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Abstract

Semiconductor oxides are promising materials that have made impressive progress in recent years,
challenging the dominance of silicon not only in conventional devices including field-effect transistors
but being amenable to next-generation electronic devices such as memristors. Although a variety of
oxides have been explored, tin oxide has been an interesting material for researchers when offering p-
type characteristics of tin monoxide SnO and n-type characteristics in tin dioxide SnO2. While SnO: is
easy to grow and well suited for a wide range of applications, it is difficult to form p-type SnO due to

its metastability where it forms into the more stable phase SnO..

The work presented in this Doctoral Dissertation focus on exploring the characteristics and applications
of energetically deposited tin oxide thin films. The tin oxide film deposited using high-power impulse
magnetron sputtering was found to be mixed-phase nanocrystalline SnO and SnO:2 in which SnOz2 is
dominant. The high resistivity, low carrier concentration and low mobility in the as-deposited and
annealed samples hindered the application of the high-power impulse magnetron sputtering (HiPIMS)

SnOxin thin film transistors, however, suggested suitability for these films as a memristive material.

A small but quantifiable variation in film stoichiometry (Sn:O) resulting from the off-axis deposition
led to the formation of two different types of memristive devices, namely filamentary and nanoparticle
network memristors. Both devices exhibited stable volatile bidirectional resistive switching with a ratio
between high resistance and low resistance of more than two orders of magnitude. However, their
underlying resistive switching mechanisms and device characteristics were significantly different.
Synaptic-like behaviours were observed on both filamentary devices (FDs) and nanoparticle network
devices (NNDs), highlighting their potential for information processing in neuromorphic computing
systems. While a FD can become only an individual cell in reservoir computing circuits, an NND can
be implemented as a reservoir due to their available inter-connectivity which is required for reservoir

computing.
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Chapter 1: Introduction

1.1 Context and objective

Owing to the wide variety of structural, optical and electronic properties that they exhibit, metal oxides
have attracted significant attention from the research community. As electronic materials, metal oxides
can offer transparency (wide bandgap), flexibility, applicability to conventional devices including field-
effect transistors as well as novel characteristics suited to next-generation electronic devices such as
threshold-switches and memristors. Among metal oxides, tin oxide is rare in offering p-type
characteristics in tin monoxide SnO and n-type characteristics in tin dioxide, SnO. High-performance
transistors with p-type SnO channels have been demonstrated while SnO2 has applications including
transparent conducting electrodes, transistor channels, gas sensors and more recently, has appeared in

resistive switching devices.

This thesis describes a project aiming to contribute to the emerging field of metal-oxide electronic
materials and more specifically, device applications of wide bandgap tin oxide. The thesis begins with
a review of recent findings in the field of metal oxide electronic device materials, before describing
experimental methods applied during the project. These include methods for energetic film growth and
device fabrication as well as microstructural, optical and electrical characterisation. The tin oxide films
produced during the project are discussed in detail, as are post-deposition treatments that were applied
to alter their electrical properties. Following this, the memristive properties of tin oxide thin film devices
and self-assembled nanoparticle network devices are reported. The carrier transport and switching
mechanisms in the devices were studied and applications in pattern recognition were explored. These

aspects of the work are also described in detail.

1.2 Research questions

The questions that this thesis aims to answer include:

e Are energetic deposition methods suitable for depositing thin films of either p-type SnO or n-
type Sn0O2?

e Can these films be treated post-deposition to alter/improve their electrical characteristics?

e What mechanisms within tin oxide enable it to exhibit resistive switching phenomena?

e Can tin oxide exhibit resistive switching characteristics other than those already reported?

e And can the transport and switching characteristics be selected by changing the stoichiometry

and/or morphology of the tin oxide device layers?
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1.3 Original contributions

The achievements and original contributions through the PhD research project are listed below:

There are few studies on SnO2-based memristors. In these, non-volatile switching behaviour
was mainly observed. To the author’s knowledge, volatile SnOx based memristors have been
reported only once before (in 2018). The investigation of switching mechanisms and
memristive properties of the memristors fabricated in this work contributes to the growth of
oxide memristive devices. In particular, the project work has included:

o ldentification of a previously unreported phase change switching mechanism in tin
oxide. The resistive switching of tin oxide thin film memristors is attributed to Joule
heating induced decomposition of the minority SnO phase and formation of a SnO>
conducting filament with higher effective n-type doping.

o Demonstration of current-controlled negative differential resistance (CC-NDR) in tin
oxide memristors, necessary for ‘selector’ devices and memristive oscillators

A facile, top-down method for assembling electrically-contacted, resistive-switching random
networks is reported in this thesis. The random networks of nanoparticles were formed in
ambient conditions at prescribed locations within thin films of mixed phase tin oxide. This
selective formation was achieved simply by passing limited current between on-film electrodes
with nanoscale separations. After the ‘electroforming’ process, the networks of nanoparticles
exhibit bidirectional threshold switching in ambient conditions. Whilst similar effects have
been reported in other nanoparticle or nanowire switching networks, low-temperature and/or
low-pressure conditions are typically required.

First direct comparison between filamentary memristors and nanoparticle network memristors
formed in similar films. This work highlights the differing device characteristics and the
differing switching mechanisms originating in films of slightly differing stoichiometry.

o First realization of higher-order harmonic generation in tin oxide based memristors.
Both filamentary and nanoparticle network memristors were formed in mixed-phase
tin oxide films and respectively exhibited production of second- and higher- order
harmonics.

First report on implementation of SnOx.based filamentary memristors and nanoparticle network
memristors for information processing. This work shows the potential for tin oxide memristive

devices to be exploited in neuromorphic computing systems including reservoir computing.
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1.4 Thesis outline

This thesis describes the fabrication of tin oxide thin films, and tin oxide based memristors as well as
discussing the resistive switching characteristics and implementation of these memristors. The structure

of the thesis is outlined as follows:

Chapter 2 includes a literature review on the recent research on oxide semiconductor materials including

SnO and SnO2, memristive devices and reservoir computing.

Chapter 3 describes deposition methods of thin films and the experimental techniques used to fabricate
and characterise the materials and devices.

Chapter 4 focuses on the structural, optical and electrical properties of tin oxide deposited using high-

power impulse magnetron sputtering (HiPIMS).

Chapter 5 investigates the memristive properties of filamentary devices formed on tin oxide deposited
using HiPIMS and their application to signal processing. Film and device characterization were

employed to understand the underlying mechanism for the resistive switching observed in these devices.

Chapter 6 demonstrates self-assembled nanoparticle network devices fabricated on HiPIMS deposited
tin oxide film and the potential applications of these devices including implementation of logic

functions and reservoir computing.

Chapter 7 presents the comparison between filamentary memristors and nanoparticle network
memristors formed in similar HiPIMS deposited tin oxide films, followed by a summary of the work

and suggestions for further research.

1.5 Publications

e P.Y.Le H. N.Tran, Z. C. Zhao, D. R. McKenzie, D. G. McCulloch, A. S. Holland, B. J.
Murdoch and J. G. Partridge, “Tin oxide artificial synapses for low power temporal information
processing”, Nanotechnology, vol 30, p.325201, 2019.

e H.V.Pham, P.Y. Le, H. N. Tran, T. J. Raeber, M. S. N. Alnassar, A. S. Holland and J. G.
Partridge, "Temperature dependent electrical characteristics of rectifying graphitic contacts to
p-type silicon”, Semiconductor Science and Technology, vol. 34, no. 1, p. 015003, 2018.

e P.Y.Le B.J Murdoch, A. J. Barlow, Z. C. Zhao, D. R. McKenzie, A. S. Holland, D. G.
McCulloch and J. G. Partridge, “Resistive switching nanoparticle networks self-assembled
from mixed phase tin oxide: formation and network characteristics”, under preparation (see
Appendix B).
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Chapter 2:

Literature review

This chapter presents a brief summary of metal oxide semiconductors, their applications and the
challenges faced in improving these materials. Tin monoxide and tin dioxide are discussed in more
detail since these materials are central to the chapters that follow this one. Finally, memristors, and

emerging device technologies are introduced.
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2.1 Transparent Oxide Semiconductors (TOSSs)

Transparent conducting oxides (TCOs) and transparent semiconducting oxides (TSOs) are challenging
the dominance of silicon in a wide range of applications, such as displays, solar cells, multi-function
windows, transparent, and flexible electronics [1-3]. Many studies have revealed that oxide
semiconductors offer higher carrier mobility which leads to higher refresh frequency and higher
resolution for traditional displays. They can also offer greater compatibility with new technologies such
as organic light-emitting diodes (OLEDs) or three-dimensional (3D) displays [3-5]. A series of
prototypes have been demonstrated; e.g. 1.46-inch diagonal active matrix (AM) liquid crystal display
(LCD) driven by ZnO-based transparent field-effect transistors (TFTs) in 2006 by researchers from
Kochi University, high quality small- and medium-size LCDs using Indium Gallium Zinc Oxide
(1GZO) for smartphone and tablet terminals in 2012 by Sharp Corporation [6]. At the end of 2010,
Samsung released a 3D Ultra Definition (UD) television with 70-inch diagonal and 240Hz resolution
using oxide semiconductor TFTs [7]. Amorphous oxide semiconductor (AOS)-based transistors have
also been formed on “clectronic papers” from Toppan printing company [8] and on AM-OLED displays
from the LGE group. Some examples for displays using oxide semiconductor based TFTsare shown in

Figure 2-1.

Flexible BW E-paper Flexible BW E-paper Scan-driver-integrated
5.35”7,VGA,150ppi 2”,VGA,400ppi AM-OLED
(Toppan, 2009) (Toppan, 2009) (LGE&ETRI,2009)

o

Gate-driver-integrated 19” QFHD AM-OLED 37 FHD AM-LCD
15 WXGA AM-LCD 960 X 540 (SMD, 2009) 1920 X 1080
1280 X720 (SEC, 2008) (AUO, 2010)

Figure 2-1: Some prototype displays using amorphous oxide semiconductor (AOS)-based transparent film
transistors. Reproduced from [4].
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Samsung demonstrated transparent liquid-crystal display (LCD) panels with no panel backlight and
including TFTs fabricated from transparent oxide semiconductor materials. These screens utilize
ambient light and consequently, consume 90% less electricity when compared with conventional LCD
displays [9]. The future of transparent electronics seems promising. Displaybank has predicted that
transparent displays will achieve significant growth (to $87.2 billion) by 2025 and surpass flat panel
displays in 2030 [7], as shown in Figure 2-2.
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Figure 2-2: Global display market forecast by Displaybank in 2011. Reproduced from [7].

Besides display applications, transparent oxide semiconductors, typically fluorine-doped tin oxide
(SnO2:F) and metal-oxide/ Ag/metal-oxide stacks like ZnO/Ag/ZnO, have been applied in architecture.
Tin oxide coated windows have much lower thermal emittance of 15% compared to 84% for uncoated
glass, enabling significant reduction in radiative heat loss [10]. These windows are called “low-e
windows” and they are well suited for cold or moderate climates. Pyrolytic tin oxide coatings in heated
glass freezer doors allow a small current to pass to defrost the doors. TOSs have been also used in solar
control applications, photovoltaic cells, antistatic electromagnetic interference shields and electric

heaters [1].

In summary, oxide semiconductors are promising materials which can be applied in many applications.
However, the development and utilization of oxide semiconductors is inhibited by a lack of high-
performance p-type oxide semiconductors. Hence, applications of oxide semiconductor materials are
largely restricted to n-type unipolar devices. The ability to produce bipolar devices using TOSs would
open up many more applications and this challenge has attracted significant attention from researchers

in industry and academia alike.
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2.1.1 N-type oxide semiconductors

Most oxide semiconductors are n-type oxides of post-transition metals such as Indium (In), zinc (Zn),
tin (Sn) and Cadmium (Cd). In these oxides, the valence band is created by fully occupied p-orbitals of
oxygen while the conduction band minimum (CBM) is composed of the unoccupied large-radius and
overlapping spherical s-orbitals of metal cations, as illustrated in Figure 2-3. The direct overlap between
metal ns orbitals enables a facile pathway for electrons and the highly dispersive CBM gives rise to a
small electron effective mass, leading to high electrical conductivity. These oxide semiconductors

usually have a large optical bandgap and high transparency in the visible range.

In 1907, Badeker created cadmium oxide (CdO) by thermally oxidizing a film sputtered from Cd metal
in vacuum [11], marking the dawning of TCOs. Although CdO has high carrier mobility [12, 13], the
number of its application today is limited by its toxicity. After the advent of the first TCO film, oxide
semiconductor materials have been studied and employed in a variety of applications. In World War II,
antimony-doped tin oxide (Sb:Sn0O2), was used in large-scale application as a transparent defroster for
aircraft windshields [11]. Nowadays, due to its stability, SnO: is exploited as an electrode material in
transparent electronics, displays, solar cells, smart windows and numerous other optoelectrical devices.
Investigation on undoped tin oxide showed that tin interstitials mainly give rise to electron generation
due to their defect states above the CBM while oxygen vacancies acting as shallow donors contribute
minor generation. Sb-doped SnO2 and F-doped SnO: are the most common doped SnO2 materials [13,
14].

(@) (b)

Crystalline

/ Oxygen 2p-orbital

Amorphous

bandgap

Figure 2-3: Schematic of the bandgap structure of Sn-doped In203 showing the In 5s derived conduction band
(CB) and O 2p derived valence band (VB); (b) schematics showing orbitals for crystalline and amorphous
oxides of post-transition metals. Reproduced from [2, 11].
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Impurity-doped indium oxide (In203) semiconductors, including tin-doped In20s (ITO), indium zinc
oxide (1ZO) and gallium indium zinc oxide (GIZO) are the most favoured and successful TCO materials
due to their high performance and stability [15]. In 1990, polycrystalline and amorphous In20s films
were revealed to have similar electrical properties with high carrier density films (N > 1020 cm3) by
Bellingham et al. [16]. Moreover, amorphous TOSs have superior features such as low growth
temperature, ease in deposition and etching for micro-patterning, and smooth surfaces [17]. Therefore,
amorphous impurity-based In20s semiconductors have attracted significant interest from researchers

and manufacturers.

Tin-doped In203 (ITO) is an n-type TCO where tin acts as a dopant in the lattice of indium oxide or
replaces indium to be bound with interstitial oxygen [18]. ITO is of great interest for use in applications
due to its wide bandgap resulting in high transmittance in the visible range, high carrier density and low
resistivity [19-21]. The resistivity of ITO films was reported to be approximately 1.5 - 2x104 Q.cm [17].
Lower resistivity values have been obtained using innovative growth methods such as high-density
plasma-assisted electron beam evaporation or low-impedance, direct current (dc) magnetron sputtering
[19, 22]. Optoelectronic devices such as photovoltaic cells [23], liquid crystal displays [24] and gas

sensors [25] are examples in which ITO has been used.

The considerable contribution of zinc and gallium in impurity-based In.Os materials prevents the
crystallization of In2O3 which can easily occur at a temperature of approximately 150°C. Fully
amorphous 1ZO films can be grown with a broad range of deposition conditions including substrate
temperatures varying from room temperature to 600°C [26]. 1ZO films produced at room temperature
were reported to have similar electrical properties to those of ITO films deposited at higher temperature
[27]. Although 1ZO is a promising TCO material in TFTs or organic LEDs [28], its application as a
TSO is limited since it is difficult to reduce its carrier density to below 1017 cm-3 [29]. The addition of
gallium to ITO can alleviate this problem because Ga strongly binds with oxygen to prevent excessive
free carriers created by oxygen vacancies [29]. With the addition of another cation, there are a wider
variety of amorphous compositions offering useful electrical performance. IGZO has been applied in
many industrial products such as in Sharp’s LCD for smartphones and tablets [6]. The backplane display
driver of Apple’s iPad Air, using IGZO, consumes 57% lower power and delivers 23% higher contrast

in comparison with the previous iPad which used amorphous Si [30].

Although impurity-based In20s materials have proven performance and demonstrated applications, the
relative scarcity and price of In has been a strong motivator for research into alternatives such as zinc
oxide (ZnO) [31-36], impurity-doped tin oxide (SnOz), zinc tin oxide (ZTO) [37] and gallium zinc tin
oxide (GZTO) [38, 39]. These oxide semiconductors provide properties close to those of impurity-based
In203 but require more strictly controlled deposition conditions. Some n-type oxide semiconductors and

their properties are reported in Table 2-1.
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Table 2-1: Some n-type oxide semiconductors and reported properties

Film Method | Substrate | Mobility | Carrier concentration | T(%) | Eopt | Ref
a) b) (cm2 /Vs) (cm=3) c) (eV)

InGaOs | RFMS Glass 10 1020 ) 3.3 | [40]
ITO PLD YSZ 55 1.9 x 1021 85 [41]
Cd2Sn04 | RFMS glass 32.3 7.4 x1020 90 2.97 | [42]
In203 PLD SiO2/Si 119 3 x 102° 90 - [43]
Zn0O RFMS Si 2 - 80 3.37 | [44]
Cdo MOVPE | sapphire | 20-124 2.6x101° - 2.5x1020 - 2.2 | [45]
ZTO FE glass 18 2.96 x 102° - 3.3 | [46]
IZTO DCMS | glass 78 2 x 102° 80 - [47]
In20zH | ALD SiOJ/Si | 138 1.8 x 1020 - 3.2 | [48]
1ZO RFMS | glass 60 2.5 x 1020 75 3.64 | [49]
IGZO HiPPMS | glass 140 ~5x 108 93 - [50]
ATO DCMS | glass 6 2.2 x 1020 [51]
FTO SP glass 25 4.6 x 10%° 89 3.9 |[52]
ZnO RFMS | Si 2 - 80 3.37 | [44]

a) Method: the deposition method employed for n-type thin films. (PLD: pulsed laser deposition; FE: flash
evaporation. RF(DC)MS: radio-frequency (direct current) magnetron sputtering. R-SPE: reactive solid-
phase epitaxy, SP: spray pyrolysis, ALD: atomic layer deposition)

b) Substrate: the substrate used in the Hall measurement. (YSZ: yttria stabilized zirconia; SiO2: quartz.)
¢) T%: Optical Transmission

2.1.2 P-type TCOs and TSOs

The success of n-type TCOs and TSOs, especially impurity-based In2Oz in commercial products, has
driven research interest in p-type oxide semiconductor materials. P-type oxides with comparable
performance to that of n-type oxides could extend the range and possibilities of transparent devices and
circuits. If complementary metal oxide semiconductor (CMOS) technology using TCOs and TSOs
became possible, the high-performance circuits currently based on non-transparent Si could be
transferred to transparent and/or flexible substrate materials. Hence, an era of advanced transparent
electronics would be opened. However, it is difficult to achieve p-type oxide semiconductor devices
operating similarly to n-type counterparts because of limited carrier generation and the low mobility of
positive carriers (holes) typically encountered. In contrast to the highly dispersed and delocalized CBM
in n-type oxides which result in low electron effective mass and high electron mobility, the valence

band maxima of p-type oxides are predominantly composed of anisotropic and localized 2p orbitals of
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oxygen (0O). O atoms are small but have high electronegativity; hence the formation energy of the
acceptors producing holes is high and a the effective mass of the holes is large [9]. Besides low

performance, current p-type materials also suffer instability and irreproducibility [53, 54].

In 1997, Kawazoe et al. proposed the “chemical modulation of the valence band” (CMVB) concept to
form p-type oxides by hybridizing O 2p orbitals with closed-shell Cu 3d°orbitals [55]. The comparable
energy level of Cu 3d'° is expected to overlap the O 2p°® level, and then the Cu cation creates covalent
bonding with O ions which can delocalize the valence band maximum (VBM) [9]. This concept explains
the high hole mobility achieved in cuprous oxide (Cu20), exceeding 100 cm?/Vs [56]. However, the
small separation between neighbouring Cu ions in Cu20 causes d-d orbital interaction and hence, a
narrow bandgap and colorization in Cu20. This problem can be solved by tetrahedral coordination of
oxide ions in some layered structures, for example, in CUAIO2 delafossite (also mentioned by Kawazoe).
Since then, a series of p-type ternary Cu-bearing oxides such as CuMO: delafossites (where M = Al
[55, 57], Ga [58], In [59], Cr [60], Y [61] and Sc [62]) and non- delafossite SrCu.O> [63] have been
reported. Layered Cu-chalcogen (Ch) materials (LaCuOCh, where Ch = S [64], Se [65]) and layered
oxysulfide Cu2Sr3Sc20sS2 where chalcogens replace the oxygen to form a stronger hybridization with
the Cu cation orbitals have also been proposed based on the extension of the chemical modulation
concept. Layered copper oxides have wide bandgaps in the range from 3.1 eV to 3.79 eV [55, 61, 66-
71] shown in Table 2-2. Nevertheless, they still have either low mobility or unsuitable carrier density

which constrains their potential as p-type TSOs.

Spinel oxides ZnM:04 (where M = Co, Rh, Ir) have been expected to become good candidates for p-
type TOSs. These compounds consist of transition-metal cations (Co3*, Rh3*, and Ir3+) with the d®
configuration in an octahedral arrangement which behave similarly to closed-shell Cu 3d® in Cu-
bearing oxides when bonding with oxygen, because their low spin states can be considered as a “quasi-
closed shell” configuration. ZnCo204 is the most common spinel oxide due to its potential in
applications such as Li ion batteries and in photo- and electro-catalysis [11]. Rh and Ir are expensive to
source for large scale industry applications. Some examples of spinel oxides ZnM20s are listed in Table
2-2.

Another method to obtain a high-performance p-type TCO or TSO is by forming oxides from metal
cations which have pseudo-closed ns? orbitals such as Pb, Bi or Sn. This is because s states which have
similar energy levels to the O 2p states can alleviate VB localization more effectively than d states.
Hence, the VBM is more dispersed and holes have lower effective mass. While beryllium oxide Bi2O3
and tin monoxide SnO shows p-type conductivity, n-type conductivity was exhibited on lead oxide PbO
[72-74].

12
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Table 2-2: Some p-type oxide materials and reported properties

Film Method Substrate Taep (°C) | Teoa(°C) | Mobility gran | Nh[cmT3] T [%] Bandgap [eV] Ref
a) b) C) c) [cm?2/V.s] d) e)
CUuAlO2 PLD Al2O3 700 - 104 | 1.3x10V 60-70 3.50 [55]
CuGaO PLD YSZ 750 1215 0.8 | 1.0x10® - - [69]
CuossAlO216 | RFMS Glass 500 - 0.82 | 1.5x 105 - - [71]
CuAlOz: CuO | RFEMS SiO2 940 - 39.5 | 4.3x101 - 3.79 [70]
CuYOz: Ca TE MgO 500 600 1 - 40-50 3.50 [61]
CuCrOz Mg | RFMS SiO2 600 600 1 - 50 3.10 [68]
LaCuOS RFMS SiO2 RT 800 0.2 | 2.0x10% 60 3.10 [67]
LaCuOSe R-SPE MgO RT 1000 8| 2.0x 100 - - [66]
Cu:0 (111) | RFMS Glass 600 - 256 | 1.0 x 104 - - [75]
Cu20 RFMS Glass RT 200 185 | 3.0x 1013 85 2.39 [76, 77]
Cu0 RFMS SiO2 RT - 0.243 | 1.92 x 101° - - [78]
Cuo DCMS Glass RT 250 4577 | 8.9x107 - - [79]
Cu20: N FTS Glass RT - 3.4 | 2.0x10'8 50 2.48 [80]
Cu20: Na TO - 1015 400-600 100 | 10%3-10%6 - — [81]
ZnRh204 PLD | AkO; & SiO2 773 973 — — 55 2.74 [82]
Znlir;04 PLD | ALO:3& SiO; 773 973 — — 61 2.97 [82]
ZnC0204 PLD | AkOs & SiO2 773 973 — — 26 2.26 [82]

a) Method: the depositionmethodemployedfor the p-type thin films. (PLD: pulsed laser deposition; TE: thermal evaporation. RF(DC)MS: radio-frequency (direct
current) magnetron sputtering. R-SPE: reactive solid-phase epitaxy. FTS: Facing target sputtering. TO: thermal oxidation.)
b) Substrate: the substrate used in the Hall measurement. (YSZ: yttria stabilized zirconia; SiO2: quartz.)
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C) Taep and Tepa: Substrate temperature during deposition and post deposition annealing process. (RT: room temperature)
d) Nn: carrier concentration of the deposited film.
e) T: Optical transmittance of the deposited film
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2.1.3 Tin dioxide (SnOy)

Tin dioxide, also called stannic oxide, SnO2 possesses a tetragonal rutile structure, in which each tin
cation is surrounded by a slightly asymmetric octahedron of six oxygen atoms with bond-lengths of
2.023 A (between Sn and two O in a same level plan) and 2.030 A (between Sn and four O along an
axis perpendicular with the plan). Each oxygen anion is bonded to three tin cations in a trigonal planar
coordination, as shown in Figure 2-4. The lattice constants are a=b = 4.7374 A and ¢ = 3.1864 A [83].

