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Abstract

Due to the limitations of materials and structures, the performance of the von Neumann
structure of traditional computers cannot meet the needs of today's people. The development of
new electronic devices is the most effective way to improve the performance of computers.
Devices with resistive switching behavior can realize simultaneous operating data storage and
processing, which greatly saves the space required for device integration and reduces energy
consumption at the same time. These advantages provide it with huge potential in advanced
technology fields such as machine learning and neuromorphic computing. However, there are
still challenges such as stability, miniaturization and working environment before this device
realized its business purpose. In this thesis, memristor with rectifying effect is fabricated
successfully, and its possible applications of neuromorphic computing and logic operations are
discussed. In addition, two different methods were used to prepare phase-change materials,

which are expected to be fabricated into phase-change memories.
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1. Introduction

1.1 Electronic device

1.1.1 Current electronic device

With the rapid development of science and technology, new multifunctional electronic devices
are also constantly developing [1]. For applications with different functions depending on
different environments, people develop multiple methods to control the performance changes
of the devices. Zhou et al. studied the use of water to induce electrical transitions in electronic
devices [1]. Sun et al. also changed the concentration of ionic liquid to affect the proton
exchange of graphite in electronic devices, as shown in Figure 1.1, they not only control the
device's performance, but also realized the application in artificial synapse [2]. Light can also
regulate the functions of electronic devices. Wang et al. used different light intensities to
achieve the purpose of gathering and dispersing electrons, thereby changing the physical
properties of the device such as the potential barrier [3]. It can be found that researchers try to
use various methods to adjust the functions of electronic devices, which provides a wide range
of work environments for electronic devices.

Although the vigorous development of electronic technology has promoted the rapid progress
of society, the huge increase in power consumption runs counter to the energy saving and
emission reduction, which is praise highly around the world today. To save energy, reduce
power consumption and greenhouse gas emissions, people also began to think about how to
achieve low energy input and good output performance of devices, meanwhile reducing waste
of energy and environmental impact in the operation and manufacturing processes. Researchers
optimize electronic devices through software analysis, structural design, and material properties.
Djokic et al. analyzed the working efficiency of modern low-voltage electronic components in
an under-voltage environment and proposed a feasible efficiency improvement scheme [4],
however, the exchange frequency between systems has increased, which has caused another
form of energy waste [4]. Through the topology of the original transformer structure, Alishah
et al. realized the upgrade of the device [5],compared with other devices of the same type, this

device achieves lower voltage drop and power loss because it integrates fewer switches [5].



Guo et al. developed a new type of environmentally friendly materials based rechargeable

battery, while having high energy density and long working life to improve performance [6].

1.1.2 NRAM

Thanks to the development of electronic devices in various aspects and the rise of deep learning,
a new computing method, neural network calculations can be realized, which is similar to the
human-brain that can store and process information at same time. However, limited by the
traditional Von Neumann structure in computers, the computational energy efficiency is low
[7]. Non-volatile random access memory (NRAM), as a research hotspot in the field of low-
power, high-performance electronic devices, provides an electronic component with both
storage and computing capabilities. NRAM usually has multiple electrical states, which can be
affected by external stimuli or internal interface changes. Compared to traditional memory, it
has advantages of low energy consumption[8][9], fast switching speed [10][11], high
integration [12][13], and long working life [14][15]. Many kinds of NRAM were widely studied
for performance improvement. Hwang et al. reduced the contact resistance of the device by
reducing the diameter of the nanowire to reduce its power consumption [16]. In the study of
aluminum nitride, Lin et al. found that materials with different crystal phases have different
thermal stability and power consumption [17]. Cho et al. analyzed the crystallization kinetics
of phase change materials and found the effect of doping concentration in the material on device
stability and switching speed [18]. Studies have found that LixSiOy also has excellent stability
at high temperatures, fast switching speed, and good durability [19]. Guo et al. designed devices
at the nanometer scale and achieved ultra-high integration density, but the devices lack stability
at high temperatures [20]. It has been reported that the construction of a new structural model
of 3-D vertical resistive switching memory with a hexagon-patterned pillar layout, which has
greatly improved the integration of devices and the feasibility of the structure has been verified
by simulation [21]. Nomura et al. respectively verified that NRAM based on different materials
still had high stability at high temperatures and maintained a surprising lifetime [22][23].
NRAM has broad, superior performance and great potential in neuromorphic computing and

high-performance processor applications.
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Figure 1.1 A schematic diagram of the memristor applied to the neural unit and artificial

synapses [2]. Adapted from ACS Applied Bio Materials journal with permission.

1.2 Memristor

1.2.1 Development of memristor

Since the memristor was first introduced by Dr. Chua in 1971 [24], it has been identified as the
4™ basic circuit component after capacitor, resistor and inductor (Figure 1.2). As an iconic
representative of NRAM, the memristor has remarkable switching behavior and can be
regarded as a combination of memory and resistor. A memristor is a hon-linear resistor with
memory function whose resistance value can be switched by controlling pulses of applied
voltage or current without physical separation between computation and storage [25]. Since the
first fabrication of memristor devices by HP in 2008, a variety of materials have been explored
to improve device stability, behavior, durability and fabrication methods [26]. As a new type of
electronic component, the memristor has attracted extensive attention in recent years.
Compared with traditional electronic components such as resistors and transistors, memristors
have the advantages of small space, convenient integration, high integration, and non-volatility.
They are used in modeling, logic circuit design, information storage, image processing, chaotic

circuits, etc.[27-36].
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Memristive systems

Figure 1.2 The relationships between 4 circuit components: Resistor, capacitor, inductor and

memristor [24]. Adapted from Nature journal with permission.

