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Ágnes GUBICZA

Supervisor: Prof. György Mihály
Department of Physics
Budapest University of Technology
and Economics

BUTE
2016

Contents
List of symbols and abbreviations

1

1 Introduction

3

2 Overview of the research field

5

2.1

Terminology of resistive switches

. . . . . . . . . . . . . . . . . . . .

5

2.2

Mechanisms of resistance change . . . . . . . . . . . . . . . . . . . . .

8

2.3

Conducting filament formation in ECM devices . . . . . . . . . . . . 10

2.4

2.5

2.3.1

Rate limiting processes in gaptype devices . . . . . . . . . . . 10

2.3.2

Filament formation in gapless type devices . . . . . . . . . . . 14

2.3.3

Relation between VCM and ECM . . . . . . . . . . . . . . . . 17

Characterization of Ag2 S nanojunctions . . . . . . . . . . . . . . . . . 18
2.4.1

Pioneering experiments . . . . . . . . . . . . . . . . . . . . . . 18

2.4.2

Structural modifications of Ag2 S . . . . . . . . . . . . . . . . . 21

2.4.3

The role of the junction size . . . . . . . . . . . . . . . . . . . 23

Applications of resistance change cells . . . . . . . . . . . . . . . . . . 26
2.5.1

Technology requirements . . . . . . . . . . . . . . . . . . . . . 26

2.5.2

Multifunctional architectures . . . . . . . . . . . . . . . . . . . 27

3 Experimental techniques

33

3.1

Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2

Mechanical design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.1

Room temperature STM setup . . . . . . . . . . . . . . . . . . 35

3.2.2

Variable temperature STM setup . . . . . . . . . . . . . . . . 37

3.2.3

Mechanically controllable break-junction setup . . . . . . . . . 38

3.3

Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4

Measurement control . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Experimental study of the switching dynamics

47

CONTENTS
4.1
4.2
4.3

4.4
4.5
4.6

The emergence of multiple timescales . . . . . . . . .
Current-voltage characteristics . . . . . . . . . . . . .
Switchings due to voltage pulses . . . . . . . . . . . .
4.3.1 Experimental results . . . . . . . . . . . . . .
4.3.2 Numerical simulation of the resistance change
Fast switchings . . . . . . . . . . . . . . . . . . . . .
Long term stability . . . . . . . . . . . . . . . . . . .
Conclusions . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

5 The role of the geometrical asymmetry
5.1 Ag/Ag2 S/Ag nanojunctions in an STM setup . . . . . . . . . . . .
5.1.1 Experimental results . . . . . . . . . . . . . . . . . . . . . .
5.1.2 Molecular dynamical simulation revealing the role of the local
geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 In-situ sulphurised silver break junctions . . . . . . . . . . . . . . .
5.3 Lithographically designed junctions . . . . . . . . . . . . . . . . . .
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6 The
6.1
6.2
6.3
6.4

role of the local heat dissipation
Electron transport and heat transfer in nanocontacts
Heat dissipation model in Ag2 S junctions . . . . . . .
Experimental results . . . . . . . . . . . . . . . . . .
Conclusions . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

47
49
52
52
54
56
58
60

63
. 63
. 63
.
.
.
.

65
67
69
71

.
.
.
.

73
73
75
78
82

Summary

83

Acknowledgments

85

List of publications

87

Appendix - Numerical simulations of filament formation

89

References

95

List of symbols and abbreviations
α
d
∆E
f
e
G
G0
Γox/red
i
kB
L
le
Li
λF
M
M (q)
µ
P
Ψ
RS
ROF F
RON
σ
1/τ
Tbath
TC
TJ
T̂

ROF F /RON resistance ratio
smallest cross section of a contact
energy change
frequency
elementary charge
conductance
conductance quantum
oxidation/reduction rate
current
Boltzmann constant
Lorentz number
elastic mean free path of the electrons
inelastic diffusive length
Fermi wavelength
number of open channels in a contact
memristance
mobility
power
magnetic flux
series resistance
OFF state resistance
ON state resistance
conductivity
attempt rate
ambient temperature
structural phase transition temperature
junction temperature
transmission probability
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LIST OF SYMBOLS AND ABBREVIATIONS
q
v
Vbias
Vdrive
Vset , Vreset
Vth , Vth+ , Vth−

charge
voltage
voltage drop on the sample
applied driving voltage
set, reset transition threshold voltage
threshold voltage (with the noted polarity)

BCE
BTK
BUTE
cc
CF
CMOS
ECM
EDS
FPGA
HRTEM
IMP
IV
LTM
MBE
MCBJ
Me
MeO
MIM
PCAR
PCM
QCAS
ReRAM
RRAM
STDP
STEM
STM
STM
TEM
VCM

basic circuit element
Blonder, Tinkham and Klapwijk
Budapest University of Technology and Economics
current compliance
conducting filament
complementary metal oxide semiconductor
electrochemical metalization
energy-dispersive X-ray spectroscopy
field programmable gate array
high-resolution transmission electron microscopy
material implication
current-voltage
long term memory
molecular beam epitaxy
mechanically controlled break-junction
metal
metal oxide
metal-insulator-metal
point contact Andreev relflexion spectroscopy
phase-change memory
quantized conductance atomic switch
redox-based resistance change memory
resistance change random access memory
spike-timing-dependent plasticity
scanning transmission electron microscope
scanning tunneling microscope
short term memory (only in Section 2.5.2)
transmission electron microscopy
valence change memory/mechanism

Chapter 1
Introduction
Currently widespread CMOS-based devices face their boundaries concerning miniaturization due to the material properties of the applied compounds and limitations
of fabrication techniques. The ongoing demand for improving computation speed
and expanding data storage capacities generates an intensive competition in the
innovation of novel architectures. New concepts are needed to satisfy the rapidly
increasing expectation to produce functional devices below the 10 nm length scale.
Reversible solid state electrochemical reactions have been proposed to form tunable
atomic scale junctions between metallic electrodes. The first results are extremely
promising for the short term realization of highly integrated information storage
applications [1].
The resistive state of a memory element, called memristor [2], is altered by
biasing the device above its writing threshold. Readout is performed at lower signal
levels which preserve the stored information. Oxidation, activated ionic transport
and reduction were identified as the leading mechanisms of nanofilament formation
and rupture in solid state electrolytes sandwiched between metallic electrodes. These
devices have been demonstrated not only to be suitable for logical and non-volatile
resistance switching random access memory (ReRAM) operations [3] but they are
promising candidates for neuromorphic computations and neural network modelings
[4].
The work presented in this thesis focuses on the resistance change phenomena
taking place in Ag2 S solid state electrolyte which is an insulating material on macroscopic scales but shows ionic and electronic conductivity on the nanoscale.
Chapter 2 introduces the commonly accepted terminology of resistive switches
and contains a general overview and classification of these devices along with the
discussion of the identified underlying physical mechanisms. This overview concen3
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trates on the electrochemical metalization effect, especially on results related to the
switching phenomena of Ag2 S nanojunctions. The basic technological requirements
towards new architectures and the possible applications of memristive devices are
also summarized.
The experimental techniques including the sample preparation methods, the mechanical designs, electronic circuit diagrams and main measurement control programs of the used setups are presented in Chapter 3.
Measurements exploring the dynamics of the resistance change in metallic
Ag/Ag2 S/PtIr nanojunctions are presented in Chapter 4. The microscopic conditions determining the bias voltage polarity of the resistive switchings are discussed
in Chapter 5. A theoretical model accounting for the voltage and ambient temperature dependence of the basic switching parameters by taking the local temperature
of the nanojunction into account is explained in Chapter 6. The relevance of this
model is demonstrated by experiments performed in the wide temperature range of
4.2 to 300 K. Finally, the major results are summarized in four thesis points.

Chapter 2
Overview of the research field
Resistive switches can be described within the framework of a common phenomenological model as explained in Section 2.1. However many physical and chemical
processes taking place in a wide range of materials may lead to resistance change
[3]. Three basic phenomena, the electrochemical metalization (ECM), the valencechange memory (VCM) effect and the phase change memory (PCM) effect are discussed in this chapter after a short introduction to the terminology of these devices.
The conductive filament formation based on electrochemical metalization is considered to be the dominant process in silver-sulfide based junctions, thus it is presented
in more details in the following subsections. Finally some potential applications illustrate the significance of resistance change devices.

2.1

Terminology of resistive switches

The theoretical concept of a memristor (memory resistor) was first introduced by
Leon Chua in 1971 based on pure symmetry arguments existing among four physical
variables, the charge (q), current (i), the voltage (v) and the magnetic flux (Ψ)
[2] as illustrated in Figure 2.1. The current/voltage is the time integral of the
charge/flux by definition as noted with purple/blue equations. Further relations
define the commonly used three basic circuit elements (BCE), the resistor, capacitor
and inductor (gray equations). The memristance M (q) was introduced to account
for the missing connection between the charge and the flux:
M (q) =

dΨ(q)
.
dq

(2.1)

Equation 2.1 is valid in case of a charge-controlled device, the flux-controlled
5
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Figure 2.1: Relations among the four physical variables, namely the current (i),
voltage (v), charge (q) and magnetic flux (Ψ). Purple and blue equations represent
definitions, gray and red equations describe basic circuit elements.
equivalent can be defined similarly. The dimension of M(q) is the one of the resistance and its value depends on the charge flown through the element.
Later Chua and Kang extended the above definition for memristive systems
independently of the magnetic flux in the following form [5]:
i(t) = G(w, v)v(t)

(2.2)

ẇ = f (w, v)

(2.3)

where the resistance value of a memristor is neither constant nor defined by the
instantaneous input v, but is also determined by a set of internal state variables w.
These state variables are governed by Equation 2.3. According to Equation 2.2 and
2.3 memristive systems are not equivalent to nonlinear resistors. Note that many
groups simultaneously use the terms memristor and memristive system to describe
resistance change effects [1, 6].
Devices utilizing memristive phenomena are also called as resistance change
memories (RRAM) [7] regardless of the nature of the underlying physical processes.
If the resistance change occurs due to redox-based reactions, the abbreviation is
ReRAM (redox-based resistance change memory) [3]. The term resistive switching
device [8] is also accepted. Usually the extended definition (Equation 2.2 and 2.3) is
used to describe the above concepts, where the state variable(s), current-voltage (IV)
characteristics and dynamic equations are employed to the actual physical processes
[9].
Resistance change cells are most frequently built in a metal-insulator-metal
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Figure 2.2: Schematic illustrations of typical current-voltage characteristics. a)
Bipolar, b) unipolar switchings.

(MIM) structure, where a layer of macroscopically insulating or semiconducting
material is sandwiched between two, possibly different metallic electrodes. The central material shows some ionic or electronic conduction on the nanometer scale. The
resistance of the cells can be tuned by electrical signals as it is sketched in Figure 2.2.
Figure 2.2.a shows a bipolar current-voltage curve, where the initial state is a high
resistance state called OFF state. The low resistance state is considered as the ON
state, the two together can represent the {0, 1} binary system. The switching from
OFF to ON state is called the set process, while reset is the opposite. Each has
a characteristic voltage where the switching occurs, they are called threshold voltages. Vth+ and Vth− are usually not equal in magnitude. Such switching characteristic
is bipolar, because the set and reset transitions occur at opposite polarities of either
sign. Figure 2.2.b exemplifies a unipolar IV characteristics. The initial state is a
high-resistance OFF state where the slope is essentially horizontal. The set process
occurs as the bias reaches the Vset voltage. A current-compliance is applied to limit
the maximal current of the device. Increasing the bias starting from zero voltage
again, a better conducting ON state is measured. If the current compliance is eliminated, the high current destroys the well conducting state at the reset voltage Vreset .
The actual values of Vset and Vreset highly depend on material and geometrical parameters. Sometimes Vreset is higher than Vset . Generally reconfigurations due to
thermal effects have unipolar characteristics as the heat dissipation does not depend
on the polarity.
The detection of the actual state of the device always takes place at low bias
levels to avoid any kind of modification.
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Mechanisms of resistance change

Memristive systems have gained an increased attention since 2008, when three
groups simultaneously published experimental results claiming the realization of the
theoretically predicted basic circuit element [10, 11, 12]. A wide range of physical
phenomena are attributed to non-volatile resistive switching effects including thermal [13], chemical [14], electronic/electrostatic [15], magnetic [16], ferroelectric [17]
and nanomechanical [18] effects. In case of the Ag/Ag2 S junctions studied during
my PhD project, electrochemical metalization (ECM) is considered to be the leading process responsible for the switching. The conceptually similar valence change
mechanism (VCM) is often discussed in line with ECM. Several mechanisms can
simultaneously contribute to the resistance change. Joule-heating can also play an
important role both in thermally activated electrochemical processes and in inducing
structural phase changes. The latter provides the operation mechanism of phasechange memories (PCM). These three processes are summarized in this section.
In case of the electrochemical metalization effect, the cell consists of an
electrochemically inert and an active electrode separated by a layer of ionic conductor or insulating material. The inert electrode can be Pt [19], PtIr [20], W [9] or
Nb [O1], the active electrode is usually Ag or Cu [21]. The insulating material may
contain cations of the active electrode like Ag2 S [22], AgI [23], RbAg4 I5 [24], Cu2 S
[25], but it is not inevitable (Ta2 O5 [26], ZrO2 [27] SiO2 [8]). Upon applying positive
bias on the active electrode, its surface atoms are ionized and migrate towards the
inert electrode along with the initially present cations of the dielectric. Arriving
at the inert electrode, these cations are reduced back to atoms forming a precipitation. The ongoing redox processes lead to the formation of a metallic filament
short-circuiting the electrodes. This filament can be thinned or totally broken by
applying reversed bias. The narrowest cross-section of the filament can be precisely
tuned by the biasing conditions down to atomic sizes [28, 29]. However, the stability
of these junctions is a key issue because spontaneous local structural modifications
can significantly change the resistance of atomic scale junctions [30]. Stable switching was observed in devices with a diameter of a few 10 nm [31, 32, 33]. Atomic
force microscopy measurements also indicated that the minimal diameter of a stable
conducting path is a couple of nanometers [34, 35]. Set and reset operations taking place within 5 ns and 1 ns, respectively, were achieved in a Cu/Cu-Te/GdO/W
stacked structure with a 40 nm junction area [36]. The shape of the filament and the
apparent movement of ions depend on several parameters. The details of filament
formation including the characteristic timescales are discussed in Section 2.3.

2.2. MECHANISMS OF RESISTANCE CHANGE
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In the valence-change mechanism, the electromigration of anions (usually
oxigen) is responsible for the resistance change [37]. The creation and modification
of oxygen vacancies affect the distribution of the carrier density and the valence
states of cations. These vacancies migrate over easy migration paths often forming
along dislocations, defects and crystallographic boundaries creating or disrupting
well conducting channels [3]. On the other hand, area-independent switchings were
also published [38]. During the first reset process after the initial filament formation, the conducting filament only partially oxidizes thus it is ruptured only at its
narrowest cross-section resulting in a few nanometer gap in the conducting path.
The consecutive switchings occur in this reduced volume [39]. Oxide-based devices
show bipolar behavior, however the same materials can show unipolar characteristics
under elevated bias levels where highly non-equilibrium processes, such as Jouleheating induced structural changes start to dominate the resistance change [40, 41].
The operation of VCM and ECM devices are very similar, the main similarities and
differences are discussed in Section 2.3.3.
Typical materials showing the VCM effect are transition metal oxides, for example TiO2 [42], HfO2 [38], NiO [43], Ta2 O5 [44], Nb2 O5 [45]. 100 ps switching times
were achieved in amorphous Ta2 O5 [44] with an active device area of 10 µm2 , while
small filaments of 2-10 nm showed resistance changes taking place on the 100 ms
timescale [35].
The operation of a phase change memory cell is based on the Joule heating induced crystallization from an amorphous high-resistance OFF state to a crystalline
low-resistance ON state. The amorphous state can be restored by applying high
voltages or currents. While the set transition is controlled by a current compliance
circuit in the fashion of Figure 2.2.b, the reset process is attributed to the amorphization taking place in the absence of current compliance. The active layer is
sandwiched between electrodes of the same material, the switching takes place in
the whole volume of the cell exhibiting a unipolar characteristics. Certain tellurides
and selenides show the PCM effect, for example in case of a 30 nm tall, 25 nm
diameter nitrogen doped Ge2 Sb2 Te5 nanorod, the set process can be initiated by a
3 ns long voltage pulse of 1 V amplitude resulting in a resistance change between
∼300 kΩ and ∼10 kΩ. The ON state can be reset by a 4.7 V, 300 ps wide voltage
pulse [46].
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Conducting filament formation in ECM devices

In ECM devices conducting filaments are formed between metallic electrodes separated by an insulating material. Two basic device geometries are distinguished,
the gap-type and the gapless type junctions, as it is illustrated in Figure 2.3. Figures 2.3.a and 2.3.c show gapless type devices, where both electrodes touch the
surface of the dielectric, while in case of the gap-type cells, there is a few nm wide
gap between the top electrode and the dielectric layer (Figures 2.3.b and 2.3.d). Both
arrangements can be realized either by electron-beam lithography (Figures 2.3.a and
2.3.b) or by utilizing the inert tip of a scanning tunneling microscope (STM) (Figures 2.3.c and 2.3.d). Filament formation processes are slightly different in case of
gaptype and gapless type structures as discussed in the following subsections.
a)

b)

c)

d)

Figure 2.3: Typical device structures of ECM cells. Gray/yellow rectangular boxes
represent the active electrodes/dielectric material, blue cones and boxes are inert
metallic electrodes. a) Gapless multilayer structure, b) gaptype multilayer structure,
c) gapless STM arrangement, d) gaptype STM geometry.

