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Introduction

The MOSFET (Metal Oxide Semiconductor Field E�ect Transistor) devices
with a gate length of 5 nm could mean an end to the more than �fty years
of exponential technology development described by Moore's Law [1]. In ad-
dition to the physical limitations of further downsizing, reducing the energy
consumption is also a major challenge [2]. A third major issue stems from
the Neumann architecture, in which the separation of memory and processor
limits the e�ciency of a large data transfer between the two units.

On the one hand, the application of so-called memristors may be able
to overcome the di�culties listed above, and on the other hand, due to its
special properties, it creates new implementation possibilities in computing
for certain tasks.
By memristor we mean a two-terminal passive circuit element whose resis-
tance can be tuned in a non-volatile manner by voltage applied to the memory
[3]. In practice, such a device switches between two well-de�ned resistance
states (RON and ROFF) and is therefore also called a resistive switch. With
the amplitude and length of the excitation signal, the states of the system
can be adjusted arbitrarily on a continuous scale; this property of the mem-
ristor is called analog tunability. Due to this, the resistive switch acts as
an analog memory, allowing multi-level memory storage beyond binary data
storage. Compared to today's �ash technology, the technological parameters
of memristor-based so-called RRAM (Resistive Random Access Memory) de-
vices are characterized by higher storage density, lower power consumption,
better reliability and even an order of magnitude higher endurance [4]. Due
to the analog tunability, the memristor behaves very similarly to the synap-
ses, so we can build e�cient hardware neural networks from them [5, 6]. In
addition, we can build logic gates from memristors as basic building blocks
in many layouts [7]. Combining this feature with data storage, we get devices
that perform operations directly in memory beyond the Neumann architec-
ture (in-memory computing) [8].
In light of all this, it is not surprising that research on memristors is now
carried out by giant technology companies such as IBM, Western Digital or
Samsung. Although their industrial application is imminent, the exact in-
ternal physical operation of memristors for many materials is not yet fully
understood, and thus their fundamental research is vital for subsequent app-
lication and optimization.

The speed of the implemented devices is essential for the applications
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of devices based on resistive switching. Although the shortest possible time
required for resistive switching is in theory only of the order of a few picose-
conds, the switching speed achieved in practice is limited by the measurement
system used [9]. Thanks to this, while the possibility of resistive switching
in the time scale of few ten nanoseconds has been widely demonstrated for
di�erent material families [10], switching faster than nanoseconds has been
rarely observed [11�13].

A few years ago, our research group also studied the speed limits of mem-
ristors. Geresdi et al. were able to create a reproducible resistive switchings
in a Ag

2
S memristor with 10 ns pulses [14]. Later, with the help of Ágnes

Gubicza, they managed to make �fteen times faster switching with a special
subnanosecond impulsegenerator and a measurement system optimized for
high-frequency signal propagation [15]. However, due to the measurement
setup, repetitive, consecutive resistive switchings could not be investigated.
Later, our research group aimed to study repetitive, subnanosecond me-
mory switching by further developing the previous measurement technique.
During my PhD work, I participated in the development of this system.
With the developed high-frequency measurement system, we �rst studied
PtIr/Nb

2
O

5
/Nb memristors, and successfully implemented thousands of con-

secutive ultrafast resistive switching events [S1]. The measurement technique
made it possible to track changes even during the switching pulse, but the
strongly nonlinear behavior of Nb

2
O

5
prevented this application. In order

to exploit the potential of the measurement method, a system with a linear
current-voltage characteristic was required, so the high-frequency study of
the AgI memristor started, which I performed alone [S2].

Noise spectroscopy is an excellent measurement technique for exploring
the internal dynamics of memristive systems, as it has been shown by nu-
merous studies in the literature [16�19]. Traditionally, the main motivation
for noise measurements is to reveal the noise sources of the system and to
reduce the disturbing noise level to the lowest level technically possible. In
contrast, nowadays we consider noise as a valuable resource, facilitating the
implementation of e�cient arti�cial neural networks based on probabilistic
optimization [6, 20]. This approach requires tailoring the noise level rather
than eliminating it.