Besides, memristors also show great potential for the development of machine vision at the
leading edge of science and technology, because of the temporary memory and real-time
processing of sensory data and visual information. To better realize the artificial vision function
of memristor, enhancing the memristor response to light stimulation is important. In a related
study, Tan et al. demonstrated that memristors have a response to external light signals [37].
During the research on organic memristors, Leydecker et al. collected resistance changes for
different colors of light stimuli and had good stability [39]. Using certain illuminations with
different light intensities, the device realizes the perception and storage of light information and
has a synaptic-like learning behavior [40]. Zhou et al. fabricated a memristor with photoelectric

4



response based on perovskite materials, which can perform logic operations on optical and
electrical signals [41]. In conclusion, memristor can perfectly support artificial vision function,
furthermore, memristor-based artificial vision devices can not only realize visual sensing, but
also have potential applications in artificial intelligence.

1.2.2 Application of memristor in neuromorphic computing

The human brain can perform specific tasks in complex environments more efficiently than
traditional computers, such as data classification and image recognition. The human brain is
capable of complex functions, as a result of neurons and synapses that can process information
in massive amounts parallelly. There are two important mechanisms in the biological nervous
system, which called long-term potentiation (LTP) and long-term depression (LTD). The special
resistive switching mechanism of the memristor can realize the complex functions of LTP and
LTD [42]. To realize the application of memristors in neural networks, there are some key
requirements for the devices. For example, higher resistance is required to achieve low power
consumption, high endurance is needed for machine training, a wide resistance range is
necessary to have multi-resistance states, devices are required to have low device-to-device
variation and resistance stability [43]. Choi et al. prepared a new type of device which first used
single layer SiGe as the active layer, it has a wide resistance range and realized the multiple
resistance states required for neural network simulation calculations [44]. Yan et al.
successfully increased the resistance switching speed of the device to the nanosecond level in
the study of TiO,, by doping self-assembled Ag nanoclusters. In addition, the memristor has
low resistance and low device-device variation [45]. Xia et al. reported that the reprogramming
and training of memristors in neuromorphic computing required high durability, and the chips
are built into interleaved arrays to perform efficient in-memory computations in parallel.
Besides, the report also demonstrates that the dynamic interaction of memristors between
artificial synapses and neurons enables the network to have the ability of machine learning [46].
The various excellent properties of memristors provide a broad platform for machine learning

and neural network simulation, which can bring great progress for human computing analysis.



1.3 Switching behavior

To further improve the performance of resistive switching behavior devices and provide a
theoretical basis for their possible applications, the study of the mechanism is necessary and
worth exhaustive study. In mainstream research, five mechanisms are generally accepted and
verified: vacancy migration, phase transition principle, electrochemical principle, tunneling

magneton theory, and ferroelectric theory (Figure 1.3) [47].

FeRAM MRAM PCRAM RRAM
Top electrode . r _ Top electrode
- Chalcogenide
Bottom electrode | | 3 _ Bottom electrode
(a) (b) () (d)

Figure 1.3 The layered structure of the principal non-volatile RAMs: (a) FeERAM (ferroelectric
RAM); (b) MRAM (magnetic RAM); (c) PCRAM (phase-change RAM) and (d) RRAM

(resistive RAM) [47]. Adapted from Materials journal with permission.

The most common electrochemical principles are based on the formation and disappear of
conductive filaments in the functional layers of the device. Due to the advantages of easy
regulation of the conductive filaments, the resistive variable memory based on this theory has
received extensive attention. In principle, as shown in the Figure 1.4A, the electrode metal
undergoes a reduction reaction and transforms into ions which diffuse into the functional layer
under applied voltage. These metal ions move under the attraction of the negative electrode,
and during the movement process, they interact with the migrating electrons to form metallic
filament. This process is exacerbated by increasing the electric field, leading to the formation
of metal filaments that grow preferentially along the direction of the negative electrode (Figure
1.4A). After the wire grows to form a metallic filament and contact with the opposing M
electrode, the device switches to the ON state (Figure 1.4B). When a sufficient opposite voltage
is applied, the wires in the interface are electrochemically dissolved (Figure 1.4C) and reset the

memristor to its initial off state (Figure 1.4D).
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Figure 1.4 1-V curve & electrochemical reaction inside the active layer of the memristor based

on silver conductive filament [48]. Adapted from Advanced Materials journal with permission.

Ferromagnets are characterized by magnetization, which is mainly due to the alignment of
localized electron spins and their associated magnetic moments in a specific direction in space,
compared to non-ferromagnetic materials, which have a larger collective magnetic moment and
Magnetization. The main way to change the direction of the magnetic moment is by applying a
magnetic field. Significant discoveries in the fields of condensed matter and materials physics
have emerged to enrich the available means of manipulating device magnetization, thereby
accelerating the development of ferromagnetic memristors [49]. Saleem et al. used the
electromagnetic field to control the material to realize the phase change and observed the
magnetic transition. This huge change in the magnetic moment leads to the resistance-switching

phenomenon of the device [50]. Sun et al. used the method of magnetron sputtering to



manufacture devices with magnetic switches and electric switches and realized a new spintronic
device with resistance change at room temperature [51].

Ferroelectric Random Access Memory (FeERAM) is a commercial product that encodes
information employing ferroelectric polarization and features a long read/write cycle life, low
power consumption, and fast write speed. Its advantages of wide material selection and clear
mechanism provide great advantages and application prospects and thus have been sufficiently
studied [52]. In the study of In,Ses, synaptic plasticity and ultra-large resistance-to-switch ratio
was achieved, and the polarization at each paired terminals of the device is the key to this
property, and machine learning and high-precision image recognition were performed in neural
networks [53]. Xue et al. explored the influencing factors of ferroelectric resistive switching
and found that the degree of polarization, the degree of Schottky barrier change and the initial
barrier height have an impact on device performance, and at the same time realized a
ferroelectric volatile/non-conductive switch with a large on/off ratio [54].

However, the existence of some defects hinders the scalability of FeERAM. For example, the
excessive thickness of the ferroelectric layers of the devices results in very low read currents,
limiting their miniaturization [55]. When the thickness of the ferroelectric layer is reduced to a
few nanometers, due to the quantum mechanical tunneling, electron conduction is greatly
enhanced which is undesired [55]. Besides, since the capacitive readout of information requires
ferroelectric polarization, it is a destructive readout that requires rewriting the information after

readout [56].