Figure 2-4: Aunit cell of rutile-type SnO2 where the grey and red spheres represent for tin cation and oxygen
anion. Reproduced from [84].

With a wide direct bandgap of 3.6 eV [85], tin dioxide is highly transparent in the visible-light
wavelength range (400-800 nm). Furthermore, the exciton binding energy of 130 meV [85] which is
much higher than that of ZnO (60 meV [86]) suggests a promising candidate for optoelectronic devices.
In the direct band structure of SnOz2, the bottom of the conduction band is composed by the empty Sn
5s orbitals while mainly O 2p orbitals and some Sn s and p states constitute the VBM [87]. The s-
character of the CBM facilitates the overlap between orbitals of adjacent tin cation, thus providing a
more conductive path for electron transport (as shown in Figure 2-3). Moreover, the electron effective
mass is as low as 0.23-0.3*me (where me is the electron rest mass) [87]. As a result, high electron

mobility can be achieved.

Sn02 exhibits an intrinsic n-type conductivity which arises from shallow donor levels mainly produced
by oxygen vacancies and tin interstitials. Typical properties of undoped SnO: films are high carrier
concentration N ~ 10%°—102cm-3, low resistivity p =~ 10-3—10-2Q.cm and mobility g =~ 5-30cm?/Vs
[15, 88] which can reach 260 cm2/Vs in single-crystalline SnO- [89]. However, it is usually difficult to
control the concentration of these defects (i.e oxygen vacancies). Thermal annealing which reduces
lattice mismatch effects and creates longer mean free paths for free electrons [85, 90] and impurity
doping which increases dopant concentrations [91] are methods to increase the n-type conductivity of
Sn02. By doping with Sbh, the resistivity decreases to 9.8x10-4 Q.cm [92] or 5x10-4 Q.cm [93] while
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high visible spectrum transparency (88% and 95%, respectively) is maintained. With highly conductive
and transparent properties, SnOz and doped SnO2 materials are typical TCOs. Additionally, impurity-
doped SnO2 materials exhibit improved processability and environmental properties. Fluorine-doped
SnO: is reported to be the TCO material with the highest work function, best thermal stability, best

mechanical and chemical durability, best resistance to water and lowest fabrication cost [1, 94].

In 2004, Presley et al. [95] demonstrated a normally-off transparent thin film transistor consisting of a
SnO:2 channel, indium tin oxide (ITO) electrodes and a superlattice of Al20s and TiO2 (ATO) as the
insulating layer (Figure 2-5). The transistor exhibits a maximum drain voltage close to 90 HA and an
on/off ratio of 105 with the maximum field-effect mobility of ~0.8 cm2/V/s. The average transmission
of the device across the visible wavelength is ~75% (curve (b) in Figure 2-5). Higher performance
enhance-mode SnO3-based thin film transistors with the average field-effect mobility of 96.4 cm2/Vs,

an on/off ratio of 2.2x106 and capability to work at low voltages less than 4 V were reported by Hung
et al [96].
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Figure 2-5: Optical transmission of the bottom-gate SnOz transparent thin film transistor (structure shown in
inset). Reproduced from [95].

One of the most well-known applications of SnO: is in gas sensing, due to the high oxygen non-
stoichiometry in SnO: lattice. SnO2 sensors operate based on the change of resistance of the sensing
layer with gas adsorption, where target gases have reduction-oxidation reactions with the surface of
SnOz. Under ambient conditions, oxygen from air is adsorbed, and then electrons in the conduction
band near the surface region are immobilized by created surface acceptor states [97]. As a result, a

depletion region is created and widened at the interface of the SnO: and the potential barrier at the
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interface is increased as well. The presence of reducing or oxidizing gas will change the charge density
near the surface, and in turn change the conductance of the sensing layer. SnO2 layered devices have
been employed to detect various gases, such as Hz [98], O2[99], NO2 [100, 101], CO [99, 102], ethanol
[102, 103]. Additionally, multifunctional heterostructure geometries which have unique electron
transfer or molecule absorption/desorption properties and thus improved sensitivity, stability and
controllable selectivity can be developed by combining SnO2 with various metal oxides [97, 100, 104,
105].

2.1.4 Tin monoxide (SnO)

Tin monoxide, also called stannous oxide, SnO possesses a litharge structure formed by layering
tetragonal unit cells along the [0 0 1] crystallographic direction following the Sni»-O-Shi» sequence,
as illustrated in Figure 2-6. The Sn-O distance in SnO is 2.23 A [14]. Its lattice constant has been

reported in experimental and theoretical studies, as shown in Table 2-3.

Figure 2-6: (a) The crystal structure of SnO; (b) Top view of SnO structure. Reproduced from [14].

The p-type nature of SnO is attributed to the dispersed VBM [106] and the formation of defects acting
as native acceptors [107]. The top of the valence band results from the hybridization between Sn 5s
orbitals and O 2p orbitals that have comparable energy levels as shown in Figure 2-7, hence the VBM
is more dispersed and higher hole mobility can be obtained. Tin vacancies and oxygen interstitials are
two candidates for p-type defects in SnO. Although having lower formation energy (2.37 eV [108]),
interstitial O remains at the neutral state in the bandgap; hence it does not contribute to the electrical
conductivity [107]. With a transition level observed at 0.39 eV above the VBM, tin vacancies result in
p-type conductivity of SnO [108]. However, due to the high formation energy of a tin vacancy (5.25 eV

[108]), it may not be the dominant mechanism for carrier formation. Unintentional impurities (e.g.
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hydrogen) are more likely and can combine with tin vacancies to create complexes behaving like

shallow acceptors [109].
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Figure 2-7: Schematic showing electron energy band structure of SnO with the hybridization between Sn 5s and
O 2p orbitals. Reproduced from [9].

In polycrystalline SnO thin films, the accepter states were reported to have a slightly higher activation
energy of 60 meV [110], when compared with accepter states in epitaxial SnO thin films (45 meV) [72,
111]. Increased barrier potentials at the grain boundaries in polycrystalline films reduce the hole
mobility in the films [110]. The carrier mobility of SnO films also depends on the film orientation.
According to Hsu et al. [112], the enhanced hole movement in the a-b plane give rises to higher hole
mobility in c-axis oriented SnO films compared to the value obtained in (101)-oriented films. The
increase of carrier mobility in p-type SnO thin films can be achieved by enriching Sn in the film
composition since the films become more naturally metallic. Thatwas confirmed by Granato et al. [113]
and Caraveo-Frescas et al. [114] when they demonstrated that mixed phase thin films consisting of both
SnO and Sn exhibited higher hole mobility than pure SnO films. The effective mass of SnO was reported
to be 2.05*me (where me is the electron rest mass) [72] or more recently 2.6*me [108] for holes at the
VBM, which is approximately ten times higher than the effective mass of electrons (0.27*me [108]) at
the dispersive CBM. SnO has both direct and indirect bandgaps. The direct bandgap varied from 2.6 eV
to 2.78 eV as shown in Table 2-4 while the indirect bandgap was predicted to be in the range from 0.61
eV to 0.67 eV by hybrid DFT technique [115]. The low optical bandgap causes SnO thin films to absorb

in the visible range.

Driven by the discovery of the p-type nature of SnO, SnO thin films have been grown with a variety of
deposition approaches, such as electron beam (EB) evaporation, pulsed laser deposition, atomic layer

deposition (ALD), and radio frequency (RF) magnetron sputtering using substrates and growth
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temperatures as summarized in Table 2-4. However, due to the meta-stability of SnO, the deposition
window to obtain pure SnO films is narrow. The chemical composition of the grown films strongly
depends on the pressure, gas ratio, power, deposition and post-deposition annealing temperature. Small
differences compared to the optimized conditions can lead to the coexistence of metallic Sn and/or SnO>
with the SnO phase.

Table 2-3: Lattic parameters of SnO calculated in some studies

a=b (A c(A) Type Ref.
3.8029 4.8382 Experiment [116]
3.7986 4.8408 Experiment [117]
3.801 4.835 Experiment [118]
3.797 4.6513 Computation [119]
3.885 4.983 Computation [107]
3.810 4.915 Computation [120]
3.8989 4.9812 Computation [121]
3.801 4.843 Computation [122]

Ogo and co-workers reported the epitaxial growth of SnO thin films on (001) yttria stabilized zirconia
substrates by employing pulsed laser deposition (PLD) [72, 111]. The substrates were heated up to 575
°C during the deposition process and annealed at 200 °C after deposition to obtain the epitaxial SnO
films. The thin films presented the mobility and carrier concentration of 2.4 cm2/Vs and 2.5 x 1017 cm-
3 respectively. Caraveo-Frescas described a narrow window of deposition pressure and oxygen partial
pressure (Opp) to grow SnO thin films on lime-soda glass substrates [114]. As shown in Figure 2-8, the
p-type polycrystalline thin films could be pure SnO or of mixed phase with the highest hole mobility of
18.7 cm?/Vs obtained at 1.8 mTorr and 9% Opp. Kim et al. [123] also demonstrated significant
differences in the stoichiometry of their films which were estimated to vary from SnOoss to SnO1.08

under different oxygen pressure, as-deposited and post-annealed conditions.
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Figure 2-8: (a) Phase stability map to obtain p-type tin monoxide, showing a narrow window of deposition

pressure and oxygen partial pressure; (b) Room temperature Hall mobility of the films deposited in the pressure

range from 1.5 to 2.0 mTorr and 7% to 15% oxygen partial pressure, mp-SnO denote a mixed phase SnO.
Reproduced from [114].

In 2008, Ogo et al. presented the first high performance p-type top-gate-structured TFT with PLD-
deposited epitaxial SnO channel, PLD-deposited AlzOs insulator layer and e-beam evaporated Au/Ni
contacts (Figure 2-9) [111]. The threshold voltage, on/off ratio, field-effect mobility and saturation
mobility were 4.8V, 102, 1.3 cm?/Vs and 0.7 cm?/Vs respectively. In 2010, a high-performance p-type
SnO TFT demonstrated by Fortunato et al. [73] marked a milestone in the progress of p-type SnO as a
commercially viable material when scalable magnetron sputtering was used for growth. The SnO films
obtained after deposition and post-deposition annealing had a polycrystalline structure with hole
concentrations in the range from 1016 to 108 cm- and maximum hole mobility of 4.8 cm2/Vs. A
threshold voltage of -5 V, on/off ratio of 103 and field-effect mobility of 1.2 cm?/V/s were obtained in

their staggered bottom-gate TFT composed of a 30 nm SnO channel and Au/Ti contacts [73].
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Figure 2-9: (a) Structure of a top-gate SnO TFT. b) Output characteristics. Reproduced from [111].

In 2011, the first SnO-based ambipolar TFT in which both electrons and holes were transported in the
same channel under the applied gate bias voltage was demonstrated by Nomura et al. [124]. A 15 nm
polycrystalline SnO channel was deposited by PLD and then treated by post-deposition annealing at
250°C. SiO2/Si and ITO were used as bottom gate/electrode and top contacts while an Y203 layer and
a top gate were grown to form a dual-gate TFT. The ambipolar SnO TFT exhibited mobility of 0.81
cm?/V/s for p-channel operation and 5 x 104 cm2/V/s for n-channel operation. In addition to the
aforementioned reports, there are several recent studies on pn-junction using SnO as the p-type layer
[125-127] and CMOS inverters using p-type SnO TFTs [124, 128, 129].
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Figure 2-10: (a) Structure of an ambipolar SnO TFT. (b) Output characterisitcs of the TFT under p-channel
(left) and n-channel (right) operation. Reproduced from [124].
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Table 2-4: Summary of several reported tin monoxide SnO thin films.

Films | Method Substrate Taep[°C] | Troa[°C] Mobility Carrier density | Transmittance | Direct Bandgap | Year Ref
a) b) C) d) d) Hnall [cm?/Vs] Nh [cm~3] [%%0] [eV]
ep-SnO | PLD YSZ 575 200 2.4 2.5x 10% - 2.70 2009 | [72, 111]
pc-SnO | TE Si/SiO2 RT 310 2.83 5.0 x 107 70 - 2010 [130]
pc-SnO | EBE SiO2 RT 600 14 2.8 x 1016 70 2.77 2010 [131]
pc-SnO | RFMS | Glass RT 200 4.8 10161018 85 - 2010 | [3, 73]
pc-SnO | PLD Si/SiO2 RT 250 1.9 1 x 1017 - - 2011 | [124]
pc-SnO | EBE Si/SiOz RT 350 3.9 5.6 x 1015 60 2.70 2012 [132]
pc-SnO | DCMS | Soda-lime glass RT 180 18.7 2.18 x 10%7 92 2.65 2013 [114]
pc-SnO | RFMS | Si/SiO2 RT 250 3 1.0 x 108 70 2.78 2013 [133]
SnO PLD YSZ 575 — 7 1 x 107 - 2.60 2013 [106]
pc-SnO | REMS Glass RT 300 3 7.22 x 1016 - 2.71 2014 [134]
pc-SnO | PLD Glass RT 300 1.8 1.0 x 1019 - 2.70 2014 [112]
pc-SnO | RFMS | SiO2 200 - 3.34 2.3x 108 60 - 2014 [127]
pc-SnO | ALD Si/SiO2 210 - 2.9 3.4 x 107 60 2.60 2014 [135]
pc-SnO | PLD Si/SiO2 500 - 2 9.0 x 106 - 2.68 2015 [136]

a) The crystal structure of the SnO. (ep: epitaxial; pc: polycrystalline.);

b) Method: the preparation method for the SnO thin films. (ALD: atomic layer deposition; EBE: electron beam evaporation; PLD: pulsed laser deposition;

RF(DC)MS: radio-frequency (direct current) magnetron sputtering. TE: thermal evaporation.)
c) Substrate: the substrate used in the Hall measurement. (YSZ: yttria stabilized zirconia; SiO2: quartz.)
d) Tuep and Troa : Substrate temperature during deposition and post deposition annealing process. (RT: room temperature)
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2.2 Memristance, switching properties and reservoir computing

Solid state transistors have revolutionized our world by enabling the ubiquitous existence of compact,
low—cost and high—performance electronic devices such as computers, mobile phones and home
appliances. However, the transistor, as it is currently designed, is approaching limits in scaling and
capabilities. New devices that offer higher density, higher speed and lower-power consumption are
being sought in recognition of this. Owing to their simple structure, low power consumption and fast
switching capabilities, memristors or memristive devices have emerged as promising building-block

devices for next generation memory, computation and signal processing circuits [137].

2.2.1 A brief history of memristors

The concept of “memristor” (or memory resistor) was proposed by L. Chua in 1971. Based on
symmetry, he proposed the existence of a fourth fundamental circuit element in addition to the three
known classical two-terminal circuit elements, namely the resistor, capacitor, and inductor. A memristor
is defined by the relationship between the magnetic flux (¢) and electric charge (q), called the
memristance (M) [138]:

do = M.dq (2-1)

A memristor therefore demonstrates unique properties which cannot be duplicated in any circuit built

using combinations of the other three fundamental components [138].

4 Basic Circuit Elements
voltage, voit v

RESISTOR current, Ampere A

R(v,i)=0

)3

=0

Lig,i)

)
INDUCTOR

charge, coulomb ¢ MIEMRISTOR flux, Weber Wb

Figure 2-11: The four fundamental circuit elements. Reproduced from [139].
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Later, in 1976, L. Chua and S. M. Kang proposed the models for memristive systems, defined by the

following equations [140]:

§=F(¢ x1t)
y =G, x t)x (2-2)

Where x denotes inputs (e.g. voltage or current), y denotes outputs (e.g. current or voltage, respectively)
of the system. The function F describes how the internal state & evolves while the function G presents
resistance or conductance of the system, respectively. Hence, amemristive model is a non-linear resistor

whose state of resistance depends on both the history of input signals and time.

In 2008, a group of researchers from Hewlett Packard (HP) Labs claimed the discovery of the “missing
memristor” by linking a practical model with the Chua’s theory, although there were many reports of
unrecognized memristance examples which preceded this work [139]. The prototype memristors were
fabricated using of thin — film titanium dioxide TiO2z as an insulator layer separating top and bottom
platinum electrodes. With an analytic example, the memristance phenomenon was reported to occur
naturally in nanoscale electronic devices [141]. Storing and logic processing properties including long
retention time, fast, non-volatile and low power electrical switching were observed in the prototype
memristors fabricated at HP Labs.

After this highly cited work, interest in memristors increased rapidly. Materials, fabrication, switching
mechanisms, properties, applications and compatibility with or capability for replacing current CMOS

technology have formed the basis for a significant body of work including papers, patents and books.

2.2.2 Resistive switching mechanisms

A memristor usually has a sandwiched metal — insulator — metal (MIM) structure with the device
functionality originating in the insulating layer (also called active layer) (Figure 2-12). It exhibits a low
resistance state (LRS) and a high resistance state (HRS) depending on the magnitude and/or polarity of
the applied voltage (and electric field) and the length of time that the voltage has been applied. Once
switched, a ‘non-volatile’ memristor may maintain its current resistance state for a long time in the

absence of the applied bias [139, 142].

Although memristors have asimple structure, switching mechanisms which are responsible for resistive
switching in memristor devices are complicated due to the chemistry of (electrode and insulation layer)
materials [137]. Switching mechanisms can be broadly categorized into valence change,
electrochemical metallization, phase change, thermo-chemical, ferroelectric [143, 144] and
nanomechanical effects [145]. The first three classes (valence change, electrochemical metallization,
phase change), the most commonly reported resistive switching mechanisms, will be described as

following.
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Figure 2-12: Schematic showing the metal — insulator — metal structure of a memristor.

The valence change memory (VCM) resistive switching mechanism relies on the migration of anion
species under an external electric field [141]. The anion movement changes the local stoichiometry of
the insulating layer, leading to the formation or rupture of conducting channels inside the insulating
layer and between the two electrodes of the device, e.g. electrically conductive oxygen deficient TisO7
phase formation within an insulating TiO2 layer [146, 147]. In most metal/metal-oxide/metal memristor
devices, an electroforming process is required to generate initial conducting paths [137]. In general,
electroforming involves applying a higher-than-usual electric bias/field across the two device terminals
of the memristor. During this electroforming step, oxygen ions migrate leaving oxygen vacancies in the

initially insulating active oxide layer [148].

The electrochemical metallization memory (ECM) resistive switching mechanism is based on the
migration of metal cations which are dissolved from the interface of electrochemically active metal
electrode(s) into the insulating layer. This mechanism is usually reported in MIM devices in which the
insulator region is sandwiched between an electrochemically active electrode such as Ag or Cu, and an
inert counter electrode such as Pt, Au, or W [149-151]. Dissolved metal cations are driven by external
electric field and Joule heating to move toward the inert counter electrode, leaving behind metal
vacancies. The movement of metal cations reduces the effective gap between two electrodes of the
device, to gradually form conductive filament(s) and resulting in increased device conductance. Once
the filament(s) connect the two terminals of the device, the device is switched from its HRS to its LRS.
In order to switch the device back to the HRS, a negative voltage is applied to the active electrode. The

existing metallic filament(s) is then ruptured/dissolved due to oxidation [137].

The phase change mechanism is based on phase transitions obtained by heating and quenching materials
through Joule heating [139]. When subjected to an external electric field, phase change materials (e.g.
Ge2ShzTes [152]) can switch between amorphous (high resistivity) and crystalline (low resistivity)
states [152, 153].
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2.2.3 Memristive materials

The VCM mechanism has been observed in most insulating metal oxide-based anion devices in which
native dopants are believed to be responsible for resistive switching [154]. Insulating oxides can be
viewed as semiconductors with native dopants, resulting from oxygen deficiency in n-type oxides such
as TiO2—x [147]) or oxygen excess in p-type oxides such as Co1—O [155]. The movement of these native
dopants under the co-existence of electric field and Joule heating give rise to chemical changes in the
oxides, resulting in resistive switching. Theory and experiments [145, 156, 157] have demonstrated the
role of oxygen vacancies and cation interstitials in device switching. However, more evidence is needed
to determine the roles of other impurities, such as hydrogen, which are suspected to contribute to
resistive switching [158, 159]. The switching materials of these anion devices include oxide insulators
from simple binary transition metal oxides (e.g. TiO2[160], HfO2 [161], NiO [162], Nb20s [163], SnO2
[164]) to complex oxides including perovskites (e.g SrTiO3z[165]).

Hafnium (1V) oxide HfO: is a frequently chosen material for memristive devices operating based on
the VCM mechanism. This is due to their low-operating voltage, stability and wide operational
temperature range [142, 166]. HfO2-based RRAMs have been reported to exhibit desirable properties
including simple fabrication, fast switching speeds, scalability (<10 nm), and compatibility with
conventional complementary metal-oxide-semiconductor (CMOS) technology [167]. Taking as an
example, a unipolar switching Pd/Hf/HfO2/Pd memristor (Figure 2-13) comprising an insulator layer
HfO2, an Hf capping layer (acting as oxygen getter) and top/bottom Pd electrodes, the VCM mechanism
is discussed in detail. If the impact of impurities is neglected, a combination of hafnium and/or oxygen
species (including atoms and vacancies) cause the resistive switching. In the “forming” process, under
a high positive voltage applied onto the top Pd electrode, oxygen anions drift from the HfO2 toward the
Hf-capping layer, enhancing oxidation of the metallic cap (Hf) and leading to the generation of oxygen
vacancies which form a conducting filament(s). From an energetic point of view, there is a transfer of
oxygen vacancies from the anion electrode into the insulator layer, rather than a vacancy generation
process [168]. The filament(s) bridge the top and bottom electrodes, resulting in a sharp drop of the
device resistance as the device enters its LRS state. The concentration of the defects existing in the
filament determines the carrier transport mechanism which can change from trap-assisted tunnelling, to
Poole-Frenkel hopping and on to Ohmic conduction [168]. The device “RESET” operates based on
local oxidization due to Joule heating and consequently, the existing filament(s) rupture when higher
current passes through the device (Figure 2-13(b)). Many oxygen vacancies remain near the capping
layer (Figure 2-13(c)), therefore the bias used to switch the device from HRS to LRS in “SET” operation

is smaller than that initially required in the forming process.
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Figure 2-13: Schematics illustrate the Pd/Hf/HfO2/Pd memristor and the formation and rupture during the
device operation. Reproduced from [142].

ECM is the switching mechanism of devices in which metallic cations determine the device switching.
Cation devices are required to have an electrochemically active material (e.g. Cu, Ag or alloys of these
metals) and an electrochemically inert metallic electrode (e.g. Pt, W, Au) (discussed in section 2.2.2).
The insulating materials for cation devices can be varied in a wide range from traditional electrolytes
(e.g. CuzS [169], Agl [170], GexTey [171]), to oxides (e.g. HfO2 [172], SiO2 [173], CuxO [174]) or
others such as nitrides, amorphous Si, C or even vacuum gaps [175-178]. Using oxide materials as the
active insulator layer increases the compatibility of cation devices with CMOS and enables
implementation in some special applications such as non-volatile switches in large-scale integrated
circuits [154]. In an Ag/H20/Pt device (Figure 2-14), some Ag atoms at the active electrode are oxidized
to become Ag* cations when a positive high voltage is applied on the Ag electrode during the “forming”
or “set” processes. The movement of these cations toward the counter electrode (Pt)is then driven by
an external electric field and Joule heating. At the cathode, the electrochemical reduction of Ag* ions
enables Ag atoms to be deposited on the surface of the cathode and grow towards the anode (Ag
electrode). When the filament(s) created from Ag atoms reach the anode, the device enters its LRS. To
switch the device off (HRS), a positive bias is applied on the Pt electrode. The Ag filament is then
dissolved from the interface of the Ag electrode and Ag filament(s).
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Figure 2-14: Scanning electron microscopy images showing the Ag/H.O/Pt device (a) in HRS with smaller and
shorter Ag dendrites and (b) in LRS with longer and larger Ag dendrites. Reproduced from [154].

