM device can switch 
between HRS and LRS up to 10 6  times using 300 ns pulses. [ 136 ]  
In addition, a very promising bit error rate results after a 1hr 
bake at 150°C. An extrapolation of this experiment with an acti-
vation energy of 1.5 eV yields a retention of 10y. In addition, 
Belmonte et al. demonstrated up to 10 6  switching cycles using 
10 ns pulses in integrated 90 nm W/Al 2 O 3 /TiW/Cu 1T1R ECM 
cells. [ 126 ]  The same cells showed a high read-disturb immu-
nity at a constant voltage stress of ±0.5 V for the HRS/LRS at 
room temperature and 125°C. The extrapolation of the pulse-
programming data of these cells for SET and RESET predict 
that the LRS and HRS are stable over 10 years at ±0.5 V. In 
this stack the TiW layer was included to prevent an easy injec-
tion of Cu, effectively increasing the injection barrier, into the 
Al 2 O 3  oxides and a device failure. This “barrier design” has 
been also achieved by inserting a thin Ti layer into a W/Al 2 O 3 /
Ti/CuTe/Pt stack. [ 137 ]  Guy et al. showed that non-linearity of the 
switching kinetics of Al 2 O 3 -based ECM cells can be improved 
by reducing the switching layer thickness. [ 138 ]  Moreover, they 
could optimize the RESET effi ciency of a MO x -based ECM cell 
can be improved by inserting a thin HfO 2  layer at the inert 
electrode. 

 The latter examples demonstrate that the voltage–time 
dilemma can be solved in electrochemical metallization memo-
ries by cell design.  

  4.2.     Valence Change Memories 

 The SET and RESET switching kinetics for VCM devices has 
been investigated for different device stacks. As in the case of 
ECM devices we will focus our discussion on the SET kinetics 
that is obtained by pulse measurement. In this case the SET 
time can be clearly identifi ed by an abrupt increase of the cur-
rent in the current transient. In contrast the RESET operation 
in VCM cells is rather gradual. Thus, the RESET time also 
depends on its defi nition in the individual studies, which pre-
vents to make a fair comparison. The published switching 
kinetics data of TiN/HfO x /TiN, [ 76,139 ]  TiN/HfO x /AlO x /Pt, [ 140 ]  
Ti/HfO x /Pt, [ 141 ]  Pt/TiO x /Pt, [ 142 ]  Pt/TaO x /Ta, [ 125 ]  and Pt/SrTiO 3 /
Ti [ 143 ]  devices using pulse experiments are illustrated in 
 Figure    8  . In contrast to the ECM switching kinetics data, the 
observed slopes in the switching time – voltage diagram are 
all very similar in a range of 40–240 mV/dec. In addition, the 
device stack exhibits only a single slope except for the TiN/
HfO x /TiN cells of Ielmini et al. (red open squares), the HfO x  
data published by Cao et al. (red fi lled circles), and SrTiO 3  data 
of Fleck (black open squares). However, most of the studies 
only cover less than fi ve orders of magnitude in switching time 
and another slope might appear if more orders of magnitude 
are investigated. The extracted slopes seem to correlate with the 
specifi c oxide material irrespective of the used metal electrodes, 
that is, ≈170 mV/dec for HfO x -based VCM cells, ≈240 mV/dec 
for TaO x -based VCM cells, 50 mV/dec for TiO x -based VCM 
cells, and 150 mV/dec for SrTiO 3  (STO)-based VCM cells. 
According to the switching mechanism discussed in Section 
2.3 the migration of double–positively charged oxygen vacan-
cies is expected to limit the switching speed. In order to explain 
the slopes by electric fi eld acceleration of the ion transport, the 
voltage would have to drop over a distance of  w  = 1.2· a  for TiO x , 
 w  = 2.4· a  for STO,  w  = 3.0· a  for HfO x  ,  and  w  = 4.2· a  for TaO x  
devices, respectively. Considering a rather wide hopping dis-
tance a ≈ 0.5 nm,  w  needs to extend over no more than 0.6 nm 
– 2.1 nm in order to explain the slope by pure fi eld acceleration. 
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 Figure 8.    Switching kinetics data for VCM cells of hafnium oxide 
(red), [ 76,139–141,160 ]  titanium oxide (green), [ 142 ]  tantalum oxide (blue), [ 161 ]  
and strontium titanate (black). [ 143 ]  A specifi c slope Δ V /dec( t ) of each 
oxide material can be identifi ed in a narrow range. Shifts along the voltage 
axis for same species are related to an increase of the oxide thickness. For 
HfO x  and SrTiO x -based cells regimes with different slopes are observed.
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The transient currents prior to the abrupt SET operation are 
typically higher than µA and hence enough power is dissipated 
locally to heat up the device. Thus, it seems to be more likely 
that the ion migration is accelerated by a combination of elec-
tric fi eld and local temperature increase due to Joule heating. 
In fact, it has been fi rst demonstrated by Menzel et al. for a 
STO–based VCM cell using electro–thermal modeling in com-
parison with experimental data that temperature-acceleration of 
the ion hopping is the dominating factor in explaining the non-
linear switching kinetics. [ 144 ]  A further indication of the role of 
temperature appears in the switching kinetics data of Cao (red 
full circles) as well as in those of Fleck (black open squares). 
For low voltages the slope is very fl at, but at higher voltages a 
sudden acceleration of switching speed sets in. As discussed in 
Section 3.6 this behavior cannot be explained by a second pro-
cess limiting the switching speed. In that case the slope should 
become fl atter for increasing voltages. This observed behavior, 
however, can be explained by the onset of Joule heating at a 
certain voltage. Typically, the  I – V  characteristic of the HRS is 
very non-linear, thus Joule heating can set in abruptly if enough 
power is dissipated within the device (cf. Menzel et al.) [ 144 ]  