1.4 Vacancy migration & Multi-state memristor

In memristors based on metal oxides, the conductive filaments theory cannot explain the
principle. The resistance-switching behavior in the device is mainly due to the change in the
Schottky barrier caused by the migration of oxygen vacancies. This barrier-based device has a
special rectifying effect, which brings the possibility of realizing multi-resistance states.
However, due to the rectification effect, the current in the device tends to be unstable. In
addition, because of the higher barrier brought by the outer voltage, the device usually needs to

operate at a high voltage, which is not preferable to reducing the power consumption of the



device [57]. Therefore, improvements in metal oxide memristors are needed. Agglomeration of
oxygen vacancies has been observed in LiNbOs single-crystal, leading to on-off ratios on the
order of 102 [58]. Wu et al. used the rectification effect and switching effect in the device to
realize the dynamic pn junction, to fully suppress the current loss, and the device has great
potential in high-density NRAM [59]. The injection and capture of carriers are achieved by
controlling the depletion of the Schottky junction by the electric field. Lv et al. obtained a low-
current, multi-state memristor in the experiment. The device has a good high-to-low resistance
ratio and low device-to-device variation [60].

As a result of rectifying effects, multi-resistive memristors can be understood as devices that
exhibit variable resistance values in response to specific inputs. This means it can be used as a
logic encoding and multi-bit storage unit. To realize high-density memory, the ability to store
multiple states in a single memristor cell is necessary. The advantages of high density and low
power consumption make multi-resistive memory competitive with dynamic random access
memories (DRAM) [61]. However, the adoption of multi-state memory in traditional von
Neumann architectures results in a significant increase in power consumption, area, and more
importantly, its processing inefficiency [61]. As a multi-bit memory unit, faster and more
energy-efficient memristors can leverage computing-in-memory (CIM) to address this
inefficiency, and neuromorphic and artificial neural network hardware is built [62-71].
Multi-resistive memristors have sufficient advantages in logic gate operations. Thanks to the
multiple output results of the multi-state, operations of two or more logic gates can be realized
on asingle device. Ng et al. observed multi-resistive states on the prepared device and designed
a three-value logic operation, successfully establishing an analog programming window [72].
In the study of true random number generators (TRNG), Nikolaos Vasileiadis used the random
resistance property of multi-resistive memristors to increase the total entropy of the circuit [73].
In a neural network using a multi-resistive memristor architecture, the total power consumption
of the array is reduced by more than 50% as the temperature increases without reducing the
output power [75]. In summary, multi-resistive memristors with rectification effects are being
explored in neural network simulation, logic programming operations, and new computer

components. The advantages of low power consumption, high integration, and easy preparation



make multi-resistive memristors stand out among a variety of new electronic components.

1.5 ZnO memristor

In general, most memristors are built using a simple layer-layer structure consisting of
electrodes and functional layers, typically in the form of vertical structure, parallel structure
and cross-bar structure (Figure 1.5). Functional layers usually consist of dielectrics. The
dielectrics used are mainly binary oxide materials such as nickel oxide (NiO) [76], copper oxide
(CuO) [77], aluminum oxide (Al.O3) [78]and zinc oxide (ZnO) [79]. Memristors made from
these materials show promising resistive switching properties. Resistive switching devices
based on NiO dielectrics have been documented in many references [80]. It has a large on/off
ratio and unipolar switching characteristics. However, there are many related issues that limit
the development of NiO memristors. One of the most important issues is that such devices can
require high reset currents, which makes them less suitable for low-power applications. For
CuO-based memristors, one of its advantages is that CuO is compatible with CMOS processes,
but CuO materials are not conducive to mass application due to their toxicity to the human body
[81]. Al;Os is another widely used dielectric material. It is usually used in low current
applications, but this also limits the use of Al.Os; in high temperature and high current
environments [82]. Compared to the limitations of appealing materials, ZnO has attracted much
attention due to its wide bandgap, chemical stability, and high thermal conductivity [83].
Furthermore, zinc oxide is widely used because of its biocompatibility and biodegradability.
This is why ZnO memristors not only have excellent working characteristics [84], but also can
be applied in the fields of environment-friendly electronic devices and biodevices [85][86].
Zn0 thin films have been produced by various techniques, mainly those requiring vacuum
conditions, such as atomic layer deposition [87], pulsed laser deposition [88][89], and
magnetron sputtering [90-93]. ZnO has also been extensively studied in terms of chemical
pathways, such as electrochemical deposition [94] or sol-gel [95-98]. Compared with other
deposition methods, magnetron sputtering has the characteristics of high repeatability, smooth

deposited film, and good film adhesion [99].
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Figure 1.5 (a) Vertical structure. (b) Parallel structure. (c) Cross-bar structure [74]. Adapted

from Interdisciplinary Research for Printing and Packaging with permission.

Although ZnO memristor has many advantages, its development still faces several challenges:
the first is variation, in addition to device-device variation, there is also the degradation of
device specificity with the working time, which is due to the fact that the device is not caused
by defects that are completely consistent and cannot be recovered in a short time [100].
Secondly, the resistance switching mechanism of ZnO memristor still needs further research.
As mentioned above, people have proposed different mechanisms for memristor, but because
the experimental phenomena observed by different research teams are not completely consistent,
so in different There is no consensus as to which mechanism is dominant in each case [101].
Finally, ZnO memristors still need to be improved due to their compatibility with

complementary metal-oxide semiconductor (CMOS).
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1.6 Phase change memory

Phase-change material (PCM)-based RAM (PRAM) is a commercialized memory technology.
Array-based memory (Figure 1.6b) co-produced by Intel and Micron has entered the market as
storage-class memory [102][103]. The device is slightly slower than high-performance
dynamic random access memories (DRAM), but has a larger storage capacity and non-volatile
capabilities. This PCM-based storage device product is an important step towards replacing
solid state disk (SSD) and DRAM [104]. The advantage of PRAM lies in the read time and
storage density, because PCM can achieve switching times of a few nanoseconds or even sub-
nanoseconds in microscopic-sized memory cells [105], and the size can be further reduced
[106]. In addition, the manufacturing cost of PRAM is also competitive, because the cost per
GB of PRAM is about 10-100 times lower than that of common DRAM and static random
access memories (SRAM) in the market (Figure 1.6a).