The materials for the devices operating due to the phase change mechanism are required to exist in at
least two structurally distinct solid phases. These can be an amorphous and one or more crystalline
phases. Accompanying the change in phase are large structure differences that ensure the material
exhibits significantly different optical and electrical properties. For example, the amorphous phase may
have high resistivity and low optical reflection, in contrast to low resistivity and high reflectivity
obtained from the crystalline phase. In the material MoOx [179] for example, the metastable amorphous
phase is transformed to the stable crystalline phase by heating the material above its crystallization
temperature for a certain period. Melting the crystalline material and then quenching it sufficiently
rapidly to obtain a solid amorphous state is the principle for the reserve crystalline-to-amorphous
transformation. Phase changing materials include tellurium-based chalcogenides (e.g. Ge2Sh2Tes [153],
GeTe [180]) and oxides (e.g. Ga-doped In203 [181], MoOx [179]). Ogawa et al.[179] demonstrated a
W/Mo-oxide/W device operating based on the phase change resistive switching property of
molybdenum oxide. In the pristine state, the amorphous phase of the MoOx layer exhibited high
resistance. When a sufficiently high bias was applied, the device provided a more than five-orders-of-
magnitude decrease in resistance which was maintained in the LRS. The amorphous-crystalline
transition observed by transmission electron microscopy (TEM) image (Figure 2-15). A higher bias,

enabling the occurrence of re-amorphization process, was used to switch the device back to its HRS.
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Figure 2-15: (a) Cross-sectional transmission electron microscopy (TEM) image of W/Mo-oxide/W and (b)
schematic of the device structure. Reproduced from [179].

Tin oxide has received less attention as a memristive material than many other oxides. This is surprising
since this low cost and nontoxic material [182-184] is rare among oxides in supporting n- and p- type
behaviour depending on phase and this aspect is particularly promising as a potential memristive
mechanism. In the reports published to date, resistive switching in tin oxide has largely been attributed
to migration of inherent defects [183, 185-187]; the mechanism(s) involved have not been investigated
thoroughly. The dependence of the switching mechanism(s) on stoichiometry (or the presence of
minority phases) has not been investigated and given the tendency for tin oxide films to be oxygen
deficient, is an important consideration. Nagashima et al. [183] studied the resistivity switching (RS)
properties of memristor devices with tin oxide thin films deposited by PLD acting as the insulating
layer, the Pt bottom electrode and the top electrode made from Ti, Ag and Pt. The devices exhibited
unipolar non-volatile RS behaviour with a more than two orders of magnitude ratio of high resistance
to low resistance (Figure 2-16(a)). Retention times and endurance were up to 104 s and 100 cycles,
respectively (Figure 2-16(b) and (c)). Bipolar resistive switching characteristics were observed in
resistive random-access memories based on an AlI/SnOx/Pt structure [186]. The resistance ratio
maintained itself at ~55/1 (HRS/LRS) for 100 endurance cycle. The device showed good stability and
long retention time of 105s. An Ag/ITO/SnO>-/SnS/Mo RRAM with self-assembled SnO2.x layer also
demonstrated bipolar RS behaviour with a resistance ratio of 544/1 maintained for more than 100 cycles
without degradation. The interface of the ITO and self-assembled SnO2.x was thought to contribute to
the RS properties of the device. To the author’s knowledge, RS behaviour observed in SnO2-based
memristors has been non-volatile [185-187] and therefore more suited to memory storage, except in
one report on Au/SnO2/FTO memristors by Pan et al. [164]. These latter devices exhibited volatile
resistive memory and synaptic characteristics including short term potentiation, long term plasticity and

spike rate dependent plasticity, suggesting suitability for artificial neural network applications.
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Figure 2-16: (a) Typical IV data of Pt/SnO/Pt with the inset showing the device electroforming data. (b) and (c)
show the retention and endurance data of both LRS and HRS of the device. Reproduced from [183].

2.2.4 Activity-dependent plasticity in memristors

One of the most interesting and technologically significant aspects of memristors is their ability to
emulate biological synapses. Biological memory storage and signal processing can be much more
efficient than man-made circuits. Pattern recognition, involved in most every-day activities, is a notable
example where biological processing is performed with massively higher efficiency than achieved in
conventional computing. As a result, terms to describe biological memory are often useful in describing
the characteristics of inorganic memristors. Several learning rules devised from the behaviour of
biological synapses have been successfully demonstrated in memristive devices [188-190]. Hence,
memristors are believed to be suitable for physical implementation of synaptic functions in
neuromorphic circuits [139]. One of the most well-known synaptic learning rules is spiking-time
dependent plasticity (STDP), also known as one of the Hebbian learning rules. This rule states that the
synaptic ‘weight’ (AW — analogous to conductance) is a function of the time delay (4¢ = fpost ~tpre)
between the pre- and post-synaptic ‘spikes’ (or voltage pulses) [191-193] (Figure 2-17). Taking the
most commonly observed asymmetric Hebbian learning rule as an example (Figure 2-17(a)), if the pre-
synaptic spike arrives before the post-synaptic spike (4¢ > 0), potentiation, represented by the increase
of conductivity of the synaptic devices, will be induced. Otherwise if 47 <0, depression, represented by
the decrease of conductivity of the synaptic devices, will be induced. Different spikes and different type
of synapses, excitatory or inhibitory leads to different form of STPD. The temporal order of pre- and

post-synaptic spikes also determines the polarity of the synaptic weight change (Figure 2-17(a) and (b)).
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Figure 2-17: Ideal STPD learning rules: (a) asymmetric Hebbian learning rule, (b) asymmetric anti-Hebbian

learning rule, (c) symmetric Hebbian learning rule and (d) symmetric anti-Hebbian learning rule. Reproduced
from [190].

In addition to STDP, short-term plasticity (STP)and long-term potentiation (LTP) have been observed
in memristive devices [194-196]. STP describes the phenomenon in which the conductivity of
memristive devices rapidly decays to its original value (e.g. responding to HRS) when the repetition
time between spikes is long. LTP is exhibited when the conductivity of memristive devices changed
due to shortly repeated spikes [189]. The decay in LTP can occur after several hours or years [196]. A
transition from STP to LTP can be obtained by the repeated stimulations at a high repetition rate. In
contrast to LTP which is necessary for storing information, STP is suitable for information processing

systems, enabling the release of information which is no longer needed.

2.2.5 Reservoir computing

As down-scaling in integrated CMOS technology approaches its fundamental limits, attention is shifting
to computing by non-von Neuman and non-Boolean computing models [197]. Reservoir computing
(RC) is a neural network-based computing model which can effectively process time-dependent inputs
[198, 199]. An RC system consists of two parts: the first part, called the “reservoir”, is connected to the
input u(t) and the second part, called the “readout”, generates the final output y(t) (shown schematically
in Figure 2-18). In the reservoir, the connectivity structure is fixed, however, the network nodes or

neurons will evolve dynamically with the temporal input signal. The dynamic evolution enables the
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reservoir to perform a non-linear transformation from the input u(t) to the new high-dimensional space
(enhancing the separability), called reservoir states x(t) [200]. To process empirical inputs, the reservoir
is required to have a short-term memory which allows the determination of reservoir states from present
inputs and inputs from the recent past. The reservoir states are analysed in the readout which is trained
to produce the desired output y(t) from the linearly weighted combination of the reservoir neural node
value. Since training in RC focuses only on the connection weights W in the readout, learning
complexity and training cost in RC are both reduced when compared with conventional recurrent neural
networks (RNNs) [199, 201].
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Figure 2-18: A schematic of an RC system.

RC has been reported in numerous studies and applications. Two well-known variants of RC are echo
state networks (ESNs) and liquid state machines (LSMs) which were proposed by Jaeger et al. [202]
and Maass et al. [203], respectively in the early 2000s. Various forms of RC have been implemented
using analog circuits [198, 204], field programmable gate arrays (FPGAs) [205-207] and photonic
systems [208]. Numerical modelling [197, 209, 210] has shown that networks of memristive devices
can perform RC and predicted that memristive RC systems will exhibit high-performance in pattern
recognition, signal processing and disease detection [200, 210-213]. In 2017, Du et al. [200]
demonstrated a memristor-based RC in which the reservoir was not composed of a network of
memristors but formed from a small group of independent memristors. An input signal was divided into
multiple segments, each of which was transformed into an internal signal by the individual memristors.
The internal signals were collected and acted as the reservoir state. Pattern recognition and time series

prediction tasks were performed using this memristor-based RC.

Throughout this thesis, experimental evidence and discussions have been provided to explain the
formation and mechanisms of resistive switching behaviour observed on energetically deposited SnOx

— based memristors. Device applications are also discussed in detail.
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Chapter 3:

Deposition methods and

characterisation techniques

This chapter discusses the experimental and simulation techniques used to fabricate, characterise and
simulate the tin oxide films and devices investigated in this thesis. The deposition methods of thin film
growth are described in the first section, followed by the brief summary of material and electrical
characterisation techniques. Finally, the Technology Computer Aided Design simulation tool which is

applied for thermal analysis of tin oxide devices is introduced.
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3.1 Deposition Methods
3.1.1 Thin film deposition methods

A wide variety of thin film deposition methods exist from low quality film deposition techniques such
as oxidation of metallic films, electrochemical deposition, sol-gel synthesis to high quality ones, such
as molecular beam epitaxy (MBE), chemical vapour deposition (CVD), pulse laser deposition (PLD).
The first group typically creates poor quality films reflected by low carrier mobility and moderate
crystallinity but offers large coverage area. For the second group, either high growth temperature, low

coverage area or high fabrication cost is a drawback.

Molecular beam epitaxy (MBE) is a thin film deposition technique in which high purity films can be
grown. But its growth rate is lower than those of most other techniques. Chemical vapour deposition
(CVD) has found widespread use for the formation of high-quality thin films of various materials. CVD
has many derivatives i.e. metal-organic CVD (MOCVD), plasma-enhanced CVD (PECVD) and low-
pressure CVD (LPCVD). The major drawback of CVD lies in the high deposition temperatures (200 —
1600°C [214]) which limits substrate selection. Furthermore, CVD processes often rely on highly toxic,
explosive or corrosive precursors and produce hazardous by-products like CO or HF.

Pulse laser deposition (PLD) is one of the best methods to produce high quality thin films with low
defect density. It is often considered as an energetic technique but the ionization degree in the depositing
flux is much lower than either filtered cathode vacuum arc (FCVA) or high-power pulsed magnetron
sputtering (HIPPMS). PLD is not preferred in industry due to its relative high deposition temperature,

low coverage area and high production cost [215].
3.1.2 Thin film growth using HiIPIMS deposition

Energetic deposition methods belong to a group of physical vapour deposition methods in which the
depositing flux is partial or fully ionized. Diverse microstructure of the grown films can be achieved by
controlling the energy of ions landing on the substrate surface via the applied substrate bias. In Ref.
[216], Andre presented a diagram showing how energetic deposition can be used to obtain different
film microstructures under the effects of three parameters, namely thickness (t*), normalised energy
(E*) and generalised temperature (T*). The normalised energy is a combination of the pressure,
displacement and heat effects caused by the kinetic energy of bombarding particles while the
generalised temperature is calculated from the sample temperature and the heat effects arising from the
potential energy of energetic particles. Energetic methods can be employed to grow several
microstructure forms at low temperature, while similar structure films are achieved using conventional

low-energy deposition methods at much higher temperature.
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Figure 3-1: The structure zone diagram for energetic deposition of thin films devised by Anders. Reproduced
from [216].

Magnetron sputtering, a type of physical vapour deposition (PVD), is one of the most frequently used
thin film deposition methods. Magnetic fields are employed to enhance and confine the sputtering
plasma close to the target. Positively charged ions in the plasma are accelerated and bombard the
negatively charged target, leading to ejection of atoms from the target. The ejected (mostly) neutral
atoms condense on a substrate to form a thin film. Magnetron sputtering systems, with direct current
(DC) or radio frequency (RF) power, have been employed to form SnO films from a metallic Sn target
with a mixture of argon and oxygen [73, 217], from a SnO target [127], or from a mixed phase
SnO/SnO: target [218, 219]. The disadvantages of magnetron sputtering processes include low
ionization efficiencies in the plasma, low deposition rates and substrate heating effects. Unbalanced
magnetron sputtering [220] or high power pulsed magnetron sputtering (HiPIMS) [221] are variants
which alleviate some of these problems.

The high-power impulse magnetron sputtering (HiPIMS) deposition method provides similar large-
area/low-cost benefits to conventional magnetron sputtering but superior control over the structural and
electronic characteristics of the deposited films due to its energetic, macro particle-free plasma [222].
The plasma has a greater ionization fraction due to the high-power pulses that are applied to the target
(at low duty cycle to avoid melting). Due to the low duty cycle and because much of the energy goes
into the generation of high ionization charge states [222], HIPIMS typically has a lower deposition rate
than direct current (dc) or radio-frequency (RF) magnetron sputtering. This is a concern for mechanical
coatings but not for very thin (< 100nm) active device layers. In reactive operation, the pulsed duty

cycle in HIPIMS can be optimized to promote oxygen/nitrogen incorporation and ensure stoichiometric
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oxides/nitrides [223]. HIPIMS is now a well-established production method for mechanical coatings

[224, 225] and is finding increasing use as a method for producing electronic materials [226, 227].

In this project, tin oxide films were deposited onto SiO2 (300 nm layer thickness on Si wafer) at room
temperature using an AJA magnetron sputtering deposition system connected to a RUP-7 pulsed power
supply. A Sn target (3-inch diameter, 99.99% purity) was operated in HiPIMS mode to grow tin oxide
films (details in Chapter 4).

WA

Figure 3-2: Diagram of HiPIMS deposition system courtesy of AjA Inc.

3.2 Structural Characterization

3.2.1 X-ray Diffraction (XRD)

XRD is a common tool for identifying and characterizing the crystal structure of materials. Based on
constructive interference of X-rays diffracted from crystal plane within a sample, XRD can reveal atom
spacing and preferred orientation (if any). The size, shape and internal stress of small crystalline regions

can also be deduced from X-ray diffractograms.

X-rays generated by a cathode ray tube are filtered to produce monochromatic radiation which is
collimated and directed toward the sample. The X-rays are scattered from atoms within the sample.
Constructive diffraction occurs from crystalline regions (see Figure 3-3) and is described by Bragg’s

law:
ni = 2d sinf (3-1)

where:

d: distance between atomic planes in a crystal
: incident angle

A: wavelength of incident X-ray beam

n: an integer
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By scanning the sample or X-ray beam through a range of angles, peaks in diffraction intensity are
detected. The angular locations (20) of these peaks depend on the size and shape of the unit cell of the

material. Their intensities are strongly influenced by the crystalline order in the sample.
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Figure 3-3: Reflection of X-rays by planes of atoms within a crystal. Reproduced from [228].

Average crystallite size of the scanned film can be calculated by using the Scherrer formula:

_ ki
- B cos@

(3-2)

Where:

k: dimensionless shape factor with a value approximately equal to unity (typically k=0.9)
A: wavelength of incident X-ray beam (in nm)

f: the full width at half maximum intensity (FWHM) of diffraction profile (in radians)

6: Bragg angle (in degrees)

In this project, XRD was performed by using a Bruker D4 diffractometer. This instrument is equipped

with Cu Ka radiation having the wavelength of 0.154nm.
3.2.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a standard tool for surface material characterization. Spectra are obtained by irritating a solid
surface with a beam of X-rays whilst measuring the kinetic energy of photo-electrons emitted from the
top 1-10nm of the material. The identification and quantification of all surface elements are determined

by the energies and intensities of the photoelectron peaks illustrated in XPS spectra [228].

The kinetic energy (KE) of the electron, which is ejected from an atom or a molecule after absorbing
an X-ray photon, depends on the photon energy (%4v) and its binding energy (BE) (i.e. the energy

required to remove an electron from the surface).

The binding energy of an electron depends on:
- The element and orbital from which the electron is ejected.

- The chemical environment of the atom from which the electron is ejected.
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According to Gaussian/Lorentz peaks fitted to the XPS spectrum, elements and their chemical states in
the scanned samples can be detected. The area under each peak is integrated to determine the ratio of
the elements which present in the sample. The information can be obtained through survey and specific
elemental scans while valence band scan provides an estimation of the gap between valence band and
Fermi level of the sample material. The energy difference between the valence band maximum and the
Fermi level located at 0 eV can be extracted by extrapolating the valence band edge to the background

in XPS valence band spectrum [229].
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Figure 3-4: The photoemission process involved for XPS surface analysis. The discs and bars respectively
represent electrons and energy levels within the material being analysed. The equation governing the process
is: KE = hv — BE. Reproduced from [228].

In this project, XPS spectra analysis was carried out using a Thermo Scientific K-Alpha system
equipped with Aluminum (Al) Ko mico-focused monochromators, an ion gun with energy range from

100eV to 4000eV for etching and a flood gun for charge neutralisation.
3.2.3 Auger Electron Spectroscopy (AES)

AES is a common tool for studying the material surfaces. In AES, a beam of energetic electrons with
energies of 1-10 kV is produced by using an electron gun. When the sample is irradiated with this beam,
core electrons are ejected and then a core hole is left behind. This core hole can be filled by an outer
shell electron, causing an energy loss. Due to the principal of conservation of energy, another electron
must be ejected from the atom and which can be analysed using a spectrometer. This electron is called
Auger electron having a Kinetic energy which is approximately equal to the difference between the
energy of the core hole and the energy levels of two outer electrons [230]. Therefore, analysis of Auger

electrons can yield surface compositional maps and depth composition profiling of the sample’s surface.

In this project, AES was performed on a PHI 710 Scanning Auger Nanoprobe (SAN) (Physical
Electronics, Chanhassen, USA) utilising a field emission electron source and a coaxial single pass
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cylindrical mirror analyser for electron energy analysis. The source was operated at 10 kV, 1 nA for

spectroscopy and microscopy.
3.2.4 Electron Microscopy

Electron Microscopy (EM) used for forming images is a powerful tool for visualizing and analysing
specimens at the microscale and nanoscale. By using a beam of high energy electrons that have much
shorter wavelength (100,000 times) than those of light [231], EM offers detail inaccessible by light
microscopy. This tool also enables the investigation of crystal structures, specimen orientations and
chemical compositions of phases, precipitates and contaminants through electron diffraction pattern,

in-situ X-ray and electron-energy analysis.

A scanning electron microscope (SEM) is a typical electron microscope that enables identification of
chemical elements and elemental quantification, illustration of the surface topology and detection of
micro-scale defects. In an SEM, an electron beam is electromagnetically scanned across the sample and
generate signals when it strikes the sample. The signals can be secondary electrons which escape from
the sample after the strike of the primary beam or backscattered electrons which are from the primary
beam and backscattered 180°. A secondary electron typically has much lower energy, compared to the
primary electrons [232] while the intensity of backscattered electrons depends on the atomic weight of
the sample material [233]. Either secondary electrons or backscattered electrons are used to produce

image/spectra of a sample’s surface.
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Figure 3-5: General layout of a TEM describing the path of electron beam in a TEM. Reproduced from [234].

In a transmission electron microscopy (TEM), electrons, emitted from an electron source at the top of
the microscope, are concentrated into a very thin beam through electromagnetic lenses. The electron
beam is transmitted through the specimen being investigated. Depending upon the thickness and
electron transparency of the sample, some of the electrons are scattered. Electrons are then collected by
other lenses for zooming or contrast enhancement before striking a fluorescent screen to create an
image. The darker regions of the image are from regions of the sample passing no or few electrons
while the lighter parts of the image are from regions of a sample where more electrons were transmitted
through. Contrast in the image therefore provides information on the structure, texture, shape and size

of the sample.
3.2.5 Atomic force microscopy (AFM)

Atomic force microscopy is used to reveal the surface morphology of scanned samples based on
measuring the force between its sharp tip and samples. The 3-6um tall pyramid tip is a part of a flexible
cantilever which is attached to one end of a piezoelectric tube. The piezoelectric tube horizontally and
vertically adjusts the position of the cantilever based on the applied voltage at its electrodes. A laser
diode creates a highly dense laser beam which is directed toward the cantilever. The position of the
laser spot on a four-segment photo-detector which the reflected beam strikes indicates the angular

deflection of the cantilever. A feedback loop operates with the attempt to keep the cantilever deflection
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constant. As the tip scan over the sample surface, a height map of the sample is generated. Not only the
root mean square (RMS) roughness of the surface of the film can be reported by using AFM, but the
grain size of the film surface can also be estimated. Macro scale defects presenting during the deposition

process or treatment can be observed.

Laser beam

Photodiode
detector

Piezo-electric
scanner

Figure 3-6: General schematic of AFM. Reproduced from [235].

A Veeco Dimension 3100 Scanning Probe Microscopy (SPM)/AFM and an Asylum Research MFP-3D
Infinity atomic force microscope were employed to analyse the morphology of deposited thin films in
this project.

3.3 Electrical characterisation

3.3.1 Hall Effect measurement

The Hall Effect measurement is a simple method to determine the carrier density, mobility and
resistivity of a semiconductor. It is widely used in industry and research laboratories due to its
simplicity, low cost and fast turnaround time. The basic principle of the Hall Effect is the Lorentz force,
consisting of electric force and magnetic force. When an electron moves along the electric field
direction which is perpendicular to an applied magnetic field, a magnetic force —gqv x B acting normal
to both electric and magnetic field is generated. As aresult, the Lorentz force is determined by —q(E +
v X B) where q is the elementary charge, E is the electric field, v is the electron velocity and B is the
magnetic field. This force makes an electron drift away from its original direction, and hence creates an
excess of negative charge on one side of the sample. This charge leads to a potential drop across two
sides of the sample, known as the Hall voltage (Vn). The carrier density can be obtained from the
equation:

_ IxB
qlvyl

(3-3)

ns
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where | is the current through the sample.
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Figure 3-7: Schematic showing the Lorentz force in an n-type bar-shaped semiconductor. Reproduced from
[236].
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The sheet resistance of the sample can be determined by the Van der Pauw resistivity measurement
method. In order to carry out the Van der Pauw measurement, four small ohmic contacts are placed on
the periphery (corners are preferred) of the sample. Resistances Ra and Rs are calculated from the
voltage applied at two adjacent contacts and the current passing through the other contacts is measured

as shown in Figure 3-8.

These resistances are related to the sheet resistance Rs through the Van der Pauw equation

_TRa _TRp
e Rs +e Rs =1 (3-4)

Ra and Re are known, so Rs can be solved. The electrical resistivity p is calculated by:

p=Rsxd (3-5)
where d is the thickness of the measured conducting film (sample).

From the carrier density (Hall Effect measurement) and resistivity (Van der Pauw measurement), the

carrier mobility can be determined by:

_ vyl _ 1
RsIB qnsRg

(3-6)

In this project, a Dynavac coating system was used to form ohmic contacts for SnOx films while an

Ecopia HMS 3000 system with fixed 0.55T magnetic field was used for Hall measurements.
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Figure 3-8: Schematic showing Van der Pauw resistivity measurement setup. Reproduced from [236].

3.3.2 Current-voltage measurements

Current-voltage (I-V) characteristics of a device, the relationship between the current flowing through
the device and the DC voltage across its electrodes, identify its behaviour in an electrical circuit.
Performance of the device significantly depends on its basic parameters such as structure or material

properties, hence 1-V measurements enable engineers to determine important parameters of the device.

I-V measurements are carried out with a probe station and a source-meter. Electrical contact to the
device is with needle probes. When biases are applied to electrical contacts of the device, the current

flow is measured, and then its I-V characteristics are achieved.

A Keithley 2400 SourceMeter SMU instrument with the lowest current capability of 1pA and accuracy
of 0.02% was employed for I-V measurement in this project. A temperature-controlled microscope
stage (Linkam Scientific) enabled measurements to be performed at temperatures down to 90K. This is
particularly useful for oxides semiconductors as the temperature dependence of their resistivity is

indicative of their charge transport mechanisms.
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Chapter 4:

Structural and electrical characterization of

energetically deposited tin oxide thin film

In this chapter, the deposition tin oxide using high power impulse magnetron sputtering (HiPIMS) is
described. Following this, structural, optical and electrical measurements are provided and discussed.

The aim of thiswork was to determine the structural and electrical characteristics of HiPIMS deposited

SnOx before exploring device applications for the material.

44



Chapter 4: Structural and electrical characterization of energetically deposited tin oxide thin film

4.1 Introduction

Metal oxides have emerged as potential materials for a wide-range of next generation electronic devices
including those required for transparent and flexible circuits [1, 3, 5]. While n-type oxides with high
performance have been developed, the growth of p-type oxides lags behind due to limited carrier
generation and the low mobility of positive carriers. However, p-type oxides with comparable
performance to that of n-type oxides are necessary to broaden the applications possible with oxide

semiconductors.