  According to Equation  ( 16)   the local temperature increase 
due to Joule heating depends on the dissipated power in the 
device. Thus, a clear dependence of the switching time on the 
dissipated power should be expected if temperature–accel-
eration dominates. By analyzing the current transients Nishi 
and co-workers extracted the overall power dissipation in 
two 5 nm thick TaO x  based cells A and B (cf.  Figure    9  a). [ 125 ]  
In the switching time–voltage plot the data of the two cells is 
just shifted about 0.3 V. In contrast both data sets coincide if 
the switching time is plotted against the power as shown in 
Figure  9 b. Thus, the Joule heating effect of the HRS leakage 
current is dominant in the SET mechanism. Furthermore, the 
power–dependence could also be demonstrated for measure-
ments at room temperature and at 85 °C. [ 125 ]  In this case, the 
acceleration of the switching speed at an elevated temperature 
is attributed to the increase of the HRS current. 

  Further evidence for the importance of Joule heating is 
given by Ielmini and co-workers. They developed a VCM 
switching model based on radial fi lamen-
tary growth driven by an Arrhenius-type 
law and calculated the temperature increase 
during switching according to Equation 
 ( 16)  . With this model the switching kinetics 
data of the TiN/HfO x /TiN devices shown 
in Figure  8  could be reproduced over many 
orders of magnitude. [ 139 ]  Using a kinetic 
Monte Carlo model Degraeve et al. could 
also reproduce the switching dynamics over 
several order of magnitudes. [ 145 ]  The driving 
force of this non-linearity stems from the 
temperature accelerated hopping probability 
of defects between different reservoirs rep-
resenting the conductive fi lament. The 
conductivity of the fi lament was described 
by a quantum point contact conduction 
model similar to the one proposed by Lian 
et al. [ 146 ]  Recently, Fleck et al. developed 
an analytical model for the calculation of 

the SET switching time that can also explain the interrelation 
between pulse and sweep experiments for the STO-based VCM 
cell shown as black squares in Figure  8 . [ 143 ]  In this model the 
switching is estimated by the time an ion requires to migrate a 
certain distance  l  disc  following the approach of Menzel et al. [ 144 ]  
With the ion velocity according to the Mott–Gurney law of ion 
hopping the SET time is calculated by

    
exp sinhSET

disc hop

B disc B disc

disc

disc

t
l

af

W

k T

ea

k T

V

l
=

Δ⎛
⎝⎜

⎞
⎠⎟

⋅⎛
⎝⎜

⎞
⎠⎟

  
(18)

 