Figure 1.6c¢ is a schematic diagram of the RS behavior of a phase change material. In phase
change devices, the local temperature is achieved by applying Joule heating, which is usually
controlled by voltage pulses or laser light of different frequencies and intensities. First, the reset
process is to achieve amorphization by applying short and high pulse current or laser to the
material, heating the material beyond the melting point and then cooling it rapidly. When the
phase-change material is amorphized, the device is in a high-resistance state, which is usually
defined as logic state 0. Then, a long and low pulse current or laser is applied to the material to
achieve the SET process, in which the material is heated to the crystallization temperature, after
which the material crystallizes to a low resistance, also defined as logic state 1 [108].

Through the above operations, the phase change memory can realize the RS behavior in a very
short time and a large ratio of the high resistance state to the low resistance state. The phase
transition between the two states is fast and reversible, and it also has good thermal stability at
room temperature, both of which ensure the retention time and speed required for non-volatile
phase transition applications. Therefore, the investigation of crystallization kinetics is a basic

requirement to improve the performance of phase change memory [109-111].
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Figure 1.6 (a) Speed versus price per GB of various memory and storage [107]. (b) 3D Xpoint
setup[102]. (c) Phase change principle [108]. Figure a. and Figure c. adapted from IEEE journal

and Nature journal with permission, respectively.

Due to its special properties and promise in the market, phase change memory still has ample
room for improvement in terms of materials, neural network applications, and crystallization
kinetics. Joshi et al. prepared a superlattice-based phase change memory and optimized the
scheme when performing convolutional neural network training and learning on the device to
achieve ultra-high precision in long-term learning [112] Theoretically, Sun et al. explained the
important role of excess germanium in the amorphous phase, and proposed a new phase change
memory architecture with balanced speed and stability [113]. Meanwhile, phase-change
material-based simulated memory synapses have the potential to generate precisely timed
spikes in spiking neural networks (SNNs), which provides opportunities for combining signals
generated by biomimetic sensors with neural network learning systems [136]. Thanks to its

high integration, a wide range of modulation methods and high-speed resistive switching
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behavior, phase-change memory has great potential in fields of next generation memory, high
temperature electronic device and computer processing module. Further research on its

mechanism and performance development is profound influence.

1.7 Sh,Tes phase change material and its fabricating methods

Phase change materials are usually located in the Ge-Sb-Te (GST) ternary phase diagram
(Figure 1.7) [114][115]. Besides the common GST, other materials in this phase diagram such
as pure [116] or alloyed [117][118] Sb and doped Sb2Te3 [119] and Sb are also frequently
investigated and have excellent electrical properties. As previously mentioned, exploiting the
fast and reversible transition between amorphous and metastable crystalline phases of PCMs
can enable applications for data storage, such as crystallization by Joule annealing or crystal
formation by melt quenching. Both phases are very stable, lasting ten years under ambient
conditions [120-122]. Such a rapid and stable transition of phase change materials has been
attributed to some structural similarities between the two phases. GeTe-Sh,Tes; (GST) is the
most widely studied phase change material due to its overall outstanding properties [123-126],
where Sh,Tes exhibits an extremely fast phase transition between its crystalline and amorphous
state, thus attracted increasing interest [127][128]. However, the higher electrical conductivity
of the crystalline state and the lower thermal stability of the amorphous state limit the practical

application of Sh,Te; in PCM devices [129][130].
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Figure 1.7 The important classes of phase-change materials (PCMs) are found in the Ge-Sbh—

Te ternary diagram [131]. Adapted from Nature journal with permission.

Since Sb is metal and Te is chalcogen, Sh,Tes is a kind of chalcogenide metal material, which
is widely prepared via chemical vapor deposition (CVD) method. As a typical bottom-up
method, CVD offers a compromise between controllability, high efficiency, scalability and high
quality. More importantly, the CVD method has shown outstanding advantages in synthesizing
2D materials at the atomic level, which is conducive to comprehensive understanding the
relationship between material structure and properties [132].

Chemical vapor transport (CVT) method represents a kind of reactions with one common
feature: the sublimation of a condensed phase in the presence of gaseous reactants, which is
then deposited as crystalline [133]. Notably, CVT differs from CVD, the main difference
between them is the state of the precursor, with CVD typically using gaseous precursors and
CVT typically using solid reactants. This leads to differences in reactor design and product
characteristics. Since the CVT method discovered in 1851, people have a comprehensive
understanding of the CVT in terms of experimental exploration and theoretical modeling [134].

Furthermore, CVT has been employed and produced a wide variety of crystalline solids,
15



including metals, intermetallic phases, metal oxides, halides, chalcogenides, and chalcogenide
halides [134][135]. Knowledge about the CVT method and extensive experimental experience
can provide opportunities for the controlled synthesis of 2D materials and the exploration of
novel 2D materials. Unfortunately, in stark contrast to the wide application of CVD in the

preparation of 2D materials, the CVT method has not attracted enough research interest.