2.3.1

Rate limiting processes in gaptype devices

In case of gaptype cells, the metallic filament formation takes place in the vacuum
gap between the electrochemically inert electrode and the dielectric material. An
example is an STM geometry measurement, illustrated in Figure 2.4. The silver box
represents the active electrode, which is covered by the yellow dielectric. The first
step is the approach of the inert tip (blue) which is positively biased to avoid any
filament formation during this step (Figure 2.4.a). The width of the vacuum gap
is in the order of a few nanometers. Once the desired gap is set, the bias polarity
is reversed to start the filament formation (Figure 2.4.b). Figure 2.4.c illustrates
the state where ions in the dielectric or from the surface of the active electrode
start to migrate in the insulating medium due to the applied electric field. These
ions reduce back to atoms reaching the free surface of the dielectric and a metallic

2.3. CONDUCTING FILAMENT FORMATION IN ECM DEVICES
a)

+

-

b)

-

+

c)

-

+

d)
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-

+

Figure 2.4: Schematic illustration of filament formation in gaptype devices.
Gray/yellow boxes represent the electrochemically active electrodes/insulating material, blue cones and silver spheres represent the inert tip and atoms of the active
electrode, respectively. The polarity of the subsequently applied bias voltages are
indicated by +/- signs on the electrodes.
filament starts to grow towards the tip (Figures 2.4.c and 2.4.d). The switching time
ts is defined as the time measured from the setting of the negative voltage on the
tip until the conductance value reaches the G0 = 2e2 /h conductance quantum with
e and h being the elementary charge and Planck’s constant, respectively.
Figure 2.5. shows current and voltage measurements as a function of time in case
of a gaptype Ag/RbAg4 I5 /Pt cell [24] which is an experimental realization of the
above presented filament building process. A constant negative voltage of -100 mV
is applied from t2 , which corresponds to the step displayed in Figure 2.4.b. The
nucleation shown in Figure 2.4.c starts at t3 , consequently the tunneling current
increases. The conductance reaches G0 at t4 , hence the switching time ts = t4 − t2 .
Continued application of the biasing signal leads to further decrease in the resistance
until it saturates in the 5th region. The switching time is similarly defined for

Figure 2.5: Time dependence of the current (black) in a gaptype Ag/RbAg4 I5 /P t
cell at a constant -100 mV applied voltage (green). The inset shows the magnified
view of the current increase corresponding to the filament formation. [24]

12

OVERVIEW OF THE RESEARCH FIELD

Figure 2.6: Switching time as a function of the applied voltage in a gaptype AgI cell
at different temperatures. The squares dots/solid lines are experimental/simulated
data. [23]

gapless type devices as well. Most studies reported in the literature concentrate on
this initial phase of filament formation. The work presented in this thesis, on the
other hand, focuses on the thickening/thinning of fully developed metallic filaments
formed across the ionic conductor layer of gapless type structures (similarly to region
4 in Figure 2.5).
Theoretical simulations demonstrated that the rate limiting processes could be
the nucleation, the electron transfer or the ion hopping depending on the physical
parameters of a given system and on the applied voltage range [23]. The comparison
of t4 − t3 and t3 − t2 in Figure 2.5 indicates, the main limitation of the switching
time in the Ag/RbAg4 I5 /Pt system is the initial formation of the critical nucleus,
not the tunneling or the migration processes. On the other hand, in case of gaptype
Ag/Ag2 S/Pt devices the diffusion of Ag+ ions turned out to be an important factor
along with the rate of the electrochemical reactions [47].
The bias voltage and temperature dependence of the switching time in a gaptype
AgI cell is shown in Figure 2.6. This data demonstrates that the switching time depends exponentially on the applied voltage ∆V and on the inverse temperature 1/T .
However, the rate limitation of the subsequent phases of filament formation are usu-

2.3. CONDUCTING FILAMENT FORMATION IN ECM DEVICES
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Figure 2.7: ECM in a gaptype Ag/Ag2 S/P t STM device under different biasing
conditions. a) Cluster formation within the gap and the corresponding tunnelingtype IV characteristics upon low bias excitation. The inset illustrates the structure.
b) Filament formation across the Ag2 S layer due to the application of high forming
bias leading to linear IV trace. The inset illustrates the structure. [31]
ally dominated by different mechanisms leading to multiple regimes characterized by
different exponents. This is manifested in the presence of the three regimes marked
by I, II, and III in Figure 2.6. A very steep slope is visible at voltages below 0.2 V
(I) where the limiting factor is considered to be the nucleation process. An intermediate regime is identified between 0.7 V and 1.2 V (II) where the main limitation is
attributed to electron transfer reactions taking place at electrode surfaces. Further
increasing the applied voltage (III), the slope flattens and the switching time saturates in the ns regime. This part is believed to be a mixed electron transfer and
ion hopping limited region. Similar qualitative observations were reported in other
gaptype ECM systems [47].
Concerning the size of these metallic channels, no upper limitation is available in
the literature. However, there is a stability limit at the lower side, because too small
clusters can shrink back to the dielectric also in the absence of an external electric
field. This can be attributed to the thermodynamic instability of the metallic phase.
The smallest stable cluster was found to be around 5 nm in diameter [24].
Depending on the gap size and applied bias, the conducting filament can be
formed not only on the free surface but inside the dielectric as well. Figure 2.7
illustrates the investigation of a Ag/Ag2 S thin film structure by an inert STM tip
where two types of nucleation were observed [31]. The gap between the tip and the
sample was in the nm range and the growing silver cluster shortly reached the inert
tip upon applying positive bias on the sample. Keeping the bias under 70 mV limited
the cluster growth to the tip-dielectric boundary as seen by the semiconducting type
IV trace characteristic to tunnel junctions (Figure 2.7.a). At bias voltages above
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70 mV, filament formation inside the Ag2 S medium was identified via the detection
of linear, Ohmic current-voltage characteristics (Figure 2.7.b).

2.3.2

Filament formation in gapless type devices

The formation of nanoscale metallic inclusions in dielectrics depends on several
parameters leading to different shape, size and position. The sketch of an as-grown
device is shown in Figure 2.8. The active electrode is illustrated as a gray box
and labelled with a, the inert electrode is d, the dielectric between them is b which
can contain mobile metallic ions (possibly the same type as the active electrode)
which may form separate clusters of the elemental metal (c). Applying bias with
the noted polarity, these clusters get polarized and act as local electrodes with
effective cathodes (anodes) facing the anodic (cathodic) leads. The anodic surfaces
are oxidized at an oxidation rate Γox and cations migrate towards the cathodic
surfaces with a mobility µ along the electric field lines or easy transport channels
created by defects. Reaching the cathodes a reduction and adsorption takes place
at a rate Γred . Hence the relations among the oxidation and reduction rates as
well as the ionic mobility govern the time evolution of the shape and size of these
clusters. If the as-grown dielectric layer does not contain metallic clusters, they can
be also created by injection from the active electrode by an applied bias voltage. In a
kinetic model taking the above mentioned parameters into account four qualitatively
different scenarios for cluster and/or filament evolution are distinguished [48] as
illustrated in Figure 2.9.
Conventional ECM devices contain dielectrics exhibiting high µ and Γox/red . In
this parameter regime, the ions do not agglomerate inside the dielectric but migrate
towards the inert electrode where a cone-shaped filament builds up (Figure 2.9.a).
This type of filament formation is exemplified in Cu/Cu-GeTe/PtIr cells [49] as

d

-

b

c
+ -

+ -

a

+

Figure 2.8: Illustration of the presence of polarized metallic clusters in gapless
type ECM cells. Active electrode (a), dielectric (b), metallic nanoclusters (c), inert
electrode (d).
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Figure 2.9: Schematic drawing of cluster and/or filament formation types. a) High
ionic mobility (µ) and oxidation/reduction rates (Γox/red ), b) low µ and Γox/red , c)
low µ and high Γox/red , d) high µ and low Γox/red . Red (yellow): atoms (ions) of the
active electrode, blue: atoms of the inert electrode. [48]
shown by the STEM images displayed in Figure 2.10 along with the corresponding
IV measurements.
The other extreme case is illustrated in Figure 2.9.b, where both µ and Γox/red
are low. Due to the low mobility, the ions nucleate inside the dielectric where these
emerging clusters act as effective electrodes and ions migrate from cluster to cluster
resulting in a subsequent splitting and merging process. This way the apparent
growth direction points from the active to the inert electrode. Filament formation
in a Ag/a-Si/Pt device is an experimental realization of this case [8] as the Ag ions
have a low mobility in the densely packed amorphous Si. A corresponding TEM

Figure 2.10: Resistive switching in a gapless type Cu/Cu-GeTe/PtIr structure. a)
IV curve, b)-e) structural changes after the noted voltage applications as detected by
cross-sectional STEM. [49]
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Figure 2.11: a) TEM snapshot of conducting filament formation via merging Ag
clusters in a Ag/a-Si/Pt device. Scale bar 50 nm. b) The current-time dependence
due to an applied bias of 8 V. [8]

image is shown in Figure 2.11 together with the current time dependence upon
switching.
One intermediate scenario is low ion mobility and high redox rates (Figure 2.9.c)
which leads to a nucleation process taking place close to the anodic surface. These
agglomerates act as effective cathodes. Due to the vicinity of the active electrode, a
large number of its atoms are deposited onto these clusters resulting in their merging
with the anode. This process repeats itself thus a filament builds up towards the inert
electrode as it was observed by real-time TEM in Au/SiO2 /Ni/SiO2 /Au structures
(Figure 2.12.a) [48]. Upon applying electric fields as high as 3 MV/cm, Ni ions
started to diffuse and form clusters in the SiO2 matrix as it is highlighted by red
arrows in Figure 2.12.a.
In the fourth case (Figure 2.9.d), when µ is high and Γox/red are low, no nucleation
occurs in the dielectric. The ions are deposited on the surface of the inert electrode.
Low redox rates result in a limited ion supply. This way the ions aggregate to
edges with high field strengths and a branched filament grows from the inert toward
the active electrode. This behavior was observed in several situations, an example
is shown in Figure 2.12.b where Ag ions migrated across the insulating layer of
Ag/SiO2 /Pt structures. The sputtered SiO2 exhibited a high defect density resulting
in easy transport paths and high mobility for ions [8].
The construction of metallic filaments inside a dielectric film leads to increased
mechanical stress and plastic deformation of the host material. Voids can be formed
after the disruption of the filament and these voids or defects become easy transport
channels for the metallic ions. This results in a lowering of the resistance and set
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Figure 2.12: a) In-situ real-time TEM imaging of a Au/SiO2 /N i/SiO2 /Au cell
[48]. The red arrows show clusters originating from the Ni layer inserted into
the SiO2 . Scale bar: 10 nm. b) TEM image of branch-like filaments formed in
Ag/SiO2 /P t structure [8]. The white arrows show the bases of the filaments. The
scale bar is 200 nm. The inset shows the magnified view of the uppermost filament.
The scale bar is 20 nm.
voltages upon subsequent switchings [50]. This feature is also associated with the
learning ability of a memristive junction [51].
Similarly to the gapless type devices discussed in Section 2.3.1, anodic dissolution
of the active metal, ionic migration through the insulating material and reduction
of the active ions are equally likely to be rate-limiting factors in experiments [9].
One can affect the overall behavior of a device by tuning the red-ox rates and
ionic mobilities, thus it is possible to shift between operation modes as it is discussed
in Section 2.3.3. Changing material properties during operation can be beneficial
in certain applications, for example using a photo-conductive material sensitizes the
cell to light irradiation. A photo-conductive layer placed between the electrolyte and
the active electrode blocks the filament formation by preventing the migration of
ions in dark conditions while the operation is unperturbed during light illumination
[52].

2.3.3

Relation between VCM and ECM

In case of valence change memories, reduction/oxidation reactions at the electrode
interfaces and migration of the anions (oxygen ions or vacancies) is considered to
be the leading mechanism of the resistance change. The main difference between
VCM and ECM devices is the speed of these processes. In most cases both anions
and cations migrate due to the electric field, so that the formation of the well
conducting filament or region is attributed to the movement of the dominant ions.
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While in case of ECM a cation supply is needed in the form of an active electrode, an
oxygen ion buffer is important for VCM cells. Since the formation of a conducting
filament results in oxygen release, gas bubble formation can be detected. Since the
electrodes are not able to store the oxygen, this effect can severely damage devices
like Pt/metal-oxide(MeO)/Pt. Me/MeO/Pt structures are more promising, where
the MeO film has a double layer structure with a nearly stoichiometric metal-oxide
layer and an intermediate layer with reduced oxygen content situated between the
Me electrode and its oxide. The former acts as the switching layer while the latter
plays the role of the oxygen buffer.
A transition between VCM and ECM type operation can be realized by modifying
the redox rates or mobilities in devices utilizing the same insulator and electrode
compounds. For example the Ta/Ta2 O5 /Pt structure operates in valence change
mode, while the Ta/C/Ta2 O5 /Pt shows an electrochemical metalization effect [41].
The difference is attributed to the presence of the amorphous carbon layer between
the tantalum and its oxide. This layer prevents the oxygen ions from reaching the
Ta electrode and suppresses the O2− → 21 O2 + 2e− oxidation reaction thus blocks
the forming of oxygen gas.
Changing the material of one electrode can also shift the behavior from VCM
to ECM mechanism, for example by replacing Ta by Cu in Ta/Ta2 O5 /Pt cells Cu
filament formation across the Ta2 O5 matrix becomes favorable [53].

2.4

Characterization of Ag2S nanojunctions

This section is aimed to summarize the available results on silver-sulfite resistive
switching cells including the measurements performed at the BUTE Solid State
Physics Laboratory preceding the work presented in this thesis.

2.4.1

Pioneering experiments

Dendritic silver filament growth was already observed in a macroscopic As2 S3 sample
by optical microscopy [54]. The attention shifted towards the Ag/Ag2 S system at
the beginning of 2000’s. The first experiments were carried out in gaptype samples
using a sulfurised Ag tip and a Pt thin film sample in an STM arrangement [55]
as illustrated in Figure 2.13.a. The silver wire was exposed to sulfur vapor before
used as a tip to approach the Pt surface at 2 V bias voltage and 0.05 nA tunnel
current. The position of the tip was fixed, and the filament growth was controlled
by tuning the biasing parameters. Increasing the current set-point to 1.35 nA for
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Figure 2.13: a) Explanatory illustration of the electrochemical process leading
to filament formation in a Ag/Ag2 S/Pt gaptype device consisting of a Pt thin film
sample serving as the inert electrode and a sulfurized Ag wire providing the active Ag
electrode and the Ag2 S ionic conductor. b) SEM image of an Ag protrusion formed
on the Ag2 S tip. [55]

2000 s resulted in the growth of a filament where the silver cluster size was around
40 nm times 200 nm (Figure 2.13.b). This cluster shrank back after reversing the
bias polarity. Originally this procedure was claimed to be a nanostructuring method
instead of a possible memory application.
This device structure was redesigned and introduced as the so-called quantized
conductance atomic switch (QCAS) in 2005 proposing an alternative of CMOS
switches and logical circuits [56]. The new, lithographically defined geometry is
shown in Figure 2.14. The SEM image of a sample containing two devices is displayed in Figure 2.14.a, while the device architecture is sketched in Figure 2.14.b.
First an Ag wire is deposited (yellow) then partially sulfurised (blue) to create a
150 nm wide Ag2 S-coated Ag wire. Pt top electrodes (purple) are fabricated perpendicular to this wire after the deposition of an extra 1 nm thick Ag layer (Figure 2.14.b
top). Upon applying positive voltage to the Pt electrode for a few seconds, the Ag
thin layer is incorporated into the Ag2 S medium, leaving a gap between the dielectric and the inert electrode (Figure 2.14.b center). Hereafter the device is used as
a traditional gaptype cell. Reproducible resistive switchings were achieved between
100 kΩ and 2-10 kΩ OFF and ON state resistances by alternating voltage pulses
of ±600 mV, as displayed in Figure 2.14.c. The switching time is defined as the
time interval to change the resistance from 100 kΩ to 12.9 kΩ (corresponding to
1 G0 ) and is plotted as a function of the applied pulse amplitude in Figure 2.14.d.
The switching time exponentially decreases as the bias increases. The operation was
limited to ∼1 MHz due to the RC time of the circuit set by the capacitance of the
wires and the OFF state resistance of the device.
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Figure 2.14: a) SEM image of two lithographically defined gaptype Ag/Ag2 S/P t
junctions. The Ag2 S wire is 150 nm, the two Pt wires are 100 nm wide. b) Schematic
drawings of the QCAS. Initial ON state (top), OFF state (middle) and a consecutive
ON state (bottom). The yellow, blue and purple spheres denote silver, sulfur and
platinum atoms, respectively. c) Resistance as a function of time during 1 MHz
switching cycles. d) Switching time from OFF to ON state as a function of the
magnitude of the applied bias. [56]