   The voltage  V  disc  resembles that part of the applied voltage 
dropping over a so-called disc region, in which the switching 
is assumed to take place (cf.  Figure    10  a). To calculate  V  disc  it 
is assumed that the current transport through the fi lament can 
be described by a non-linear (diode-like) disc resistance and an 
Ohmic resistance in series. The temperature in the disc region 
is then calculated according to Equation  ( 16)  . The calculated 
SET times match the switching kinetics data obtained from 
pulse experiments on a Pt/STO/Ti VCM cell as illustrated in 
Figure  10 b. To extend this model to sweep experiments, the 
voltage sweep was divided into discrete intervals with constant 
stepwise increasing voltage. For each voltage level the travelled 
distance is calculated according to Equation  ( 18)   and summed 
up until the sum equals  l  disc . In this way the experimental SET 
sweep kinetics could be reproduced over several orders of mag-
nitude as shown in Figure  10 c. 

  As the resistive switching is explained in terms of the migra-
tion of oxygen vacancies, the retention of the programmed 
device states are governed by their redistribution due to dif-
fusion processes. Noman et al. demonstrated by means of 
drift–diffusion simulations that the activation energy of ion 
diffusion should exceed 1.02 eV in order to achieve a 10 year 
retention. [ 115 ]  

 The switching kinetics data illustrated in Figure  8  often 
covers only a small voltage range and hence a limited switching 
time regime. However, for understanding the processes 
involved in resistive switching the whole voltage regime should 
be investigated. For example an additional slope might appear 
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 Figure 9.    a) SET switching time vs applied voltage for different TaO x -based VCM cells A (blue) 
and B (red). b) SET switching time plotted against the corresponding SET power extracted from 
the SET transients for both cells. While there is parallel shift in the  t   SET - V  data, the  t  SET - P  data 
coincide. Data are adopted from Nishi et al. [ 125 ] 
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at lower voltages being a fi ngerprint for another limiting phys-
ical process. With respect to the solution of the voltage–time 
dilemma it has been demonstrated that the resistive switching 
can be as fast as several 100 ps in a TaO x  based VCM cell. [ 7 ]  
Furthermore, Ninomiya et al. demonstrated stable SET and 
RESET switching using 10 ns pulses for 10 5  cycles in a 1-Kb 
1T1R Ir/TaO x /Ta 2 O 5 /TaN array. [ 147 ]  In addition, the HRS and 
LRS state showed stable retention behavior over 100 h at 175°C. 
To achieve this device stability the authors tuned the composi-
tion of the TaO x  layer and such a way that a smaller fi lament is 
formed in the Ta 2 O 5  layer. [ 148 ]  Fantini et al. could demonstrate 
that alloying HfO 2  with moderate amounts of Al 2 O 3  improves 
the LRS retention by lowering the oxygen vacancy diffusivity 
and activation energy. [ 149 ]  This is in agreement with the theo-
retical discussion in Section 3.  

  4.3.     Phase-Change Memories 

 The switching speed in phase-change memories is mainly lim-
ited by the SET process and the involved crystallization kinetics. 
Studies on amorphous thin fi lms can provide valuable insights 
into crystal nucleation and growth in phase change materials. 
However, it is important to keep in mind that the situation 
in the SET process in nano-structured vertical phase-change 
devices can be different. In these vertical cells the amorphous 
plug is typically surrounded by crystalline phase-change mate-
rial. Therefore, a crystalline-amorphous interface is always pre-
sent in the HRS of nano-structured devices. A study by Bruns 
et al. indicated that crystallization speed in various phase-
change materials, such as GeTe, Ge 2 Sb 2 Te 5 , doped Sb 2 Te and 
Ge 3 Sn 1 Te 4 , is strongly dependent on the size of the amorphous 
region, which is represented by the device resistance (see 
 Figure    11  ). [ 9,35,150 ]  