1.8Summary

Electronic devices with resistive switching behavior offer several advantages over existing
processors in terms of power consumption, area, speed, and functionality. However, there are
still various challenges in the preparation of materials, working life, stability, etc. In this thesis,
a ZnO memristor with multi-state, low device-device variation and long-term stability is
successfully realized, its LTP and LTD tests are carried out to verify the possibility of its
application in neuromorphic computing. Schottky emission theory explained its resistive
switching mechanism, and finally simulated a logic operation coupled with an AND and OR by
using the multi-resistance state of the device. In addition, this article will discuss the scheme
and feasibility of preparing crystals consist of Sb and Te in two different methods: CVD and

CVT, as a possible phase change materials for memristors.
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2. Asymmetric-resistive-switching device with reconfigurable synaptic functions for

logic operations
2.1 Overview

Memiristors can be used in neural network computing. In this chapter, Mo/ZnO/ITO (in the
order of bottom to top of device) memristors are prepared. Resistive switching behavior with
rectification effect and reliable stability are observed. LTP and LTD tests were carried out on
the device, the resistance-switching mechanism was demonstrated by using the Schottky

emission theory. A coupling logic operation scheme is designed.

2.2 Experiments and Methods

2.2.1 Device fabrication

The wafer with thermal wet oxide SiO, (300 nm) was used as the substrate. The device was
fabricated in order of Mo, ZnO and ITO (Indium tin oxide) (from the bottom to the top). At
first, the substrate was ultrasonically cleaned in acetone, IPA and water. The electrode (ITO and
Mo) and active layer (ZnO) were deposited by AJA magnetron sputtering with a background
pressure of 5x107 Torr. Mo metal was used as a bottom electrode which was deposited by direct
current (DC) magnetron sputtering with the target Mo. The sputtering power was 100 W, the
deposition pressure was 5 mTorr and the working gas was pure Ar. Radiofrequency (RF)
magnetron sputtering was used to deposit ZnO. The source target was ZnO, the sputtering
power was 200 W and the deposition pressure was 5 mTorr. The gas flow of Ar/O; was 24
sccm/1 scem. Then the shadow mask was utilized to fabricate the device, which has the same
size as mask of 100 um. The ITO was deposited by RF magnetron sputtering. The target was
ITO, the deposition power was 100 W, the deposition pressure was 5 mTorr and the working
gas flow of Ar/O, was 20/0.3. The deposition temperature of ITO was raised to 200 °C

(substrate temperature).

2.2.2 Material and device characterizations

Scanning Electron Microscopy (SEM, Hitachi SU5000 FESEM) images were captured, whose
17



accelerating voltage was 12.5 kV. The Energy Dispersive X-ray Spectroscopy (EDS, Hitachi
SU5000 FESEM) was used for materials composition mapping. Grazing Incidence X-ray
Diffraction (GIXRD, PANalytical X’Pert PRO system) was utilized to study the crystal
structures of materials. X-ray photoelectron spectroscopy (XPS, Thermo-VG Scientific
ESCALab 250) was employed to investigate the surface characteristics of materials. Ultraviolet
photoelectron spectroscopy (UPS, Thermo-VG Scientific ESCALab 250) was used to measure
the work function (®) of material surfaces. The electronic properties were analyzed by a

Keysight B2985A source meter with the probe station.

2.3 Results and Discussion

2.3.1 Material characterizations

The asymmetric RS device was fabricated in the order of Si/SiO./Mo/ZnO/ITO (bottom to top).
As shown in Figure 2.1a, the ZnO film is relatively smooth and crack-free, and the ratio of Zn
and O is close to 1:1. As shown in Figure 2.1b, the surface of ITO is dense and crack-free. From
EDS result in Figure 2.1b, In, Sn and O in the ITO electrode are uniformly distributed, and the
O content in ITO is higher than that of In and Sn, which is important for the generation and
migration of oxygen vacancy [137]. The crystal structure of the film was further investigated
using grazing incidence X-ray diffraction (GIXRD), as shown in Figure 2.1c. The strong peak
at 34.3° is attributed to the (101) plane of ZnO, which can also find characteristic peaks
corresponding to ZnO (102) and ZnO (103) at 47.4° and 62.7° [138], the results confirmed that
no impurity phase, only characteristic peaks of the desired material were observed. In addition,
X-ray photoelectron spectroscopy (XPS) was employed to deeply study the chemical state of
the material surface. In the XPS spectrum of ZnO, two peaks with binding energies at 530.3 eV
and 532.3 eV were observed in the O 1s spectrum (Figure 2.1d), corresponding to O2- and
absorbed oxygen in Zn-O bonding. In the Zn 2p spectrum, two characteristic peaks at 1044.6
eV and 1021.4 eV were observed, corresponding to Zn 2p1/2 and Zn 2p3/2, respectively. The
splitting of these spin-orbit components is around 23.2 eV, which confirms the +2 state of the
Zn atom [139]. In addition, the work function (Figure 2.1f) of the active layer was measured to

study the energy band relationship in the device, which is calculated to 4.64 eV. Materials
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characterization indicated that high-quality materials were prepared concerning surface
morphology, composition distribution, and crystal purity. This is crucial for high-performance

multi-state memristor devices.
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Figure 2.1 (a) The SEM image & EDS results of ZnO. (b) The SEM image & EDS results of
ITO. (c) XRD result of ZnO. (d) & (e) XPS result of ZnO. (f) UPS result of ZnO.