When an STM tip is utilized as the inert electrode, the switching time also exponentially decreases with increasing bias, but usually multiple regimes are identified
with different exponents [47], similarly to the results presented in Figure 2.6.
The STM arrangement also provides a great opportunity to monitor the topographical changes caused by filament formation. The STM topography scan of a
200 nm thick Ag film coated with 200 nm Ag2 S before and after filament formation
is shown in Figures 2.15.a and 2.15.b. The roughness of the as-grown surface was
evaluated to be around 30 nm. The inert tip was positioned at the center of the
black circle, but did not touch the surface while it was negatively biased to 300 mV
and a constant tunneling current in order to form a silver cluster. The surface was
scanned afterwards again and a clear surface modification is visible. The measurements were done at 240 K to reduce the ion diffusion and spontaneous dissolution
of the formed cluster [31].
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Figure 2.15: STM topography scan of the Ag2 S surface of a gaptype STM
Ag/Ag2 S/P t device before a) and after b) the growth of a Ag cluster with the corresponding line scans c). [31]

2.4.2

Structural modifications of Ag2 S

Silver-sulfite has two crystallographic modifications. The monoclinic [57] acanthite
phase is stable at room temperature [58], its bandgap is 1.3 eV, it is semiconducting
with σ = 2.5 · 10−3 1/Ωcm at room temperature. The acanthite phase turns into argentite above 451 K whose bandgap is 0.3 eV and conductance is σ = 1.6·103 1/Ωcm.
This form is stable at room temperature as well. The phase transition results in
a 1 % volume expansion. The silver sublattice in the argentite phase is disordered
[59], however it transforms into an fcc lattice at 859 K [60].
High-resolution transmission electron microscopy measurements combined with
energy-dispersive X-ray spectroscopy (EDS) revealed that this structural phase
change plays an important role in the filament formation in Ag2 S. A microscopic
model of resistive switching in Ag2 S relying on these observations is explained in
Figure 2.16. The initial state of a ∼100 nm thick dielectric layer sandwiched between Ag and W electrodes is the as-grown acanthite phase (Figure 2.16.a). Upon
the forming process silver ions start to migrate toward the W electrode due to an
applied positive bias on the silver electrode. Simultaneously, the acanthite phase
partially transforms to argentite (Figure 2.16.b). While Joule heating is not sufficient to increase the temperature to 451 K, the electric field is reported to reduce
the phase transformation temperature in various compounds [62, 63, 64, 65]. The
emergence of the morphology change in Ag2 S below 451 K is attributed to this effect. The resulting conducting filament providing the ON state consists of silver
nanoclusters embedded in a silver-rich argentite medium (Figure 2.16.c). Applying
opposite-signed bias to reset the OFF state of the cell, the cations move towards
the anode and the silver ion-rich environment shrinks as argentite partially transforms back to achantite (Figure 2.16.d) resulting in the disruption of the filament
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Figure 2.16: Schematics of a switching cycle in Ag2 S as evaluated from realtime HRTEM images. a) In the as-grown Ag/Ag2 S/W cell the Ag2 S layer is in its
achantite phase. b) During the formation process simultaneous achantite to argentite
phase transformation and cation migration take place. c) The ON state consists of
elemental Ag clusters embedded in argentite phase Ag2 S. d) During the reset process
the filament breaks. e) In the OFF state the conducting channel is broken but not
completely dissolved. f ) The consecutive set process. [61]

(Figure 2.16.e). Note, that during consecutive switching cycles the conducting filament is disrupted but the well conducting channel is not entirely dissolved leading
to smaller set voltages compared to the forming voltage.
The nature of filament rupture was studied via time resolved conductance measurements in a gapless-type Ag/Ag2 S/Pt STM junction [30] which is illustrated in
Figure 2.17. During the reset transition starting from an ON state characterized by
a conductance value as high as 100 G0 the conductance of the junction was carefully
monitored while a constant positive bias was applied on the Pt tip. Many traces
were analyzed revealing two basic types of breaking process. One part of the curves
showed a step-like pattern on the scale of the conductance quantum (Figure 2.17.b
red curve), while a continuous conductance decay was visible for the other part (Figure 2.17.b green curve). The former set indicates the breaking of the metallic silver
filament whereas the latter is attributed to the modification of the silver sulfide
structure to its poorly conducting phase. This smooth conductance variation allows
the setting of any desired resistance value which is a key ingredient to analogue
memory applications.
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Figure 2.17: Filament rupture in a Ag/Ag2 S/P t cell. a) Schematic drawing of
the structure and biasing circuit. b) Two typical conductance curves as a function
of time during the reset process due to a constant 100 mV bias on the tip. [30]

2.4.3

The role of the junction size

In this subsection results concerning the junction size dependence of resistive switchings in Ag/Ag2 S/M e gapless type STM devices obtained in the BUTE Solid State
Physics Laboratory are summarized, which served as the immediate precedents of
the work presented in this thesis.
Samples with various Ag2 S thicknesses were prepared by sulfurising 80 nm thick
Ag layers deposited on Si substrates [20]. This way the silver layer was partially converted to silver-sulfite while the remaining Ag material acted as the active electrode.
The Ag2 S surface was gently touched by a sharp, inert Pt80/Ir20 tip playing the
role of the counter electrode. Samples with 50 nm Ag2 S layer thickness showed reproducible switchings at room temperature exhibiting a large OFF state resistance
having a semiconducting character as demonstrated in Figure 2.18.a. Decreasing
the Ag2 S thickness to 20-30 nm, the junctions showed reproducible switchings between metallic states having linear IV characteristics in a wide temperature range
from 4.2 K to room temperature (Figure 2.18.b). Such devices were used for the
following measurements.
Several nanocontacts were created and tested in the conductance range between
1 G0 and 400 G0 [67]. The individual junction diameters were estimated by the
Wexler formula [68]. In case of junctions exhibiting conductance values in the range
between 50 G0 and 400 G0 the voltage polarity of the set and reset transitions
was identical in good agreement with the electrochemical metalization model as
discussed in Section 2.3. In contrast in case of junctions characterized by <20 G0
conductance, that is, having diameters <3 nm, the switching polarity turned out to
be random. The resistance changed abruptly with a wide distribution of threshold
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Figure 2.18: IV characteristics of gapless type STM Ag/Ag2 S/P tIr devices with
different dielectric layer thicknesses. a) The application of a 50 nm thick Ag2 S layer
results in a semiconducting OFF state and more than 3 orders of magnitude in the
switching ratio as emphasized in the inset. b) In case of a 30 nm thick Ag2 S layer
resistive switching between metallic states at switching ratios up to ∼10 is observed.
The measurements were performed at room temperature. [66]

voltages preventing reliable memory operation in this regime. This behavior was attributed to atomic-scale electromigration effects instead of electrochemical reactions
also in good agreement with the previously discussed observation (Section 2.3.1),
that the silver phase is thermodynamically unstable at this scale [24].
The low-temperature metallic nature of the ON and OFF states permitted a
more elaborate analysis [O1] of the junction diameters by utilizing point contact
Andreev reflection spectroscopy (PCAR) [69, 70, 71, 72].
This method is inspired by the fact that linear conductance measurements alone
cannot distinguish between fundamentally different types of junctions exhibiting the
same conductance. The conductance of a nano-scale device is given as
G = 2e2 /h · M · T̂ ,

(2.4)

where T̂ is the average electron transmission probability across the device and M is
the number of open conductance channels [73, 74].
The latter is approximated as M ≈ (πd/2λF )2 , where d is the device diameter
and λF is the Fermi wavelength which is ≈ 0.4 nm in bulk Ag. This simplified
picture shows that a kΩ range device resistance may as well correspond to a large
area tunnel junction (d  λF ) with very small transmission probability (T̂  1)
or, alternatively, to a truly nanometer-scale junction with only a few well transmit-
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ting (T̂ ≈ 1) conductance channels. PCAR measurements performed on the voltage
scale of the superconducting gap can distinguish between these extremities via the
nonlinear transport properties of a point contact connecting a normal metal and a
superconductor [69]. The transmission can be evaluated by fitting the voltage dependent differential conductance with the model of Blonder, Tinkham and Klapwijk
(BTK) [70, 71].
The experiments were carried out at a temperature of 4.2 K by replacing the
PtIr STM tips by superconducting Nb. Figure 2.19.a and 2.19.b show the ratio of
open channels MON /MOF F and the ratio of transmission probabilities T̂ON /T̂OF F ,
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Figure 2.19: Statistical analysis of the Andreev reflexion data obtained in various
Ag/Ag2 S/N b gapless type STM devices. a) The ratios of the number of conducting
channels and b) the average transmission probabilities in the ON and OFF states
of each junction are shown as a function of the corresponding relative change in
the normal resistance of the devices. The orange dashed line displays the limiting
case where only M changes as illustrated in c). The turquoise dashed line indicates
the opposite scenario, when the change in the resistance is solely attributed to the
variation of T̂ as illustrated in d). In the lower panels the width and opacity of the
grey region across the Ag2 S layer (blue) represent the number and transmission of
the conducting channels, respectively. [O1]
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respectively, as a function of the resistance change ratio ROF F /RON . The orange
dashed lines correspond to the limiting case where only the number of open channels varies during the switching process while the turquoise dashed lines displays
the other extreme situation, where only the transmission probability changes upon
switching. The black dots are evaluated from the fitting of individual finite bias
differential conductance traces against the BTK theory. It is clear, that both the
cross-section and the effective transmission is altered during the switching process,
but the significant change is attributed to the cross-section variation. The average transmission remains as high as 0.4 also in the OFF states indicating the fact
that the current flows through metallic channels which are not completely disrupted
during the switching cycles. The average junction diameters vary in the range of
2 to 5 nm corresponding to the OFF and ON state, respectively. This regime is
also in agreement with the previously discussed findings, that reproducible memory
operations in Ag2 S based nanojunctions can be achieved at diameters &3 nm.

2.5
2.5.1

Applications of resistance change cells
Technology requirements

Memory and storage applications raise several criteria concerning reliable read and
write operations, endurance and data retention time towards their material basis
[3, 1]. The technological requirements strongly depend on the specific area, different
features are required for computational and neuro applications. The compatibility
with current manufacturing and signal generating/detecting technologies is also an
important issue.
In case of memory applications, the convenient write voltage is in the range of a
few Volts while writing times shorter than 1 ns is desired to outperform the currently
available CMOS devices. The fastest reported reproducible switching was ∼100 ps
with 2.5 V and 4.5 V write/erase amplitudes realized in amorphous Ta2 O5 [44]. The
sufficient writing time in storage applications is longer, around 1 µs, while time is
not critical in bioinspired modelings. In a commercial device, the optimal value of
the read voltage is in the order of the tenth of the writing voltage so that voltage
biasing as well as the detection of the ON and OFF state resistances are feasible by
cost efficient electronics. Additionally, the read voltage should not cause any change
in the actual state during operation. The speed of the read operation should be
similar to the writing speed. The above controversial expectations are known as the
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voltage-time dilemma. These requirements can only be fulfilled in material systems
exhibiting an extremely nonlinear voltage response function.
As the minimal reading current is limited to 1 µA by commercialization, the ON
state resistance value is maximized in the order of 10 kΩ. Most ReRAM devices
inherently fulfill this criteria by having typical ON state resistances corresponding
to 1/G0 =12.9 kΩ. On the other hand, the ON state resistance of the unit should
be large enough to ensure that the voltage drop on its leads is negligible. Thereby
the unintentional addressing of the inactive devices mounted in a crossbar array
is also avoided. The minimum value of the OFF state resistance is determined
via its sufficient separation from the ON state resistance according to their lowest
acceptable ratio of >2. The highest reported ROF F /RON ratio is 1011 [75]. However,
the desired operational speed of the specific application sets an upper limit to the
RC time constant of the circuit. The latter consists of the ROF F resistance and the
stray capacitance of the environment.
The power costs of the switchings must not exceed the available budget further
challenging the applications relying on mechanism involving local heating effects to
perform the switching event. A storage device is expected to switch by consuming
less than 1 pJ. The smallest amount of energy reported for a set transition was
115 fJ [76], however, the resistance change was limited to a factor of 2 in this case.
The energy dissipation is not crucial in case of logic and neuromorphic devices since
the operating frequency is relatively low.
Endurance is another a key issue, a good storage device must survive a minimum
number of write cycles larger than 103 -104 to be competitive with present days
technology. In case of memory applications this number is even higher (>1016 ). In
tantalum-oxide devices 1012 cycles were experimentally demonstrated without traces
of wear-out [77].
The stored data must be preserved for at least 10 years even under moderately
increased thermal or electrical stress. Conventional memory applications require a
data retention time of minutes, while in case of neuromorphic simulations relaxation
is considered as an additional degree of freedom. The long-term stability of the
conducting filaments of a ReRAM device is a vital question as re-oxidation and
dissolution of the unbiased metallic structure is observed in most systems [41].

2.5.2

Multifunctional architectures

Two-terminal devices exhibiting highly nonlinear voltage response are not only great
candidates for memory applications, but they could be essential building blocks of
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Figure 2.20: The NAND operation performed by the set of three memristors. a)
Voltage sequence and electric circuit, b) truth table, c) experimental demonstration.
[78]

many new architectures beyond the traditional von Neumann computers.
The appropriate circuit of memristors can perform Boolean logic operations and
is also capable to store the resulting data on the very same platform [78]. Such
circuits are able to fulfill the tasks of a processor and memory at the same time.
An example for such an architecture is presented in Figure 2.20.a. The memristive
devices P , Q and S have a common ground and independent bias lines. The highresistance state represents the 0 bit, the low-resistance corresponds to 1. The input
variables are coded into P and Q while the S unit is initialized in its OFF state.
In the next step, Vcond bias is applied to P , which is lower than its set voltage, and
Vset voltage is applied to S which is high enough to switch S. If P is 0, Vcond drops
on P and has no influence on S, thus S is set to 1 by Vset . However, if P is 1, Vcond
shifts the potential at the connection of RG and S, and Vset is no longer enough
to change the state of S. This step performs the material implication operation
(IMP, ‘if P then S’) between P and S. During this operation P is left unchanged
and the result is stored in S (s=pIMPs). During the last step IMP is applied to
Q and S (s=qIMPs). The two consecutive IMP operations are equivalent to a
NAND operation (s=pNANDq) where the input parameters p and q are unchanged
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Figure 2.21: An example for hybrid CMOS/memristor devices. a) An array of
memristors is fabricated on top of a conventional CMOS circuit. b) The nanocrossbar structure of the array. c) Schematics of the current-voltage characteristics in a
single memristive element. [1]

and the result is stored in s. Arbitrary logical operations can be performed by
the appropriate set of NAND gates [79] demonstrating that memristive systems are
capable to substitute the conventional computing circuits.
The overall controllability of the switching process of VCM and ECM cells is
rapidly developing. However, the underlying physical mechanisms have inherent
stochastic nature meaning that devices exhibiting identical initial resistances may
show slightly different changes upon the same applied bias voltage. This stochastic
nature can be beneficial in random bit stream generation [9], which is a very expensive task in conventional computing systems but essential in powerful encryption
[80].
The local memory of field programmable gate arrays (FPGAs) is usually realized
as flash memory or static random access memory occupying a massive 50-90 % of the
FPGA chip [81]. In order to reduce the chip size, hybrid CMOS/memristor systems
were proposed where memristor crossbar arrays are placed on top of conventional
CMOS circuits [82, 83, 84, 85, 86]. Such a structure is illustrated in Figure 2.21.
Crossbars of memristors are much more dense than the traditional flash memory so
placing them on top of the conventional logical gates further reduces the chip size.
Not only local memories but the actual wiring of logic elements can be configured by memristors acting as programmable interconnects. Two elements can be
(dis)connected if the bridging memristor is in its low (high) resistance state. In this
scheme the wires are initialized according to a specific computational task [1].
The resistance states of memristors can be precisely tuned by the biasing conditions, therefore not only the {0,1} set can be represented but such devices can
also be used as analog memories working with multiple-bit based numeral systems
[87]. This feature along with the high nonlinear dynamics of the resistance change
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Figure 2.22: The effect of repeated stimulations on the conductivity of a synapse.
a) Schematic drawing of a synaptic connection. b) Memorization level as a function
of time due to repeated stimulations. Red pulses: frequent stimulations, blue ones:
stimulations with the same amplitude but decreased repetition rate. [91]

make memristors excellent candidates not only for computational applications, but
for neuromorphic modeling as well [88].
Neurons, the nerve cells processing and transmitting information are connected
via synapses [89] as illustrated in Figure 2.22.a. These junctions can transmit chemical or electrical signals. The synaptic cleft in a chemical synapse is approximately
20 nm wide while it is only 2-3 nm in case of an electrical synapse. The strength of a
connection is associated with the transmission speed determined by the conductivity
of the specific synapse. This strength can be increased by repeated stimulations.
According to the Hebbian theory [90], the structure of the nervous system changes
during learning when synapses can be created or strengthened.
Synapses can be modeled with resistance change devices by mapping the synaptic conductivity to the conductivity of memristor cells. Synapses and memristors are
both two terminal units whose conductivity changes with the ions flowing through.
Besides both are able to ‘forget’ information. Concerning human memory, a short
term memory (STM) and a long term memory (LTM) can be distinguished. In case
of STM, the strengthening of the synaptic conductivity is temporary, while it is
permanent for LTM. We remember the information when a high enough incoming
stimulus causes permanent variation in the synaptic strength. If the stimulus is
smaller, we forget the information with a certain time constant. However, if we
learn it repetitively before completely forgetting, the information will be remembered. These processes are illustrated in Figure 2.22.b, where the blue stimuli are
incoming signals with a low repetition rate so that the synaptic conductivity relaxes
back to the initial state after each pulse. The red pulses are more frequent, thus
their additive effect causes permanent modification. This effect was modeled exper-
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Figure 2.23: Solving the shortest path problem with memristive devices. The gray
(orange) rectangles are memristive cells in the OFF (ON) state, the blue dots are
connections. The red arrows indicate the starting and end points of the path where
the bias is applied. a) Intact system, b) system with a simulated defect. [92]

imentally utilizing silver-sulfide as the inorganic synapse material [91] and voltage
pulses as stimuli. The amplitude and duration of a pulse caused some variation in
the resistivity, but the size of the resulted filament was under the thermodynamical
stability limit and the conductivity relaxed back to the initial state (blue pulses).
Applying the pulses at a higher frequency, stable filaments were formed.
A similar concept to the Hebbian model is the spike-timing-dependent plasticity
(STDP), where the variation of the synaptic potential is highly correlated to the
stimuli of other synapses. A change in one synapse can cause decrease or increase
in the strength of other connections depending on their relation. This model was
also tested experimentally in memristor circuits [4].
Typical interdisciplinary tasks involving computation and learning are solving
mazes and shortest path problems with memristive devices. In the latter case, one
builds the system in question out of memristive cells prepared in their high resistance
state [92]. Finding the shortest path between two points requires the application of
a bias voltage between these points as shown in Figure 2.23. The largest voltage
drop will occur along the shortest path causing faster variation along this path than
in other cells. As the resistance decreases in the path, the current becomes higher
triggering a further resistance decrease while the off-path cells remain technically
intact. The defect-tolerance of such modeling is rather high, because the system is
able to find the shortest path in the modified environment as well as demonstrated
in Figure 2.23.b. Solving mazes is based on a very similar concept where the routes
of the maze are built out of memristive cells [93]. Applying voltage between the
entrance and exit of the maze will cause a voltage drop on the possible paths, while
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the dead ends will float. This way the units forming possible routes between the
entrance and exit will lower their resistance state while the dead ends will stay
intact. The solution is elaborated in one step regardless of the system size. On the
contrary, the complexity of solving the problem by traditional computing methods
scales with the dimensions of the system.