Oxides of tin, mainly including tin monoxide (or stannous oxide) SnO and tin dioxide (or stannic oxide)
SnO:2 have attracted interest from researchers for several decades. While SnO2 exhibits an intrinsic n-
type conductivity, SnO exhibits inherent p-type characteristics. High conductivity, high mobility,
sensitivity to various gases and memristive behaviors enable SnO2 to be employed in a wide range of
applications from transparent conducting electrodes and transistor channels to gas sensors and
neuromorphic electronic devices including memristors (discussed in section 2.1.3). The development
of SnO in electronics typically focuses on improving performance of SnO-based transistors. Although
high performance p-type SnO has been obtained (discussed in section 2.1.4), SnO still suffers a narrow
deposition window due to its meta-stability which tends to cause coexistence of either metallic Sn or
SnO: along with the SnO phase. Both SnO and SnO: films can be fabricated using various deposition
techniques such as pulsed laser deposition (PLD) [111, 124, 237], atomic layer deposition [135, 238],
radio frequency (RF) or direct current (DC) magnetron sputtering [95, 114, 127].

In this chapter, the structural, element composition and optical properties of SnOx thin film deposited
at room temperature by high power impulse magnetron sputtering (HiPIMS) are described. Electrical
measurements were carried out to determine whether the SnOx thin film could be incorporated into

functional electronic devices.
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4.2 Experiment

The SnOx film was deposited onto SiO2 (50 nm layer thickness on 4-inch Si wafer) at room temperature
using an AJA magnetron sputter deposition system equipped with a RUP-7 pulsed power supply (Figure
3-2). Prior to deposition, the system was pumped to a base pressure less than 1 x 107 Torr. During
deposition, Ar and O2 were injected to the system with the ratio 1(Ar):3(02) to maintain the process
pressure of 6.0 mTorr. The substrate potential floated (at ~10 V) during the 20 min deposition. The Sn
target was 3-inches in diameter, 99.99% purity and was operated in HiPIMS mode with pulse amplitude,
width and frequency of 635 V, 100 us and 100 Hz, respectively. The waveforms of HiPIMS voltage
(blue) and target current (green) are shown in Figure 4-1, together with the trigger pulse from the signal
generator (yellow) and the substrate current (pink). Since the RUP-7 is designed to deliver a current
while maintaining the pre-set output voltage, it has an output inductance. This output inductance and
small output capacitance causes the ringing at the start of the voltage pulse which persists whilst there
is no load prior to plasma ignition. The current onset at 25 s is associated with plasma ignition. This
delay of current onset is typical for HiPIMS systems and is well described by Anders [239]. Following
plasma ignition, the target current significantly increases to reach a peak of 6.69 A in approximately 25
us before it reduces in the last 40 ps. This can be explained by gas rarefaction (due to the gas in the
vicinity of the target surface is heated) leading to a small gas ion flux to the target and lower current
[239].

1200 2 2048/ 2004/ Soo=/ 915 41.00%¢ Auto 1 2.18Y

Agilent

Channels
1.00:1
100:1

Figure 4-1: The HiPIMS voltage, current waveforms used for the SnOx thin film deposition.
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The reactive deposition process produced a film which varied in thickness from 20 nm at the O-rich
region to 50 nm at the Sn-rich region. Following deposition, the wafer was diced into 10 x 10 mm?
samples (Figure 4-2) for structural/electrical characterization and device fabrication. The surfaces of
the films were mapped in tapping mode using an Asylum Research MFP-3D Infinity atomic force
microscopy (AFM). A Bruker D4 x-ray diffraction (XRD) system with Cu K-a (8.048 keV) source and
Bragg-Brentano configuration was employed to characterize the crystallinity of the films while their
composition was investigated using a Thermo Scientific K-Alpha system equipped with an Al Ko (1487
eV) mico-focused monochromator. The optical properties of the films were determined using an

Oscillator model to fit spectroscopic ellipsometry data.

After microstructural and optical characterization, four Van der Pauw corner contacts were thermally
evaporated onto the diced SnOx samples. Hall Effect measurements were performed on these samples

at room temperature using an Ecopia HMS 3000 system with fixed 0.55 T magnetic field.
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Figure 4-2: Schematic showing ID and position of 10 x 10 mm2 samplesdiced from half of the wafer with SnOx
thin film deposited on SiO2/Si substrate (green) and without SnOx (grey).
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4.3 Results and discussion
4.3.1 Phase and microstructure characteristics

An AFM image of the as-deposited SnOx sample #14 (close to the center of the wafer, referring to
Figure 4-2) is shown in Figure 4-3. The surface of the film has a comparatively low RMS roughness of

2.7 nm. The morphologies of other samples (#1, 5,18, 24) are similar with roughness less than 3.5 nm.

2.7 nm

0.0 nm

Figure 4-3: Atomic force micrographs showing the surface morphology of as-deposited SnOx sample #14.

Figure 4-4(a) shows representative X-ray diffractograms from the HiPIMS deposited SnOx film. These
were taken from samples 14, 15 and 18 which were located centrally within the wafer during deposition.
While peaks belonging to SnO and SnO2 are observed in sample #14 which was located closer to the
Sn source during deposition, only the SnO2 (111) peak is detected in the remaining (less Sn-rich)
samples. All observed peaks are broad, indicating that the as-deposited films were nanocrystalline,
typical of tin oxide deposited at or near room temperature [219, 240]. Taking the full width at half
maximum (FWHM) (0.30° - 0.28°) of the SnO2 (111) peaks in each diffractogram and using Scherrer’s

analysis [241], the average crystallite size was estimated to be 25 - 30 nm.

Elsewhere on the wafer, Sn-rich samples consistently exhibited a mixed phase composition of SnO and
SnO2 with small and broad peaks corresponding to SnO (101), SnO (200) and SnOz (111). Oxygen rich
samples (located furthest from the Sn source during deposition) exhibited weak or non-existent peaks
attributable to SnO or SnOz, suggesting greater structural disorder in the more oxygen rich (tin-poor)

samples.

Figure 4-4(b) shows X-ray diffractograms of HiPIMS deposited SnOx samples which were annealed in
vacuum for 30 minutes at various temperatures. SnO (200) and SnO (101) peaks are observed from the
post-annealed sample #14 and #25, respectively while the other peaks (SnO (101) and SnO2 (111) of
sample #14 and SnO: (111) of sample #15) are sharper in comparison with those from the as-deposited

films (Figure 4-4(a)). Therefore, annealing between 200 °C and 350 °C improved the crystallinity of
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these films. Higher annealing temperature caused the disproportionation reaction (phase
decomposition) of SnO into Sn and SnOz2, in agreement with previous reports [14, 242, 243]. This
explains the absence of SnO peaks produced by samples after annealing at 400 °C and the appearance
of new peaks corresponding to SnO2 (110) in diffractograms taken from the Sn-rich samples (#3 and
#4, Figure 4-4(b)).
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Figure 4-4: XRD diffractograms of (a) SnOx films grown on SiO2/Si substrates by HiPIMS at room temperature
and (b) similar HiPIMS SnOx films annealed at various temperatures in vacuum after deposition.

4.3.2 Compositional analysis

Figure 4-5(a) shows a valence-band (VB) XPS spectrum (with binding energy range 0 - 15 eV) taken
from the HiPIMS SnOx #14 film. This spectrum includes contributions from SnO and from SnOz. The
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peak centered at a binding energy of 2.18 eV is attributed to the Sn 5s-derived valence band maximum
(VBM) in SnO while the leading peak at the binding energy of 4.77 eV is a signature of the O 2p-
derived VBM in SnO». This confirms the existence of both SnO and SnO: in the film, in agreement
with the XRD results. The bandgap of the HiPIMS SnOx exceeded the ~2.8 eV energy difference
between the VB edge and the Fermi energy (at 0.0 eV), which is determined by extrapolating the valence
band edge to the instrument background.

Figure 4-5(b) shows the Sn 3ds;2 spectrum of the SnOx #14 film, in which the Sn** and Sn2* components
are deconvoluted using the same peak fitting parameters described by Themlin et al.[244]. The peak
intensity of Sn** significantly exceeds that of SnZ*, implying the dominance of the SnO2 phase in the

film. From the ratio between these peaks, the composition was estimated to be 1:0.19 SnO2:SnO.
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Figure 4-5: (a) XPS spectrum in the valence band region, (b) Sn 3ds2, and (c) O 1s spectra of the SnOx film.

Figure 4-5(c) shows the O 1s spectrum of the SnOx #14 film which is composed of lattice O, -OH and
-CO groups. The peak of the lattice O component is ~530.4 eV, corresponding to the bond O-Sn4* [245].
This again confirms the main contribution of SnOz2 in the film. Surface bound -OH and -CO groups are
typically found after the optical lithography process and due to the presence of water vapor in the
ambient laboratory environment. The peak at 531.5 eV, corresponding to a -OH group has previously
been reported to arise from oxygen vacancies [164]. However, the intensity of the peak at 531.5 eV
reduced after in situ Ar etching (Figure 4-6(a)). Since Ar ion etching is known to introduce oxygen
vacancies and remove OH groups on a variety of metal oxide surfaces [229, 246], it is believed that the
peak at 531.5 eV was caused by attached OH groups. Figure 4-6(a) shows that after in-situ (within XPS
system) Ar etching, the ratio between the -OH group and the lattice — bound O is reduced from ~0.37
(before the first etch) to ~0.27 after the first etch and then to 0.13 after the second etch. OH attachment
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is known to cause electron accumulation (leading to a metallic-like surface) and downward band-
bending in semiconducting oxides including ZnO and SnO: [229, 247]. Figure 4-6(b) shows the energy
shift of the VBM towards the Fermi energy after the two aforementioned in situ Ar etch processes. The
bandgap of SnO is 2.6 —2.78 eV (Table 2-4) while the bandgap of SnO: is 3.6 eV [85]. The gap between
the VBM and the FE (0.0 eV on the binding energy scale), denoted by VBM-FE, is larger than the gap
between the CBM and the FE (equal to the difference between the bandgap and VBM-FE). This is

consistent with the film exhibiting n-type conductivity.
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Figure 4-6: (a) The ratio between -OH group and the lattice bounded O and (b) the energy difference VBM-FE
after in situ Ar etching processes.

In order to investigate the composition of SnOx films located at different regions of the wafer, XPS
analyses were carried out for three samples #1 (or Sn-rich), #10 (or Sn-mid) and #24 (or Sn-poor). In
Figure 4-7(a), the valence band spectra of Sn-rich and Sn-mid samples are similar with the contribution
from Sn 5s-derived VBM in SnO and O 2p-derived VBM in SnO2, implying the existence of both SnO
and SnO2 phases in the films and there is no much difference in composition between the Sn-rich and
Sn-mid samples. The same conclusion can be drawn from the Sn 3dse, and O 1s spectra of these
samples. However, in the Sn-poor sample, there is a significant intensity reduction of the peak attributed
to the Sn 5s-derived VBM in SnO (Figure 4-7(a)). Additionally, energy shifts towards Sn*+ and O-Sn**
were observed in the Sn 3dsp, and O 1s spectra of the Sn-poor sample, in comparison with the Sn 3dsy,
and O 1s spectra of the other samples (Figure 4-7(b) and (c)). This indicates the increase of SnO2
contribution in the Sn-poor film and is consistent with the position of the film on the wafer which is far

away from the Sn target during deposition. By analysing VB, Snh 3ds, and O 1s spectra of some SnOx
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films, the tin to oxygen ratio (Sn:O) ranged from 1:1.7 to 1:1.9 from the Sn-rich to Sn-poor sides of the

wafer.
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Figure 4-7: (a) XPS spectra in the valence band region, (b) Sn 3d5/2, and (c) O 1s spectra of the SnOx films
located at different regions (Sn rich, Sn poor and the middle of the wafer).

4.3.3 Optical and electrical properties

As the SnOx film was deposited on a SiO2/Si wafer, the optical properties of the film/samples were
determined using an Oscillator model and Tauc’s graphical method [248] for optical gap extraction
based on the ellipsometry data. The ellipsometric angle w and phase difference 4 were recorded in the
wave length range from 200 nm to 1000 nm when the incidence angle was varied from 65, 70 and 75°.
The refractive index n and extinction coefficient k were extracted by fitting the spectroscopic spectra of
w and 4 as a function of the incident wavelength 1. Figure 4-8(a) and (b) shows the extracted refractive
index n and extinction coefficient k over the 300-800 nm wavelength range. The refractive index
decreased with wavelength as observed in other tin oxide films [249]. All samples (Snh-rich and Sn-
poor) exhibited similar values of the refractive index n and extinction coefficient k within the
wavelength range 300 nm to 800 nm. The optical bandgap of the as-deposited SnOx samples were
estimated by both the direct and indirect bandgap approximation of the Tauc plot, (ahv)? and (ahv) '/
versus E respectively. However, the values obtained from the direct band gap approximation were much
higher for both tin oxide samples than those reported in previous studies [7, 245], hence, the indirect
band gap nature of HIPIMS SnOx is inferred. By extrapolating the linear portion of the plots to the
energy axis, the bandgaps of Sn-rich and Sn-poor samples were estimated to be ~3.5 eV and ~3.6 eV,
respectively (Figure 4-8(c)). The difference in the bandgaps of these two samples can be explained by
the higher ratio of SnO2, which has a higher bandgap than SnO phase, in the Sn-poor film.
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Figure 4-8: (a) Refraction index n and (b) extinction coefficient k as a function of incident wavelength A for Sn-
rich and Sn-poor samples. (c) Tauc plots obtained from Sn-rich and Sn-poor samples.

The as-deposited HiPIMS SnOx films exhibited high resistivity (0.1- 10 GQ). Consequently, the carrier
concentration and mobility of the films could not be reliably measured using the Hall measurement
system available to this project. After post-deposition annealing in vacuum, the resistivity of the films
decreased. Hot-probe measurements confirmed that after annealing, samples with low annealing
temperature (less than 400 °C) did exhibit p-type conductivity. However, low carrier concentration
and/or low carrier mobility once again lead to Hall-effect measurements that were inconsistent at
differing measurement currents. Based on the measurements, it is probable that the p-type carrier
mobility was significantly less than 1 cm?#/V.s. This hindered application of the HIPIMS SnOx films in
TFTs but the as-deposited semi-insulating character of the films enabled memristive characteristics to

be investigated with these films serving as the active insulating layer in prototype memristor devices.

4.4 Summary

Tin oxide deposited on a SiO2/Si wafer at room temperature using a HiPIMS deposition system, was
characterized structurally, optically and electrically. A mixed phase composition of SnO and SnO:2
existed in the as-deposited thin film with SnO2 being the dominant phase. The elemental compositions
of the 10 x 10 mm?2 samples cleaved from the wafer were determined by XPS to be in the range from
1(Sn):1.7(0) (Sn-rich side) to 1(Sn):1.9(0) (Sn-poor side). The composition varied systematically with
the original position of the sample on the wafer and with respect to the Sn sputter source. The high
resistivity measured in the as-deposited SnOx samples, low carrier concentration and low mobility of
the as-deposited and annealed samples prevented the application of the HiPIMS tin oxide in thin film
transistors. However, these properties suggested suitability for the thin film tin oxide as a memristive

device material. This aspect of the material is explored in detail in chapters 5 and 6.
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Chapter 5:

Resistive switching in tin oxide thin film memristors

In this chapter, the memristance in mixed-phase tin oxide thin films prepared by high power impulse
magnetron sputtering (HiPIMS) is described. This involves the investigation of switching mechanism
and device behaviour under different conditions. The aim of this work is to determine the memristive

characteristics of tin oxide thin film memristive devices and investigate their applications.
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5.1 Introduction

Owing to scalability, low power consumption, fast switching and biological synapse mimicking
capabilities, memristors have been considered as potential candidatures for next generation non-volatile
random-access memories and neuromorphic systems [142, 250]. The ability to store memory as a
resistance state in an ultra-compact device is a notable characteristic [139] but emulation of biological
synaptic behaviour is perhaps more significant in enabling new circuit technology [191]. A continuum
of possible device resistances and plasticity (activity dependent resistance) enable brain-inspired
computing [251] that can complete tasks such as pattern recognition with much greater efficiency than
achievable technology with conventional Von Neumann computing. Hybrid approaches that combine

Von Neumann and bio-inspired architectures are also possible [251-253].

As a memristive material, tin oxide has received less attention than other oxides, but non-volatile
memristors that include tin oxide active layers have been demonstrated [183, 185-187]. Nagashima et
al. [183] reported unipolar Pt-contacted non-volatile memristors with pulsed laser deposited tin oxide
layers that were compatible with CMOS fabrication. When operated as a resistive random-access
memory cell, the authors observed retention times up to 104 s and endurance up to 100 cycles. Since
then, non-volatile operation with state retention times up to 105 s and endurance exceeding 500 cycles
have been observed in memristors with SnOx active layers [185-187]. Resistive switching in tin oxide
has consistently been attributed to electric field induced migration of defects (principally oxygen
vacancies and/or interstitial tin) [164, 183, 185-187]. Very recently, Pan et al. [164] demonstrated
solution processed SnO2 memristors with volatile resistive memory. Synaptic characteristics including
short term potentiation and spike rate dependent plasticity were observed in their (asymmetric) Au-
Sn0O2-FTO devices. The mechanism was once again attributed to migration of charged defects (oxygen

vacancies) through the layer and into Schottky barrier depletion regions at the interfaces.

This chapter presents the electrical properties of lateral memristors configured with symmetric inert
platinum contacts and mixed phase tin oxide thin films deposited at room temperature using high power
impulse magnetron sputtering (HiPPIMS). The morphological changes and conduction mechanisms in
these devices were investigate. Activity dependence and input voltage pulse sequence were also used

to highlight potential employment of SnOx memristors in bio-inspired pattern recognition systems.
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5.2 Experiment

A thin film of tin oxide was deposited at room temperature onto SiO2 (50 nm layer thickness on Si
wafer) using a high-power impulse magnetron sputtering (HiPIMS) system, with the details described
in Section 4.2. The memristors were formed by coating platinum contacts on the top of the fabricated
tin oxide films using a two-step lithographical/lift-off process. In the lithographical step, electron-beam
resist (950 PMMA A4, 200 nm thickness) was patterned using a FEI Nova NanoSEM interfaced with
Nabity NPGS electron beam writing software. The operating conditions were: 30.00 kV accelerating
voltage, 5.0 mm working distance, and 24 pA beam current. A Gatan PECS ion-beam deposition system
was then used to deposit the 20 nm thick Pt layer. After a lift-off step, remained two contacts each 2

pum in width and separated by 300 nm approximately (Figure 5-1).
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Figure 5-1: (a) Schematic and (b) scanning electron microscopy (SEM) image of the Pt contacted SnO-
memristor

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), spectroscopic ellipsometry and
atomic force microscopy (AFM) were used to investigate the crystal structure, composition and
morphological changes of the tin oxide films of the memristive devices in the pristine, post-annealing

stage or after switching activities.
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5.3 Result and Discussion

5.3.1 Resistive switching in memristive thin film tin oxide devices

Figure 5-2 shows room-temperature current-voltage (I-V) characteristics taken using Keysight twin
channel source-measurement unit. With no electroforming step required, the device exhibited stable
volatile bidirectional resistive switching with more than two orders of magnitude separating the high
and low resistance states. A 100 nA current limit was imposed during measurement to avoid damage to
the device. The I-V sweep period lasted about 24 s with 1001 measuring and recording times. Below
the threshold for both positive and negative voltage, the memristive device is in the high resistance state
(HRS), marked as steps “1” and “3” in Figure 5-2(a). With an applied voltage of 17 V (or electric field
of 0.5 MV/cm) approximately, the current (and conductance) increases significantly until reaching the
compliance current (100nA), demonstrating the switching to low resistance state (LRS). Due to the high
conductance state of the device, the current still maintains at 100 nA even after the applied voltage
reduces below the threshold voltage (17 V), and then decreases, as marked by steps “2” and “4” in
Figure 5-2(a). As the bias reduces, the current becomes insufficient to sustain the conductive path
between two the Pt electrodes and the device switches back to the HRS.

Figure 5-2(b) shows the switching characteristics of the memristive SnOx device over 50 consecutive
I-V sweeps with the average OFF/ON switching ratio for the device at 20 V over 50 cycles found to be
around 128. The positive and negative threshold voltages varied by less than +1 V over 50 sweep cycles.
The current—voltage plots in Figure 5-2(b) are approximately symmetric as expected from a symmetric

device.

In Figure 5-2(c), the cumulative probability of switching during 50 similar I-V sweeps is plotted as a

function of the threshold voltage and fitted using Weibull analysis [254].

F(x)=1—exp [(— ;_0)/3] (5-1)

Where F(x) is the switching probability, x is a voltage, xois the average value of threshold voltage, and
p is the Weibull slope. A single Weibull slope parameter provides reasonable agreement to the

experimental data (Figure 5-2(c)) and this is indicative of a single filamentary conduction path [254].

Atomic force microscopy was performed on devices before and after switching. Provided the 100 nA
compliance limit was imposed, no morphological transformations were observed. However, after the
device was operated with a higher current compliance (300 nA), a feature resembling a filamentary path
between the electrodes was observed (Figure 5-2(d)), supporting the assertion that a filament produced

the switching behaviour shown in Figure 5-2(a) and (b).
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The dominant transport mechanisms in the HRS and LRS differ as shown in Figure 5-3(a) and (b). In
the HRS (Figure 5-3(a)), transport is limited by Schottky emission, consistent with the presence of
Schottky barriers at the device interfaces. The differential resistance (dV/dl) measured at zero bias in
the HRS was 12 GQ. Van der Pauw resistivity measurements on the tin oxide layer were obtained using
Al ohmic contacts and these provided an estimated resistance of the layer between the device contacts
of 0.5 MQ. Hence, the interfacial potential barriers are significant in limiting the device current in its

HRS.
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Figure 5-2: (a) Typical I-V characteristics of the lateral memristor with 100 nA current limit imposed during

measurement. (b) Bidirectional resistive switching of a memristive device over 50 consecutive I-V sweeps with

highlighted 10t, 20t, 30t, 40t and 50t sweeps (black, green, blue, cyan and red lines, respectively) in log

(current) scale. (c) Cumulative probability of set threshold voltages fitted with the Weibull function. (d) An

atomic force micrograph showing a filamentary conduction path in a device operated at higher current (300
nA).
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When the current drops below the current compliance of 100 nA in the LRS (Figure 5-3(b)), the I-V
relationship is approximately linear. This is consistent with the characteristics of back-to-back Schottky
diodes in which the Schottky barriers do not limit the current and the dominant carrier transport
mechanism is direct tunnelling through the potential barriers [255]. The data in this region can be also
fitted with the Fowler-Nordheim (F — N) equation (eq. 5-2) [256-258].

(5-2)

I = ApyVZexp (— 2dy2med )

3hqV
Where 1 is the current passing through the device, Arn is the F— N constant, V is the applied voltage, d
is the barrier width, me is the effective electron mass in the insulator, 7 is the reduced Planck constant,
@ is the barrier height and q is the electron charge. However, F — N emission was excluded as the
transport mechanism as a barrier width of 20 nm was required for best correspondence to our data and
this is too thick for tunnelling [259].

—21.0@ HRS p (b) LRS
: 100n}  ——
:l "*l
J /‘I
? )
215 : sont 4
-21.5} 7 Ped
r}fg‘& f}
= LA < /
- \.,‘9-"‘ - = 60n} /’
R 7~
Y _ id
-22.0f e . slope = 1 ;M‘"
40n ,
. Py
. o
/
-~
-225L . ‘ ‘ 20 < ‘
0 0.2 0.4 0.6 0.8 "4 0.5 0.6
\E (MV/icm)'? E (MV/cm)

Figure 5-3: Data and fitting in (a) HRS and (b) LRS of a memristive SnOx device in a typical sweep

5.3.2 Switching mechanism of memristive tin oxide devices

Current-controlled V-1 characteristics are shown in Figure 5-4(a). Clear s-type negative differential
resistance (NDR) is observed at room temperature (298 K) but this characteristic reduces as the
temperature is increased and disappears at ~360 K. Similar behaviour has been observed previously in
metal oxides including VO: [260], HfO2 [261], Ti4O7 [262] and NbO2 [263]. It has been suggested that
the increased conductivity could be a result of a temperature-induced Mott insulator-to-metal transition

(IMT) [263], however, the behaviour has also been attributed to combined Joule-heating and Poole-
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Frenkel conduction [264]. CC-NDR in oxides is of considerable interest for applications such as selector
element in crossbar memory arrays, inductor-less voltage-controlled oscillators or relaxation oscillators
[263, 265, 266]. This suggests that the HIPIMS deposited SnOx film may be suitable for selector
devices. By studying the dependence of NDR on temperature (Figure 5-4(a)), the maximum working

temperature of tin oxide — based devices (as selectors) is obtained.

The threshold voltage and power of the SnOx device are displayed in Figure 5-4(b) and (c), respectively.
Both are observed to decrease in magnitude as the device temperature is increased. At ~330K, the
approximate operating temperature of many microelectronic devices, NDR is still observed with the

threshold voltage less than 8V and the threshold power less than 30 nW.
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Figure 5-4: (a) Temperature dependent V-1 characteristics of the lateral tin oxide memristor with 20 V voltage
limit imposed during measurement, (b) Threshold voltage, Vi, and (c) threshold power, Pw, as a function of
device temperature.