To investage the Ag
2
S-based resistive switches, our research group star-

ted to develop a voltage noise measurement system. During my PhD work
I took part in the further development of this in order to study the noise
characteristics of various silver-based memristors [S3].
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In addition, our research group has also extensively studied the properti-
es of transition metal oxide-based resistive switches [S1, 21]. Due to the
non-ideal conditions of voltage noise, we developed a new method based
on time-resolved current noise measurement to explore the noise properties
of oxide-based systems [22]. This led to a complex comparison of the noise
properties of silver and transition metal oxide-based memristors [S4].

Objectives

During my PhD work, I dealt with the study of memristors in two well-
separable topics. In the �rst half of my research, I studied ultrafast resistive
switching. I �rst aimed at the design and low-frequency characterization of
a point-contact PtIr/AgI/Ag memristor. Using the measurement results, I
concluded that with the formed AgI samples, subnanosecond resistive swit-
ching can potentially be realized, if a suitable high-frequency measurement
system is available.

My second goal was to develop a high-frequency measurement system su-
itable for the study of ultrafast memristor operation, with which I can study
the repetitive, subnanosecond switching of the previously studied AgI-based
resistive switch. The development of the measurement setup was carried out
together with Dániel Molnár, MSc student. My task was to characterize the
attenuation of the developed measuring system to the subnanosecond im-
pulses, to optimize the STM-probe to , and to perform and analyze the
high-frequency measurements on the PtIr/AgI/Ag system.

The second major topic of my research was the measurement of noise in
memristors. Based on the previous considerations, I can state that the aim
of the noise analysis of resistive switching systems in my thesis is twofold: on
the one hand, to understand the internal dynamics, to study the individual
�uctuators, and on the other hand, to tailor the noise. For this purpose, I
studied the noise properties of two groups of materials operating with dif-
ferent switching mechanisms: silver-based and transition metal oxide-based
memristors.

I �rst studied the electronic noise characteristics of di�erent silver-based
systems. For this purpose, I focused on the noise measurement of the
PtIr/Ag

2
S/Ag system, which was previously extensively characterized, and

then I analyzed the noise properties of the PtIr/AgI/Ag system, which was
studied in detail during my PhD work. The good agreement between the
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electronic noise characteristics of two silver �laments formed in di�erent che-
mical environments during memristor operation raised the question: do phy-
sical/chemical processes inside or around the �lament dominate the noise of
silver systems? To answer this question, we created two additional, di�erent
nanostructures made of pure silver to compare with.

After a detailed noise analysis of the silver systems, I aimed to explore
the noise characteristics of the Nb

2
O

5
- and Ta

2
O

5
-based resistive switches

previously studied by our research group and to compare them with the
silver systems. Since these two material groups operate with very di�erent
switching mechanisms, the purpose of the comparison was to determine the
physical background of the di�erence in noise properties, which ultimately
led to the possibility of customizing the noise level.

Methodology

The various resistive switching systems studied in my research were mostly
created by scanning probe measurement technique (STM point contact).
The current-voltage characteristics of each system were recorded with
triangular voltage signals of variable amplitude and frequency. The ultrafast
switching of the AgI memory resistor was performed with a custom-made,
high-bandwith STM measurement setup, in which the bipolar switching is
implemented with two unipolar pulse generators.
The noise measurement of silver-based systems was investigated by cross-
correlation voltage noise measurement, while the noise spectroscopy of
transition metal oxide systems were carried out by time-resolved current
noise measurement method. The application of the cross-correlation me-
asurement technique is optimal if we study the noise of low-resistance
(< 300 Ω) systems. Time-resolved current noise measurement can be used
to characterize the noise properties of the entire current-voltage region of
the memristor, including the vicinity of the switching threshold.

For the complex analysis of the noise spectra, I utilized a noise model
based on dynamic scattering centers. The fundamentals of this model
originated from my supervisor's previous summary paper on scattering on
two-state systems (TLS = Two Level System) in point contacts [23]. The
essence of the model is that the amount of relative current �uctuation in
a metallic �lament can be estimated as a function of the diameter of the
narrowest region of the �lament or the corresponding resistance, assuming
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that the noise is generated by two-level-state systems in the �lament, i.e.
atoms or atomic groups moving between metastable states. Using that model
above, noise measurements can be used to estimate the average density of
the dynamical defects generating noise in the �lament and the mean free
path of the electrons in the di�usive regime.