Chapter 3
Experimental techniques
The preparation of nanojunctions utilizing Ag2 S thin films, Ag/Ag2 S/Ag break junctions, the design of different setups, electrical circuits and measurement control
programs are presented in this chapter.

3.1

Sample preparation

Two fundamentally different sample geometries were investigated during my PhD
work relying on two different sample preparation methods. The production of samples for measurements performed in STM geometry is presented in this section, while
the fabrication of the break-junction samples is explained in Section 3.2.3.
Except for longer sulfurization times, the sample preparation for STM measurements was identical to the method presented in the PhD work of Attila Geresdi
[66]. Silver thin films with varying thicknesses ranging from 80 nm to 640 nm
were deposited on Si substrates using molecular beam epitaxy (MBE) by Dr. F.
Tanczikó in the Wigner Research Center for Physics, Institute for Particle and Nuclear Physics. The samples were transferred to the Solid State Physics Laboratory
of the Department of Physics, BUTE in an inert atmosphere in order to prevent
surface contamination. The samples were cleaved by a sharp diamond tip and sulfurized in a low-pressure, sulfur rich atmosphere. The schematics of the sulfurization
process is shown in Figure 3.1. The analytical grade S powder (f ) was loaded into
a specially shaped test tube (c). A bottleneck was formed by partially melting the
tube in order to prevent the sample (d) from falling down onto the powder. The
distance between the sulfur powder and the silver thin film was about 5 cm. After
loading the sample film the test tube was connected to a turbo-molecular pump
with a rigid pipe (a) and evacuated to 10−5 mbar. During the sulfurization process
33
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a
b
c
d
e

f
Figure 3.1: Schematics of the setup used for the sulfurization process of the samples
prepared for STM measurements.
the tube was disconnected from the pump by a valve (b) and placed into a temperature controlled heater (e). The temperature was rapidly ramped from room
temperature to 60 °C to accelerate the sublimation of the S powder. The optimal
sulfurization time was around 5 minutes which resulted in a Ag2 S layer thicknesses
of around 30 nm [20]. The surface of the pure silver and the silver-sulfite are easily
contaminated at ambient conditions resulting in the degradation of the samples.
Therefore the as-grown silver films were sealed into evacuated glass tubes and the
sulfurized structures were stored either in argon gas atmosphere or in a low pressure
(10−5 mbar) storage container.

3.2

Mechanical design

Previous setups in the Solid State Physics Laboratory were designed for low-temperature STM measurements. However, they were not optimized for transmitting
high frequency signals due to the application of twisted pair cabling which also did
not satisfy 50 Ω circuit matching requirements. It was my task to design a room
temperature setup optimized for high frequency measurements in STM geometry
to perform dynamical studies of the resistive switching and proof of principle measurements of high speed memory operations. In order to overcome the mechanical
stability limitations of an STM geometry and to step towards the on-chip production of resistance change memory devices, I also designed a mechanically controlled
break-junction setup. These equipments are presented here along with the variable
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temperature cryogenic setup which I used during the investigation of the temperature dependence of the resistive switchings.

3.2.1

Room temperature STM setup

During the construction of the room temperature STM setup the following requirements had to be taken into consideration. First of all, (i) a mechanically and (ii)
thermally stable arrangement is essential to perform long timescale measurements
which must be done (iii) in vacuum or in a protective gas atmosphere due to the
sensitivity of the samples. (iv) Precise control of the tip - thin film approach is
required to create small diameter junctions. (v) Special cabling is necessary for high
frequency signal transmission. (vi) The operation should be fully automatic and
programmable.
The photograph of the sample holder is shown in Figure 3.2 in closed (left) and
open (right) positions. The shortest possible rigid coaxial cables terminated with
SMA connectors (a and d ) were used to achieve a good high speed signal transmission. The chamber can be evacuated or filled with inert gas through terminal
b. The position of the tip is fixed, the junction is created by moving the sample
with piezoelectric actuators (f ). The high-voltage electrical signals controlling these
actuators are fed through the serial connectors c and g to achieve proper shielding

a

b

d
e

c

f
g

Figure 3.2: The vacuum chamber of the room temperature STM setup in closed
(left) and open (right) positions.
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f

c

d

e

a
b

Figure 3.3: The position of the tip, sample and piezoelectric actuators inside the
vacuum chamber. The upper inset is a zoom of the sample and the tip.

from the low-voltage measuring signals. The system is modular to facilitate the
convenient change of the tip and sample, so the module e holding the actuators, the
sample and the tip can be easily unmounted from the chamber. This part is shown
in Figure 3.3.
The actuation of the sample is controlled in two steps with two piezoelectric
units. The upper one (Figure 3.3 a, MicroTritor 67757) is able to move in all the
three spatial directions with a total range around 10 µm. The lower one is an inertial
piezo unit (b, Attocube Systems, ANPz101 attoFLEX), which only moves in the z
direction with a total range of 5 mm. The distortion of the piezoceramic crystal
is much smaller than 5 mm, but it is stretched with a slow signal so the lid of
the actuator is pushed up and the crystal is contracted very fast, so the lid cannot
follow the movement due to its inertia. Iterating these steps one can elevate the
lid by several millimeters. A small diameter contact can be created in two ways,
one can select the method using the measurement control program as explained in
Section 3.4.
Electrical measurements carried out on nanojuctions created by gently touching
a sharp tip onto the surface of a sample are extremely sensitive to the mechanical
stability, a nanometer-scale movement can totally destroy the contact. This small
scale shift can arose due to thermal expansion, sound vibration or due to other

3.2. MECHANICAL DESIGN

37

a
b
c

Figure 3.4: Thermal and mechanical insulation of the setup.
mechanical noises, therefore efficient thermal and mechanical insulation is essential
(Figure 3.4). Hence the sample holder is placed on a vibration isolation platform
(Minus K Technology BM-4 Bench Top Vibration Isolation Platform, noted by c)
which passively detaches the mechanical noise originating from the environment.
The granite block (b) increases the inertia of the system and helps to set the optimal load on the vibration isolation platform. The sample holder is placed inside a
pentagonal shield which suppresses the amplitude of standing sound waves around
the tip and the sample (a). The shield is coated by a heavy-massed sound attenuating foil (Texsa Tecsound 70 Roll, 10 mm) and an open-cell sponge (Hanno Protecto
51, 30 mm). This shield also serves as a thermal isolation beside the mechanical
insulation. The sample holder shown in Figure 3.2 has thick brass walls to increase
the thermal inertia of the system. This is crucial because the thermal expansion
due to a 1 K increase in the temperature can distract the tip from the surface.

3.2.2

Variable temperature STM setup

In order to investigate the role of the ambient temperature and the heat dissipation in
the vicinity of the junctions, temperature-dependent current-voltage measurements
were performed (see Section 6.3). The low-temperature sample holder was available
following the work of Attila Geresdi, its design is presented in Reference [66] in
details. This sample holder was used together with the variable temperature insert
of a Janis SVT 200T-5 4 He cryostat.
The schematic drawing of the cryostat is illustrated in Figure 3.5. The outer
shield encloses the vacuum chamber d, which can be evacuated via the outlet f.
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Figure 3.5: Schematic drawing of a Janis SVT 200T-5 cryostat with a variable
temperature insert.
This shield is mounted on the stainless steel plate h which can be supported by
the vibration isolation platform described in Section 3.2.1. A pre-cooling stage
is provided by the liquid Nitrogen shield g which surrounds the main liquid 4 He
reservoir e. The sample chamber j is located inside the variable temperature insert
k which is separated from the main Helium reservoir by the isolation tube i. A
controllable cooling power on the sample holder l is provided by the needle valve
c and a capillary tube connecting the main bath and the sample chamber. The
helium flow rate from the reservoir into the sample chamber is set by the position
of the needle valve and by the pumping rate applied on the outlet b. PID controlled
electrical heating is built in the sample holder. The electrical terminals of the sample
holder are mounted in panel a at the top of the cryostat. This setup provides a long
term temperature stability of <0.05 K in the wide range of 1.5 - 300 K.

3.2.3

Mechanically controllable break-junction setup

The most important requirements concerning the mechanically controllable breakjunction (MCBJ) setup were the possibility of performing measurements in vacuum
and in-situ sulfurization of the gap opened between the electrodes. Since sulfur is
regarded as contamination in other setups and introducing a solid vapor into the
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Figure 3.6: a) Photograph of the mechanically controllable break-junction setup.
b) Magnified view of the precut silver wire sample.

vacuum chamber was not necessary in case of other MCBJ measurements done in
the Solid State Physics Laboratory, a new equipment needed to be designed.
The photograph of the main part of the MCBJ setup is presented in Figure 3.6.a.
A silver wire (g) with a diameter of 0.125 mm is placed on top of a flexible phosphorbronze substrate, a so-called bending beam (f ). The latter can be bent by moving
the rod e towards the columns h. This movement is created by a stepper motor,
the axle of the motor is noted by c. The rotational movement of the stepper motor
is converted to translation by the dovetail stage (d, Thorlabs DT12). The electrical
terminals of the silver wire are mounted on panel i, and shielded electrical cables (a
and b) transmit the signals to outer BNC connectors. It is possible to simultaneously
contact and monitor two junctions with these four cables. Optionally the rod e can
be changed to a unit containing a piezoelectric actuator and the electrical cables
noted by b can be used to control this device. In this case only one junction can
be monitored but the displacement between the electrodes can be controlled more
precisely.
A zoom of the wire is shown in Figure 3.6.b. It is mounted with non-conductive
stycast epoxy (j ) on top of the bending beam. A structured tin layer (k ) is placed
between the bending beam and the epoxy to increase the adhesion of the latter.
Between the epoxy fixing points, a notch was prepared (l ) in the wire before the first
bending to reduce the smallest cross-section of the wire, therefore smaller bending
can lead to the rupture of the wire and the position of the cut also defines where it
breaks.
The setup presented in Figure 3.6 can be inserted to the vacuum chamber shown
in Figure 3.7. The electrical cables noted by a in Figure 3.6 are connected to the
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Figure 3.7: Vacuum chamber of the MCBJ setup.
BNC terminals noted by c in 3.7, while 3.6 b is connected to 3.7 d. The stepper
motor (3.7 a, Trinamic PD1-013-42) is placed on the top, its axle is guided into
the chamber below connection b. The chamber (g) can be evacuated through the
terminal f and a pressure sensor can be mounted to a separate terminal noted by
e. The setup is elevated by a tripod (h) to leave vertical space for the sulfurizating
tube (j ) which is connected to the chamber by valve (i ). The tube can be heated
by immersing it into hot water to speed up the sublimation of the sulfur powder.
The broken junction inside the chamber directly faces the opening of this tube. The
rate of the sulfurization can be further controlled by opening or closing the valve.
However, this method is not ideal because the chamber has to be cleaned after
every sulfurization cycle otherwise the walls get fully covered by sulfur resulting in
a continuous sulfurization. The distance between the junction and the sulfur source
is around 25 cm which leads to really long sulfurization times and heavy sulfur
contamination in the chamber. Alternatively, one can blank this terminal, break
the junction in the chamber, then open it to air, place the junction above a small
amount of heated sulfur powder for 2 minutes and reinsert the setup to the chamber
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afterwards. The latter method turned out to be more efficient in terms of the yield
of the functional resistance change devices.

3.3

Electronics

biased out

tip

sample

data aquisition
card

coaxial cable

I-V converter

The conductance measurements reported in this thesis required the design of the
following electrical setups. It is to be emphasized that the sample is grounded and
the tip is biased in order to reduce electric noise. However, the general polarity
convention of Ag2 S resistive switches is that positive voltage corresponds to positive
bias applied to the silver electrode. Hence, the bias acting on the tip and the measured current are multiplied by a factor of -1. The circuit used during approaching
the sample to the tip is shown in Figure 3.8. During the approaching process the

Figure 3.8: Electrical circuit used during approaching the sample to the tip.

tip

sample

Rs

data aquisition
card

coaxial cable

I-V
converter

movement has to stop before the tip touches the sample, so the current amplifier
(I-V converter, Femto DLPCA-200) is used in a high gain to measure the tunneling
current. In order to minimize the environmental noise, the tip-sample SMA output
of the sample holder is directly connected to the input of the I-V converter, and the
approximately -120 mV tip bias is provided by the latter unit.

Figure 3.9: Electrical circuit used for recording current-voltage characteristics.
The approaching circuit is modified to record current-voltage characteristics as
shown in Figure 3.9. The RS resistor is connected in series with the sample in order
to limit the maximum current when the device is switched to a well conducting state
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[O2]. The current amplifier has a 50 Ω input impedance which has to be taken into
account during the evaluation of the recorded traces. The driving voltage (Vdrive ) is
provided by the analog output of a National Instruments USB 6363 data acquisition
card. An identical circuit was used in the case of break-junction measurements.
oscilloscope
Vbias
Vdrive
Ch 1

Ch 2

Rs

coaxial cable

function generator

tip

sample

Figure 3.10: Electrical circuit used for arbitrary voltage signals. The Vdrive driving
voltage is applied by the function generator, the Vbias voltage drop on the sample is
monitored by the Ch 1 input of the oscilloscope.
The circuit used for current-voltage measurements is optimized to record the
I(V) traces. However, it can be inconvenient for arbitrary driving signals when
the signals have to be programmed individually. In many cases using an arbitrary
waveform generator (Agilent 81150A) is much more suitable, such a circuit is shown
in Figure 3.10. Both the voltage drop on the sample (Vbias ) and the output voltage
of the waveform generator (Vdrive ) is recorded by an oscilloscope (Picoscope 6402B),
thus the bias and current flowing through the device can be evaluated.
input

lock-in

oscilloscope
Vbias
Vdrive

output

Ch 1

Ch 2

R s2
coaxial cable

tip

Rs

function generator

sample

Figure 3.11: Electrical circuit used for mixing biasing currents and lock-in detection. RS = 1 kΩ, RS2 = 100 kΩ.
The circuit shown in Figure 3.11 is used for lock-in detection based measurements
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where an additional low amplitude and high-frequency signal is added to the switching bias. The series resistors RS and RS2 are choosen to be much higher than the
sample resistance in order to achieve a proper current mixing. The high-frequency
response of the sample is monitored by lock-in detection (SR830 Lock-In Amplifier)
while the low-frequency response is measured by an oscilloscope.

tip
sample
function generator
(50 Ω)

oscilloscope
(50 Ω)

Figure 3.12: Electrical circuit used for the measurement of high frequency bipolar
signals up to 100 MHz.
The circuit presented in Figure 3.10 is optimized to record various response
characteristics up to 10 MHz, but is not suitable at higher frequencies because of
multiple reflections occurring due to insufficient impedance matching. Since the
investigated switching phenomena result in a resistance change, it is challenging
to properly match the impedance of the circuit during measurements. A simple
but suitable circuit is shown in Figure 3.12 where reflections only occur on the
junction itself. Switchings due to 10 ns voltage pulses were easily measurable in this
arrangement, the limitation was the speed of the arbitrary waveform generator.
1 MΩ
diode bias

2 pF

conditioning
&
readout
330 Ω

-6 dB
1 kΩ

50 Ω

sample

50 Ω
oscilloscope

Figure 3.13: Electrical circuit used for generating 500 ps pulses and measure the
occurred switching.
In order to overcome the limitation of the 2,5 ns rise time of the waveform generator, a custom-built rise-time avalanche pulse generator [94] was built to achieve a
fixed pulse width of 500 ps as shown in Figure 3.13. The operation of this generator
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is based on the periodic charging and avalanche break-down of a bipolar transistor.
This part of the setup was designed by Ádám Szüllő. The unipolar pulse width of
500 ps was applied at a repetition rate of ∼500 kHz. The fixed pulse magnitude of
10 V required the application of a -6 dB attenuator in order to optimize the pulse
amplitude for the junction. Since these pulses were unipolar, the device had to
be re-initialized in its high resistance state in each cycle by applying a sufficiently
large negative bias. The readout is performed at low negative bias levels applied
before and after the short pulses. These slow, typically 50 µs long signals are added
to the biasing circuit via the conditioning and readout terminal shown in the right
hand side of the layout. The voltage drop on the junction is monitored by a digital
oscilloscope with a 1.4 ns rise time.