  With increasing device resistance (and plug size) the min-
imal pulse duration for full crystallization increases. This can be 
understood as experimental evidence for a growth-dominated 
crystallization process. Waiting for a spontaneous formation of 
supercritical nuclei is not necessary, which accelerates the total 
process of crystallization. Measurements on amorphous AgIn-
doped Sb 2 Te that had been melt-quenched with a laser, revealed 
a purely growth-dominated crystallization process starting at 
the rim of the amorphous spots at the interface to the crystal-

line surrounding all the way to the center (over spot radii of sev-
eral 100 nm). [ 37 ]  The investigated samples showed an activation 
energy for crystallization of 2.7 eV within a temperature range 
between 418 K and 553 K. While at low temperatures (≈420 K) 
the growth velocity was found to be in the range of 100 nm/s, 
it is strongly enhanced to more than 3 m/s at the upper tem-
perature limit of the experimental range. In a recent work of 
Sebastian et al. the crystal growth velocity in doped Ge 2 Sb 2 Te 5  
was measured over a temperature regime starting at 160 °C up 
to 270 °C in mushroom type memory cells. [ 151 ]  An Arrhenius 
behavior spanning over eight orders of magnitude was found 
for the growth velocity. For doped Ge 2 Sb 2 Te 5  an activation 
energy for crystallization of 3.01 eV was determined. Both of 
the studies on thin fi lms and nano-structured devices proved 
the pronounced non-linearity in crystallization kinetics. This 
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 Figure 11.    Crystallization speed of a vertical GeTe-mushroom cell pro-
grammed in four different initial high resistance states (columns). The 
color code shows how much the device resistance changed upon an 
excitation with a particular voltage pulse. In the bottom row, this resist-
ance change is plotted dependent on the voltage and the duration of 
the applied set pulse. The top row additionally illustrates the depend-
ence of this resistance change on the maximum current passing through 
the device during the pulsed electrical excitation. Each voltage pulse had 
sharp edges of 2 ns. While a reduction in cell resistance is visible for 
currents below 0.9 mA, reamorphization takes place at higher currents 
(larger than 1.1 mA). Crystallization can only occur when a minimal 
voltage (the threshold voltage) is exceeded (transition from red to blue 
data points). The comparison of experiments with four different initial 
RESET states reveals an increasing threshold voltage with device resist-
ance (which is representative for the size of the amorphous region), indi-
cating the fi eld-driven nature of threshold switching. Reproduced with 
permission. [ 9 ]  Copyright 2009, AIP.

 Figure 10.    a) Schematic cross section and equivalent circuit of a STO-based VCM cell. b) Corresponding SET switching time as function of the applied 
voltage in experiment (blue) and obtained from model calculations (red). c) Switching voltage of the STO-based VCM cell measured as a function of 
the sweep-rate (blue) in comparison to the analytical model (red). Reproduced with permission. [ 143 ]  Copyright 2014, IEEE.
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characteristic fi ngerprint of phase-change materials is essential 
in overcoming the voltage-time dilemma of resistive memories. 

 Besides the strong non-linearity in crystallization kinetics, 
the stability of the HRS (amorphous state) also benefi ts from 
the non-linear  I–V  characteristics of the amorphous material. 
Before any crystallization via Joule heating can take place, 
the reversible transition from the amorphous “OFF-” to the 
“ON-state”, the threshold switching, has to occur. Therefore, 
switching speed and retention of phase change memories are 
also determined by the threshold-switching phenomenon. 
Performing experiments on as-deposited amorphous lateral 
phase-change cells it has been shown that threshold switching 
happens, when a critical electrical fi eld is exceeded. [ 152 ]  The 
absolute value of this critical fi eld is sensitive to the chosen 
pulse parameters and to the phase-change material under 
test. 

 While delay times for threshold switching ( Figure    12  a) have 
been studied for almost 50 years now, [ 112,153–158 ]  new insights 
were reported very recently. [ 159 ]  In this work, experimental evi-
dence for an accumulative effect towards threshold switching 
was shown. Before the abrupt breakdown in resistivity, a con-
tinuous and linear increase in current (“pre-switching-slope”, 
preSS) can be observed in case of suffi ciently high electrical 
fi elds. For low fi eld strength no increase in current and also no 
switching event occurs. At a critical electrical fi eld the preSS 
deviates from zero and foretells the occurrence of the threshold 
switching effect (Figure  12 b). Thereby, a minimal electrical 
fi eld for threshold switching can be experimentally determined 
for phase-change memories. The existence of such a minimal 
fi eld ensures a high stability of the cell state during read-out 
and strengthens the data retention in amorphous phase-change 
materials. 

