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Abstract

Resistive switching in metal oxide materials has recently renewed the interest of many
researchers due to the many application in non-volatile memory and neuromorphic
computing. A memristor or a memristive device in general, is a device behaving as
nonlinear resistor with memory which depends on the amount of charges that passes
through it. A novel idea of combining the physical resistive switching phenomenon and
the circuit-theoretic formalism of memristors was proposed in 2008. The physical
mechanism on how resistive switching occurs is still under debate. A physical
understanding of the switching phenomenon is of much importance in order to tailor
specific properties for memory applications. To investigate the resistive switching in
oxide materials, memristive devices were fabricated starting from materials processing:
low-pressure chemical vapor deposition of ZnO nanowires (NWs), low-temperature
atomic layer deposition (ALD) of TiO, thin films and micro-pulse ALD of Fe,Oj3 thin
films. The distinct geometry of ZnO NWs makes it possible to investigate the effect of
the electrode material, surface states and compliance to the memristive properties. A
simpler method of fabricating TiO,-based devices was explored using low-temperature
atomic layer deposition. This approach is very promising for device application using
photoresist and polymeric substrates without thermal degradation during and after
device fabrication. ALD of pure phase Fe,Oj3 thin films was demonstrated using cyclic
micro-pulses. Based on the performance of the fabricated devices, the oxide materials

under this study have promising properties for the next-generation memory devices.



Summary

This dissertation is organized as follows:

CHAPTER 1. This chapter provides an overview in the field of memristor and
memristive devices. A background on the circuit-theoretic and recent
development in device application are given. A survey of different memristive
materials is discussed in detail. The current state-of-the-art technology and
application of memristors is also given emphasis.

CHAPTER 2. This chapter focuses on the methodology and materials
processing techniques utilized in this study. Emphasis is given in science behind
low-pressure chemical vapor deposition (LPCVD) and atomic layer deposition
(ALD) techniques.

CHAPTER 3. This chapter presents all the oxide materials and device
characterization. Results showing the effect of interface layer in ZnO NWs
memristive behavior are discussed. Results of low-temperature ALD and
fabrication of TiO; thin film devices are also tackled. Finally, results of micro-
pulse ALD and fabrication of Fe,O3 thin film devices are presented.

CHAPTER 4. Summary and conclusion are given based on the results
presented. Suggestions regarding future development in the materials processing

and device characterization aspect are also presented.
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1. Review
This Chapter will discuss the concept of memristor and the recent advances in the study

of memristive materials and devices. Details about the circuit-theoretic formulation of
memristor and the physics of memristive switching in various materials and devices will

be presented.

1.1. Background
System complexity in biological systems, memory networks and learning processes are

observed to possess brain-like features. This poses a great challenge in terms of
emulating neuromorphic processes like pattern recognition, adaptive learning and
memory. Neuromorphic system and information processing are two emerging
technology trends that require sophisticated microelectronic devices and circuitry for
fast, reliable, high-density computing. Downscaling is very important in device
fabrication especially now that low dimensional device architecture equates to physical
device miniaturization, efficient material resource management and low power

consumption.

Different electronic devices offer alternative solution to conventional type of computing
including memristors, memristive systems and spintronic devices. The idea of
memristor was first theorized by Chua® in 1971 in an attempt to find a circuit-theoretic
relation between electric charge q and magnetic flux ®. Memristors and memristive
systems offer potential use in neuromorphic processes, learning systems, parallel
computing and non-volatile memory devices. The state of the device depends on its
current charge history and its memory is retained. Thus, memristor can retain memory

even if the power is switched off.

In the vast selection of materials to be used for such applications, metal oxides like
ZnO, TiO, and Fe,O3 are excellent choices because of abundance, ease of processing
and versatility. The recent discovery of the TiO,-based memristor by HP Labs? stirs
much interest in the field of nanoelectronics. This simple device consists of a switchable
insulating layer sandwiched between two metal electrodes. These devices operate
through stable switching from high to low resistance states caused by the changes in the

filament resistance.



1.2. Memristor Fundamental
Basic circuit theory describes passive circuit elements as two-terminal devices that

relate fundamental circuit variables — voltage (v), current (i), charge (q) and magnetic
flux (¢). Six mathematical relations can be formulated relating two of the four circuit
variables. Two relations arise from the concept of current (charge flow) and voltage
(electromotive force). Charge is the time integral of current. Conversely, flux is the time

integral of voltage. These relations can be written as,

dqg=idt )

and
de = vdt (2)

The three equations describing the three basic circuit elements are:

voltage and current relation links with resistance R,

dv =R di ©)
charge and voltage relation associates with a capacitor with capacitance C,
dq =Cdv 4)

and current and flux relation describes an inductor with inductance L.

de = L di ()

The last equation linking flux and charge describes a quantity M with units of

resistance.

d¢p = M dg (6)

The memristor equation can be deduced to Ohm’s Law when the device response
becomes linear. Based on the theoretical formulation, a memristor operates under

sinusoidal input wherein the voltage changes with time.