3.4

Measurement control

The real-time control of sample positioning and fast, high-volume data acquisition
require advanced measurement control automation. The control of the piezo actuators as well as the measurements of the low frequency (fdrive < 10 Hz) I(V) traces were
carried out by using a National Instruments data acquisition card (USB 6363). The
communication with other instruments was established via standard GPIB (General Purpose Interface Bus) interfaces. Most measurement control programs were
developed in C# object-oriented programming language, while other routines were
implemented in Labview. Data post-processing was carried out in Matlab.
In case of STM measurements the program should be able to control the piezoelectric actuators and create a junction of a preset resistance automatically.
The positioning of the z direction piezoelectric actuators shown in Figure 3.3 are
automatized. The sample can be approached to the tip in two ways. It is possible to
set the bias and define a tunnel current threshold where the approach stops. First
the upper actuator is stretched to its maximum in z direction, and the inertial piezo
moves the sample towards the tip. Once the tunnel threshold is reached, a hardware
trigger stops the inertial piezo and the upper unit is distracted to avoid hitting the
sample to the tip. Alternatively, the upper piezo can also be slowly stretched in z
direction while the current is monitored. As soon as the latter reaches its threshold,
the approach stops. Otherwise the upper actuator is distracted after reaching its
maximal displacement and the inertial piezo steps up. This method is iterated until
the current set-point is reached. The second algorithm provides a slower but more
precise tip-sample approach. Consequently, the tip never destroys the sample. The
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manual, stepwise motion of the inertial actuator is also feasible.
Once the inertial piezo reached its required position, the tip-sample distance
can be precisely tuned by the upper piezoelectric actuator. This fine positioning is
implemented by presetting the desired junction resistance as well as the step-size
and speed of the approach/retraction.
During break-junction measurements the program operates the stepper motor to
break the silver wire and distract or approach the broken leads to create a junction
with a preset resistance value. The user can set the speed, the direction of motion
and the bias voltage to monitor the resistance. The position of the stepper motor
is also recorded. Full manual control of the actuation is also supported. The sample holder is designed to support the simultaneous measurement of two junctions
mounted on the same bending beam as it is explained in Section 3.2.3. The monitoring of one or two junctions is optional. In the latter case the rupture process
goes on until either of the junctions is broken.
The program is able to generate a triangular voltage signal with a user defined
frequency and amplitude and record the device current. The resulting I(V) traces
are plotted real time. Each curve is saved into delimited text files.
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Chapter 4
Experimental study of the
switching dynamics
Measurements focusing on the dynamics of the resistance change in Ag/Ag2 S/PtIr
devices are discussed in this chapter. The impact of the driving voltage amplitude
is monitored through current-voltage characteristics and constant driving voltage
application experiments. The observed nonlinear response is explained by a timedependent numerical simulation based on an empirical master equation. The response to sub-nanosecond voltage pulses along with the long term stability of the
formed filaments are investigated. Each measurement was performed at room temperature.

4.1

The emergence of multiple timescales

A typical current–voltage trace recorded in a Ag/Ag2 S/PtIr junction within 1 ms
is illustrated in Figure 4.1 while the corresponding biasing circuit is shown in Figure 3.9. No additional series resistance was applied beyond the 50 Ω input impedance
of the I-V converter. The positive bias corresponds to positive voltage applied to the
Ag layer with respect to the PtIr tip, which is the general convention throughout
this thesis. The junction and series resistance together were biased by a symmetric
triangular signal, the total applied voltage is called the driving voltage (Vdrive ) while
the voltage drop on the memristive cell is the bias voltage (Vbias ). Initially the device
is in its OFF state, the corresponding resistance value can be evaluated from the
slope of the linear trace at low bias voltages. By increasing the bias voltage above
130 mV, a reconfiguration takes place resulting in a drop in the resistance from
ROF F = 70 Ω to RON = 30 Ω. Lowering the bias preserves the ON state resistance
47
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Figure 4.1: Typical I(V) characteristics of a Ag/Ag2 S/P tIr junction. The set
transition occurs around Vbias = 100 mV from the initial OFF state (black, 70 Ω)
to the ON state (red, 30 Ω) as it is shown by the black arrow. The reset switching
resulting in the initial OFF state resistance at opposite bias polarity is emphasized
by the red arrow.

until a negative threshold of -100 mV is reached and the initial OFF state is restored
at -150 mV. The direction of the resulting hysteresis loop is indicated by the black
and red arrows.
The I(V) curves represent the basic resistive switching phenomenon. However,
monitoring the resistance during constant driving voltages enables a more detailed
investigation of the specific timescales present in the system. Experiments with different driving voltage pulse lengths and amplitudes performed on two independent
junctions are presented in Figure 4.2. The electrical circuit diagram is illustrated
in Figure 3.10. In each case the junction is prepared in its higher resistance OFF
state by a high amplitude negative voltage pulse (Vdrive = -1.3 V and -4.5 V, respectively) which is not shown in the figure. ROF F is measured at a low positive readout
voltage. This is followed by a high amplitude positive pulse (Vdrive = 1.3 V and
4.5 V, respectively) to switch the device to its lower resistance ON state. Again,
a low readout voltage is applied to determine RON in the final state. Note that
due to RS > ROF F the observed change is more dominant in the voltage response
of each device, compared to its current variation. While Figure 4.2.a demonstrates
that the junction exhibits a significant resistance change even at the timescale of
the 1 ms long switching pulse, a three orders of magnitude faster operation is ex-
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Figure 4.2: Resistive switchings initiated by a) 1 ms and b) 500 ns long voltage
pulses. The blue curves represent the voltage drop on the device while the green
traces correspond to the current flowing through the junction. The 1 ms long voltage
pulse of 1.3 V amplitude was applied with RS = 330 Ω on a junction exhibiting
ROFF = 110 Ω and RON = 41 Ω (a). During the 4.5 V amplitude, 500 ns pulse
RS = 50 Ω was used in series with ROFF = 5 Ω and RON = 2 Ω (b). [O2]
emplified in Figure 4.2.b where a resistance change by a factor of ≈2 is achieved
within 500 ns. These observations indicate that fast and slow switching processes
can coexist in Ag2 S based nanojunctions. This unique behavior is studied in the
following subsections.

4.2

Current-voltage characteristics

Varying the frequency or amplitude of Vdrive alters the switching ratio as it is visualized in Figure 4.3. These curves were measured on a single contact utilizing
the electrical circuit displayed in Figure 3.10 with RS = 51 Ω. The black traces in
0
Figure 4.3.a were obtained at a fixed Vdrive
= 0.4 V driving amplitude and different fdrive frequencies as it is labeled at each curve. The ROF F /RON ratio increases
as the frequency decreases since the ON state resistance is lowered while the OFF
state resistance is practically the same in each curve. No switching was observed
at or above 500 Hz. The magenta curves in Figure 4.3.b show switchings due to
different driving amplitudes at a fixed 200 Hz frequency. The switching ratio increases with the amplitude as RON decreases again while ROF F is not changed. No
0
switching takes place at or below Vdrive
= 0.41 V. The ROF F /RON ratio is plotted
as a function of frequency and driving amplitude in Figure 4.4 demonstrating that
the above tendency holds over 6 orders of magnitude in the frequency domain. The
black and magenta lines illustrate the constant amplitude and constant frequency
cuts plotted in Figure 4.3. The data displayed in Figure 4.4 was deduced from the
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Figure 4.3: a) Selected current-voltage characteristics with varying driving frequencies at a fixed driving amplitude of 0.4 V. b) I(V) traces recorded at a fixed
200 Hz driving frequency and increasing driving amplitudes. The curves are vertically shifted for clarity. RS = 51 Ω. [O2]

zero-bias slopes of more than 104 individual I(V) traces acquired on a representa0
tive, stable device. By gradually increasing Vdrive
above a switching threshold the
ROF F /RON ratio exceeds unity. Measurements were performed until ROF F /RON = 4
was achieved. The data show a clear logarithmic increase in the switching threshold
towards higher frequencies. The regions of constant α = ROF F /RON ratios can be
well approximated by the formula
Vdrive = a · lg fdrive + b,

(4.1)

where the parameters a, b and α are characteristic to a specific junction and its
observed switching, while fdrive is the frequency of the driving voltage. The data
shown in Figure 4.4 reveal that in spite of the statistical nature of the microscopic
processes responsible for the observed resistive switching, the ROF F /RON ratio is a
0
monotonous function of the driving amplitude and one needs larger Vdrive
to initiate
faster resistance changes, while at a certain frequency a well established threshold
0
voltage sets in. Note that increasing Vdrive
results in a larger resistance change,
while the maximal Vbias voltage drop on the memristive element does not go above
the positive switching threshold voltage during the switching process. Different
junctions exhibit a qualitatively similar logarithmic relation between the threshold
amplitude and the frequency, however, the actual parameters of this relation may
moderately vary from device to device.
The emergence of different timescales during the switching process can be further
investigated by mixing a small amplitude, higher frequency modulation with a slowly
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Figure 4.4: Resistance ratio α = ROFF /RON as a function of the driving frequency
and amplitude. The dashed line is a guide to the eye visualizing the empirical relation of Equation 4.1 describing the α = constant regions. RS = 51 Ω. The black
and magenta lines represent constant voltage and constant frequency cuts, the corresponding I(V) curves are plotted in Figure 4.3. [O2]
varying, higher amplitude triangular driving signal according to the electrical circuit
presented in Figure 3.11. This technique enables the separation of various timescales
governing the resistance change of the junction. If the change is fast enough to follow
the AC modulation, the lock-in detected signal is expected to return the dI/dV bias
derivative of the I(V) curve. In contrast, if the lock-in frequency exceeds the speed
of the internal processes in the system, the junction is unable to change its resistance
during one period of the lock-in excitation. Hence the latter is not expected to detect
the differential resistance but only the actual Ohmic resistance of the junction.
In order to illustrate the difference between the response of a traditional resistor and a memristive cell, simultaneous AC and DC measurements were performed
to monitor the actual resistance and the apparent differential resistance of the cell
during the switching process. This technique also enables the separation of the internal timescales of the system. Figure 4.5 shows the result of the simultaneous AC
and DC detection of a typical I(V) trace. Both the AC and DC components were
applied over RS  ROF F serial resistors adding a harmonic modulation of ≈1 mV
amplitude and 1 kHz frequency to the DC trace recorded within 1 s. The red line
in Figure 4.5 displays the DC I(V) trace while the slopes of the black dashes shown
at selected finite bias values represent the conductance values calculated from the
harmonic response measured with the lock-in amplifier. Under these conditions the
internal timescale of the system was too long to follow the AC modulation during
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Figure 4.5: Simultaneous I(V) and lock-in detection measurements. The red line
corresponds to an I(V) curve recorded at a 1 Hz triangular bias. The slopes of
the black dashes are equivalent to the apparent conductance values of the junction
extracted from lock-in measurements performed at an AC modulation of 1 kHz frequency and 1 mV bias voltage amplitude. [O2]
the resistive switchings, giving rise to a harmonic response corresponding to the
Ohmic resistance of the junction instead of following the I(V) slopes. The internal
timescale of the resistance change along the linear part of the I(V) curve is slower
than the timescale of the DC trace, thus both the red line and the black dashes
exhibit the same slope corresponding to the actual ohmic behavior of the junction.
This observation underlines the fundamental difference between a conventional nonlinear resistor and a memristive element exhibiting a dynamical resistance change.
Qualitatively similar behavior was found in various junctions tested in the 1 kHz <
f < 100 kHz lock-in frequency domain.

4.3
4.3.1

Switchings due to voltage pulses
Experimental results

In order to gain a more detailed insight into the dynamics of the resistive switchings
the resistance as a function of time (R(t)) was monitored over six decades in the
time domain. The resolution of the measurements was 2 µs during a 1 s long
positive rectangular voltage pulse. The applied National Instruments PCI 5922
data acquisition card measured the bias voltage with 24-bit precision.
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Figure 4.6: Junction resistances as a function of time recorded during 1 s long
rectangular voltage pulses. RS = 1 kΩ, Vdrive = 0.5 V (black), RS = 1330 Ω,
Vdrive = 1 V (blue), RS = 1330 Ω, and Vdrive = 0.9 V (green). [O2]
Various Vdrive amplitudes and RS series resistors were applied in case of several
initial ROF F resistance states. Figure 4.6 shows three representative experimental
R(t) traces on a log–log scale. The black curve corresponding to a junction with
ROF F = 2.2 kΩ shows a gradual variation over more than 5 orders of magnitude
in time, whereas the resistance corresponding to ROF F = 167 Ω (green curve) only
changes significantly during the last one and a half decade. None of the three curves
can be properly described by an exponential time dependence introducing a single
time constant. While, for instance, an exponential fit to the initial part of the black
trace provides a time constant of 10 µs, R(t) around the falling edge of the Vdrive
pulse can be best described by a time constant of 10 s. This markedly different
behavior is attributed to the different
Vbias (0) = Vdrive (0) ·

ROF F
RS + ROF F

(4.2)

initial voltage drops acting on the devices. Faster variation can be achieved at
higher Vbias values in consistence with the tendency shown in Figure 4.4. As R(t)
is decreasing toward the final RON resistance, Vbias (t) also undergoes a downscaling
in the fashion of Equation 4.2. The decrease of Vbias results in a slowdown of the
resistance change which becomes observable even up to seconds. If the initial voltage
drop on the cell corresponds to a relatively slower variation, the resistance does not
change during the first time decades as it is demonstrated by the green curve in
Figure 4.6. This initial voltage drop is not only defined by the applied driving
voltage, but depends on the initial resistance of the memristive cell along with the
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value of RS . The blue curve in Figure 4.6 represents an intermediate situation where
the initial resistance is approximately equal to the value of RS , thus the slope of the
curve is reduced compared to the black line.
The data presented in Figure 4.6 demonstrates that arbitrary resistance values
can be initialized by appropriate biasing schemes in a wide resistance range which
is the fundamental feature of analog memories. The resistance state can be altered by very fast pulses but it is robust against low-level readout operations in
short timescales. This strong nonlinearity ensures that the voltage-time dilemma
presented in Section 2.5.1 is resolved in Ag2 S based systems.

4.3.2

Numerical simulation of the resistance change

The observed R(t) dependence presented in Figure 4.6 was also accounted for by a
numerical simulation. This simulation reveals the fundamental connection between
0
the fdrive and Vdrive
dependence of the ROF F /RON resistance ratio as seen in Figure 4.4 and the R(t) response observed during rectangular driving voltage pulses as
shown in Figure 4.6.
The algorithm of the simulation is the following. The initial resistance value of
the cell (R0 = R(0)), the value of the applied series resistance and the constant driving voltage are known input parameters. The time is measured from the application
of Vdrive when t0 = 0. The Ri resistance values corresponding to the ith iteration
step are calculated as
Ri
,
(4.3)
Ri+1 =
α
where α is an input parameter with a value greater than 1. The time (∆ti ) required
for the resistance change Ri → Ri+1 is defined by
Vbias,i = a lg

1
+ b,
∆ti

(4.4)

based on the empirical formula of Equation 4.1 where a and b are input parameters.
The time in the (i + 1)th moment is ti+1 = ti + ∆ti . The Vbias,i actual voltage drop
on the cell is calculated by
Vbias,i = Vdrive ·

Ri
.
Ri + RS

(4.5)

The iteration runs until ti < tmax for a predefined tmax parameter. In conclusion
the model uses seven input parameters (R0 , RS , Vdrive , tmax , α, a, b) to determine
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Figure 4.7: a) The results of numerical simulations for R(t) at varying Vdrive at
ROFF = 2.2 kΩ and RS = 1 kΩ. b) Similar simulations performed at varying RS
and Vdrive at identical initial Vbias (0) = 0.35 V and ROFF = 2.2 kΩ. The black trace
represents the black experimental curve shown in Figure 4.6. [O2]

two output vectors, namely the resistance and time evolution. In case of a specific
experimental dataset, the first four parameters are known and only the last three
are fitted. The chosen value of α defines the resolution of the resistance vector and
also affects the time intervals via the resistance values. The physical relevance of the
a and b parameters is closely related to the tendency demonstrated in Figure 4.4,
i.e. that the resistance change is faster when a higher bias voltage is applied. This
is the only assumption of the model, namely that due to their common origin the
time dependence of the resistance change during a voltage pulse (Figure 4.6) is
necessarily consistent with the bias and frequency dependence of the switching ratios,
as determined from complete I–V traces (Figures 4.3 and 4.4).
The simulation presented above is a discrete step iteration with recursive formulas. Conversion to a continuous model is also possible by shrinking the time step
towards zero. The resulting differential equation of dR(t)/dt has no analytical solution since the derived R(t) formula contains the Ei(γ) integralexponent function.
Consequently, no explicit formula exists for the R(t) function in this model.
The simulations were performed at several input parameter sets. The traces
obtained at varying Vdrive and constant ROF F and RS are illustrated in Figure 4.7.a.
Figure 4.7.b shows simulated curves with identical ROF F and varying RS values.
The Vdrive voltage was chosen to set the initial Vbias,0 = 0.35 V for each curve. The
black experimental trace of Figure 4.6 characterized by the same parameters as the
red simulated line is re-plotted in Figures 4.7.a and 4.7.b for comparison. Note that
the parameters a, b and α used to construct the traces of Figures 4.7.a and 4.7.b
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correspond to a different junction and are therefore different from those describing
the data shown in Figure 4.4 within a factor of two. The simulation adequately
describes the selected experimental time traces by using pre-determined empirical
values. The two sets of curves also properly account for the observed tendencies
displayed in Figure 4.6 attributed to the complementary effects of changing Vbias (0)
and ROF F /RS .