New scienti�c results

1. I investigated the resistive switching of PtIr/AgI/Ag systems using
STM point contact measurement technique. To this purpose, I optimi-
zed the sample preparation procedure to fabricate silver iodide thin
�lms. The chemical composition and layer structure of the samples
were analyzed with RBS measurement technique. In my research
I investigated the resistive switchings of the PtIr/AgI/Ag system
induced by millisecond pulses and triangular signals. With the latter,
I recorded the switching dynamics of AgI spanning �ve orders of
magnitude in frequency [S2]. I showed that silver iodide has stable,
linear current-voltage characteristics up to the switching threshold and
can be tuned in an analog manner.

2. I participated in the development and construction of a high-frequency
measurement system suitable for the measurement of subnanosecond
memristor switchings. The system uses two unipolar pulse generators
with a nominal half-width of 500 ps to generate bipolar switching
[S1]. During the system development, I investigated the damping
and the e�ect of all elements of the measurement system on the
switching pulse in detail. To study resistive switching, the resistance
and impedance of the investigated system can be monitored by several
methods. The applicability of these methods was demonstrated by
validation measurements on standard resistors. With the developed
high-frequency measurement system I successfully implemented the
ultrafast, repetitive switching of the PtIr/AgI/Ag system. I have shown
by comparative measurements on standard resistors that the set occurs
during the rising edge of the switching pulse, i.e. in less than 500 ps [S2].
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3. Utilizing cross-correlation voltage noise measurement technique on
PtIr/Ag

2
S/Ag and PtIr/AgI/Ag resitive switches, and on pure silver

wires fabricated by lithographic or mechanical breakjunction methods,
I showed that the resistance dependence of the current noise ratio does
not depend on the fabrication method of the silver wire but shows an
universal behavior [S3]. In the case of the silver sample formed by the
lithographic method, the initial noise level, which is two orders of mag-
nitude lower, increases dramatically and converges to the ∆I/I values
of the other three systems due to the defect sites introduced into the
system during electromigration. Based on the noise model proposed by
my supervisor, which takes the point contact geometry into account,
I identi�ed a di�usive and ballistic conduction regime by investigat-
ing the resistance dependence of the current noise ratio of the Ag

2
S

memristor [S3, S5].

4. Using the time-resolved current noise measurement method developed
by our research group, I studied the current noise of PtIr/Nb

2
O

5
/Nb

and PtIr/Ta
2
O

5
/Ta STM point contact, as well as Nb

2
O

5
cross-point

resistive switches, and compared the results with the noise properties
of the silver-based systems investigated before [S4]. Compared to sil-
ver systems, a signi�cant Lorentz contribution appears in addition to
the 1/f noise in the measured noise spectra, the source of which is
the spectral distortion e�ect of the dominant �uctuator in the vicinity
of the contact. The ballistic-di�usive transition observed in the noise
measurements of silver systems also appears in transition metal oxide
systems. Comparing the results of current noise measurements with the
results of the silver-based systems, I found that the current noise ratio
of Nb

2
O

5
and Ta

2
O

5
based resistive switches is more than an order of

magnitude smaller in the di�usive regime compared to Ag
2
S. Based on

the noise model considering electron scattering on dynamical defects,
this noise reduction is caused by a decrease of the mean free path of
the electrons and an increase of the average distance of the scattering
centers in the metallic �lament formed in the oxide systems. Based on
my results, the noise level of a memristor can be tailored by materi-
al selection, targeted materials science design and resistance tuning,
facilitating the hardware implementation of neural networks based on
e�cient probabilistic optimization [S4, S5].
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Impact

In the study of ultrafast memory switching, I showed the potential of analy-
zing the ratio of transmitted-re�ected pulses, the process of resistive switch-
ing could be followed during the duration of the ultrafast switching pulse, if
the measurement setup had a signi�cantly higher bandwidth.

According to our noise model based on dynamical defects, the di�erences
in the noise properties of silver and transition metal oxide-based systems can
be traced back to two physical quantities: the mean free path of the electrons
and the average distance of the TLS-s. Thus, the implementation of the tar-
geted noise tailoring in practice may be to selectively manipulate these two
parameters, selecting a particular material in the device design can result
in optimal noise levels for a given task. My noise measurements on resistive
switching systems have shown that the noise level is highly dependent on the
resistance of the system. By adjusting the resistance, the noise level can be
tuned within the device. Both noise engineering and noise tuning are crucial
for utilizing noise as a resource and implementing e�cient arti�cial neural
networks based on probabilistic optimization [S5].
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