2.3.2 Electronic performance

When performing electronic test on the device, the ITO (top) electrode was connected to
positive voltage and the Mo (bot) electrode was conducted to negative voltage. The electronic
synapse performance including memristive effect and LTP & LTD were studied. The I-V curves
of ARS (asymmetric-resistive-switching) and its long-term stability were shown in Figure 2.2a.
The loop has the characteristic shape of a hysteresis loop. This indicates the typical memristive
effect [140]. The device was originally at a high resistance state (HRS), when the positive
voltage was applied, the device switched to a low resistance state (LRS), which would have a
higher current at the same voltage compared to the device at HRS. Reversely, once the negative
voltage was applied the device was switched from LRS to HRS since the current was lower at
the same voltage. The long-term stability was tested with the same parameters for 100 cycles
and the device represented excellent stability and no degradation since the curve maintained its

tendency after 100 cycles. Notably, the resistance switching was asymmetric, which is also
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called the rectification effect, that comes from the change of Schottky barrier height, which
benefits the multi-state of the device and contributes to neuromorphic computing. As shown in
Figure 2.2b, ARS provided 4 different conductance, which means the multi-state of the device
is more than the general memristor with only LRS and HRS. The device was test at 0.2 V for
3000 S. The device has 4 stable states with small variation, whose average conductance are
42.29 nS at LRS under positive voltage, 25.93 nS at LRS under negative voltage, 17.18 nS at
HRS under positive voltage and 4.25 nS at HRS under negative voltage, respectively. The
device-to-device variation is important for synaptic simulation and neuromorphic computing
[141]. To apply the device in neuromorphic computing, LTP and LTD were obtained (Figures
2.2¢ & 2.2d). In Figure 2.2c, the synaptic plasticity does not fluctuate after 10,000 tests, and
there is a clear difference between nerve impulses (red and bule lines) when positive/negative
voltage pulse were applied. This further shows that the device has good stability and remarkable
output results in neural computing. Zoom in Figure 2.2c to obtain Figure 2.2d, more details
were observed. The results of LTP and LTD tend to be straight lines, which indicates that the
devices can simulate nerve impulses very well [119]. Besides, the results of each pulse are
similar, which proves that the device can output stable results when performing neural
computing. The synaptic plasticity tests show that the memristors can be perfectly incorporated

in neural computing.

20



a 3x10” w0 100 cycles b @ LRS Positive
z ~60r o HRS Positive
_2x10”7| B0 i) \ LRS Negatl.ve !
= o o HRS Negative W
o ) 8 40t o -9 00
= 7 L)10']1 5
E Ix10 0 et «m‘ﬁ
S "g 20 = o 0; W
@ o
O ol g
O 0 O o 0—0-00C Hrg‘?ﬂ*‘ﬁc@ ‘
4 2 2 -] ¢ 1 2 38 1 10 Ti 1(0(; 1000
Voltage (V) HHERe
G 23 420 Positive @ 0.2V
- » Positive .
- Pos1t1\.fe @ 0.2V . - Negative @-0.2V
n Ul Negative @ -0.2V stk
£ =
0)15'-‘_ \‘\M-I‘H”M‘”l\\ [ 0]
> |\ Il LA Y =
= i \ | ||| | \“ g ]0
% 10 ﬂ it |I gLt hu \m \'wlml w\n,‘m RN = S
il = d &
':é 5 ‘J.mn‘ HJ i ‘” "I' 'Wl i MH‘ “W “ W w 2 5t HE ¥k f
I i g X
S ol Ww \u it MJmu"‘lw"n"ﬂh m"\ \.|H|””'~‘I"'Nu.w\ W‘ 3 %

0 2000 4000 6000 8000 1000 4000 4200 4400 4600 4800 5000
Pulse number (#) Pulse number (#)

Figure 2.2 (a) I-V curves of the device with ARS, in which the red curve shows the asymmetric
Reset/Set process and the blue curve indicates long-term stability. (b) Conductance of device at
HRS/LRS under positive/negative of the same amplitude voltage. (c) and (d)
Potentiation/depression properties of the device under positive/negative electronic pulses,

whose duration was 100 ms.

2.3.3  The mechanism of ARS

The mechanism of ARS was studied from both Schottky emission theory and experimental
measurements. Considering oxygen vacancies as a factor that induces ARS. According to
Schottky emission theory, the emission would happen once the electrons gain energy to
overcome the energy barrier [143]. As a result of emission, the switching behavior is realized
by modulating the barrier height, which is accomplished by varying work function via injecting
oxygen vacancies into ZnO. The Schottky emission (Thermionic emission) is described by the

Richardson equation [143]:

—(W AW)

J =AgT?e (1)
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Where AG is the Richardson constant, T is the temperature of the device, W means local work-
function, AW presents the amount of the electric field lowers the surface barrier, k means

Boltzmann’s constant. To describe AG, W and AW, the equations are utilized:

__Amgm*k?

AG - h3 (2)

Where m* is the effective mass of electrons, h is Planck’s constant,

W = q@g 3)

Where 2B means the barrier height,

q3E
4TEQ

AW =

(4)

Where E represents the electric field and €0 is the electric constant. Equation (1) can be

transformed into:

_4 [ 5 n a%s
ln(]) T kT 4T€E X Ez (ln 4mqm*(KkT)? + kT (5)

According to Equation (5), In (1) and E¥2 have a linear relationship. In Figure 2.3a, In (1) of the

device at HRS increased linearly as E¥? elevated, following the temperature rising for 10
degrees per time, the curves sustain linear without prominent change on slopes of fitting lines,
which represents that Schottky thermionic emission dominated the ASR mechanism. Equation

(5) can be converted to:

)

tn () = 1n () TR )

With a constant electric field intensity E, Ln(1/T?), and 1/T should have a linear relationship. In
Figure 2.3b, the plot of Ln(I/T?) vs. 1000/T for the device at HRS showed a linear relationship
which was coincident with Equation (6). Figure 2.3c displays the schematic diagram of the
energy band for the device at HRS. Once the device switched into LRS, since the barrier height
was reduced, there occurred a part of Ohm contact which caused the fitting line to follow the

relationship of log(|1]) vs. log(|V|) as shown in Figures 2.3d and 2.3e, when the device was under
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positive and negative voltage, respectively. In the context of semiconductors and insulators, an
increase in the number of vacancies generally leads to a decrease in the barrier height. The
reason is as follows: vacancies can introduce local energy levels within the bandgap. The
introduction of energy levels through vacancies can affect the position of the Fermi level. If the
energy levels introduced are closer to the conduction band, they can act as donors, increasing
the concentration of electrons in the conduction band and causing a lower barrier height for
electrons to move through the material [144]. Figure 2.3f displays the schematic diagram of the
energy band for the device at LRS. When a positive voltage is applied across the device, oxygen
vacancies are located at the ZnO/ITO interface, and the Schottky barrier height decreases due
to the increased concentration of oxygen vacancies, which leads to a decrease in device
resistance. Switch the device from HRS to LRS by applying a positive voltage (SET operation).
Accordingly, a negative voltage is applied across the device to remove oxygen vacancies and
restore the original barrier height, thereby switching back to HRS (RESET operation). Notably,
the barrier height and ZnO conductivity gradually changed with the migration of oxygen
vacancies, which indicates that the conductivity of this device can be modulated, it is crucial