  While the threshold switching delay time was exten-
sively studied as a function of applied voltage and cell resist-
ance, the infl uence of ambient temperature is rarely charac-
terized. [ 104,112,157 ]  In the few existing works a general trend 
of switching at lower voltages was found for increasing 
temperatures. 

 Revisiting the mechanisms described above, the voltage-time 
dilemma in phase-change materials is cooperatively solved by 
the non-linear current–voltage characteristics including the 
effect of threshold switching as well as by the unique crystal-
lization kinetics. At voltages well above the minimal electrical 
fi eld for switching, the threshold switching event can be trig-
gered within nanoseconds (or even less) [ 36 ]  and the extremely 
large crystal growth velocities (>1 m/s) enable an ultra-fast SET 
process for this class of material. At low voltages, below the 
minimal threshold fi eld, good data retention is guaranteed over 
long time scales due to the high activation energies that need to 
be overcome for crystallization.   

  5.     Conclusions 

 In summary, we presented voltage-dependent resistive 
switching time data for PCM, VCM, and ECM cells and we dis-
cussed the underlying physical and (electro-)chemical mecha-
nisms, such as crystallization including nucleation and growth 
of a new phase, threshold switching, ion migration, interface-

related electron-transfer reactions, and electro-crystallization. 
It was shown that different effects are limiting the switching 
speed depending on the voltage strength resulting in a strong 
 V – t  non-linearity. 

 The processes in ECM cells could be identifi ed using an 
analytical switching model describing cylindrical fi lament 
growth in the switching layer and modulation of the tunneling 
gap between the fi lament and the active electrode. Electro-
crystallization dominates the low voltage switching behavior, 
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 Figure 12.    a) Threshold switching delay time as a function of applied 
voltage for cells with varying initial amorphous plug size (i.e., initial 
resistance). In order to investigate the delay time for different amor-
phous plug sizes, the amplitude of the preceding reset pulse was 
varied, resulting in cell resistances between 300 and 800 kΩ. In agree-
ment with an electric-fi eld-induced switching-mechanism a decrease 
in initial cell resistance, and thus a decrease in amorphous thickness 
between effective electrodes, results in a lowering of the voltages, 
at which threshold switching takes place after a specifi c delay time. 
Although, delay times were measured over fi ve orders of magnitude 
in time the existence of a minimal threshold fi eld cannot be proven 
based on such an analysis alone. b) Pre-switching-slope as a func-
tion of applied voltage measured for various initial cell resistances 
between 300 and 800 kΩ. Filled squares indicate the existence of a 
threshold-switching event during the applied pulse, whereas unfi lled 
symbols represent experiments, in which no switching event occurred. 
The device resistance shows a pronounced infl uence on the voltage 
dependent pre-switching-slope. For smaller initial resistances the 
curves are shifted towards lower voltages. Because a smaller initial 
resistance is indicative of a smaller size of the initial amorphous 
plug, this shift of curves is in line with the increase in current prior 
to threshold-switching being an effect induced by the electric fi eld. 
Reproduced with permission. [ 159 ]  Copyright 2014, IOP.
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whereas with increasing voltage electron-transfer reactions and 
later ion migration limit the switching kinetics. 

 In VCM devices, in which resistive switching is explained in 
terms of the migration of oxygen vacancies, an electrothermal 
model enabled the successful simulation of experimental data. 
At low voltages the migration is fi eld-accelerated, at high volt-
ages the process is determined by the considerable temperature 
increase in the switching regions due to Joule heating, leading 
to a pronounced non-linearity of the switching kinetics. 

 In PCM materials, the switching from the amorphous to the 
crystalline state occurs only above a threshold voltage. Revers-
ible threshold switching generates Joule heating which initiates 
irreversible crystallization with extremely large crystal growth 
velocities resulting in ultra-fast resistive switching. In case of 
low voltages the resistive state remains unaffected. 

 In conclusion, we can state that the described PCM, VCM, 
and ECM devices show a suffi ciently strong non-linearity with 
respect to their switching kinetics and have thus the potential 
to overcome the voltage-time dilemma.  
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