4.4

Fast switchings

The results presented in Sections 4.2 and 4.3 demonstrated the strong voltage dependence of R(t) upon resistive switchings. Measurements were done to find the shortest
achievable switching time [O1] limited by the speed of the internal physical processes
taking place in the Ag2 S layer. Real-time pulsed measurements were performed in
vacuum conditions at room temperature by connecting the Ag/Ag2 S/PtIr junction
to an arbitrary waveform generator and a digital oscilloscope of 2 ns time resolution
via a transmission line in a circuit schematically illustrated in Figure 3.12. Subsequent switching between the ON and OFF states was achieved by voltage pulses of
10 ns duration, 1.5 V amplitude and alternating sign as shown in Figure 4.8. The
device resistance was monitored by applying a 350 mV DC bias between the pulses.
The blue line in Figure 4.8.a shows the applied pulse train (Vappl ) in a configuration
when the sample is not connected and the transmission line is terminated by an
open end resulting in the total reflection of the pulses. The red line corresponds to
the situation when the transmitted signal from the pulse generator to the scope is
superimposed on a partially reflected signal emerging due to the finite resistance of
the memristor device (Vmem ). Figure 4.8.b shows the calculated resistances of ROF F
= 20 Ω and RON = 12 Ω. The subsequent, reproducible resistance plateaus are well
separated both from each other and from the noise floor of the measurement. While
fast pulsing measurements favor contact impedances close to 50 Ω, fast switching at
higher contact resistances were also observed, though with lower resolution.
The investigation of timescales shorter than 2 ns by alternating voltage pulses
is not possible utilizing the applied arbitrary waveform generator due to its ≥2.5
ns rise/fall times. However, the single shot experiment shown in Figure 4.9 demonstrates that resistive switching in Ag2 S can also be induced by voltage pulses as
short as 500 ps. Such measurements were carried out by using a custom built rise
time avalanche pulse generator whose electrical circuit design is sketched in Figure 3.13. This generator is specified to provide unipolar voltage pulses of 500 ps
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Figure 4.8: Switchings due to 10 ns long voltage pulses. a) Blue signal: the applied
voltage measured in an open circuit configuration. Red trace: Voltage drop on the
memristive cell detected by the oscilloscope in the configuration shown in Figure 3.12.
b) Calculated resistance of the junction between the switching pulses. [O1]

width and ≤10 V amplitude. The low bias readout between the short pulses and
the subsequent reinitialization of the OFF state was performed by a variable DC offset added to the biasing circuit via the conditioning and readout terminal. Whereas
the real-time response of the device is not fully resolved in the experiment due to
the instrumental limitation concerning the rise time of the applied oscilloscope, it
is evident that a sub-nanosecond pulse can initiate resistive switching. The transient oscillation superimposed on the falling edge of the pulse is caused by imperfect
impedance matching. Since the resistance of the cell varies on a short timescale,
it is highly challenging to achieve a perfect 50 Ω matching within a nanosecond.
The switching presented in Figure 4.9 is the fastest switching in Ag2 S based systems reported in the literature. Torrezan and his co-workers published a 100 ps fast
switching process in Ta2 O5 dielectric [44] which has been the shortest change initiated in a memristive cell up to the date of writing. However, the junction and its
surroundings were lithographically fabricated with 10 µm wide electrodes resulting
in an active device area of ≈100 µm2 . In contrast, the diameter of the conducting
channels in Ag2 S is 2 to 5 nm [O1]. The underlying physical mechanisms of the
resistance change in Ag2 S and Ta2 O5 are not identical, the latter is related to the
valence change memory effect as discussed in Section 2.2.
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Figure 4.9: OFF to ON switching due to a single voltage pulse of 500 ps width and
2.5 V amplitude. The calculated resistance values are indicated. The apparent 2 ns
pulse width arises due to the limited detector bandwidth. The measurement circuit
is displayed in Figure 3.13. [O1]

4.5

Long term stability

The measurements presented in the above sections focused on the maximal speed of
the switching process along with its dynamics up to 1 s timescales. This section aims
to show the long-term stability of the formed filaments in the absence of external
bias and the long-term effect of small bias voltages which are essential issues in
the realization of storage applications having long retention times and robustness
against readout operations as discussed in Section 2.5.1. The experiments presented
here also illustrate the mechanical and electrical stability of the applied STM setup.
Figure 4.10.a explains the scheme of the measurement. Subsequent I(V) curves
of the same junction were measured separated by different ∆t waiting times. During
the latter periods zero voltage was applied to the device. The conventional polarity
of the driving voltage is reversed in order to leave the cell in the ON state between
the subsequent cycles. The initial and final ON state resistances were calculated
from the starting and final slopes of each I(V) curve. In order to demonstrate
that no resistance change occurred during ∆t the initial resistance of the (n+1)th
trace was divided by the final resistance of the nth curve. This ratio is plotted
against the cycle number in Figure 4.10.b for ∆t = 0.01 s. The variation of the
above defined resistance ratio was less than 5% over 100 measurement cycles. Such
a variation is negligible compared to the ROF F /RON ≈ 4 switching ratio deduced
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Figure 4.10: Analysis of the long term stability of the ON states as a function
of the waiting time ∆t between two subsequent I(V) measurements. a) Explanatory
illustration of the nth and (n + 1)th I(V) measurements displaying the ∆t, Rn , Rn+1
parameters. b) The ratio of Rn+1 /Rn resistances as a function of the cycle number n
with ∆t = 0.01 s. c) The average and standard deviation of Rn+1 /Rn as a function
of ∆t. [O2]

from the individual I(V) traces. This scheme was repeated with various waiting times
ranging from 0.01 s to 100 s. Figure 4.10.c shows the average and standard deviation
of Rn+1 /Rn plotted against ∆t, calculated on the basis of 100 individual traces at
each point except the last one where 10 cycles were recorded. The average ratio is
close to 1 even at 100 s waiting time. This result contradicts the findings of other
groups claiming that the formed clusters in Ag2 S are unstable on this timescale [31].
The above discussed 100 s timescale has to be compared to the observed switchings
initiated by sub-nanosecond voltage pulses. This reveals an enormous, 11 orders
of magnitude separation in the time domain. In addition, the 100 s timescale only
represents the mechanical stability limitations of the applied zero-feedback STM
setup. The resistance state is expected to be conserved for even longer times.
The above presented measurement was repeated with a -0.1 V driving voltage
applied between the I(V) cycles to investigate the long-term effect of a small bias
as it is plotted in Figure 4.11. The first point was deduced from 100 traces while
the other four correspond to 10 cycles each. The data obtained with 0 V (same as
Figure 4.10.c) is also plotted in black for comparison. The resistance state does not
change up to 1 s, a small increase is visible at 10 s long waiting times but it stays
within the error bars. However, a significant increase in the resistance state of the
cell can be measured after 100 s. The series resistor was 51 Ω while the final ON
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Figure 4.11: The average and standard deviation of Rn+1 /Rn as a function of ∆t
in case of 0 V (black) and -0.1 V (red) applied driving voltages during ∆t. The
measurement scheme is similar to the one displayed in Figure 4.10.a. The black
dots are replotted from Figure 4.10.c.
state resistances were around 15 Ω which increased up to 20-40 Ω under 100 s. In
agreement with the experimental results displayed in Figure 4.4 the driving voltage
of 100 mV induces resistive switching above 0.01 Hz frequencies. This is also a strong
experimental proof that there is no lower limit for the switching threshold voltages
and it is not possible to attribute a single characteristic time to the resistance change.

4.6

Conclusions

In conclusion, the dynamics of the resistive switchings was studied in Ag/Ag2 S/PtIr
nanojunctions. Based on the recorded I(V) traces, linearly increasing the driving
amplitude exponentially accelerates the switching process at a fixed ROF F /RON ratio. It was also shown that the resistance change simultaneously exhibits multiple
timescales ranging from a nanosecond to seconds upon a switching voltage pulse.
The resulting nonlinear transition between the OFF and ON states are largely affected by the amplitude and frequency of the biasing signals as well. This transition
was explained by a time-dependent numerical simulation based on the results of
current-voltage measurements revealing the fundamental connection between these
two experiments. Resistive switchings were induced by 500 ps long voltage pulses.
The long-term stability of the formed filaments was also monitored up to 11 orders
of magnitude larger timescales along with the effect of low driving voltages.
The nonlinear transition observed in these cells provides a great opportunity

4.6. CONCLUSIONS

61

for the combination of GHz write/erase operations performed at bias levels of a few
volts, non-volatile readout with slower signals of a few 10 mV and robust information
storage at zero bias. Additionally, the observed non-exponential behavior along
with the access to tunable multiple resistance states open a wide range of novel
applications including integrated processing and storage platforms [78], multiple bit
based computation schemes [95] and improved neural network modeling [96].
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Chapter 5
The role of the geometrical
asymmetry
The models of resistive switchings based on electrochemical formation of conducting filaments presented in the previous chapters attribute the bias voltage polarity
dependence of the switching to the sequence of the inert and active electrode materials. However, after the first formation and rupture of the metallic filament, the
consecutive switchings take place between the broken ends of the same metallic filament yet the observed polarity is found to be robust. The impact of the geometrical
asymmetry on the switching polarity in case of Ag/Ag2 S/Ag junctions is discussed
in this chapter along with the role of the sign of the applied voltage during filament formation. Measurements were done in STM and mechanical break junction
arrangements while the switching behavior was explained by numerical molecular
dynamical simulations. The latter were carried out by Dávid Zsolt Manrique at
the Physics Department of Lancaster University, their technical details are outlined
in the Appendix. Based on these results the first set of all-Ag electrode on-chip
devices were tested exhibiting a well-defined and robust switching polarity. These
devices were prepared by Dr. Miklós Csontos while the electrical measurements were
performed by László Pósa.

5.1
5.1.1

Ag/Ag2S/Ag nanojunctions in an STM setup
Experimental results

The first set of experiments utilized a Ag/Ag2 S thin film sample with 30 nm Ag2 S
thickness whose preparation is presented in Section 3.1. Nanometer-scale junctions
63
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Figure 5.1: a) The scheme of the I(V) measurements performed in the STM setup.
A constant bias approach of the tip is followed by voltage sweeps of alternating sign.
b) A typical sequence of the triangular driving voltages of 2.5 Hz. The junction
is established in the presence of a constant positive voltage of Vdrive = 100 mV
(green). Resistive switching behavior is investigated by a triangular Vdrive starting
with a positive polarity (green) which is reversed after 10 periods (magenta). c)
The corresponding hysteretic I(V) traces exhibiting a uniform switching direction as
indicated by the curved arrows. The straight arrows denote the initial configurations.
d) Approaching at a constant negative voltage of Vdrive = −100 mV (red) followed by
a reversed sequence of Vdrive with respect to b) (red and black). e) The corresponding
I(V) traces reveal identical directions of the hysteresis loops to those in c). [O4]

were created between the Ag2 S surface and a mechanically sharpened 99.99% pure
Ag wire of 0.35 mm in diameter as it is sketched in Figure 5.1.a. In order to
investigate the influence of the initial electroforming process on the direction of
the observed resistive switching, junctions were established with either negatively
or positively charged Ag tips. After forming a metallic contact, a triangular Vdrive
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voltage signal of the same initial polarity was applied to record the I(V) traces over
10 periods. This was followed by a reversed phase triangular Vdrive of another 10
periods as indicated in Figures 5.1.b and 5.1.d. The corresponding I(V) traces are
exemplified in Figures 5.1.c and 5.1.e. All the four hysteresis loops share the same
direction of the resistive switchings, i.e., set (reset) transitions take place exclusively
at positive (negative) biases on the Ag film, independently of the bias polarity on
approaching as well as of the initial field direction during the voltage sweeps.
The above observations provide a strong experimental evidence that the polarity
of the resistive transitions in the Ag2 S layer is solely determined by the inhomogeneity of the local electric field in the vicinity of the conducting filament. This
inhomogeneity is caused by the geometrical asymmetry of the surrounding Ag terminals.

5.1.2

Molecular dynamical simulation revealing the role of
the local geometry

In order to gain a microscopic insight into the kinetics of field driven filament evolution upon switching cycles atomic-scale numerical simulations were performed taking
all-Ag electrodes with various boundary conditions into account [O4]. These simulations also help to understand the observed, robustly uniform polarity of the resulting
resistive switchings. The simulations were prepared by Dávid Zsolt Manrique at the
Physics Department of Lancaster University.
The simulations were carried out on a two-dimensional equilateral triangular lattice, where the lattice sites are either empty or occupied by a silver ion or atom. The
time development is performed either by moving some of the silver ions or atoms
to their neighboring empty site or by simulating a redox reaction, in which silver
ions and atoms located at an electrode surface are exchanged. First the electrostatic potential is computed in each time step. This is followed by the calculation
of a transition probability for each possible change. Finally the changes are executed with
probabilities. The transition probabilities are computed

 the calculated
∆E
∆t − kB T
where ∆E is the energy cost of the displacement or the redox
as min 1, τ e
reaction, 1/τ is the attempt rate and ∆t is the duration of the time step. The
∆E energy change depends on the participating atom’s or ion’s interaction with its
neighbors. In case of silver ions it also depends on the electrostatic potential. The
ion-ion and ion-atom interactions are parameterized close to room temperature in
order to keep the silver ions sufficiently mobile. The atom-atom interaction is set to
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Figure 5.2: Time evolution of a metallic silver junction bridging asymmetric Ag
electrodes under opposite bias voltages. The semitransparent color map indicates the
electrostatic potential and the stream lines visualize the electric field direction and
magnitude across the Ag2 S layer. The top panels show identical starting geometries.
The bottom panels show the structure 1000 time steps later. [O4]

be strongly attractive enabling the growth of stable metallic branches which resist
to thermal diffusion. Further technical details of the simulations are outlined in
the Appendix. It is to be emphasized that the two-dimensional aspect of the above
model along with the assumption of a triangular lattice and the phenomenological
transition probabilities obviously cannot account for the rich variety of the microscopic details present in real Ag2 S nanojunctions. Yet, the reduced computational
requirements of such a simplified model allows the analysis of several different parameter sets and boundary conditions and thus provides a deeper understanding
on the actual tendencies of electric field driven filament evolution at asymmetric
electrode configurations.
The initial filament formation across the insulating Ag2 S layer is presented in
the Appendix. Here the filament evolution in the regime of metallic switchings is
discussed in details which is the main focus of the experiments. Figure 5.2 shows
the simulated filament evolution starting from a fully formed filament between geometrically asymmetric, all-Ag electrodes. The relation of the preserved asymmetry
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to the observed, robustly uniform polarity of the resistive switchings taking place
between metallic OFF and ON states are monitored. The triangular shape models
the STM tip while the rectangular electrode accounts for the Ag film. The left
panels (5.2.a and 5.2.c) correspond to the negatively biased tip geometry. The final
silver atom distribution is displayed in Figure 5.2.c, showing that the initial bridging
filament thickened due to the applied voltage. The right panels (5.2.b and 5.2.d)
show the opposite case when positive bias is applied to the tip which results in the
thinning of the conducting channel (5.2.d). This behavior is in full agreement with
the experimentally observed polarities of the set/reset transitions underlining the
fundamental role of the asymmetrical initial arrangement of the electrodes. The
resulting electric field profiles reveal that the high field regions are located around
the smallest cross-section of the contact, so that resistive switching can occur due
to the increased probabilities of redox steps in the vicinity of the filament.