Based on the data/microscopy analysis presented above, a filament formation mechanism for
memristance is proposed for the SnOx memristive device. In the LRS, this filament straddles the
Schottky barriers within the device and produces the Ohmic characteristic shown in Figure 5-3(b).
Regarding the composition of the filament, we can exclude diffusion/migration of the contact material
(often occurring in memristors) and subsequent filament formation as a switching mechanism because
Ptis inert and non-migratory [137, 267] (even atsignificantly higher electric fields than employed here).
Device encapsulation (in 200 nm - thick polymethylmethacrylate) caused no significant change in the

device characteristics; bidirectional, volatile threshold switching with similar relaxation characteristics
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were still observed. This showed that the filamentary memristive conduction occurred within the tin

oxide layer rather than across a surface contamination layer.

It has been reported that Joule heating causes local temperatures exceeding 1000 K within many
memristive devices and consequently plays a pivotal role in their operation [268]. In order to elucidate
the role of Joule heating, a separate sample of the SnOx device layer was annealed in air at 400 °C for
30-mins. After cooling, XRD, XPS and spectroscopic ellipsometry were repeated to investigate any

change in crystal structure and element composition.

Figure 5-5 shows XRD diffractograms of the tin oxide film formed on the SiO2/Si substrate as deposited
and after annealing at 400°C in air for 30 minutes. The SnO2 (101) peak coincidentally has the same
position (33.33°) with the Si (211) peak. The SnO2 (101) phase was thought to exist in the as-deposited
and annealed memristive HiPIMS SnOx device layer as the higher intensities of the peak located at
33.33° in the X-ray diffractograms of both the as-deposited and annealed SnOx layer were observed
compared to that in XRD of the SiO2/Si substrate.

The broad peaks corresponding to SnO (101) (at 29.8°), SnO (200) (at 47.85°), SnO2 (101) (at 34°) and
SnO:2 (111) (at 38°) can be seen in the XRD diffractograms of the as — deposited SnOx, implying the
existence of both SnO and SnO:2 phases and the nanocrystalline structure of the tin oxide layer of the
memristive device. Using Scherrer’s analysis, the average crystallite size was estimated to be around
30 nm from the 0.30° - 0.27°full width at half maximum (FWHM) of the SnO (101) and SnO: (111)
peaks. After the sample was annealed in air, only the SnO (101) peak was visible in the diffractogram.
The disappearance of peaks from SnO: does not imply removal of SnO: post — annealing.
Decomposition (25n0 — Sn0, + Sn) has been reported to occur in SnO at 300°C [242]. The
comparison between XRD diffractogram patterns of the as — deposited and post —annealed sample does
infer that annealing at 400 °C in air induces moderate crystallization of SnO in the favoured (101)

orientation whilst causing disordering of the SnO2 phase.
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Figure 5-5: X-Ray diffractograms collected from an as-deposited and annealed memristive SnOx device layer on
SiO2/Si substrate.

Figure 5-6 illustrates the deconvolution of the core level spectra for Sn 3ds2 and O 1s, and the spectrum

in the valence band (VB) region (in the binding — energy range of ~0 to 15eV) collected from the

memristive tin oxide device layer before and after annealing in air. The XPS system was calibrated so

that zero on the binding energy scale corresponded with the Fermi energy. The element (Sn and O)

binding energies were aligned to adventitious carbon (C 1s) binding energy of 284.8 eV.

The Sn3ds/2 spectrum was deconvoluted with Sn% Sn2* and Sn** components. Since the contribution of
SnO is negligible, this component is excluded in the deconvolution. Quantifying the phase composition
of sub-stoichiometric tin oxide from Sn 3ds2 XPS can be problematic as the electron binding energies
of SnZ+ and Sn** differ by only 0.7 eV [133, 244]. Using the same peak fitting parameters described by
Themlin et al.[244], the best — fit curves for both Sn3ds. spectra of the as — deposited and post —
annealed films are illustrated in the Figure 5-6. The results show that the Sn 3ds.2 spectra are mainly
composed of Sn**, indicating the dominance of Sn** or SnO: in the films either as-deposited or after
annealing. The phase compositions of the as-deposited and post-annealed films were estimated to by
1:0.21 and 1:0.08 SnO2:SnO respectively. The Sn:O ratios extracted from the Sn 3ds2 and O 1s peaks
were 1:1.83 and 1:1.92 in the memristive SnOx device layer before and after post-annealing process,
respectively. The reduction of Sn2* portion in the Sn 3ds2 XPS spectrum of the annealed film compared
to that in the Sn 3dss2 spectrum of the as-deposited film and the increase of oxygen content confirm the
transformation of the SnO phase into the stable SnO2 phase in the high temperature and oxygen rich

environment.

The O 1s spectra (Figure 5-6) include contributions from lattice bound oxygen and from surface bound
CO and OH. The peak at 531.5 eV has previously been reported to be attributed to oxygen vacancies

[164]. However, that peak was proved to arise a from hydroxyl group (detail in section 4.3.2).
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Furthermore, the reduced intensity of the peak at 531.5 eV after 400°C annealing (compared with the
case of as-deposited in Figure 5-6) is in agreement with the reduction of the hydroxyl group after
annealing at high temperature. Hence, the O 1s XPS data is not suggestive of a change in the density of

oxygen vacancies (which influence the n-type conductivity of the tin oxide film).

In the valence-band spectrum collected from the as-deposited SnOx film shown in Figure 5-6(a), the
leading peak centred at an energy of 4.78 eV is attributed to the O 2p-derived valence band maximum
(VBM) of SnO2[14, 244]. Importantly, the small peak at 2.58 eV which is a distinct signature of Sn 5s-
derived VBM in SnO [14, 244] is also clearly visible. The relative intensities of these peaks provide an
alternative method for estimating the phase composition, also proposed by Themlin et al. [244]. A value
of 0.2 for the intensity ratio 1(Sn 5s)/I(O 2p) yields an area ratio S(Sn2*)/S(Sn?* + Sn**) of 0.17, in
close agreement with the value obtained from fitting the Sn 3ds2 peak (1:0.21 SnO2:Sn0). A significant
decrease in the Sn 5s-derived peak of SnO (Sn(ll)) following annealing was observed in the valence
band spectrum (Figure 5-6(b)). This peak comprises acceptor-like states above the VBM of Sn(IV) and
these compensate the inherent n-type conductivity of the dominant phase. Increased n-type conductivity
(attributed to interstitial Sn and/or oxygen vacancies [269]) is therefore expected to accompany a
decrease in the intensity of this peak. Electrical measurements confirmed this and showed a two-orders-

of-magnitude increase in conductivity post-annealing.
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Figure 5-6: Sn 3dss2, O 1s and valence band (VB) x-ray photoelectron spectra collected from the (a) as-
deposited and (b) annealed SnOx layer.
Tauc’s graphical method [248, 270] was used to determine whether the SnOx samples have a direct or
indirect band gap and whether there is any change in the optical band gap between as-deposited and
annealed samples. Both the direct and indirect bandgap approximation of the Tauc plot, (ahv)? and
(ahv)'/? versus E respectively were employed to estimate the optical bandgap of the as-deposited and
annealed SnOx samples. However, the indirect band gap of HiIiPIMS SnOx is inferred when the direct
band gap approximation yields much higher values for both tin oxide samples before and after annealing
than those reported in previous studies [7, 245]. In Figure 5-7, the intercepts over the energy axis of the
extrapolated linear portion of the plots indicate approximate band gaps of 3.5and 3.92 eV for the sample
before and after annealing respectively. The increase of the band gap after annealing is attributed to
Burstein—-Moss shifts [271]. This effect often occurs in oxide materials owing to the highly dispersed
states that form the bottom of the conduction bands [269, 272]. Hence, electrons occupy states within
the conduction band, causing the Fermi level to shift to higher energy and widening the apparent band
gap. The increased n-type conductivity measured after annealing is consistent with this interpretation

of the optical measurements.
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Figure 5-7: Tauc plots taken from the as-deposited and annealed SnOx samples.

Returning to the memristive devices, their LRS is thought to result from Joule heating induced
decomposition of the along a preferred current path between the contacts. A highly n-doped SnO:2
filament is then produced as SnO decomposes to SnO2 and Sn. As the voltage across the device and the
current through it are reduced, the filamentary path rapidly cools, and oxygen back-diffuses causing the
filament to re-adopt a mixed SnO2-SnO phase composition and relax to the HRS. The oxygen required
for this relaxation may mostly reside within the layer since encapsulation (polymethyl methacrylate
PMMA) produced no significant difference in this characteristic. Joule heating induced phase changes
have been reported in many other memristive materials (see for example [268]) but we have yet to see
it explicitly stated as a mechanism for resistive switching in tin oxide. It was not possible to probe the
structure of the nanoscale filament itself but based on prior reports describing phase change
memristance in other material systems [251] it is likely that higher crystallinity/order exists in the
filament than in the surrounding (unmodified) layer. This would further contribute to the significant
difference in resistance between the HRS and LRS of the device. After rapid cooling (quenching) it is

also likely that the filamentary region re-adopts its amorphous structure [251].

5.3.3 Light sensitivity of tin oxide thin film devices

Figure 5-8 presents the 1-V characteristic of a memristive tin oxide thin film device when exposed to
UV illumination (wavelength = 310 nm, FWHM = 15 nm, power density = 100 pW/cm?). The dark I-
V characteristics are included to show the response due to illumination. Taken together, these results
show that the response (in LRS and HRS) exhibited by the device upon illumination is due to photo-

conductivity in the semi-insulating device layer. The excitation of free carriers by the UV illumination
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causes an increase in free carrier concentration, resulting in higher conductivity in the HRS. In the LRS,
a filament connects the electrodes. The filament is thought to consist of highly-doped SnO: (after
thermal decomposition of SnO to SnO2 and Sn) and UV-illumination again leads to more conduction
due to higher carrier concentration. An increase in both conductivity and relaxation time were obtained.
The relaxation time was taken to be the time required for the device to return to within 1% of its LRS
conductance. The conductance in the LRS at +10 V bias is approximately three times higher when the
device is exposed to UV light. As mentioned previously, Schottky barriers at the contacts are the
dominant factor in limiting the device current transport in its HRS. In the LRS, these barriers are short-
circuited by the filament and they are no longer the dominant factor in limiting current transport. The

larger increase in conduction exhibited in the LRS is consistent with this assertion.

The thin film tin oxide memristors exhibited wavelength — dependent conductance (in their HRS and
LRS) with no significant response shown in the visible spectrum. This suggests that these devices

maybe used for neuromorphic light sensory applications [273].
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Figure 5-8: 1-V characteristics for a SnOx thin film device in dark and ultraviolet — illuminated (310 nm, 100
1W/cm?) conditions.

5.3.4 Activity —dependent conductance and pulse response of thin film tin oxide devices

Memristive thin film SnOx devices have demonstrated a volatile bidirectional threshold switching
behavior. This short-term memory behavior suggests suitability for bio-inspired signal processing
system. In order to demonstrate the temporal dynamics of the memristive SnOx devices, their responses
(represented by the read current) to different applied pulses in different time sequences were recorded.
In these pulse measurements, the memristive SnOx devices exhibited ahigh dependence on the intensity,

separation time and the number of stimulations.
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Figure 5-9(a) illustrates the voltage input (upper panel) and current response (lower panel) of a
memristive SnOx device. With single 300 ms wide input voltage pulses, the device did not exhibit any
clear response until the pulse amplitude reached 15 V. Further increase of the pulse amplitude to 20 and
25 V led to larger output currents of 100 nA and 300 nA, respectively. This characteristic mimics
synaptic behavior in which increases in synaptic weight (conductance) become more significant under

higher intensity stimuli (in this case, higher amplitude voltage pulses).

In addition to varying amplitude, varying duration also produces differing device responses. In Figure
5-9(b), 20 V amplitude pulses with differing widths are applied to the device. A long interval time (18
s) was used to enable full relaxation back to the HRS to occur between pulses. Pulse widths of 180 and
230 ms produce similar current responses but longer pulses (280 and 330 ms) produce more significant
increases in current and device conductance. This increasing response above a threshold pulse width is
attributed to filaments in differing states. Below the threshold pulse width, the filament is believed to
be incomplete (fragmented) with tunnel gaps limiting the current-flow. Above the threshold pulse
width, the filament is more complete and as the pulse width increases further, the effective diameter of

the filament increases as does its conductance.
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Figure 5-9: Input pulse sequences (upper panels) and responses (lower panels) of the memristive tin oxide
device. (a) A sequence of 300 ms wide input voltage pulses of variable pulse amplitude (2, 5, 15, 20, 25 V) and
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the corresponding output currentswith 300 nA current limit. (b) A sequence of input voltage pulses composed of
avariable range of pulse widths from 180 to 330 ms (step of 50 ms) with amplitude of 20 V and corresponding
output currents. One electrode was biased while the other was grounded during measu rements (see Figure 5-1).

Figure 5-10(a) demonstrates the conductance modulation of the device per pulse (200 ms duration, 1.5
Hz) as a function of input voltage. In Figure 5-10(a), the conductance modulation rate, dG/dt, increases
with increasing voltage pulse amplitude. As in threshold switching devices in which metal ion-diffusion
occurs [252], an incubation period is observed before a rapid rise in the conductance takes place.
However, in the SnOx filamentary devices, this effect is believed to result from increased device
temperature due to cumulative Joule heating. In the absence of external heating, if the inter-pulse
interval (time interval between pulses) is sufficiently short, the device can switch to its LRS at lower
threshold voltages. For example, with a train of 50 consecutive pulses (amplitude 7.5V, pulse width
200 ms and frequency 1.5 Hz), the device conductance reaches 20 nS (Figure 5-10(a)). As previously
shown in Figure 5-9(b), a single 20 V pulse of 330 ms duration was required for this device to obtain

the same conductance.

Figure 5-10(b) shows the implementation of paired-pulse facilitation (PPF) which describes the increase
of device conductance under the application of paired pulses which are separated in time below a
maximum period. This data was collected after an incubation period of 200 s (and 200 pulses) at which
point the conductance after each pulse remained similar, as shown in Figure 5-10(a). By increasing the
inter-pulse period (corresponding to a frequency reduced from 1.5 Hz to 1.0 Hz), the conductance
decreases with each pulse. With the extended inter-pulse period, the stimulation is not sufficient to
prevent the filament relaxing due to back-diffusion of oxygen and reformation of SnO. With this longer
inter pulse width (and frequency = 1.0 Hz), the conductance decay rate is higher after the 7.5 V pulses
than after the 5.5 V pulses. This is consistent with a higher Joule heating and subsequent cooling when
the 7.5 V pulses are applied.
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Figure 5-10: (a) Conductance evolution in response to voltage pulse trains of different pulse height, Vinput (1.5
Hz, 200 ms duration). (100 nA current limit imposed during measurement). (b) paired-pulse facilitation (PPF)
implemented by increasing the pulse frequency.

Figure 5-11 shows the evolution of the device current and conductance with repeated application of
voltage pulses of different frequency. The device conductance again mimics the short-term potentiation
observed in biological synapses in which the application of paired pulses induces an increase in synaptic
weight (Figure 5-11(b)). Shorter inter-pulse intervals cause greater increases in conductance than longer
inter-pulse intervals (see Figure 5-11(b) inset). Relaxation times ranged from 430 ms to 340 ms for
inter-pulse intervals of 110 ms and 1.75 s, respectively. For longer inter-pulse intervals, the relaxation
time remained at around 300-340 ms. Long-term potentiation (describing prolonged high conductance
after removal of applied voltage) did not occur during any swept or pulsed 1-V measurements performed
on the devices. Nevertheless, the ‘bio-realistic’ relaxation of the devices remained similar after
prolonged operation. This consistency coupled with the sensitivity of the SnOx memristors to input

voltage amplitude and pulse-width indicated suitability for signal processing tasks.
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Figure 5-11: (a) Input voltage pulse sequences applied to the SnOx memristor device with 110 msand 7.0 s
inter-pulse intervals, (b) evolution of device current and (inset) conductance as a function of the inter-pulse
interval, resembling PPF. (Pulse amplitude = 20 V and pulse width =200 ms).
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5.3.5 Harmonic generation

Filamentary memristors have been demonstrated to generate second-order harmonic under sinusoidal
voltage stimulus [274]. Figure 5-12(a) shows the frequency response of a memristive tin oxide device
to 8V peak-to-peak, 9.25 Hz sinusoidal inputs — this frequency was chosen for comparison with similar
experiments performed in [275]. Only second-order harmonics were observed in the device when the
peak-to-peak voltage varied from 3 V to 13V (not shown). The sharpness of the fundamental and
second-order harmonic peaks is indicative of single filamentary devices with transport-limiting
Schottky barriers rather than recurrent neural networks with multiple active pathways that change
spontaneously during operation [194]. Nevertheless, second-order harmonic generation from
memristive devices has been suggested for use in some areas of analog signal processing [276]. Figure
5-12(b) demonstrates the increase of the relative amplitude with the increase of the peak-to-peak
voltage. Whilst filamentary memristors have been reported to provide relatively low harmonic power

but in combination (such as in four memristor bridges), they can offer a higher ratios [274].
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Figure 5-12: (a) Amplitude spectra obtained after Fourier transformation of responses from a memristive tin
oxide device to 8V, 9.25 Hz sinusoidal input signals. (b) Relative amplitudes of second-order harmonics
generated in the device as a function of bias voltage.

5.3.6 Implementation of the memristive tin oxide thin film devices

The memristive SnOx thin film devices exhibit sensitivity to the intensity, and duty cycle of input
voltage pulses, enabling operation suitable for signal processing. In this section, pulse sequence
recognition and spectrum analysis applications are demonstrated as examples of capabilities of the
devices. This work shows there is potential for the memristive tin oxide devices to be exploited in
reservoir computing circuits, a neural network-based computing paradigm that enables efficient

processing of time varying inputs [277].
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Figure 5-13 shows a typical device response to six different 4-bit binary input voltage pulse sequences.
One such sequence (0110) is shown for example in Figure 5-13(a). The pulses representing logic state
‘1> were 250 ms duration with 22.0 V amplitude (which exceeded the threshold voltage for switching
to LRS). Non-perturbative read-out was performed using a 2.5 V DC potential. The device exhibited
the same systematic PPF exemplified in Figure 5-11 and after the six differing input pulse sequences,
unique conductance states were returned (Figure 5-13(b)). Three similar memristor devices were
operated with the same voltage pulsed input sequences and these all provided the same pattern
recognition outcome; unique conductance states ordered identically from low to high according to the
input sequence (as shown in Figure 5-13(b)). Inarecent report, Du et al. demonstrated memristors with
active layers of WOx exhibiting similar pattern recognition capability [200]. It is stated that with
consistent short-term memory storage and relaxation, the devices were suitable elements for reservoir

computing [277].
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Figure 5-13: (a) Typical input voltage pulse sequence (representing 0110) applied to tin oxide memristors with
post-pulse conductance read-outs shown as unfilled dots and (b) the evolution of the device conductance during
and after six different four-pulse input sequences with the final states of three similar devices also shown.

Finally, the analysis of spectral data using single SnOx devices was explored. Figure 5-14 shows the
device currents measured shortly after input of two sequential overlapping Gaussian pulses. This could
represent a set of arbitrary XPS 1s spectra showing two different chemical states with varying

composition, each spectrum being normalised with respect to intensity and converted to an input voltage
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wit the binding energy converted to time to simulate real time analysis during XPS data collection (with
the higher binding energy Peak ‘A’ input arriving sooner than Peak ‘B’). Figure 5-14 shows that unique
output currents are observed for each spectrum, enabling approximate quantification. The output current
is higher when the two peaks are similar in magnitude than when they are dissimilar. The higher curent
results from the larger spectral integral. Larger output currents are observed for equivalent spectral
integrals when Peak ‘B’ is larger than Peak ‘A’ (e.g. ratios of 1:0.2 and 0.2:1). This is due to the longer
relaxation times resulting when a higher voltage pulse is more-recently applied. Similar signal
processing methods should be applicable to restricted ranges of spectra from different techniques (e.g.
mass spectrometry, Raman spectroscopy). Importantly, this highlights the potential for rapid spectrum

image analysis using multiple memristive SnOx devices.
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Figure 5-14: Example of spectral analysis using a single SnOx device. The simulated 1s XPS data is re-
parameterized so thatits normalised peak intensity is converted to input voltage (V) and the binding energy
(BE) is converted to the input time parameter (t).
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5.4 Summary

In summary, lateral memristors consisting of Pt electrodes supported on mixed phase tin oxide and
separated by sub-micron gaps have exhibited forming-free volatile bidirectional resistive switching and
activity dependent conductance. In the LRS, a nanoscale conducting filament forms within the device
layer after Joule heating induced decomposition of the minority SnO phase and passivation of Sn (1)
acceptor states. When the voltage and current are removed, relaxation occurs due to back-diffusion of
oxygen into the filament and quenching. With consistent short-term potentiation and relaxation
characteristics, the devices return unique conductance states from differing logic pulse input sequences.
Tin oxide is a low-cost material with proven suitability for p- and n- doped thin film transistors but as
this work shows, it also supports memristive behaviour suitable for bio-inspired pattern recognition

systems.
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Chapter 6:

Resistive switching nanoparticle networks self-

assembled in mixed phase tin oxide

In this chapter, a facile, top-down, method for assembling electrically-contacted, resistive-switching
random networks is reported. This involves the investigation of formation of the nanoparticle networks
in mixed phase tinoxide thin films, their resistive switching mechanism and the synaptic-like behaviour
of such self-assembled nanoparticle network devices. The aim of this work was to determine the
memristive characteristics of the networks and their potential for use in applications including reservoir

computing.
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6.1 Introduction

With potential applications in next generation non-volatile random-access memories and bio-inspired
computing, memristors have attracted significant research interest over several years [141, 142, 250].
Numerous materials have been employed as active memristive layers and in most of these, the
defects/impurities migrate in the applied electric field to produce high resistance state (HRS) and low
resistance state (LRS) device switching. Examples include metal oxides such as TiO2 [141, 160, 278],
HfO2.xNx [261], NbO [266, 279] and others such as Si [280] and C [281]. In addition, distinctly different
memristive devices can be formed from networks of nanoparticles or nanowires [194, 282-284]. These
nanoparticles or nanowires are normally metallic with surrounding shells composed of an insulating or
semiconducting material. The nanoparticles/wires are typically formed remotely then deposited as a
film onto an appropriate surface, often with pre-formed electrodes [283, 284]. This can be achieved in
vacuum, using apparatus such as inert gas aggregation systems [283], by drop-casting [285],
dielectrophoresis [286], or by other wet chemical methods [287]. The resistive switching mechanism is
normally attributed to lowering/removal of the potential barriers separating the individual nanoparticles
or nanowires and formation of conduction path(s) through the (initially) highly-resistive network.
Application of electric-field and/or passage of current is an effective means to achieve this by inducing
electromigration and/or Joule heating related defect/impurity motion [194, 283]. Devices based on this
architecture have demonstrated rich memristive behaviour including quantized conduction [288, 289],
emulation of biological synaptic functions such as short- and long- term plasticity [194-196], photo-
sensitive memristance [275, 290] and memristance modulated by bio-molecule attachment [291, 292].
Perhaps most significantly, these complex networks are suited to reservoir computing [194, 275] in
which the term ‘reservoir’ describes a complex network of switching elements that transform input
signals into a higher dimensional space [197, 277, 293]. After suitable training of their “output layers”,
reservoir computing circuits have completed tasks such as pattern recognition, signal processing and
disease detection [200, 210-213] with high efficiency.

This chapter presents resistive switching nanoparticle networks self-assembled in films of tin oxide
deposited at room temperature. It was shown in Chapter 5 that semi-insulating mixed-phase tin oxide
(SnOv1.9) can exhibit memristance caused by decomposition of the SnO phase and formation of Sn-rich
conducting filament(s). The memristive properties reported here (Chapter 6) arise due to a different
mechanism and device morphology. The as-deposited semi-insulating (flat) tin oxide film is
transformed, by the application of an electric field and passage of current, into a dense nanoparticle
network exhibiting bidirectional threshold switching and other memristive characteristics. Lateral
device architectures were employed to facilitate morphological and compositional analysis pre/post

formation which is then discussed in relation to the electrical characteristics.
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6.2 Experimental details

The network devices were fabricated between pre-formed planar electrical contacts on the tin oxide thin
film. The film was deposited at room temperature using a high-power impulse magnetron sputtering
(HiPIMS) system with process parameters described in Chapter 5. The 20 nm thick platinum contacts
to the devices were defined using electron beam lithography (FEI Nova NanoSEM) and Pt coating
(Gatan PECS ion-beam deposition system). An atomic force micrograph of a four — electrode device is
presented in Figure 6-1. The separations between (opposite) contacts of the two and four — electrode

devices ranged from approximately 300 nm to 500 nm.