for simulating synapses.
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Figure 2.3 (a) The fitting line of In(l) vs. E1/2 for the device at HRS. (b) The fitting line of
In(1/T2) vs. 1000/T for the device at HRS. (c) Schematic diagram of energy band for the device

at HRS. (d) The fitting line of log(l) vs. log(V) for the device at LRS under positive voltage. (e)
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The fitting of log(]1|) vs. log(|V|) for the device at LRS under negative voltage. (f) Schematic

diagram of energy band for the device at LRS.

2.3.4 Demonstration of logic operation based on multi-state memristor

In the basic computer logic language, "0" and "1" as the simplest binary units can realize various
functions through complex logic composition. How to use the multi-resistance advantages of
memristors to complete logic expression on hardware without the support of software systems
is very worthwhile. RS devices can be applied to information storage and logic operations if
HRS is defined as logic “0” and LRS as logic “1” [145]. From Figure 2.2b, the four conductance
of the device are 42.29 nS and 17.18 nS under the positive voltage, and 25.93 nS and 4.25 nS
under the negative voltage, which means that the device has 4 states under the control of the
outer source. Compared with regular memristors, the device has more resistance states so that
more kinds of logic gates can be coupled. Since the HRS and LRS of the device are not equal
to the conductance when the positive/negative voltage is applied, when two devices (device 1
& device 2) are connected in series as a unit and the positive/negative voltage is applied (Figure
2.43), the conductance of every unit would be the sum of two individual ARS memristors, based
on their 4 conductance, 6 different conductance of single unit gained: 84.58 nS, 59.47 nS and
34.36 nS at a positive voltage, 51.86 nS, 30.18 nS and 8.5 nS at a negative voltage. The
switching of the potential difference in the circuit can be realized simply by two switches. Since
the "0" signal can be regarded as background noise in the process of signal transmission and
recognition, here the output signals 34.36 nS and 8.5 nS are not discussed in Figures 2.4¢c &
2.4d when the input signal is in a high-resistance state. Set the threshold to 40 nS, the signal
output above the threshold is “1” and the output is “0” when the signal is below the threshold.
The disparate conductance provides different output signals for logic operations under voltages
with different directions. Figures 2.4c & 2.4d demonstrate the logic operations of AND and OR,
which correspond to the truth table as shown in Figure 2.4b, which shows that OR/AND logic
is executable. Conspicuously, as a result of voltage modulating and its advance of multistate,
the device realizes the multi-functional logic operation of the AND gate and the OR gate

without a software system. Compared with similar devices, the device has the advantages of

24



multi-function, reliable hardware and simple structure [145]. The device demonstrates the
advances of economics and integration, in addition, it also provides a wider application field

and more new paths for the research and development of memristors.
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Figure 2.4 (a) Schematic diagram of the device applied in logic computing. (b) AND & OR
logic truth table. (c) A demonstration of OR logical operation. (d) A demonstration of AND

logical operation. The dotted line in Figure 2.4 ¢ & d is the threshold 40 nS.

2.4 Summary

In this work, an electrically regulated asymmetric-resistive-switching memristor with coupled
logic gate operations has been fabricated to advance the application of neural computing. The
device is a two-terminal device based on the widely used metal oxide ZnO, which is compatible
with the general magnetron sputtering process. ARS memristors enable long-duration and
stable simulation of nerve impulses with 4 distinct resistance states. It provides an idea for a

single device to realize multiple logic gate operations under electrical modulation.
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Simultaneously, a stable resistive switch under electronic stimulation was observed. Schottky
emission was used to explain the resistive switching mechanism, the barrier height can be
modulated by controlling the migration of oxygen vacancies to affect the conductance of ZnO.
This electrically regulated ASR multistate memristor can be used in neuromorphic computing

and complex logic gate operations.

26



3. Sb,Tes phase change crystal material preparation

3.1 Overview

The excellent properties of phase change materials are very dependent on the preparation
conditions. In this chapter, the CVD method and CVT method are used to prepare Sh,Tes crystal
material. Micro-crystals on the substrate and crystals with a diameter of 1.5 cm were obtained

respectively. Material characterization was performed.

3.2 Experiment and Methods

3.2.1 Chemical vapor deposition (CVD) method

A wafer with hot wet oxide SiO (300 nm) was used as the substrate. Crystals are deposited on
silicon wafers by the CVD method in a tube furnace. First, the substrate is ultrasonically cleaned
in acetone, IPA, and water. Weigh 200 mg of Sh powder and 300 mg of Te powder then place
them in two quartz boats, respectively. The Te powder is placed upstream of the furnace (first
temperature zone), the Sb powder is placed downstream of the furnace (second temperature
zone). Place the substrate bot-side up on a quartz boat that holds Sb powder. The tube furnace
was evacuated to a low vacuum, filled with argon, this step was repeated three times to remove
impurities. During the reaction, the argon flow rate was maintained at 150 sccm. Raise the
temperature of the second temperature zone from room temperature to 660°C, the heating time
is 64mins, the temperature is kept for 10hrs. Maintain the temperature in the first temperature
zone at room temperature for 18 minutes and then heat to 480°C for 46 minutes and keep the

temperature for 10 hours. To achieve the purpose of 10hrs react time.