5.2

In-situ sulphurised silver break junctions

Single-component metallic junctions utilizing silver [67] and aluminium [97] break
junctions exhibit reproducible resistive switching at cryogenic temperatures, both
relying on atomic rearrangements due to electromigration. Similar experiments were
also carried out using nanofabricated gold nanowires [98] at room temperature. The
operation speed of these devices were instrumentally limited below 100 kHz in contrast to the sub-nanosecond operation of Ag/Ag2 S/PtIr memristive nanojunctions
demonstrated in Section 4.4.
Previous experiments [67] utilizing the mechanically controlled break-junction
(MCBJ) technique for creating clean Ag-Ag atomic junctions at room temperature
also reproduced the main features of the usually observed resistive switching behavior which were attributed to electromigration taking place finite bias. However, in
the absence of an ionic conductor layer these individual characteristics were highly
unstable in spite of the superior mechanical stability offered by the MCBJ technique
[99] over the one of an off-feedback STM setup. Ag/Ag2 S/Ag cells having stable, reproducible switching behavior are expected to combine the advantages of the above,
simplified architectures and high frequency operation.
Experiments on sulfurized Ag-Ag junctions were performed in an MCBJ arrangement in order to further verify the dominant role of the geometrical asymmetry in
the polarity of the resistive switchings. The MCBJ arrangement is presented in
Section 3.2.3 and also sketched in the inset of Figure 5.3. A 99.99 % pure silver wire
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Figure 5.3: Representative I(V) traces recorded in selected, independent junctions
established in an MCBJ arrangement. The frequency of the applied triangular driving
voltage is 2.5 Hz. The straight arrows indicate the random initial configurations
measured after the creation of the junction at identical polarities. The hysteresis
loops exhibit a random, uniform distribution of either clockwise or anti-clockwise
direction. The upper (red) curve is vertically shifted for clarity. ROFF = 77 Ω,
RON = 45 Ω and RS = 150 Ω (black trace), ROFF = 45 Ω, RON = 25 Ω and
RS = 380 Ω (red trace). The inset illustrates the MCBJ setup. [O4]

with a diameter of 0.125 mm is attached to a bending beam and ruptured due to
the extension caused by the beam. The freshly cut-off silver surfaces are sulfurized
followed by the re-attachment of the two ends of the wire.
Unlike in the STM setup, where the initial asymmetry of the junction is largely
determined by the different shapes of the thin film and sharp tip electrodes, the
rupture of a uniform wire is expected to result in a randomly oriented local asymmetry at the apex of the junction. Hence the switching direction is anticipated to be
random with a 50 % probability of a set/reset transition at a given voltage polarity.
The obtained experimental results are in good agreement with these expectations
as exemplified in Figure 5.3. The stable, hysteretic I(V) traces exhibit comparable,
metallic ON and OFF state resistances but opposite switching polarities. The statistical analysis of 10 identically prepared samples revealed a 50% probability of
having a set/reset transition at a given voltage polarity independently from the applied bias during re-connection, providing an excellent agreement with the above
qualitative scenario. When a stable sequence of I(V) measurements was followed
by a complete rupture and re-connection of the electrodes, the polarity of the subsequent switchings were likely (>80%) to be identical to those obtained previously,
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indicating that up to a certain degree of re-establishment the asymmetry of the
junction is mostly determined by the first rupture and is robust against repeated
mechanical reconfigurations.

5.3

Lithographically designed junctions

Based on the above findings resistive switchings were also studied in a series of
prototype on-chip memory devices illustrated in the inset of Figure 5.4. These
devices were prepared by Dr. Miklós Csontos while the electrical measurements
were performed by László Pósa.
The structure mimicking the asymmetry of the STM arrangement was patterned
by standard electron beam lithography on an amorphous, 140 nm thick SiNx substrate. The 100 nm wide and 45 nm thick, electron beam evaporated silver channel
connecting the electrodes was further reduced in its diameter by controlled electromigration in vacuum conditions [100, 101, 102]. This was followed by the opening of
an approximately 1 nm wide gap at the narrowest cross-section of the silver channel
situated presumably close to the apex of the triangular electrode, as suggested by
the inset of Figure 5.4. This nanogap was then exposed to vaporized sulfur at 60°C
at ambient pressure followed by the re-connection of the electrodes by triangular
voltage signals up to 2 V amplitudes. An optimized, 3 minutes long sulfurisation

-

Current (mA)

1

+

0.5
0
−0.5
−0. 2

−0.1

0

0.1

0.2

Vbias (V)
Figure 5.4: Representative I(V) trace recorded by a 2.5 Hz triangular Vdrive voltage
signal in a planar Ag/Ag2 S/Ag nanojunction created by electromigration and subsequent sulfurisation of an all-Ag lithographic structure. ROFF = 279 Ω,RON = 155 Ω
and RS = 5 Ω. The inset shows the electron microscopy image of the device after
performing the I(V) measurements. The white scale bar in the lower right corner
indicates 200 nm. The convention of the bias voltage polarity is also shown. [O4]
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Figure 5.5: 20 consecutive I(V) traces acquired on stable nanojunction configurations established in an STM setup a), MCBJ setup b) and in a nanolithographic
sample c) illustrating the reproducibility of individual I(V) traces in each arrangement. a) ROFF = 32.6 ± 3.3 Ω, RON = 18.2 ± 1.6 Ω, b) ROFF = 77 ± 5 Ω,
RON = 45 ± 1.8 Ω and c) ROFF = 279 ± 15 Ω, RON = 155 ± 5 Ω. [O4]
time resulted stable, hysteretic I(V) traces highly similar to those obtained by the
previously discussed techniques, also reflecting identical switching polarities as exemplified in Figure 5.4. This effect is attributed to the formation of a few 10 nm long
region of Ag2 S where filament formation and destruction can take place between the
electrodes during memory operations. While the endurance of these very first proof
of concept devices were in the order of a few 100 cycles, it is expected that, owing
to their largely simplified structure and inherently high mechanical stability, the
future optimization of the design and fabrication parameters is expected to enable
the reliable application of such memory architectures.
The reproducibility of the measured I(V) traces at stable junction configurations
are illustrated in Figures 5.5.a, 5.5.b and 5.5.c for STM, MCBJ and lithographically
designed on-chip structures, respectively. The RON and ROF F values along with
their standard deviations were evaluated from the plotted curves. In case of the
STM arrangement, the obtained ∼10% relative standard deviation complies with
those obtained in similarly established Ag/Ag2 S/PtIr nanojunctions [O3] and is
limited by the long-term mechanical stability of the applied off-feedback STM setup
[O2]. The superior mechanical stability of the MCBJ setup over the one of the offfeedback STM is reflected in the reduced relative standard deviations of the ROF F
and RON values. While the STM and MCBJ setups were installed by implementing
advanced isolation techniques against mechanical vibrations, the I(V) measurements
of the lithographic structures were carried out in a mechanically undamped vacuum
chamber which was installed directly at the inlet of a turbomolecular pump. Yet,
the lowest dispersions of the ROF F and RON values were achieved in this setup (Fig-
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ure 5.4.c), demonstrating the inherently high mechanical stability and robustness of
the simplified on-chip design.

5.4

Conclusions

Stable resistive switchings in Ag/Ag2 S/Ag nanojunctions lacking the conventionally employed inert electrode were investigated. The experiments performed in the
STM and MCBJ arrangements demonstrated that the bias voltage polarity of the
set/reset transitions are exclusively determined by the inhomogeneity of the local
electric field, arising from the geometrical asymmetry present at the apex of the junction. Numerical simulations taking activated ion migration and redox reactions into
account successfully reproduced the observed switching behavior. They also reveal
that the atomic re-arrangements responsible for the observed resistive switchings
only involve a small amount of silver ions situated in the vicinity of the junction’s
narrowest cross-section providing a key ingredient to ultrafast memory operation.
Moreover, these experiments also demonstrate the merits of Ag/Ag2 S/Ag nanostructures as highly integrable memory cells since the patterning of asymmetric Ag
terminals requires only one lithographic step. The intermediate Ag2 S can be formed
by partially sulfurizing the silver structure using an appropriate mask. The first
experiments on a lithographically designed proof of principle on-chip device successfully confirmed the above conception along with an increased mechanical stability.
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Chapter 6
The role of the local heat
dissipation
The role of the local Joule heating in the vicinity of the conducting filament is
discussed in this chapter. Fist the theory of power dissipation and local overheating
in nanometer-scale junctions are summarized based on Reference [103]. It is followed
by a theoretical model explaining the observed switching threshold voltages along
with the ON and OFF state resistances relying on the local overheating of the
junction volume and the resulting structural phase transition of the Ag2 S matrix.
Finally experimental results verifying the theoretical model are presented.

6.1

Electron transport and heat transfer in nanocontacts

Power dissipation in biased point contacts is concentrated in a small volume around
the contact center, leading to an elevated temperature in the junction area [103]. If
d is the diameter of the smallest cross section of the contact then the major part
of the potential drops within a characteristic distance of d from the contact center
independently of the exact contact geometry [104].
In the so called thermal regime d is much larger than the Li inelastic diffusive
length. Assuming that the heat is conducted just by the electrons, the equations of
heat conduction can be solved for an arbitrary point contact geometry [105]. In this
limit the TJ temperature of the contact center is determined by the bias voltage as
2
+
TJ2 = Tbath

73

2
Vbias
,
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where Tbath is the temperature of the electrodes and L = (πkB )2 /3e2 is the Lorenz
number. According to Eq. 6.1 the contact temperature is independent of d. The
power is dissipated inside the junction within a characteristic volume of ∼ d3 . As the
resistance of a diffusive contact is R = 1/σd with σ being the electrical conductivity
2
[104], the dissipated power scales with the contact diameter as P = Vbias
σd.
In smaller nanojunctions with d . Li the potential also drops within a distance
of d from the contact center. However, in this regime the electrons must travel a
distance of Li to dissipate the energy gained from the potential drop. Therefore
the power P = V 2 σd is dissipated in a volume of ∼ L3i , regardless of the contact
diameter. As the magnitude of the power dissipation scales with d whereas its
corresponding volume is constant, TJ is expected to decrease with decreasing contact
size. Solving the equations of heat conduction in an opening-like contact geometry
with diameter d and assuming that the power drops in a sphere with radius Li , the
temperature of the contact center is
2
TJ2 = Tbath
+

2
d
Vbias
.
4L Li

(6.2)

Equation 6.2 shows that TJ is reduced in smaller contacts and the magnitude of this
reduction is determined by d/Li .
In even smaller contacts characterized by d < le , with le being the elastic mean
free path, the electrons perform a ballistic motion and the resistance is determined by
the Sharvin formula, R = 16le /3πd2 σ. The temperature of the junction is expressed
as
2
d2
9 Vbias
2
.
(6.3)
TJ2 = Tbath
+
64 L Li le
It must be noted that the validity of the calculations in the d < le regime is
limited. As the electrons can only thermalize within a characteristic distance of Li ,
the equations of heat conduction are not strictly applicable at shorter length scales.
However, while the major part of the temperature increase takes place at a longer
length-scale of r > Li , Equations 6.2 and 6.3 still provide a good estimation for
the contact temperature. Such calculations are also overestimating TJ when not
only the distant electrodes are cooled but the whole contact surface, for instance, in
measurements performed at ambient conditions.
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A heat dissipation model in voltage-biased
Ag2S junctions

Based on the above presented calculations the temperature of the junction can be
estimated by inserting the typical junction parameters into Equation 6.2. Using
the average junction diameter of 2-5 nm [O1], Li ∼10 nm [67] and the observed
switching threshold of a few 100 mV reveals that the TJ = TC = 451 K bulk structural phase transition temperature of the Ag2 S is easily reached even at an ambient
temperature of T = 4.2 K. It is to be noted, that the above estimation neglects
the small but finite heat conduction of the acanthite Ag2 S medium, thus overestimates the junction temperature. However, as a counter effect, the electric field is
also reported [62, 63, 64, 65] to reduce the phase transition temperature of various
compounds facilitating the transition at lower temperatures. While the low temperature acanthite phase of Ag2 S is a semiconductor with very low conductivity,
its high temperature argentite phase is a superionic conductor exhibiting a highly
enhanced ionic mobility as it is discussed in Section 2.4.2. It has also been demonstrated that the critical temperature of the phase transition is considerably reduced
in the presence of an applied electric field [61] which facilitates the initial growth of
the metallic Ag nanofilament. The above numerical estimation implies that a Joule
heating assisted local superionic phase transition of the Ag2 S solid electrolyte may
play a major role in the observed resistive switchings.
Based on the above considerations the observed switching cycle can be interpreted as follows. According to Equation 6.2, in a steady state the temperature of
the junction is determined by the P = I · Vbias power dissipation and Tbath ambient
temperature. This leads to the emergence of isothermal regions along the I · Vbias =
constant lines in the I(V) plane as it is indicated by the dashed lines in Figure 6.1.b.
The steady state is classified here by a timescale which is shorter than the one of
the resistance change at the actual bias voltage but long enough for the establishment of a stable temperature profile around the contact volume. The characteristic
time for the latter process is in the order of 10 ps [106]. The I · Vbias = constant
equation of the isothermal lines directly follows from Equation 6.2 by assuming an
2
orifice-shaped, diffusive nanojunction where G = 1/R = σd. Thus TJ2 − Tbath
is
2
proportional to G · Vbias = I · Vbias . However, a nanowire-like, uniformly elongated
constriction of the length l can also be taken into account here. In the latter case
3
G = σd2 /l applies, resulting in isothermal regions situated along the steeper, I · Vbias
= constant lines. In reality, these two scenarios can be considered as limiting cases
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for the isothermal lines corresponding to arbitrary filament geometries. The exact
form of these lines, however, does not play a role in the following argumentation.
The application of Equation 6.2 corresponding to the diffusive regime is verified
experimentally in Section 6.3.
Compared to the predictions of Equation 6.2 the actual junction temperature
may be reduced due to the fact that the filament is embedded in a semiconducting
Ag2 S matrix exhibiting finite heat conduction. However, a considerable cooling
effect is not expected based on the poor electrical conductivity of the acanthite
phase Ag2 S.
The ionic motions are not accelerated within the filament volume at TJ < TC
temperatures leading to a slow reconfiguration of the conducting channel and thus
to a small, systematic positive deviation from a linear I(V) characteristics in the
initial OFF state (Figure 6.1.c). An enhanced filament growth takes place when
Vbias becomes high enough to heat up the junction area to the TC phase transition temperature (Vbias = V1 = Vth ). At this point the surrounding Ag2 S matrix
transforms to the superionic argentite phase facilitating the movement of the silver
ions resulting in a rapid filament growth (Figure 6.1.d). Due to this fast growing
process Vbias can be decreasing while Vdrive is still increasing since as the resistance
of the cell decreases the fraction of Vdrive dropping on the series resistor increases as
illustrated in Figure 6.1.a. The junction temperature remains above TC because as
d increases the TJ ≥ TC condition can be fulfilled at lower Vbias in agreement with
Equation 6.2. At decreasing Vbias during the transition the characteristic timescale
of the resistance change is exponentially diverging as discussed in Chapter 4. Therefore the OFF to ON transition at a given voltage sweep rate is naturally terminated
as the resistance of the junction becomes comparable to RS .
At oppositely charged electrodes the direction of ionic motion is reversed and
acts toward the (partial) destruction of the conducting filament (Figure 6.1.e). In
this field direction the TJ = TC condition is fulfilled at a lower bias (V3 < V1 ) in
accordance with Equation 6.2 as dON > dOF F . Independently from the relationship
of V1 and V2 , the V3 < V2 condition also holds because both points on the linear
I–V trace belong to the same ON state exhibiting an identical resistance while they
are subjected to different driving voltages of Vdrive,2 > |Vdrive,3 |, as illustrated in
Figures 6.1.a and 6.1.b. The V4 > V1 relationship relies on similar considerations.
These arguments make it evident that the hysteresis loops are necessarily asymmetric in Vbias exhibiting a longer and smoother transition from the ON to the OFF
state rather than vice versa, which is in full agreement with the representative I(V)
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Figure 6.1: a) Schematic illustration of the applied and recorded voltage signals.
Vdrive (t) (black) is the bias voltage acting on RS and the junction. The Vbias voltage
drop on the memristive cell is indicated by red (blue) in the OFF (ON) state. Four
Vbias values characterizing the resistive switching cycle are labeled. b) Schematic
illustration of the switching cycle in the I(V) plane starting from the OFF state
at zero bias. Along the dashed hyperbolae the I · Vbias dissipated power and thus
the TJ local temperature of the junction are constant. Electrical conductance via the
metallic filament in the OFF (c) and ON (e) states as well as during the OFF to ON
(d) and ON to OFF (f ) transitions are labeled on the I(V) characteristics. d)-f ) A
cartoon illustrating local temperature and ionic drift in the vicinity of the filament in
the OFF state, during the set process, in the ON state and during the reset process,
respectively. [O3]

traces presented along this thesis.
Another important consequence of the V3 < V1 condition is TJ,2 > TJ,1 , i.e.
the resistive switching is not an isothermal process. This implies that during a
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decreasing positive bias further resistance change is expected to take place in the
ON state as long as TJ > TC .
At Vbias = V3 the Ag2 S matrix becomes superionic again, fueling an accelerated
filament destruction (Figure 6.1.f). However, in contrast to the one responsible for
the OFF to ON switching, this process is inherently self-limiting as at a decreasing
d the magnitude of Vbias necessary to keep the TJ = TC condition satisfied is also
increasing. Therefore, in order to achieve higher ROF F values one has to supply an
increased Vbias . However, the firm experimental finding that upon increasing the
magnitude of the negative bias ROF F always takes its initial value indicates that
the Ag2 S matrix exposed to the strong electric field in the vicinity of the filament
has a limited capability to incorporate the dissolved Ag+ ions. This saturation
concentration is close to the stoichiometric value which is present at the beginning
of the switching cycle. It is also to be noted that in the Ag rich environment the
argentite phase can survive even at room temperature [61]. Such residues may also
contribute to the filament structure refining the simple picture of pure Ag channels
depicted in Figures 6.1.c - 6.1.f.