The compositions of the as-deposited tin oxide samples were determined using a Thermo Scientific K-
alpha X-ray photoelectron spectroscopy (XPS) system with mono-chromated Al K-o source. The
oxidation states were revealed using Auger electron spectroscopy performed on a PHI 710
Scanning Auger Nanoprobe (SAN) (Physical Electronics, Chanhassen, USA) utilising a field emission
electron source and a coaxial single pass cylindrical mirror analyser for electron energy analysis. The
source was operated at 10 kV, 1 nA for spectroscopy and microscopy studies. Transmission electron
microscopy (TEM) and electron energy loss spectroscopy performed in a JEOL 2100F system operating
at 200 kV were also used to identify the composition of the tin oxide region between contacts after
electrical forming and switching. An Asylum Research MFP-3D Infinity atomic force microscope

(AFM) provided surface topography and step-height measurements.

With the device mounted on a probe-station, a Keysight B2902A twin channel source-measurement
unit (SMU) enabled both initial electroforming and subsequent acquisition of two-probe current-voltage
(1-V) characteristics. For four — electrode memristors, the second channel of the SMU was employed.
A current limit (Limit) of 100 nA was imposed during the measurement. Unless otherwise stated, all

electrical and scanning-probe measurements were performed at room-temperature in air.

27.2 nm

20.0
15.0
10.0

0.0

Figure 6-1: Atomic force micrograph of a pristine four Pt-contacted SnOx memristor:
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6.3 Result and Discussion
6.3.1 Compositional analysis of the as-deposited tin oxide film

XPS did not reveal any features attributable to metallic Sn but based on other reported work [114], Sn
clusters are expected to exist in the mixed phase, as-deposited films. The concentration of these Sn
clusters is expected to be higher in tin oxide device layers containing less oxygen and as shown later,
the off-axis deposition method has enabled investigation of the significant effects of stoichiometry on
the device characteristics. Despite the small variations in the Sn:O composition caused by the off-axis
deposition, very similar Sn 3d, O 1s and VB spectra were observed from all the device layers (Figure
5-6 and Figure 6-2). The dominance of Sn** (or SnOz2) and the presence of the minority SnO phase are
illustrated in the XPS spectra. All films exhibited mixed phase composition with SnO2:SnO ranging
from 1:0.30 to 1:0.18 from Sn-rich to O-rich sides of the wafer. The difference in Sn:O composition
leads to the formation of two different devices, referred to as filamentary devices (FDs) (described in
Chapter 5) and nanoparticle network devices (NNDs) (see later). Devices described in this chapter were
fabricated using HiPIMS deposited tin oxide with composition of 1(Sn):1.85(0) and Sn02:SnO of
1:0.18, calculated from XPS.
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Figure 6-2: X-ray photoelectron spectra from the SnOx film in the (a) Sn 3d, (b) O 1s and (c) valence band
regions. Fitting of the peaks indicates the phase composition and surface adsorbates.

6.3.2 Dual-electrode memristive nanoparticle network devices

6.3.2.1 Electroforming process in memristive nanoparticle network tin oxide devices

The memristive devices described in this chapter show similar volatile bidirectional threshold switching
behavior as FDs described in Chapter 5. However, when higher-than-usual voltage (or electric field) or
high voltage for a long time is applied, an electroforming process is observed in these devices. The
evolution of the electrical characteristics during electroforming are shown in Figure 6-3. The pristine
device (with Sn:O of 1:1.85 and SnO2:SnO of 1:0.18) exhibits high resistance (>10 GQ, path 1) at low
bias and the I-V relationship is approximately linear. The data has a unity slope in the natural logarithm

I-V plot (see inset of Figure 6-3). This is consistent with transport limited by back-to-back (Pt-SnOx-
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Pt) Schottky diodes. In this device configuration, carrier emission over the potential barriers is excluded
and direct tunneling is the dominant transport mechanism. With an applied voltage of 27 V, the current
increases sharply and negative differential resistance (NDR) is observed (path 2). Immediately after
forming, the device enters its LRS (path 3) but at a higher voltage (and power) it returns to the HRS
(path 4). When the voltage is decreased, there is a return to the LRS (path 5) followed by a return to the
HRS (path 6). This chaotic and volatile behavior suggests the conduction path(s) established in the
forming/set process are thermodynamically unstable. Different samples exhibit different electroforming
behaviors (shape, electric fields where the transitions occur) although most often, they are composed of
HRS (path 1), NDR (path 2), LRS (path 3) and volatile property (path 6). Post electroforming, the

threshold voltage decreased significantly, and the device exhibited stable I-V hysteresis with distinct
HRS and LRS separated by more than two-orders of magnitude (shown later).
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Figure 6-3: Current-voltage characteristic (V swept from 0 to 42 to 0 V, limit = 100 nA) showing the forming
event and subsequent reset/setevents. The inset shows that in the pristine state, current transport initially fits a
direct tunnelling model with I proportional to V.

6.3.2.2 Morphological/compositional analysis of memristive nanoparticle network tin oxide
devices

After the electroforming process, the morphological/compositional changes that accompany the onset
of resistive switching were determined as shown in Figure 6-4. The region between the planar Pt
electrodes is very different to the surrounding unmodified tin oxide layer. In contrast to the (as-
deposited) flat film, it resembles a densely packed but porous network of nanoparticles. This change in
morphology was observed immediately following the electroforming sweep in several similar devices.

A nanoparticle network could be formed in a small area (Figure 6-4 (a)) or the whole region (Figure
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6-4 (b)) between two contacts, depending on the applied electric field and the electroforming time.
Figure 6-4 (c) illustrates the evolution of particle size and number after additional sweeps. The particle
analysis result shows that further sweeps initially increase the number of particles (area of particle
network), and then cause significant coalescence, resulting in larger average nanoparticle diameter.

Theses morphological changes are due to partial melting by Joule heating.
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Figure 6-4: Atomic force micrograph taken for two devices after electr oforming to give a nanoparticle network
(a) inasmall area (device #1) and (b) in the whole region between two contacts (device #2). The self-assembled
nanoparticle network (SANP) and unmodified layer (UL) are visible. (c) Particle analysis based on AFM
images of the SANP device #1 after electroforming and numbers of sweeps.

Joule heating has been reported to cause local temperature exceeding 1000°C within many memristive
devices [268]. Decomposition of SnO (the minority phase in the device layer) is known to occur above
300°C [242] and when SnO decomposes, its products are SnO2 and Sn [242]. Since interstitial Sn is an

n-type donor in SnOz, this leads to significantly increased conductivity. In the device electroforming
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characteristics in Figure 6-3, this expected rapid increase in conduction is consistent with ‘Path 2’ and
again, the morphological change is attributed to partial melting by Joule heating. In the ambient
conditions, this melting is followed by rapid cooling and re-oxidation of the nanoparticles when the
voltage and current are reduced. Hence, relaxation back to the HRS occurs within the nanoparticle
network. Interestingly, this transformation does not occur in films that are relatively oxygen poor.
Samples taken from locations on the wafer that were closer to the Sn magnetron gun during deposition
and therefore with higher Sn relative to O exhibit resistive-switching but as shown in section 5.3.1, this

arises due to a filamentary conduction path within a substantially unmodified device layer.

The composition of the nanoparticle network was investigated using Auger electron spectroscopy
(AES). Figure 6-5 shows spectra obtained from the as-deposited layer and from the nanoscale area
between the Pt contacts after electroforming. The alterations in peak intensities and positions
before/after electroforming are consistent with a change in AES, the dominant oxidation state from
SnO2 to SnO [294]. Hence, the film loses oxygen as it is transformed into the network. The method
employed lacked sufficient resolution to determine the composition of the individual nanoparticles but
given that all electrical measurements were performed in air, it is most probable that the nanoparticles
were more oxidized at their surfaces i.e. they possessed a compositionally graded structure with the

core being Sn-rich and the outer surface being more O-rich.
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Figure 6-5: Auger electron spectra taken from the NND after electroforming. UL and SANP denote for
unmodified layer and self-assembled nanoparticle network.

To support the AES measurements, high resolution transmission electron microscope (HR-TEM),
electron dispersive X-ray spectroscopy (EDS) and (c) electron energy loss spectroscopy (EELS)
analyses were carried out. The nanoparticle network is well-observed in the scanning electron
microscope (SEM) image of the NND (Figure 6-6 (2)) obtained in a FEI Verios 460L field-emisson

(FE) SEM. A region including contacts and the nanoparticle network, called a region of interest (ROI)
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(dashed box in Figure 6-6 (a)), was cross-sectioned using mechanical polishing followed by ion beam
thinning. The cross-section of this ROI is illustrated in the HR-TEM micrograph (Figure 6-6(b)).
Electric field and Joule heating have little or no influence on the areas which are far away from the
clustered region (e.g. close to the left or right edge in Figure 6-6(b)). Therefore, the structure of this
region remains Pt/SnOx/SiO2/Si where Ptand SnOx film (both are dark) do not have a high contrast with
each other but can be distinguished from the bottom SiO2 (light grey) and Si layer (dark grey) in Figure
6-6(b). Closer to the highly active layer (right on the left of the clustered region in Figure 6-6(b)),
nanoparticles start appearing and diffuse to the SiO2 layer. This is thought to be attributed to Joule
heating which causes a partial melting for both SnOx and SiOz layers. The melting temperatures of tin
oxide (1630 °C) and silicon dioxide (1710 °C) are similar. This is consistent with the imperceptible
SnOx layer and the existence of a clustered zone within the SiO: layer in the active region between two

contacts.

Elemental analyses acquired from the EDS mapping along the TEM cross-sectional line scan passing
over the clustered region (indicated in Figure 6-6(b)) are illustrated in Figure 6-6(c). The region from 0
to 15 nm is a part of the Si substrate, hence Si is the dominant element. Below the interface between
the SnOx and SiO: layers (~65 — 70 nm consistent with 50 nm thick SiO2 grown on Si substrate), a small
amount of Sn is observed. This is in a good agreement with diffusion of Sn into SiO2 in the discussion
of Figure 6-6(b). The SnOx layer is hardly seen in the active region between two Pt contacts in Figure
6-6(b), however, the considerable amount of Sn and O above the SiO: layer (from 70 to 90 nm in
distance axis) implies the existence of Sn and O combination with a thickness of ~20 nm. Pt is also
detected in the Sn-O layer as it was deposited to protect the device from damage due to the FIB milling

process.

Figure 6-6(d) shows the electron energy loss spectra of Sn-Ms4 and O-K edges along the EELS cross-
sectional line scan passing over the clustered region (indicated in Figure 6-6(b)). Also, an EELS
spectrum in core-loss region taken from a small area of the unmodified SnOx film of the device (close
to the right edge in Figure 6-6(b)) is illustrated in Figure 6-6(d) as a reference (black curve in the top
panel). According to the reference spectrum, the difference in energy loss between the Sn - Msedge (at
~493 eV) and the first peak of O — K edge (at ~540 eV) is estimated to be 46 eV which is close to the
value for SnO or intermediate tin oxide phase (a mixture of Sn(ll) and Sn(lV)) reported in [295] and
larger than that of SnO2 which is in the range of 42.4 to 43.6 eV [295]. Moreover, the rounded peaks at
523 and 531 eV, due to the Ms and M4 edges (known as delayed edges) are hardly visible in the pure
SnO phase [295]. Therefore, the measurements show that the unmodified SnOx region of the device is
of intermediate tin oxide phase. This agrees with the XPS and Auger results described before (Section
6.3.1).
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Figure 6-6: (a) SEM image of a two-contact tin oxide NND (the dashed box indicates the milling part of the

device using FIB). (b) HR-TEM image of the NND cross-section. (c) The energy-dispersive X-ray spectroscopy

(EDS) elemental analysisand (d) the Sn Ms sand O K edge profilesalong line scans across the Pt/SnOx/SiO2/Si

structure indicated in (b) using electron energy loss spectroscopy (EELS). The top black line in the upper panel
of (d) is collected from a small area of the unswitched SnOx film.
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Turning to the EELS spectra of the core-loss edges along the EELS cross-sectional line scan, the
features due to Sn - Msand Sn — Maedges at 489, 502 and ~525 eV become more obvious toward the
device surface. This is again evidence of Sn existing in the clustered region [295, 296]. However, it is

difficult to identify oxidation states since Ms4edge spectra are weak in intensity and broad in energy.

Figure 6-7 demonstrate the referenced electron energy loss (EEL) spectrum of tin (Sn) [297] and the
EEL spectra of SiO2 and nanoparticles of the NND in the low-loss region where the energy loss is up
to few tens of electron volts and is caused by inelastic scattering by conduction and valence electrons
[298]. The low-loss spectrum collected from the nanoparticles has an additional peak at ~14 eV, when
compared to the SiO2 spectrum. This peak is thought to be attributed to Sn as its position corresponds

to the Sn peak in the reference data. As a result, the nanoparticles are identified as Sn rich nanoparticles.
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Figure 6-7: EELS data of the SiO2, and the tin nanoparticles in the NND and the reference EELS data for Sn
[297] in the low-loss energy region

6.3.2.3 Resistive switching in memristive nanoparticle network tin oxide devices

Figure 6-8(a) shows typical I-V characteristics obtained after the forming sweep shown in Figure 6-3.
These measurements, taken with a 100 nA current limit imposed and with one complete sweep taking
18 s, show I-V hysteresis characteristic of memristors. The device again exhibits volatile resistive
switching behaviour. The dominant transport mechanisms in the HRS and LRS differ as shown in
Figure 6-8(c) and (d). In the low-bias region of the HRS (Figure 6-8(d)), transport is limited by Schottky
emission but at higher bias close to the switching threshold, direct tunnelling (not shown) dominates.
In the LRS (Figure 6-8(d)), the I-V characteristics are initially consistent with transport limited by
Fowler-Nordheim tunnelling. Based on equation eq. 5-2, the barrier width corresponding to the IV data
is ~4.8 nm, which is thin enough for tunnelling and is in agreement with prior work [256-258]. This

indicates that in the LRS, there is(are) critical tunnel junction(s) within the conduction path that limit
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the current flow. As the voltage across the device falls below 2.0 V, the current diminishes rapidly, and

the device relaxes back to the HRS (as shown in Figure 6-3).

Toassist in determining the mechanisms causing the memristance in the tin oxide nanoparticle network
devices (NNDs), comparison between NNDs and tin oxide FDs which are formed in similar (but not
identical) mixed-phase material is made. These distinctly different memristive mechanisms are caused
by the (slightly) different phase compositions of the as-deposited layers in the NNDs and FDs. The
more Sn-rich FD tin oxide layers likely contain a higher concentration of Sn clusters relative to the tin
oxide NND layers and it is believed that the higher density of clusters assists in establishing an initial
conduction path. Joule heating along this conduction path then results in cluster-linking and a filament
which localizes the device current and the associated Joule heating. The surrounding layer passes little
current and therefore remains unaltered. The FDs can be operated with higher current limits (up to 300
nA) without morphological transformation occurring (see chapter 5). Above this limit, the filamentary
region melts and the FDs then either exhibit no switching or chaotic switching. In either case, formation

of nanoparticle networks like those in Figure 6-4(a) and (b) does not occur.

In the NNDs, switching to the LRS occurs (during electroforming) at a higher (~30%) threshold
voltage/field related to the FDs. The density of Sn clusters is expected to be lower in the more oxygen-
rich as-deposited layer in the NNDs. With a higher current, the NPD device reaches a higher
temperature during the electroforming process. Decomposition of the SnO phase is expected to increase
conductivity and as the temperature rises further, the entire region of the device layer between the
contacts becomes molten. Surface-energy minimisation and Ostwald ripening processes ultimately lead

to the nanoparticle network morphology shown in Figure 6-4(a) and (b)
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Figure 6-8: (a) I-V characteristics of the lateral memristor with 100 nA current limit imposed during

measurement, (b) fitting of HRS and (c) Fowler-Nordheim fitting of averaged (20,30t 40t 50%) LRS
characteristics.
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Bidirectional resistive switching characteristics from a FD (Figure 5-2(a)) resemble those of the NND
but differences provide some insight into the underlying mechanisms. In the HRS (Figure 6-8(b)), the
transport mechanism is characteristic of Schottky emission, as it is in NNDs. In the LRS (Figure 5-
3(b)), the FDs produce ohmic I-V characteristics. In these devices, a filament extends between the
contacts when the LRS is entered. This filament must short out the Schottky barriers at the contacts for
ohmic conduction to occur. When the voltage/field is removed fitting show that the device current is
once again limited by Schottky barriers. This is consistent with rupture of the filament and removal of
the parallel connection across the Schottky barriers. Importantly, this memristive mechanism prevents
the recurrent behaviour exhibited by some neural networks and by some atomic/nanoparticle switching
networks [194].

Switching from HRS to LRS in the NNDs could occur by multiple mechanisms. As the voltage and
current increase in the HRS, Joule heating causes an increase in the free electron concentration and a
corresponding increase in the tunnelling current. Thermal expansion will occur within the network and
this may narrow the tunnel gap. Again, there may also be decomposition of the minority phase, as in
the FDs. Significant re-configuration of the network or relocation of the conduction path seems unlikely
when inspecting the highly reproducible switching characteristics shown in Figure 6-8(a). AFM images

and particle size analysis performed after 1, 10, 20 sweeps support this assertion.

Temperature-dependent current-controlled 1-V characteristics in air for an NND are shown in Figure
6-9(a), s-type negative differential resistance (NDR), similar to those in tin oxide FD (Figure 5-4) and
in other metal oxides (e.g. VO2 [260], TisO7 [262] and NbO2 [263]) is observed clearly. As mentioned
in Section 5.3.2, this behaviour can result from a temperature-induced Mott insulator-to-metal transition

(IMT) or a combination of Joule-heating and Poole-Frenkel conduction.

Differing from the current-controlled NDR (CC-NDR) of the tin oxide FD (Section 5.3.2) and other
metal oxides in which voltage decreases with the increase of device temperature, the CC-NDR of the
NND (Figure 6-9(a)) has two stages: (i) the increase of voltage (or resistance) as temperature is
increased from 283 K to 308 K and (ii) the decrease of voltage (or resistance) as temperature is increased
from 308 K to 348 K. The first state is thought to result from the oxygen adsorption occurring on the
surface of the tin oxide layer of the device. At low temperatures, molecular forms (i.e. neutral adsorbed
02 (aas) Of charged adsorbed 0; ,4,,) are produced on the SnO2 surface, while atomic forms (i.e. neutral

adsorbed O(qqs) or charged adsorbed 0,45 OF O%a‘ds)) are dissociated from neutral adsorbed 0,445 at

high temperature (eq. 6-1) [299, 300].

Oz2(9) T € = O3(aas)

O(ads) te = 0(_11115) or O(Gds) +2e” - O%a_ds) (6-1)
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where Oz(g) IS 0xygen in its free state.
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Figure 6-9: (a) Temperature-dependent I-V characteristics of the lateral memristive tin oxide NND with 15 V
voltage limit imposed during measurement. (b) Threshold voltage Vi as a function of device temperature.

The oxygen adsorption leads to the increased upward band bending and the broader depletion region
[299, 301], and consequently the decrease of electron density near the surface and/or the widening of
the oxygen-rich separating layers between nanoparticles. As a result, the device conductance drops at
low temperature. The stage (ii) which has been observed in reports of tin oxide [302, 303] is due to
thermal excitation of charge carriers. Figure 6-9(b) shows the threshold voltage as a function of the
device temperature. The threshold voltage increases with the increased temperature, and then reaches a
peak at 308 K before reducing when temperature is higher than 308 K.

6.3.2.4 Light sensitivity of tin oxide nanoparticle network devices

Figure 6-10 shows the I-V characteristics of an NND when exposed to UV illumination (wavelength
= 310 nm, power density 100 pW/cm?2) and in dark environment. These results show that the response
(in LRS and HRS) exhibited by the NND upon illumination is not solely due to (parasitic)
photoconductivity in the surrounding unmodified film. More importantly, the higher sensitivity to UV

in the NPD is consistent with the tunnelling-limited conduction discussed prior.

The current in the HRS below the threshold voltage is increased less significantly in the FD (shown in
Figure 5-8). This increase is due to photo-conductivity in the unmodified semi-insulating device layer.

In the NND, the HRS current increases more significantly upon illumination. This higher response is
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attributed to the porous structure and the tunnel barriers between the nanoparticles. In the NND, the
excitation of free carriers by the UV illumination causes both an increase in carrier concentration and
an increase in tunnelling probability (since the energy of the free carriers relative to the tunnel barrier

increases as states in the CB are filled).

The NND also exhibits a greater increase in LRS current relative to the FD (Figure 5-8). This difference
is consistent with expected behaviour for devices with metallic-like filaments versus devices with
transport limited by tunnel-barrier(s) between adjoining nanoparticles. In the LRS, the FD has a large
free carrier concentration due to the heavily doped filament connecting the contacts. Hence, the
promotion of carriers into the conduction band alters the conductance of the FD (filament) less
significantly. In the NND, the free carrier concentration in the semiconducting nanoparticles is more
significantly increased by the UV illumination and this causes a corresponding increase in the tunnelling

current.
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Figure 6-10: I-V characteristics for a SnOx thin film device in dark and ultraviolet — illuminated (310 nm, 100
uW/em?) conditions.

6.3.2.5 Activity — dependent conductance of tin oxide nanoparticle network devices

As emulation of biological synaptic functions such as short- and long- term plasticity is reported in
several nanoparticle/nanowire network devices [195, 196], tin oxide NNDs are expected to mimic some
aspects of synaptic behaviour. The temporal dynamics of NNDs were hence investigated. Figure 6-11
shows the evolution of the conductance of an NND during 5 trains of 10 consecutive pulses with
amplitude of 10 V, pulse width of 100 ms an inter-pulse interval varied from 100 ms to 500 ms. The

conductance is increased according to the number of pulses and the frequency at which the pulses are
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applied. The increased current following successive pulses is analogous to paired-pulse facilitation
(PPF) in biological synapses and follows a similar trend to these systems in that shorter inter-pulse

intervals result in increased conductivity [252, 304].

It is believed that with longer inter-pulse intervals, heat dissipation increases, causing the conductance
increase to be smaller. In the first few pulses, the device conductance increases rapidly due to the
gradual formation of conduction path(s). After that, additional pulses appear to provide insufficiently
high current and heat to generate more carriers and/or to reduce the gap between nanoparticles.
However, they do maintain the conductance level, as shown by conductance saturation in Figure 6-11.
Other measurements carried out on FDs (Figure 5-9 and 5-10) were employed on NNDs to explore the
dependence of NNDs on the intensity and time of stimuli. Like FDs, NNDs exhibit their sensitivity to

input voltage in addition to temporal effects, therefore amenable to signal processing appllications.
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Figure 6-11: Conductance evolution in response to voltage pulse trains of varied inter-pulse interval At.

6.3.2.6 Harmonic generation and recurrent network dynamics

It has been demonstrated in atomic switching networks [194, 275] and single memristors [274] that
second-order harmonic generation occurs under sinusoidal voltage stimulus. Figure 6-12(a) shows the
frequency response of an NND to 8.0 V peak-to-peak, 9.25 Hz sinusoidal inputs. The inputs were
chosen to compare with the performance of FDs. Generation of second-order harmonics is observed
using both the NND and FD (Figure 6-12(a) and Figure 5-8), but third-order harmonics are only
observed in the NND (Figure 6-12(a)). The relative amplitude of higher harmonic generation in neural
networks increases with the number of switching junctions [194, 305]. Here, the NND exhibits an order

of magnitude higher second harmonic at a bias of 8.0 V when compared with the FD (Figure 6-12(a)
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and Figure 5-8). It has been suggested that NNDs such as these could be exploited in circuits requiring
passive generation of higher-order harmonics. Theoretical modelling has shown that interconnected
memristor circuits could achieve more than 40% power conversion rates for second-order harmonics,
compared with 4.5% for optimal diode bridges [274]. The NNDs shown here generate second-order

harmonics with voltage amplitudes up to 18% of the fundamental with no optimisation performed.