3.2.2 Chemical vapor transport (CVT) method
Encapsulate the material using an ampoule tube. Weigh 2 g of Sb powder and 3 g of Te powder
then mix them uniformly, pour them into an ampoule tube. Place the ampoule tube in the tube

furnace, adjust the position of the ampoule tube and temperature setting, to realize the
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temperature gradient between the two ends of the ampoule tube which is from 650°C to 550°C.

Use a vacuum pump to evacuate the tube below 107 torr. The reaction was running for 4 days.

3.2.3 Material characterization

Scanning electron microscope (SEM, Hitachi SU5000 FESEM) images were taken with an
accelerating voltage of 20 kV. Energy-dispersive X-ray spectroscopy (EDS, Hitachi SU5000
FESEM) was used for material composition mapping. X-ray diffraction (XRD, PANalytical
X’Pert PRO system) is used to study the crystal structure of the material. Raman spectroscopy

(Bruker Senterra-2 Raman) was used to study the degree of crystallinity of the material.

3.3 Results and Discussion

3.3.1 Material characterization for Sh,Te; deposited on wafer

As shown in Figure 3.1a-d, many tiny hexagonal crystals are deposited on the SiO, substrate,
the size difference of these hexagonal crystals is not significant. The crystals are evenly
distributed on the substrate. This is consistent with the crystal structure of Sb,Te; mentioned in
the literature [146]. According to the EDS results (Figure3.1e-h), the elements are Sb and Te.
However, the atomic ratio of Sh: Te in the mapping result is 65:35, which may be caused by the
incomplete reaction of the material. In addition, the crystal size is about 3 ums, which indicates
that the growth of Sh,Tes by CVD is slow and highly volatile.

Te Lal Sb Lal

Figure 3.1 (a-d) The SEM image of the Sb>Tes deposit on the wafer. (e-h) The EDS results and

composition mapping of Sh,Tes
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3.3.2 Material characterization for Sb,Tes prepared by CVT

CVT, as a kind of fabrication to generate large quantities of phase change metals, is used here
to prepare Sh.Tes ingots. As shown in Figure 3.2a, a blocky crystal with metallic luster is
formed in the ammeter tube, its diameter is about 1.5 cm, the toughness is good but the strength
is low, so it can be mechanically exfoliated to obtain two-dimensional material. The SEM image
shows that the crystal surface is uneven, which indicates that the crystal growth is not uniform
and the material reaction is not complete. From the mapping of EDS, it can be seen that the
distribution of material elements is affected by the flatness of the material surface. The results
show that the atomic ratio of Sb and Te is close to 1:1. The results of SEM and EDS indicated
that the crystal growth was too fast leading to its inhomogeneous formation, which was usually

determined by the reaction time and temperature gradient.

Te Lal Sb Lal

B Map Sum Spectrum
At%

Te 54.3
Sb 457

Senn 1 MSenon 1
250um Te Lal 250um Sb Lal
B Map Sum Spectrum
At%
Te 514
Sb 48.6

Figure 3.2 (a) The image of Sbh,Tes crystal prepared in the ampoule tube. (b) & (c) The SEM

image of Sh,Te; crystal. (d-g) EDS results and composition mapping of Sh,Tes crystal
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XRD and Raman spectra were tested on Sh,Tes crystals. Comparing the XRD results with the
standard card, it is confirmed that the crystal composition is Sbo4Teos (Sb2Tes) and Te simple
substance (Figure 3.3a). This proves that the material reaction is not complete during the
preparation process, which may be due to the higher melting point of Te, which leads to the
slower evaporation and sublimation rate of Te in the reaction than that of Sb, resulting in the
residue of Te that did not participate in the reaction. In the Raman spectroscopy test, a 785nm,
25mW laser is irradiated on the sample for 25s. The highest peak at 1350 cm™ and the peak at
2700 cm* show that the crystal contains many defects, and its characteristic peaks are consistent

with previous reports [147]. This proves that Sh,Tes crystals were successfully prepared by

CVT.
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Figure 3.3 (a) XRD result of Sh,Te; crystal. (b) Raman spectra of Sh,Te; crystal
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As mentioned above, the brittleness of the as-prepared Sh,Tes crystals endows them with the
possibility of mechanical exfoliation. Use Scotch tape to exfoliate the bulk sample and transfer
it to the substrate. As shown in Figure 3.4 a & b, the layered crystal plate with a size of 20um
was obtained. Directly observing the tape used for striping, there were layer crystals with a size
of 500um, which shows that the material can be exfoliated well, but it is limited by factors in
the transfer process such as mechanical viscosity, temperature, substrate material, etc. As a

result of it, the size of the transferred crystals is reduced.

Figure 3.4 (a) & (b) Mechanical exfoliate crystal onto the wafer. (¢) & (d) Mechanical exfoliate

crystal onto the tape

3.4 Summary
The hexagonal crystal consists of Sb and Te is deposited on wafer by CVD method, and the
Sh,Tes crystals were prepared by CVT method CVD. The material was characterized by SEM,

EDS, XRD, and Raman spectroscopy, which proved the successful preparation of the material.
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4. Conclusion and future work

The research focuses on electronic devices with resistive switching behavior. Two RS devices
based on different mechanisms were explored.

The first device with ZnO as the functional layer exhibits memristive behavior with rectifying
effect. It is verified that the device can perform neural network computing. The mechanism is
explained by Schottky emission theory. Its unique multi-state was used to design the coupling
logic operation scheme.

In addition, the possibility of preparing Sh,Tes phase change materials by CVD and CVT is
discussed. The correctness of material preparation was confirmed. The optimization of the
synthesis procedure will be explored in the future. The phase change memristor based on Sh,Tes
will be investigated in the future.

These new electrical devices have the advantages of high integration, multi-function, low power
consumption, thermal stability, low device-to-device variation and long timeliness, they have
promising prospects in the fields of artificial intelligence, machine learning and neuromorphic
computing. This study promoted the research on the resistance switching mechanism of
memristors, broadened the idea of device optimization, and contributed to the improvement of

RS devices.
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