6.3

Experimental results

Based on the above presented model the experimental study of the relationship
among the ambient temperature, the series resistance, the ON and OFF state resistances and the corresponding junction diameters along with the characteristic bias
voltages is discussed in this section. Approximately 2000 I(V) traces were recorded
at each ambient temperature value during the switching process of Ag/Ag2 S/PtIr
cells realized in an STM arrangement. The measurements were performed in the
variable temperature insert of a standard 4 He cryostat between 4.2 K and room temperature which is presented in Section 3.2.2. The I(V) traces were recorded utilizing
the electrical circuit presented in Figure 3.9 using triangular driving voltages and
RS resistances ranging from 50 to 400 Ω.
Typical I(V) traces recorded within 300 ms at selected temperatures are plotted
in Figure 6.2.a. A significant decrease in the switching threshold voltages with
increasing ambient temperature is observed. This monotonic decrease is underlined
by the statistical analysis of around 2000 stable I(V) traces at each temperature.
The average threshold voltages of the set process along with their standard deviation
are plotted against the temperature in Figure 6.2.b. The tendency extracted from
the experimental data is in good qualitative agreement with the expected behavior
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Figure 6.2: a) Representative I(V) traces of metallic Ag/Ag2 S/PtIr junctions
recorded at various temperatures from Tbath = 4.2 K to room temperature. The
direction of the loops indicated by the arrows was identical for all curves. The traces
are vertically shifted for clarity. b) The OFF to ON switching threshold voltage
Vth (= V1 ) as a function of temperature. The dots and the error bars correspond to
the average and standard deviation as evaluated for ∼ 2000 traces at each temperature. [O3]

based on the previously presented switching model.
The relevance of the switching scenario discussed in Section 6.2 is further supported by re-plotting the square of V1 (T ) = Vth (T ) data of Figure 6.2 along with the
2
V3 (T ) reset threshold voltages against Tbath
as shown in Figure 6.3.a. This method
is the linearization of Equation 6.2. Two limiting cases of Li /d are plotted with
dashed lines, namely Li /d = 1 and Li /d = 6. The prior corresponds to the thermal
limit. It is to be noted that the Li inelastic diffusive length also enhances at low
temperatures due to suppressed phonon scatterings which alters the linear trend.
While the thermal limit clearly remains unchallenged at the onset of the OFF to
ON transition, even the low temperature enhancement in Li falls below the upper
limit of Li /d = 6. On the other hand, the ON to OFF switching takes place close
to the thermal limit signaling that the relevant transport length scales, Li , d and le
are close to each other within a few nanometers.
Figure 6.3.b shows the relationship of the ON and OFF switching threshold voltages to the corresponding ROF F and RON values. The requirement that the onsets
of both transitions must occur as TJ approaches the same TC sets the conditions
of (V1 /V3 )2 = (ROF F /RON )ν according to Equation 6.2. The value of ν is 1 for an
opening-like contact and ν = 1/2 for a nanowire having a uniform diameter. Arbi-
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trary junction geometries are manifested in the intermediate values of ν. The plotted lg(V1 /V3 ) lg(ROF F /RON ) dataset shows a linear tendency with ν = 0.61 ± 0.06
which provides a strong quantitative evidence to the presented picture.
In the intermediate regime situated on the verge of ballistic and diffusive conductance the dOF F and dON average filament diameters are estimated based on the
interpolating formula [68] relying on the Boltzmann equation for an arbitrary ratio
of d/le
1
16
+ Γ(le /d) ,
(6.4)
R = le /d ·
3πσd
σd
where Γ(le /d) is a numerically determined monotonic function with Γ(0) = 1 and
Γ(∞) = 0.694. Note that the first term is exactly the Sharvin resistance by putting
the σ = le2 n/~kF Drude conductivity into the formula, thus it is actually independent of le . The junction diameters are calculated by taking λF = 0.4 nm being
the Fermi wavelength in bulk Ag into account [107]. This approximation results in
the temperature independent values of dOF F = 1.8±0.7 nm and dON = 4.8±1.2 nm
confirming the range of validity of Equation 6.2, i.e. the le ≤ d < Li assumption
with le = 1.8 nm being the elastic mean free path in argentite phase Ag2 S [108].
These values are also in agreement with the previous study on the conducting channel distribution carried out by low temperature point contact Andreev reflection
spectroscopy presented in Section 2.4.3.
Based on the considerations presented in Section 6.2, the resistance change is
expected to be a non-isothermal process. This means that the resistance of the
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by Equation 6.2 with TJ = TC = 451 K and Li /d = 6 (upper line) and 1 (lower
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memristive cell is expected to rapidly decrease at positive bias as long as TJ > TC
regardless of the increasing or decreasing nature of the driving signal. The nonisothermal property is demonstrated in Figure 6.4. A single device was identically
biased to its set transition within 2.5 ms by a triangular voltage signal with an
0
amplitude of Vdrive
= 0.5 V (red trace). This was followed by different voltage sweeps
−1
at rates of -200 Vs (blue trace) and -2.5 Vs−1 (green trace). In the latter case the
on-going resistance change at higher biases corresponding to TJ > TC resulted in a
further, well visible decrease in RON and a rounded upper corner of the hysteresis
loop. In contrast, the fast sweep rate in the former experiment outperformed the
reduced rate of the resistance change and yielded to an apparently linear I(V) trace
and a sharp corner. These results disprove the hypothesis of isothermal switching
processes published earlier in the literature [6]. The actual shape of the transition
along with the achievable ROF F /RON ratios are thus also largely determined by the
frequency of the driving signal as it is discussed in Chapter 4.
The influence of RS on RON and ROF F is shown in Figure 6.5. The initial OFF
state resistances are determined to a great extent by the controlled approach procedure of the STM tip and thus are not expected to exhibit any dependence on the
biasing scheme. Consequently, a systematic RS dependence of ROF F was not observed, either, as demonstrated by the uniformly scattered red dots in Figure 6.5.b.
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On the other hand, the ON state resistance is proportional to RS as indicated by
the blue squares in Figure 6.5.a. The latter behavior is attributed to the decreasing
voltage drop on the junction as its resistance is decreasing toward RS upon a set
process resulting in a rate limitation for a further resistance change as described in
Section 6.2. This is also in agreement with the observed dependence of ROF F /RS
and RON /RS on the bias voltage amplitude as displayed in Figure 6.5.c for a representative single junction measured at room temperature. RON saturates at the scale
of RS as the driving amplitude is increased while ROF F remains unaltered.

6.4

Conclusions

In conclusion the effect of the ambient temperature on the resistive switching characteristics is investigated. Based on the proposed theoretical model the dominating
driving force of the resistance change in the highly non-equilibrium metallic regime is
self-heating assisted electric field driven ionic transport. This results in an intensive
expansion/shrinkage of the metallic conduction channel as the local temperature of
the nanojunction approaches a critical temperature, namely the superionic phase
transition temperature of the surrounding Ag2 S solid electrolyte. Based on the statistical analysis of ∼104 I(V) traces acquired at different biasing conditions over
a wide temperature range it was found that the ON and OFF switching threshold voltages as well as RON and ROF F are determined by the controllable means
of sample preparation, the series resistance of the biasing circuit and the ambient
temperature, in quantitative agreement with the proposed model.

Summary
The major conclusions of this Ph.D. work are summarized in the following thesis
points.
1. I have developed a room temperature, 3D-tunable point contact measurement
setup including the design of the sample holder and the implementation of
measurement control programs. I have studied the resistance change behavior of metallic nanofilaments formed in Ag2 S thin films situated between Ag
and PtIr electrodes. I have shown that it is possible to induce reproducible
resistance changes by bipolar voltage pulses of the width of 10 ns. Utilizing
a unipolar, custom built avalanche pulse generator I have demonstrated that
significant resistance changes also occur due to 500 ps long voltage pulses. [O1]
2. I have investigated the dynamics of the resistive switching process in
Ag/Ag2 S/PtIr nanojunctions. I demonstrated that  at a fixed ROF F /RON
ratio  linearly increasing the driving amplitude results in an exponential acceleration of the switching process over six decades in the frequency domain.
I showed that the resistance change exhibits a strongly nonlinear time dependence upon a constant driving voltage acting on the memristive cell and a
conventional serial resistor. High voltage drop on the cell induces a fast switching while low voltage signals slowly modify the resistance state. This results
in an elongated transition taking place over at least 11 orders of magnitude in
the time domain. Consequently, it is not possible to attribute a well-defined
characteristic time to the switching process. This elongated transition was
accounted for by numerical simulations which revealed the direct connection
between the bias dependence of the ROF F /RON ratio and the temporal evolution of the resistance change. All parameters of the simulations were deduced
from experimental data. [O2]
3. I have studied the voltage polarity of set and reset processes in Ag/Ag2 S/Ag
cells. The generally accepted models attribute the polarity of the switching
83
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to the specific sequence of inert and active electrode materials. In contrast,
I found that the polarity can be solely determined by the local inhomogenity
of the applied electric field at the active volume of the junction in agreement
with molecular dynamical simulations. This inhomogenity arises from the
geometrical asymmetry of the electrodes. Consequently, stable reproducible
switchings with well-defined switching polarity were achieved in an STM setup
using a silver tip and an Ag/Ag2 S thin film sample. On the other hand,
break-junction experiments utilizing silver wires and post-rupture sulfurization
revealed a random initial switching polarity in agreement with the stochastic
nature of the rupture process. [O4]
4. I have performed temperature dependent measurements to reveal the role of
the ambient temperature and Joule heating in the fundamental properties of
the hysteretic I(V) traces in Ag/Ag2 S/PtIr cells. My measurements demonstrated that the switching threshold voltages increase with decreasing temperature while the metallic nature of the ON and OFF states is preserved
down to cryogenic temperatures. This behavior was attributed to an excessive
heat dissipation taking place in the active volume of the junction facilitating
a structural transition of the Ag2 S medium to its superionic argentite phase
where rapid changes in the filament structure can occur. This implies that the
dominating driving force of the non-isothermal resistance change is self-heating
assisted electric field driven ionic transport. [O3]
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Appendix
Numerical simulations of filament
formation in Ag/Ag2S/Ag cells
The following simulations related to Chapter 5 were prepared by Dávid Zsolt Manrique at the Physics Department of Lancaster University. [O4]
The simulations were carried out on a two-dimensional equilateral triangular lattice, where the lattice sites are either empty or occupied by a silver ion or atom.
This geometry mimics the distribution of silver ions in a polycrystalline Ag2 S crystal [109] with the assumption that the silver atoms forming a conducting filament
occupy crystal sites in the Ag2 S matrix. The presence of sulphide ions is taken into
account as a screening medium reducing the range of the silver ion interactions to
nearest neighbor. The microscopic development is driven by room temperature ionic
diffusion and redox processes, the latter taking place at the electrode surfaces. Similar filament growth simulations have been done before in Reference [110] utilizing
different theoretical models. The calculations are done in a two-dimensional system
for simplicity.
A typical equilateral triangular lattice used in the simulations can be recognized
in Fig. A2 where the black dots denote silver atoms, the red dots represent silver
ions. The lattice exhibits periodic boundary conditions along the horizontal direction
while the vertical boundaries are terminated by two layers of silver atoms set to V
and zero potentials on the top and bottom, respectively. The lattice constant is
set to a=3.85 Å which approximately corresponds to one real atom per site. The
electrostatic potential on each site is computed by solving the Poisson’s equation
∇(r ∇u) = −ρ/0 on the lattice. The charges of the silver ions are considered to
be screened, therefore they are excluded from the electrostatic calculation. r = 1
is set to zero outside, whereas inside the silver r = 1 − i1.25 × 105 is applied. The
surface charge density is computed from the potential as 4u = −ρ/0 .
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The time development is performed either by moving some of the silver ions or
atoms to their neighboring empty site or by simulating a redox reaction, in which
silver ions and atoms located at an electrode surface are exchanged. First the electrostatic potential is computed in each time step. This is followed by the calculation
of a transition probability for each possible change. Finally the changes are executed
with the calculated probabilities. The transition probability of a silver ion at site
k+ moving to its neighboring empty site k◦ is computed as [111]
wkdiff
+ ,k◦

∆t −
e
= min 1,
τ+

diff
∆Ek
+ ,k◦
kB T

!
,

(5)

where ∆Ekdiff
is the energy change of the move, 1/τ+ is the attempt frequency of
+ ,k◦
transition
the silver ion to jump and ∆t is the duration of the time steps. The wkdiff
• ,k◦
probability of a silver atom jumping from site k• to its neighboring empty site k◦ is
computed similarly using ∆Ekdiff
and 1/τ• . The transition probability for a redox
• ,k◦
step, where a surface silver atom on site k• is oxidized and a surface silver ion on
site k+ is reduced, is computed as
wkredox
• ,k+

= min 1,

∆t
τredox

e

−

ox +∆E red
∆Ek
k+
•
kB T

!
,

(6)

where ∆Ekox• + ∆Ekred
is the energy change due to the oxidation and reduction on
+
site k• and site k+ , respectively, and 1/τredox is the redox reaction rate. The ∆t
duration of the time steps is chosen such that the typical transition probability is
much smaller than 1. The energy changes are calculated as
∆Ekdiff
= µ̃k◦ (Ag + ) − µ̃k+ (Ag + )
+ ,k◦

(7)

∆Ekdiff
= µ̃k◦ (Ag) − µ̃k• (Ag)
• ,k◦

(8)

∆Ekox• = µ̃k• (Ag + ) − µ̃k• (Ag) + µ̃ek•0

(9)

∆Ekred
= µ̃k+ (Ag) − µ̃k+ (Ag + ) − µ̃ek+0
+

(10)

where the electrochemical potential of a silver ion at site k is
•
µ̃k (Ag + ) = γ++ n+
k + γ+• nk + |e|uk ,

(11)

•
where n+
k and nk are the numbers of silver ion and atom neighbors of site k, respectively, γ++ and γ+• are the interaction energies, |e| is the charge of the silver ion
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and uk is the potential at site k. The electrochemical potential for the silver atom
is
•
µ̃k (Ag) = γ+• n+
(12)
k + γ•• nk ,
where the γ•• is the interaction energy between silver atoms. The sites k•0 and
0
k+
denote neighboring silver sites to k• and k+ , respectively. They are chosen
to provide the maximum probability for the given redox reaction. The electron’s
electrochemical potential on a surface site is calculated as [112]
µ̃ek = EF − |e|uk −

ρk /|e|
,
g(EF )

(13)

where ρk is the charge density at the surface site k and g(EF ) is the surface density of
states in silver. The structural evolution of the contact is determined by the locations
of the redox processes. The above formulae of the chemical potential imply that the
typical locations of the redox reactions are determined by the average numbers of
neighbors i.e., the ion concentration, and by the surface charge density. The numbers
of neighbors are weighted with the interaction energies, therefore this contribution is
coupled to the energetics of the diffusion process, whereas the surface charge density
terms depend on the metal properties.
The ∆E energy change depends on the interaction of the participating atom or
ion with its neighbors. In case of silver ions it also depends on the electrostatic
potential. The ion-ion and ion-atom interactions are parameterized close to room
temperature in order to keep the silver ions sufficiently mobile. The atom-atom
interaction is set to be strongly attractive enabling the growth of stable metallic
branches which resist to thermal diffusion.
Figure A1 shows a typical simulated evolution of the junction at negative and
positive tip potentials (left and right panels in Figure A1, respectively). The structural development can be followed from the top to bottom panels. The initial asymmetrical arrangement, representing an STM tip - flat surface setup, develops in time
very differently at opposite bias polarities. Figures A1.a and A1.b demonstrate
that at the initial phase of the filament formation the region of the most intensive
structural changes are located at the apex of the tip, where the electric field is the
highest. At a negative tip potential the silver atoms are being deposited on the apex
and a filament starts growing towards the bottom surface. Figure A1.c illustrates
a dendritic filament growth which is predominantly fueled by the oxidation of the
silver atoms of the bottom electrode located under the filament. At a reversed polarity the tip gradually loses its apex leading to an effective shrinking while opposite
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Figure A1: Snapshots of initial silver filament formation within the Ag2 S layer
at an asymmetric initial tip versus flat surface arrangement of the Ag electrodes.
The semi-transparent color map indicates the electrostatic potential and the stream
lines visualize the electric field direction and magnitude across the Ag2 S layer. The
left and right panels show the evolution of the junction for negative and positive tip
potential (Vbias ), respectively, at identical initial geometries. The time evolution of
the filamentary structure can be followed from the top to bottom panels. [O4]

filament growth starting from the flat surface toward the tip is taking place (Figure A1.d). Figures A1.e and A1.f show the filament structures after establishing a
metallic contact between the electrodes. Figure A1.e demonstrates that the initial
asymmetry of the contact is qualitatively preserved, while dendritic features in the
filament and a shallow dip in the planar electrode also appear. These qualitative
features are in good agreement with in-situ experimental studies on the dynamics
of nanoscale metallic inclusions in dielectrics [61], where due to the high redox rates
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Figure A2: Snapshot of initial silver filament formation within the Ag2 S layer
at an asymmetric tip versus flat surface arrangement of the Ag electrodes. The
semi-transparent color map indicates the electrostatic potential. The black (red)
dots represent Ag atoms (Ag + ions) The grey dots denote empty sites. [O4]

and ion mobility [1] in stoichiometric Ag2 S, qualitatively similar filament growth
was observed. A snapshot of the electrostatic potential corresponding to a dendritic
filament formation is displayed along with the underlying lattice in high resolution
in Figure A2. The time evolution of complete filaments were also studied as it is
presented in Section 5.1.2 and plotted in Figure 5.2.
The simulated resistive states upon repeated biasing cycles are shown in Figure A3. The two-terminal resistance is calculated from the bias voltage and the
R
current through the contact which is I ∼ − ∇u · dŷ where the integration is over
the horizontal cross-section of the two-dimensional plane. Due to its reduced dimensionality, this simple model is not expected to provide a quantitative agreement
with the experimentally observed resistance values. Nevertheless, calculating the
two-terminal resistance by taking, as a rude estimate, the bulk conductivity of silver and the narrowest (one-dimensional) cross-section of the junction into account,
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Figure A3: Simulated resistive switching upon a time-dependent bias voltage. a)
Time dependence of the bias voltage. b) The corresponding resistance across the
nanojunction. R0 is a normalization factor accounting for the two-dimensional aspects of the simulation. [O4]
the basic qualitative features of the hysteretic I(V) traces can be reproduced.
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