The relative amplitude of the second-order harmonics rises steeply in the NND as the applied voltage
approaches the threshold voltage. In recurrent neural networks, asynchronous feedback inhibition [306,
307] arises due to delayed, opposing signals that occur across the same network junction, leading to
voltage cancellation and associated damping of signals. Figure 6-12(a) and Figure 5-8 show that while
the harmonics in the NND are of higher amplitude than those produced by the FD, they are noticeably
damped as a result of the recurrent dynamics inherent to the NND. Ina fully recurrent network, complete
signal cancellation occurs and therefore no harmonics are generated. Since higher order harmonics are
observed in the NND, ‘feedforward’ pathways must be present and these must transmit the majority of

the device current [194, 308].
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Figure 6-12: (a) Amplitude spectraobtained after Fourier transformation of responses from the NND and FD to
8V, 9.25 Hz sinusoidal input signals. (b) Relative amplitudes of harmonics generated in the NND and FD as a
function of bias voltage.

6.3.3 Four-contact memristive nanoparticle network devices

From a technological point of view, the most interesting features of random network devices are their
network-specific characteristics [194]. The network structure and connectivity greatly influence the
device functions and have proved capable of supporting brain-like behaviour [194, 309]. Hence, random
networks of nanoparticles or nanowires may enable facile fabrication of brain-like computing
architectures [283]. In the following sections, multi-contact devices were used to investigate network-
specific properties of self-assembled nanoparticle networks within tin oxide thin films.

Metal oxide nanoparticle networks were realised between four preformed planar Pt contacts using the

high voltage electroforming process described above in section Electroforming process in memristive
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nanoparticle network tin oxide devices6.3.2.1. This was done sequentially, beginning with the top and
bottom contacts and then the right and left contacts. Afterwards, the nanoparticle networks were
electrically connected to all four planar electrodes (Figure 6-13). Once again, the facile electroforming
process resulted in a memristive nanoparticle network within a semi-insulating SnOx film located only

between the electrical contacts.
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Figure 6-13: Atomic force micrograph of a self-assembled nanoparticle network formed between four planar
electrodes.

6.3.3.1 Electrode resistance cross-correlation in multi-contact tin oxide nanoparticle

network devices

Identification of the relationships between contact pair combinations plays an important role in the
study of interactions within the network. The simplest technique is cross-correlation which can detect
possible connections between a pair of electrodes. Figure 6-14 demonstrates the correlation between
two pairs of electrodes of a four-contact NND: channel 1 (Chl = top and bottom) and channel 2 (Ch2
=right and left), when a double linear sweep with an amplitude of 4 V and duration of ~26 s was applied
on one pair of the electrodes (top and bottom electrodes in (a) and (b) or right and left electrodes in (c)
and (d)) while a constant non-perturbative voltage of 100 mV was maintained at the other pair. Positive

bias across the top and bottom electrodes enabled resistive switching between these two electrodes but
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did not significantly influence conduction between the other two electrodes, and vice versa. This
indicated that there was no common path for these electrode pairs. However, when negative bias was
applied to one pair, weaker but similar switching behaviours were observed both in that pair and the
remaining pair, implying the existence of common path(s). The characteristics in (b) of Figure 6-14
could have been produced by current flowing through the electrodes in the order of bottom — right — left
— top. However, the mechanisms could be more complicated and influenced by many factors, such as
differing tunnel gaps between particles in the network, particle density and differing Joule heating
effects across the network. In general, the conduction paths, existing when sufficient positive and
negative biases were applied, were different, implying that different combinations of memristive
junctions were activated under different stimuli. This is consistent with the asymmetric resistive
switching behaviour observed in Figure 6-14. Furthermore, the network shows a high stability with the
same results obtained when the test was repeated multiple times Figure A-1 (Appendix A). More

correlation plots between combinations of two electrodes are presented in Table A-1 (Appendix A).
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Figure 6-14: (a) and (c) Voltages applied on two pairs of electrodes, channel 1 (ch1) denotes for top and
bottom, channel 2 (ch2) denotesfor right and left. (b) and (d) Currents passing through two channels. Diagrams
(insets) are colour-coded to show the input/output contact pairs. (+) denotes Vinput

The cross-correlations of all combinations of contact pairs were calculated from the measured

resistances between the contact pairs under the application of a sequence of 10 pulses with pulse
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amplitude of 3 V (above threshold) and pulse width of 500 ms. The values varied from 0 (no correlation)

to 1 (strong correlation) and are presented in Table A-2 (Appendix A).
6.3.3.2 Spiking-timing dependent plasticity (STDP)

In artificial synaptic devices made of memristors, the bottom and top electrodes respectively work as
the pre- and post-synaptic neurons in a biological synapse [189]. In this work, pre- and post-spikes were
applied on two electrodes of a four-contact NND (e.g. left and top respectively) to demonstrate the
STDP property of the device while these other two electrodes were connected to ground. Figure 6-15
illustrates the current response of channel 1 (Ch1= left and right) and channel 2 (Ch2 = top and bottom)
to spikes as a function of the relative timing between the pre- and post-spikes (At = tpost — tpre). The
fitting curve of channel 1 (Figure 6-15(a)) resembles the asymmetric Hebbian rule described in [189].
This means that if the post-spike arrives after the pre-spike (At<0), the conductivity of channel 1 (Chl=
left and right) increases, indicating long-term potential (LTP). In contrast, long term depression (LTD)
represented by the decrease of the channel conductivity occurs if the post-spike is repeated before the
pre-spike (At < 0). Current response of channel 2 (Ch2 = top and bottom) resembles the symmetric
Hebbian rule [189] that show the occurrence of LTD despite of the relative time between two spikes.
In short, two channels Chl and Ch2 exhibited different STDP behaviours, confirming the activation of

different memristive junctions under stimuli.
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Figure 6-15: Spiking-time dependent plasticity (STDP) on two channels of a four-contact NND when the pre-
spike was applied onthe channel 1 (the right and left electrodes) and the post-spike was applied on the channel
2 (the top and bottom electrodes)
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6.3.3.3 Temporal coincidence detection using a multi-input multi-output network

The multi-input multi-output reservoir computer is shown schematically in Figure 6-16. Input voltage
pulses are supplied to each of the contacts in the input layer (with the output layer contacts grounded).
The output state of the reservoir is measured by the current at the output layer. The input/output
connections to the contacts on the nanoparticle device are labelled on the AFM image (shown in Figure
6-16(b)). The detection of coincident voltage inputs is enabled by the short-term memory dynamics of
the nanoparticle reservoir. Figure 6-16(c) shows the output currents (loutput 1, loutput 2, denoted in Figure
6-16(b)), resulting from a voltage pulse train (4V, 200ms duration, 200ms inter-pulse intervals) applied
to Vinput 2 (denoted in Figure 6-16(b)). Using Vinput 2 as a reference channel, a series of coincident 2V
pulses were applied intermittently to Vinput 1. A 0.1 V non-perturbative read voltage was used to record
the output current during non-correlated (non-coincident) events on loutput 1. Paired-pulse facilitation
(PPF) was observed during both temporally correlated and non-correlated pulses applied across channel
1 (Chl with Vinput, louwput = L, R); however, the conductance was significantly reduced in both output
channels during correlated pulses. This suggests that the decreased conductance is due to voltage
cancellation across inter-nanoparticle junctions rather than an active physical ‘switching off’
mechanism, such as ionic drift [310] or charge de-trapping [311] observed in other memristive devices.
It is likely that current flow between contact pairs is also affected by capacitive crosstalk and local
shunting along recurrent conduction pathways. During non-coincident pulses, the current flowed across
Chl (Vinput, lowput = L, R) in the direction counter to the 0.1V read voltage. This effect was studied in
more detail using a series of 5 x 5V pulses applied across Ch2 (Vinput, louwput= B, T) (with 0.1 V across
Chl (Vinput, louput = L, R)), followed immediately by 5 x 5 V pulses applied across Ch2 (Vinput, louput =
B, T) with five coincident pulses applied across Chl with varying pulse heights (Figure A-2). PPFis
observed across both contact pairs during the first five pulses, however, a negative current is induced
across Chl. During the following coincident pulses the current across Chl transitions from negative to
positive as the pulse height is increased and with successive pulses (Figure A-2(b)). The current

suppression occurs across Ch2 as a function of Chl pulse height (Figure A-2(c)).
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Figure 6-16: Implementation of multi-input/multi-output functions using four-terminal nanoparticle reservoirs.
(a) Schematic representation of the reservoir computer. (b) AFM image of the four-terminal system with labels
and diagram showing the contact setup. (c) Response of the four-terminal nanoparticle reservoir to
correlated/non-correlated voltage input trains.

6.3.3.4 Investigation of Boolean logic functions in the NNDs

It was previously shown by Bose et al. that atomic switching networks can be reconfigured into any of
the two-terminal Boolean logic operators by using multiple static gate electrodes and tuning the
operating voltages [282]. Here, the nanoparticle networks display threshold switching behaviour that
prevents logic operators where p =g = 0 from returning a true output (i.e. the network always begins a
process in the ‘off” state). However, the remaining three most commonly used Boolean logic operations
were demonstrated in the NNDs by selecting the appropriate Vinput, louput €lectrodes and voltages. Figure
6-17 shows XOR, OR and AND operations realised using one NND. Voltage pulse trains (5 pulses, 500

ms duration, 500 ms intervals) were applied across the indicated electrode pairs. The XOR and OR

94



Chapter 6: Resistive switching nanoparticle networks self-assembled in mixed phase tin oxide

gates were configured by reversing the polarity of one of the electrode pairs. The AND gate was
implemented by reducing the individual Vinputvalues to below the threshold voltage such that the voltage
from one electrode pair was insufficient to change the internal state of the reservoir. PPF was still
evident in each logical true case, indicating that the Boolean functions of the device were partially
dependent on recently received inputs to the device. This is a point of distinction from previous
demonstrations of logic functionality using random nanoparticle switching networks which violate the

echo state (short-term memory) property requirement for reservoir computers.
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Figure 6-17: Implementation of Boolean logic gates. Time varying input voltages (top panels) and conductance
values (bottom panelsfor (a) XOR, (b) OR and (c) AND logic gates. The electrode configurations for each gate
are shown schematically below.

This combination of the echo state property and XOR gates can be used to demonstrate the linear
separability and classification of input signals based on coincidence. Figure 6-18(a) shows a schematic
representation of the experiment. The appropriate electrodes were selected to implement an XOR
function. The search for conicident inputs was performed using Ch2 (Vinput, lowput = B, T) as a reference
input (input state [1 1 1 1 1]) and altering the input sequence on Chl (Vinput, louput = L, R). The output
currents across both channels after 5 pulses were monitored and are displayed in Figure 6-18(b). The
input states were arranged (1-9) based on the number of coincident input pulse pairs occurring at the
end of the sequence. The output current depended strongly on both the number of coincident voltage
pulses and the time at which the coincidence occurred. Each of the input states was classifiable due to
the linear separability of the resultant output currents.
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One example application for this behaviour is spatial correlation image processing. Figure 6-18(c)
shows the experimental design for creating negative correlation images using the nanoparticle network
in the XOR gate configuration. Binary inputs (black pixels =0, white pixels = 1) are entered sequentially
by row number into Chl(L, R). Ch2(B, T) serves as the reference image (5 rows x [1 11 1]). The
negative correlation image is encoded as the ‘Result’. Figure 6-18(d) shows the evolution of the
conductance during this process. The conductance rises according to the negatively correlated pixels
(i.e. the ‘Result” image) and the conductance state for each row is unique, which allows the image to be

successfully recognised.
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Figure 6-18: Time-encoded data classification. (a) Schematic illustration of the experimental setup used for
classifying 5-digit input strings. (b) Output currents corresponding to each of the Ch1l input states. The output
values are linearly separable. (c) Digit-recognition task implemented using an XOR gate to identify negative
correlations in two inputimages. The electrode configurations used for each image are shown schematically
above. (d) Conductance states of the nanoparticle network in response to the encoding of the input images in c.

6.4 Summary

In summary, a facile method for fabrication of memristive nanoparticle networks in sub-stoichiometric
(mixed phase) tin oxide has been described. Stable, volatile, bidirectional resistive switching was
observed in ambient and at room-temperature immediately after the formation of the nanoparticle
networks. Higher-order harmonic generation and damping observed in the network devices are
consistent with recurrent network behaviour rather than filamentary memristance. These characteristics
suggest potential for similar devices to be exploited in applications requiring efficient passive harmonic

generation.
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The nanoparticle networks exhibit internal, short-term memory effects governed by Joule heating-
induced resistance switching that satisfy the required behaviours for reservoir computing. A computing
system based on emergent nanoparticle reservoirs using a top-down electro-forming process on multi-
contact devices was also demonstrated. By selecting appropriate input and output electrodes and
voltages, the system can perform Boolean logic gates, including XOR, OR and AND gates or implement

spatial correlation image processing.
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Chapter 7:

Conclusions and future work

The research work carried out in this dissertation aimed to explore characteristics and applications of
energetically deposited tin oxide thin films. This chapter provides a brief summary of the significant

outcomes of the research work and outlines the scope of future work related to the field.
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7.1 Conclusions

Energetically deposited tin oxide thin films have been structurally, optically and electronically
characterised. These films have also been incorporated in metal/oxide/metal devices to explore their

resistive switching and biomimetic characteristics.

HiPIMS tin oxide deposited at room temperature with a 1:1 Ar:O2 process pressure of 6.0 mTorr was
found to exist as mixed phase nanocrystalline SnO and SnOz, in which SnO2 was the dominant phase.
The off-axis deposition process provided a small but quantifiable variation in film composition (Sn:0),
ranging from 1:1.7 to 1:1.9 from the Sn-rich to Sn-poor sides of the wafer. A wide optical bandgap of
~3.5 - 3.6 eV and high refraction index of 2.1 (at 550 nm) were estimated based on spectroscopic
ellipsometry measurements. High resistivity was obtained in the as-deposited HiPIMS SnOx but
decreased with increased post-deposition annealing temperature. After annealing in the range 250°C -
350°C, samples exhibited weak p-type conductivity. However, as the annealing temperature was higher
than 350°C, n-type characteristics prevailed. This is attributed to the disproportionation reaction of SnO
into Sn and SnO: at high temperature. HiPIMS can be used to grow films in microstructural forms at
low temperature by trading energy for growth temperature. However, with a narrow deposition window

of SnO, SnO films were not observed after HIPIMS deposition at room temperature.

Filamentary memristors were fabricated on the mixed-phase (semi-insulating) tin oxide thin films
prepared by HiIPIMS. These memristors exhibited stable volatile bidirectional resistive switching with
a ratio between high resistance and low resistance of more than two orders of magnitude. Evidence of
a filamentary path bridging the electrodes of a memristor was provided after operation with elevated
current limit enable imaging of the filamentary path by AFM. The resistive switching mechanism of
these filamentary memristors is believed to relay on a minority phase change originating from Joule
heating induced decomposition of SnO and oxygen diffusion. CC-NDR, second-order harmonic
generation and gradual conductance modulation were observed in filamentary tin oxide memristors,
suggesting suitability for various applications including selectors, memristive oscillators, harmonic
generators, and signal processing. Pulse sequence recognition and spectrum analysis applications were

demonstrated as example device capabilities.

Random switching networks of nanoparticles were formed within thin films of mixed phase tin oxide
prepared by HiPIMS. The formation of these nanoparticle networks during electroforming was found
to be sensitive to the stoichiometry of the as-deposited tin oxide film. The networks only formed in
films that were oxygen rich relative to the films in which memristance was facilitated by the formation
of filaments. The evolution in particle size and network size was observed after successive 1-V sweeps
using atomic force microscopy and image analysis. The morphological changes were attributed to
partial melting by Joule heating. The nanoparticles were identified as Sn-rich nanoparticles by using

advanced material characterisation tools including AES, EDS and EELS. Self-assembled nanoparticle
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network memristors showed bidirectional volatile threshold-switching with more than two orders of
magnitude separating the high- and low- resistance states. The switching from the HRS to the LRS
likely involves enhanced conduction at the ‘necks’ between the nanoparticles. This could occur by
multiple thermal/field induced mechanisms including reduction of the average tunnel barrier width
and/or decomposition of SnO due to Joule heating to provide higher average carrier concentration
within the network. The nanoparticle network devices exhibited CC-NDR, characteristics of recurrent
neural networks, second and higher-order harmonic generation, and activity-dependent conductance,
suggesting potential for these devices to be exploited in applications requiring efficient passive
harmonic generation and in reservoir computing. Implementation of the devices for temporal
coincidence detection using a multi-input multi-output network, Boolean logic functions and data

processing were demonstrated.

Chapters 5 and 6 showed that filamentary and nanoparticle network memristors could be fabricated in
similar films of mixed phase tin oxide deposited using HiPIMS. However, the as-deposited films
possessed slightly differing stoichiometries and the characteristics of the filamentary and network

devices differed significantly.

e The differences in device morphology and behaviour resulted directly from their different
stoichiometries. Resistive switching behaviour caused by a filamentary conduction path was
observed in the Sn-rich samples with a wide range of stoichiometry 1(Sn):1.7(0) -
1(Sn):1.84(0), while nanoparticle networks were formed within only SnOx films in which 1.84
< X < 1.86. This suggests that other behaviours may be observed in tin oxide films with a
broader range of Sn:O ratios.

e Filamentary memristors exhibited electroforming-free switching while an electroforming step
was necessary for nanoparticle network devices (NNDs) to form and invoke the evolution of
the nanoparticle networks. No morphological transformations were observed in the filamentary
devices (FDs), except when higher current was intentionally allowed through the device. A
feature resembling a filamentary path was then observed between the device’s electrodes. In
NNDs, a densely packed but porous network of nanoparticles was observed in the region
between the electrodes.

e Bidirectional resistive switching characteristics from the FDs resemble those of the NNDs but
observable differences provide some insight into the underlying mechanisms of both the FDs
and NNDs. A filament existing in LRS of FDs consisted of highly (Sn) doped SnOz, originating
from decomposition of SnO at high temperature while a combination of increased tunnelling
current, narrowing tunnel gap and SnO decomposition are probable candidates for the switching

mechanism of the NNDs. This assertion is also supported by the smaller threshold voltages,
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greater increase in LRS current and higher sensitivity to UV of an NND relative to the FD
which has similar gap between the electrodes.

e Generation of second-order harmonics was observed using both the NNDs and FDs, but third-
order harmonics were only observed in the NNDs. Only the NND exhibited the characteristics
of recurrent neural networks.

e Insummary, while the FDs exhibit short-term memory and classification properties suitable for
individual cells in reservoir computing circuits, only the NND provides the inter-connectivity
required for reservoir computing. Hence, there is great potential to explore reservoir computing

functions using these simple-to-fabricate NNDs.

7.2 Future work

The research work carried out in this thesis has provided significant insights into the fabrication and
characterization of tin oxide deposited by HiIPIMS as well as those of filamentary and nanoparticle
network memristors formed within these tin oxide films. There are several aspects remaining for further

investigation.

7.2.1 P-type tin oxide deposition using HIPIMS at high temperature

After deposition using HiPIMS at room temperature, the film existed as a mixed phase of SnO and
SnOz. Furthermore, some films exhibited p-type conductivity after annealing in vacuum at 250 — 350°C.
This indicates the possibility of fabricating p-type SnO by using HiIPIMS at higher temperature. It is
expected that moderately elevated deposition temperature could lead to the formation of films with

higher crystallinity, lower resistivity and higher mobility.

7.2.2 FDs and NNDs with SU-8 capsulation

Both FDs and NNDs exhibited bidirectional threshold switching behaviour in ambient conditions. Many
environmental factors such as presence of oxygen, moisture, etc. are likely to affect the switching
characteristics of these devices, especially oxygen diffusion when switching from LRS to HRS. In the
work, the devices were encapsulated using poly methyl methacrylate (PMMA) to isolate them from the
air. However, PMMA has been known as a thermally unstable material and PMMA depolymerization
is commonly observed at ~300 °C. Hence, in the device LRS, Joule heating may lead to damage and/or
porosity in the PMMA layer. This may explain why no significant difference was observed in the
switching characteristics of the devices before and after encapsulation. SU-8 is a more thermally stable
capping layer that could be spin-coated or drop cast for device encapsulation. With SU-8 encapsulation,

deeper insights into the switching mechanisms could be revealed.
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7.2.3 Gas sensitivity of FDs and NNDs

Tin oxide has been investigated extensively as a gas sensor material. The number of studies found on
gas sensors using SnO2 was about 37.4% out of more than 8000 papers on oxide semiconductor — based
gas sensors (up to July 2013 [44]). SnO2 has been applied to detect various gases, including hydrogen
[45], oxygen [46], carbon monoxide [46, 47], ethanol [47, 48], etc. Figure 7-1 illustrates the behaviour

of a SnOx filamentary device in air and nitrogen environments.
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Figure 7-1: I-V characteristics for a SnOx filamentary device in air and N2 environment

Oxygen adsorption is a major mechanism of conduction change reported for tin oxide gas sensor studies

[49, 50]. At low temperatures (T <450 —500 K), neutral adsorbed 0, (,45) Or charged adsorbed 0, (,4)

are produced on the SnO2 surface, while neutral adsorbed O (445 Or charged adsorbed O ) Or 0% 45))

are dissociated from neutral adsorbed 0, (,45) at high temperature (as shown in eq. 6-1) [51, 52].

The occurrence of oxygen adsorption processes in O-rich environment increases the upward band
bending in the layer and hence, widens the depletion region [51, 53]. As a result, the electron
concentration near the surface decreases, and in turn the conductivity is low. In N2 gas, oxygen
adsorption is limited, hence, both the electron concentration and the conductivity are higher compared
to those in air. Thus, under the same bias, the current passing through the device when in its HRS is

higher in an N2 environment than in air, as shown in Figure 7-1.
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In LRS, the increase in conductance of the device in an N2 environment is less than one order of
magnitude above that of the HRS. It is thought that adsorption of water on the SnOx film occurs in
ambient conditions. Hydroxyl attachment is proven to cause downward band-bending in the HIPIMS
deposited SnOx film (see section 4.3.2). Electron transfer is known to occur from water to SnOy, leading
to increased conductivity of the SnOx film in moist air. However, further experiments and analysis on
the behaviors of the SnOx film with/without SU-8 encapsulation and during exposure to ultra-low
humidity synthetic air need to be carried out to investigate the role of humidity in determining the device

switching characteristics.

Experiments with exposure to other gases such as Hz, CO, NO, ethanol, methanol could also be executed
to compare the performance of HIPIMS tin oxide memristive devices with conventional tin oxide
sensors [45-49].

7.2.4 Single crystalline SnO based memristive devices

Both filamentary and nanoparticle network devices were achieved in the mixed phase tin oxide thin
film deposited by HiPIMS, indicating the possibility of finding more interesting characteristics in tin
oxide based memristor. Switching characteristics and mechanism of the memristors fabricated on single
crystalline SnOx samples with more precisely controlled stoichiometry (provided by a collaborator)

could be investigated to further elucidate the effects of stoichiometry and crystallinity.

7.2.5 Memristive arrays for information processing

The demonstrated implementation single FDs for information processing (chapter 5) highlighted the
potential for arrays of such memristors to be used to simultaneously process many inputs. This
represents hardware-implementation of the “reservoir” in reservoir computing. Arrayed filamentary
devices could be produced and this aspect explored. The NNDs are potentially a reservoir. For this
aspect to be explored using the self-assembled networks, higher resolution electron-beam lithography
and a greater number of device contacts would be required. This work could result in a very significant
finding if it reveals that the devices offer a facile method for self-assembly of a suitable interconnected

nanoparticle reservoir.
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Appendix A:
Supporting Information for Chapter 6

The correlation between two pairs of electrodes of a four-contact NND: channel 1 (Chl = top and bottom)
and channel 2 (Ch2 = right and left) was investigated by applying double linear sweeps with an amplitude
of 4 V and duration of ~26 s on one pair (control pair/channel) of the electrodes while a constant non-
perturbative voltage of 100 mV was maintained at the other pair (driven pair/channel). Similar correlation
between top-bottom channel and right-left channel were observed within 15 sweeps. Figure A-1 shows the
correlation between two pairs of electrodes channel 1 (Chl = top and bottom) and channel 2 (Ch2 = right
and left) in 5th, 10t and 15t sweeps.

60 60
(a) lent (b) len2
—_ — 5" swee| —_ | — 5 sweep
E 40 — Qo swegp ?:: e 10" sweep
]g oo — 15" sweep Zg oo — 15" sweep
g o
g o0 3 0

S

|.:h2 - Ich1

|
N
o
|
N
(=}
T

40— 5" sweep 40F — 5" sweep
< |[— 10" sweep < — 10" sweep
£ | — 15" sweep -E- — 15" sweep
i
E 20+ E 20k
5 ,»fﬂ: %E 5
8] o

13 ok
-4 -2 0 2 4 -4 -2 0 2 4

Voltage (V) Voltage (V)

Figure A-1: Current response of two pairs of electrodes of a tin oxide NND when the 5, 10" and 15 voltage
sweeps applied on one electrode pair and a constant 100 mV was maintained at the other pair. Channel 1 (Chl =
top and bottom) and channel 2 (Ch2 =right and left). (a) Channel 1 is control channel while channel 2 is a driven

one. (b) Channel 2 is control channel while channel 1 is a driven one.

Similar measurements were carried out to explore the cross-correlation between combinations of two
electrodes with double linear sweeps with an amplitude of 5V and duration of ~26 s applied on one pair of

the electrodes (name in blue in Table A-1) while a constant non-perturbative voltage of 100 mV kept at the
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other pair (name in orange in Table A-1). Each plot contains IV characteristics of the control electrode pair
(blue curve) and the driven electrode pair (orange curve). The cross-correlation plots show differently
strong or weak correlation between the control pair and the driven pair. Based on these plots, the appropriate
input and output electrodes can be selected to perform Boolean logic operations. An example was

demonstrated in section 6.3.3.4.

Table A-2 shows the cross-correlations of all combinations of contact pairs were calculated from the
measured resistances between the contact pairs under the application of a sequence of 10 pulses with pulse
amplitude of 3 V (above threshold) and pulse width of 500 ms. Due to different responses obtained on the
control (blue) and driven (orange) pairs when positive or negative bias was applied on the control pair, a
sequence of 10 pulses of -3 V were also applied for correlation calculation. The voltage across the driven
pairs was kept constant at 100 mV. The cross-correlation values varied from 0 (no correlation) to 1 (strong
correlation). The correlation colour bar from yellow (no correlation) to green (strong correlation) was used

to demonstrate the correlation degree between any two pairs of electrodes.

Figure A-2 presents voltage dependence on the conductance modulation using time-correlated inputs. A
sequence of 10 pulses with the pulse amplitude of 5V was applied across Ch2 (Vinput, lowput = B, T) as
reference while a train of 5 pulses with varying pulse amplitude was supplied to Chl (Vinput, louwput = R, L).

Current responses on these two channels were recorded at the end of each reference pulse.
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Table A-1: Cross-correlation plots between combinations of two electrodes of a four-contact nanoparticle network device (NND).
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Where:
T, B, L, R: denote top, bottom, left and right electrodes of the NND.

RL, TL, BL, BR, RT, and TB: denote combinations of two electrodes of the NND (e.g. TB: top-bottom)
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Table A-2: Cross-correlations of two contact pairs calculated from the measured resistances between the contact pairs when a sequence of 10 pu Ises with pulse
amplitude of 3 V and pulse width of 500 ms was applied

TR B TL TR B TL
RB BL RB BL
RL RL Correlation range
VL >0 Ve<0 | 0.85 0.000
0.041 0.045
X X 0.091
0.136
V1 >0 V1 <0 0.129 X 0.182
0.575 0.227
0.273
0.318
V1r >0 X 0.134 0.061 V1r<0 X 0.364
0.143 0.269 0.409
0.255 0.455
0.500
V1 <0 0.061 X 0.545
0.237 0.591
0.636
Vre <0 0.109
X
VeL <0 0.036
0.371 X 0.044 X
0.135
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Figure A-2: Voltage dependence on the conductance modulation using time-correlated inputs. (a) Input voltage
pulse trains (500 ms duration, 500 ms intervals) supplied to Ch1 (Vinput, louput = R, L). Reference pulse train is
supplied to Ch 2 (Vinput, louput = B, T). (b) Ch1 and (c) Ch2 output currents. The corresponding electrode
configurations are shown schematically to the right of each panel.
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We report a facile, top-down, method for assemblingelectrically-contacted, resistive-switchingrandom networks. The random networks of

nanoparticles wereformed in ambient conditions within thin films of mixed phasetin oxidesimply by passinglimited current between on-film

electrodes with nanoscaleseparations. The formation mechanism was found to be sensitiveto the stoichiometry of the as-deposited filmbut

networks were self-assembled within SnOx films inwhich 1.76 < x < 1.9. Bidirectional volatile threshold-switching between high- and low-

resistancestates occurred immediately after network formation, againinambient conditions. Comparison with filamentary memristors formed

insimilar films of mixed phase tin oxide highlighted the differing device characteristics and assisted inidentification of the differing switching

mechanisms. The networks exhibited characteristics of recurrent neural networks and efficient passive higher-order harmonic generation,

suggesting suitability for applicationsincluding reservoir computing.

Introduction

With potential applications including non-volatile
random-access memories and bio-inspired computing,
resistive switching devices have attracted significant
research interest.[138] Resistive switching devices, or
memristors, are most frequently two-terminal metal-
insulator-metal devices. The dense and non-porous
insulator layer provides the functionality by exhibiting
high- and low- resistance states (HRS and LRS). Switching
between these states is achieved by applying voltage to
the metal layers. Electric-field driven defect/impurity
migration [141, 312, 313] and/or Joule heating induced
phase modification are examples of mechanisms
producing HRS/LRS switching. Sub-stoichiometric metal
oxides such as TiO2y[141] NbOixp2es) and HfO2xNy
[261]are proven high endurance memristive layers but Si
have also been demonstrated[280]. Self-
programmable circuits formed from TiO2 memristors
and Si transistors highlight the new computing
approaches by memristive circuit
elements.[253]

Distinctly different resistive switching devices are
formed from complex networks of nanoparticles or
nanowires.[194, 275, 282, 283, 288, 309] The network
constituents are normally metallic with surrounding
insulating or semiconducting shells. Most often, the
nanoparticles/wires are formed remotely before being
deposited as a random network onto an appropriate
surface.[283, 288] Electrodes can be formed on the

memristors

enabled
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same surface before or after the nanoparticle/wire
deposition to provide electrical connectivity.[194, 283,
288] Resistive switching has been attributed to
lowering/removal of the potential barriers separating
the individual nanoparticles or nanowires and formation
of conduction path(s) through the (initially) highly-
283, 289] Once again,
application of electric-field and passage of current is an
effective means to induce electromigration[283] and/or
Joule heating related defect/impurity motion.[194]
Diverse behaviours including quantized
conduction,[289, 314] emulation of biological synaptic
functions such as short- and long- term plasticity,[195,

resistive film/network.[194,

196] photo-sensitive  memristance[275, 290] and
memristance modulated by bio-molecule
attachment[292] have all been reported in these

networks. Their non-linearity has also provided efficient
production of harmonics from alternating inputs.[194,
275] Perhaps most significantly, reservoir computing is a
potential application for these networks. ‘Reservoir’
describes a complex network of switching elements that
transform input signals into a higher dimensional
space.[198, 315, 316] After suitable training of their
“output layers”, computing have
completed tasks such as pattern recognition[200, 211,
317] with very high efficiency.

Many of the interesting characteristics
reported to date in memristive nanoparticle networks
have required vacuum and/or low temperature
operation[282, 288]. In this paper, we report a facile

reservoir circuits



method for selective assembly of tin oxide nanoparticle
networks on a substrate. These networks are formed
within semi-insulating thin films of mixed phase tin oxide
deposited onto insulating substrates by sputtering at
room temperature. In a ‘top-down’ approach, the
pristine film is transformed into the network of
nanoparticles (and
nowhere else). This selective formation is achieved
simply by applying a potential difference to the contacts
to cause passage of (limited) current between them.
After the ‘electroforming’ the networks of
nanoparticles exhibit
including bidirectional threshold switching. These device
characteristics are measured in ambient conditions at
room-temperature using the same
employed to transform the pristine film. The formation
process and device characteristics are discussed here in
detail.

between lateral metal contacts

process,

memristive characteristics

lateral contacts

Experimental

The tin oxide device layer was deposited onto
SiO2 (50 nm layer thickness on Si wafer) at room
temperature using an AJA magnetron sputtering (MS)
deposition system connected to a RUP-7 pulsed power
supply. Prior to deposition, the system pressure was less
than 1 x 106 Torr. A Sn target (3-inch diameter, 99.99%
purity) was operated in high impulse power MS mode
(with pulse amplitude, width and frequency of 640 V,
100 ps and 100 Hz). The potential of the substrate was
allowed to float (at ~10 V) during the 20 min deposition.
The 1:3 Ar:0; process pressure was 6.0 mTorr. The Sn
magnetron source was positioned non-centrally in the
chamber whilst the wafer was mounted centrally. This
off-axis deposition process provided a small but
quantifiable variation in film composition (Sn:0) across
the wafer. The reactive deposition process produced a
film approximately 25 nm in thickness. Following
deposition, the wafer was diced into 10 x 10 mm?
substrates for structural/electrical characterisation and
device fabrication.

The compositions of the as-deposited tin oxide
samples were determined using a Thermo Scientific K-
alpha X-ray photoelectron spectroscopy (XPS) system
with mono-chromated Al K-a source. An Asylum
Research MFP-3D Infinity atomic force microscope
(AFM) provided surface topography and step-height
measurements. X-ray diffractograms obtained using a
Bruker D4, operating in Bragg-Brentano configuration,
indicated the films were nano-crystalline. Al Van der
contacts thermally evaporated and
measurements using an Ecopia HMS-3000 system

Pauw were

128

showed the films semi-
insulating.

The contacts were formed
lithographically. resist (950 PMMA A4,
thickness 200 nm) was patterned using a FEI Nova
NanoSEM electron microscope interfaced with Nabity
NPGS electron beam writing software. The operating
conditions were: 30.00 kV accelerating voltage, working
distance 5.0 mm, beam current 22 pA. A Gatan PECS ion-
beam deposition system was then used to deposit the 20
nm thick Pt contacts. With the device mounted on a
probe-station, a Keysight B2902A twin channel source-
measurement  unit (SMU) enabled both initial
electroforming and subsequent acquisition of two-probe
current-voltage (I-V) characteristics. A current limit (liimit)

of 100 nA was imposed during the measurement. All

as-deposited SnOx were

device
Electron-beam

electrical and scanning-probe measurements were
performed at room-temperature inair.
The pristine and electro-formed devices were

imaged using the FEI Nova NanoSEM and their oxidation
states were revealed using Auger electron spectrosco py
(AES). The latter was performed on a PHI 710
Scanning Auger Nanoprobe (SAN) (Physical Electronics,
Chanhassen, USA) utilising a field emission electron
source and a coaxial single pass cylindrical
analyser for electron energy analysis. The source was
operated at 10 kV, 1 nA for spectroscopy and
microscopy.

mirror

Results and discussion
As-deposited film, device architecture and electroforming

Figure 1 shows x-ray photoelectron spectra from an as-
deposited (pristine) tin oxide device layer. SnO, was
identified as the dominant phase from the Sn 3d
spectrum shown in Fig 1(a). In this spectrum, the Sn# and
Sn2» components are deconvoluted. The peak intensity of
Sn4+ (at 486.5 eV) significantly exceeds that of Snz (at
485.8 eV). The composition calculated from XPS was
1(Sn):1.85(0). Other species detected using XPS
included surface-bound -OH and -CO groups (visible in
the fitted O1s spectrum Fig. 1(b)). Although OH
attachment is known to cause downward band-bending
and surface electron  accumulation in n-type
semiconducting oxides including ZnO and Sn0,[229,
247] the as-deposited SnOx film was semi-insulating. Fig.
1(c) shows a valence-band (VB) XPS spectrum (with
binding energy range 0 - 10 eV) which includes
contributions from SnO and from SnO.. The peak
centred at a binding energy of 2.04 eV is attributed to
the Sn 5s-derived valence band maximum (VBM) in SnO
while the peak centred at 4.14 eV is attributed to the O
2p-derived VB maximum in Sn02.[14, 244] Hence, the as-



deposited film is mixed-phase. The important feature
within the spectra (and film) is the presence of the
minority SnO phase. The inherently n-type behaviour of
the majority SnO2 phase is compensated by acceptor-
like states (above its VBM) caused by the inclusion of the
SnO phase.
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Fig. 1 XPS spectra from the SnO, filmin the (a) Sn 3d, (b) O 1s and
(c? valence band regions. Deconvolution of the spectra enables

quantification of the phase composition and surface adsorbates (see
main text).

XPS produced no resolvable features attributable to
metallic Sn but based on prior work[114], we expect that
the Sn phase is present as nanoscale Sn clusters. The
concentration of these Sn clusters would be higher in
more Sn-rich SnOx and as shown later, subtle changes in
stoichiometry can affect the device characteristics.
Despite the variation in the Sn:O composition caused by
the off-axis deposition, very similar Sn 3d, O 1s and VB
spectra were observed from all films and all films
exhibited mixed phase composition. The ratio Sn02:SnO
ranged from 1:0.30 to 1:0.16 from the Sn-rich to O-rich
sides of the wafer.

Figure 2(a) shows the device structure as a cross-
sectional schematic. The evolution of the electrical
characteristics during electroforming are shown in Fig.
2(b). The pristine device (with Sn:O0 of 1:1.85 and
Sn02:Sn0O of 1:0.18) exhibited high resistance (>10 GQ)
at low bias (path 1 in Fig. 2(b)) and there the I-V
relationship is approximately linear (see inset). This is
consistent with transport limited by back-to-back (Pt-
SnOx-Pt) Schottky diodes. In this device configuration,
carrier emission over the potential barriers is excluded
and direct tunnelling is the dominant transport
mechanism. With an applied voltage of 27 V, the current
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increases sharply (path 2 in Fig. 2(b)). Immediately after
electroforming, the device enters its LRS (path 3 in Fig.
2(b)). Post electroforming, the threshold voltage
decreased significantly, and the device exhibited distinct
HRS and LRS separated by more than two-orders of
magnitude, as shown in Fig. 2(b).

Before  further
characteristics

the
we

discussion  of switching
the devices, show the

morphological/compositional changes that accompany

of

the onset of resistive switching. Fig. 3(a) is an atomic
force micrograph of the device immediately after the
electroforming process. The region between the planar
Pt electrodes clearly differs in its morphology to the
surrounding unmodified layer (UL). Rather than the (as-
deposited) flat film, it resembles a densely packed but
porous This change
morphology was observed immediately following the

network of nanoparticles. in
electroforming sweep in several similar devices. Electro-
thermal simulations performed using Sentaurus TCAD
suggest that the nanoscale region between the device
electrodes may reach temperatures exceeding 1000°C
during the electroforming process. SnO (the minority
phase in the device layer) is known to decompose above
300°C[242] to yield product phases of SnO2 and Sn.[242]
Since interstitial Sn is an n-type donor in SnOy, this leads
to significantly increased conductivity. In the device
electroforming characteristics in Fig. 2(b), the rapid
thermally-induced increase in conduction is consistent
with ‘Path 2’ and we attribute the morphological change
to partial
conditions, this melting is followed by rapid cooling and

melting by Joule heating. In the ambient
re-oxidation of the nanoparticles when the voltage and
current are reduced. Hence, relaxation back to the HRS
occurs within the nanoparticle network.

Interestingly, this transformation does not occur in
films that are relatively oxygen poor. Samples taken
from locations on the wafer closer to the Sn magnetron
gun during deposition and therefore with higher Sn
relative to O do also exhibit resistive-switching but this
is caused by a filamentary conduction path within a
substantially  unmodified layer.  Further
comparison of the formation and switching mechanisms

device

of the network and filamentary devices is presented
later in this article.

The composition of the nanoparticle network was
investigated using AES. Fig. 3(b) shows spectra obtained
from the as-deposited layer and from the nanoscale area
between the Pt contacts after electroforming. The
alterations in peak intensities and positions before/after
electroforming are consistent with a change in the
dominant oxidation state from SnO2 to Sn0O.[294] Hence,
there is a net loss of oxygen as the film is transformed
into the network. We lack the resolution required to
determine  the composition of the individual



Fig. 4(a) shows typical |-V characteristics of a
nanoparticle network device (NND) measured after the
electroforming sweep shown in Fig. 2(b). These

()
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Fig. 2 (a) Cross-sectional schematic of the Pt contacted tin-oxide 2
memristor and (b) current-voltage characteristic (V swept from O to 30 B
V, ligit = 100 nA) recorded during the electroforming process ‘gre ) and S
the first switching event recorded immediately afterwards (bl aclg. The &
inset shows that in the pristine state, current transport is consistent -
with direct tunnelling i.e. I proportional to V. i : L L. : : :
. . . 380 400 420 440 460 480 500 520
nanoparticles but given that all electrical measurements Kinetic Energy (V)
are performed in air, it is most probable that the 20.9nm
nanoparticles are more oxidised at their surfaces i.e. (C)
they have a compositionally graded structure with the 180
core being Sn-rich and the outer surface being more O- 16.0
rich. Fig. 3(c) is an atomic force micrograph that shows a i
similar self-assembled nanoparticle network that is
) . 120
electrically connected to four planar electrodes. This
device structure was achieved by performing two -10.0
electroforming steps with characteristics similar to those 8.0
in Fig. 2(b). The first being between contacts A and C and -
the second between contacts B and D. Once again, the
facile electroforming process resulted in a memristive 40
nanoparticle network located between the contacts and 20
within a semi-insulating SnOx film. I-V characteristics 0.0
taken from all combinations of contact pairs
. : . s Fig. 3 @) Atomic force micrograph and (b) Auger electron spectra
immediately after formation exhibited pronounced en blfr%m( ) A menistive qe;ﬁfcep after géctr%.?rrginﬁ T?S'Tjse”_
. assembled network of nanoparticles and the unmodifie ayer are
hysteresis (not shown). visible in sa). (c) Atomic fogze micrograph of a similar self-assembled
nanoparticle network formed between four planar electrodes.

The remainder of this paper focuses on the

characteristics of dual-contact devices. The device

characteristics of four-contact devices will be discussed

in

imposed and with one complete sweep taking 18 s, show
I-V hysteresis characteristic of memristors. The device
exhibits volatile resistive switching behaviour. The
dominant transport mechanisms in the HRS and LRS

detail elsewhere.

Resistive switching characteristics differ as shown in Fig. 4(b) and (c). In the HRS (Fig, 4(b)),

transport is limited by Schottky emission. In the LRS (Fig.
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4(c)), the I-V characteristics are initially consistent with
transport limited by Fowler-Nordheim tunnelling. As the
voltage across the device falls below 1.0 V, the current
diminishes rapidly, and the device relaxes back to the
HRS.

To assist in determining the mechanisms causing the
memristance in the NNDs, we now compare the NNDs
with tin-oxide filamentary devices (TFDs) formed
similar (but not identical) mixed-phase material. The
device layers in the TFDs remain as dense solid films
throughout electroforming and undergo no significant
surface  morphological changes. Instead, microscopy
(not shown) has revealed evidence of single nanoscale
filaments between the contacts post-electroforming.
These distinctly different memristive mechanisms are
caused by the (slightly) different phase compositions of
the as-deposited layers in the NNDs and TFDs. The more
Sn-rich TFD tin oxide layers likely contain a higher
concentration of Sn clusters relative to the tin oxide NND
layers and it is believed that the higher density of
clusters assists in establishing an initial conduction path.
Joule heating along this conduction path then results in
cluster-linking and a filament which localizes the device
current and the Joule heating. The surrounding layer
passes little current and therefore remains unaltered.
The TFDs can be operated with higher current limits (up
to 300 nA) without morphological transformation
occurring. Above this limit, the filamentary region melts
and the TFDs then either exhibit no switching or chaotic
switching.

in

In either case, formation of nanoparticle
networks like those in Fig. 3 does not occur.

In the NNDs, switching to the LRS occurs (during
electroforming) at a higher (~30%) threshold voltage
relative to the TFDs. The density of Sn clusters is
expected to be lower in the more oxygen-rich as-
deposited layer in the NNDs. With a higher current, the
NNDs reach a higher during the
electroforming process. Decomposition of the SnO
phase is expected to increase conductivity and as the
temperature rises further, the entire region of the device
layer between the contacts becomes molten. Surface-
energy minimisation and Ostwald ripening processes
ultimately lead to the nanoparticle network morphology
shown in Fig. 3(a) and (c).

Bidirectional resistive switching characteristics from
a TFD (shown in Fig. 4(d)) resemble those of the NND but
differences provide some insight into the underlying
mechanisms. In the HRS (Fig 4(e)), the transport
mechanism is characteristic of Schottky emission, as itis
in NNDs. In the LRS (Fig.4(f)), the TFDs produce ohmic I-
V characteristics. In these devices, a filament extends
between the contacts when the LRS is entered. This
filament must short out the Schottky barriers at the
contacts for ohmic conduction When the

temperature

to occur.
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voltage/field is removed fitting show that the device
current is once again limited by Schottky barriers. This is
consistent with rupture of the filament and removal of
the parallel connection across the Schottky barriers.
Importantly, this memristive mechanism prevents the
recurrent behaviour exhibited by some neural networks
and by some switching
networks[194].

Switching from the HRS to the LRS inthe NNDs could
occur by multiple mechanisms. As the voltage and
current increase in the HRS, Joule heating causes an
increase

atomic/nanoparticle

in the free electron concentration and an
increase in the tunnelling current. Thermal expansion
within the network may narrow the average width of the
tunnel  barriers separating the  nanoparticles.
Decomposition of the minority SnO phase
expected, as in the TFDs. Significant re-configuration of
the network seems unlikely given the highly
reproducible switching characteristics shown in Fig. 4(a).
Atomic force microscope images of an NND taken after
the electroforming, 10, and 20t |-V sweeps were image
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processed to yield average diameters of the
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Fig. 4 (@) Cross-sectional schematic (a) |-V characteristics of an NND
with 100 nA current limit imposed during measurement, (l:2 fittin%tof HRS
and (c) Fowler-Nordheim fitting of averaged (20th, 30th, 40th, 50th) LRS
characteristics of the NND, &d) -V _characteristics of the TFD with 100 nA
current limit imposed, (e) fitting of the TFD HRS and of the (f) LRS.



nanoparticles within the network. These changed only
from 19.8 to 20.3 nm.

It has been demonstrated in atomic switching
networks[194, 275] and single memristors[274] that
second-order  harmonic generation occurs under
sinusoidal voltage stimulus. Figure 5(a) shows the
frequency responses of the NNDs (top) and TFDs
(bottom) to 8V peak-to-peak, 9.25 Hz sinusoidal inputs.
Generation of second-order harmonics is observed using
both the NND and TFD, but third-order harmonics are
only observed in the NND. The relative amplitude of
higher harmonic generation in neural networks
increases with the number of switching junctions.[194]
Here, the NND exhibits an order of magnitude higher
second harmonic at a bias of 8V when compared with
the TFD (Fig. 5(a) and (b)). It has been suggested that
NNDs such as these could be exploited in circuits
requiring passive generation of higher-order harmonics.
Theoretical modelling has shown that interconnected
circuits could achieve >40% power
conversion rates for second-order harmonics, compared
with 4.5% for optimal diode bridges.[274] The NNDs
shown here generate second-order harmonics with
voltage amplitudes up to 18% of the fundamental with
no optimisation performed.

The relative amplitude of the second-order
harmonics rises steeply in the NND as the applied
voltage approaches the threshold voltage. In recurrent

memristor

neural networks, asynchronous feedback inhibition[306,
307] arises due to delayed, opposing signals that occur
across the same network junction, leading to voltage
cancellation and associated damping of signals. Fig. 5a
shows that, while the harmonics inthe NND are of higher
amplitude than those produced by the TFD, they are
noticeably damped as a result of the recurrent dynamics
inherent to the NND. In a fully recurrent network,
complete signal cancellation occurs and therefore no
harmonics are generated. Since higher order harmonics
are observed in the NND, there are ‘feedforward’
pathways present and these must transmit the majority
of the device current.[194, 308]

In summary, while the TFDs
memory and classification properties
individual cells in reservoir computing circuits?4, only the
NND provides the interconnectivity required for
projection from a temporal signal into a high-
dimensional space. Hence, there is great potential to
explore computing functions using these
simple-to-fabricate NNDs.

exhibit short-term
suitable for

reservoir

Conclusions
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Fig. 5 (@) Amplitude spectra  obtained after  Fourier

transformation of responses from the NND and TFD to 8V, 9.25 Hz
sinusoidal input signals. éb) Relative amplitudes of harmonics
generated in the NND and TFD as a function of bias voltage.

We have described a facile method for the
fabrication of memristive nanoparticle networks in sub-
stoichiometric (mixed phase) tin oxide. The effects of
composition on the resulting devices have been
discussed and comparison has been made between the
network devices and filamentary memristors formed in
similar layers. Stable, volatile, bidirectional
switching was observed in ambient and at room-
temperature immediately after the formation of the
nanoparticle networks. Higher-order harmonic
generation and damping observed in the network
devices are consistent with recurrent network behaviour
than filamentary These
characteristics suggest potential for similar devices to be
exploited in applications requiring efficient passive
harmonic generation and in reservoir computing.

resistive

rather memristance.
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