1.3. Memristive Devices

There is a remarkable progress in computer and mobile telecommunication in the past
decade due to improvement of memory and processor technologies. With the emergence
of big data opportunities for industry and research alike, the demand for memory
devices increased rapidly. Memory devices can be divided into two groups — non-
volatile and volatile memories. The current platform in memory storage mechanism is
based on floating gate (flash) devices — charge storage.** Due to scaling limits
encountered by this system, alternative memory storage mechanisms are already being
developed.” The most promising alternatives include ferroelectric switching, magnetic
switching, phase-change and resistive switching™®. Resistive switching has been
demonstrated since the late 1960s.***? Band model interpretation of such phenomenon
is less applicable as new experimental results indicate high field in localized regions of
the device after electroforming.

1.3.1. Electroforming

Electrical phenomena in many oxides are described by a nonlinear transport
mechanism***® based on the bulk, surface states and oxide-electrode interface. The
insulator-conductor transition that occurs prior to obtaining a stable switching has to be
surpassed by electroforming. IV measurements show that the device becomes more
conductive after the electroforming process. A typical IV measurement is performed by
applying electrical stress to the device. In a symmetric device, when a gradually
increasing positive voltage is applied to the top electrode, oxygen vacancies drift toward
the bottom electrode. This high-field induced charge transport in some cases results to
phase transition'® to a more conductive state of the bulk or in localized regions. For an
asymmetric device on the other hand, metallic filaments are also observed to form as
ion channels using active electrodes like Ag'"*® and Cu.’*# Either oxygen vacancies or
metallic ions forming the conducting filaments are believed to be responsible for the
abrupt decrease in resistance of the insulator.

Some issues are encountered during electroforming using voltage bias in particular. As
mentioned above, this process can alter the stoichiometry, phase or charge distribution
within the insulator. Initial field bias applied to the device is usually higher than the

operating field. It is necessary to limit the current or to set a compliance current I in



order to prevent irreversible dielectric breakdown. Another approach to completely
avoid setting the compliance current is to apply current bias (instead of voltage bias)

during electroforming. Nauenheim et al.??

observed stable transition into the bipolar
switching without shifting to a permanent conductive state or unipolar switching mode.
Moreover, it is determined that the use of low-level current (10° A) or low scan rate
prevents the cell device from overcharging. Device geometry and operating current are
important factors that affect memristive property because they are correlated to the

changes in local inhomogeneity during switching. Yanagida et al.?

investigated the
scaling effect of unipolar and bipolar switching in crossbar junction devices. They
investigated the transition of non-memory, unipolar and bipolar switching based on

device geometry or cell area.

1.3.2. Resistance States

The initial resistance of a memristive device called pristine state (PRS) exhibits
rectifying behavior. This is because the interface between Pt and Au (typically used as
inert electrodes) and most oxides form a Schottky contact."® After electroforming, the
device exhibits stable resistive switching characterized by two states - high resistance
state (HRS or OFF state) to low resistance state (LRS or ON state). When the device
switches from HRS to LRS, it is said to have undergone SET process. On the other hand
when it switches from LRS to HRS the device it called RESET process. The switching
can be bipolar (BRS) or unipolar (URS) depending on the nature of electrical stress and
device asymmetry related to fabrication.” In the BRS mode, the SET and RESET
processes occur on different voltage polarity while in the URS mode the SET and
RESET processes occur on the same polarity and the RESET depends on the current
intensity. In terms of device performance, bipolar is more reliable than unipolar
switching in terms of endurance as the former is influenced by applied field while the
latter is dominated by thermal effects. The ON/OFF current ratio influences the power
consumption and switching speed. The transition between resistance states can be a
smooth curve or an abrupt jump in the current in a given threshold voltage. Several
reports indicate that it is possible to obtain more than two resistance state which the

memristive device can switch. Multiple filament formation, stoichiometry, surface



states, compliance current and source frequency® are some factors mentioned that

influence the transition to multiple resistance states.

1.3.3. Switching Mechanism

Early work of Dearnaley et al.*® | Oxley® and Petersen et al.? give detailed description
of the physical mechanism of resistive switching in oxides and chalcogenide thin film
devices. The irreversible process of electroforming proceeded by stable switching
thereof are shown to be due to filament formation across the insulating layer. Structural
and conductivity studies of electroformed TiO, devices give strong evidence of the
localized channel formation®’°. Switching dynamics is classified into three categories
based on whether redox reaction or ionic conduction happens during switching®. This
includes thermochemical mechanism (TCM), valence change mechanism (VCM) and
electrochemical metallization (ECM)**2. The first category is associated with thermal
effects wherein current-driven increase in temperature results to filaments formation and
rupture. This category best explains unipolar resistive switching. The second category is
linked to oxygen vacancy migration which causes changes in oxide stoichiometry. In
this mechanism, a nonstoichiometric or multilayer oxide layer is introduced in the MIM
device in order to alter the vacancy transport. The chemical control in this case is
confined in the interface suggesting the dominant contribution of thin layers instead of
localized filaments. Lastly in ECM mechanism, the switching depends on the metal ion
diffusion from the active electrode (Ag or Cu) to the inert electrode. During the
switching process, the conducting filaments can be composed of ions and vacancies.
The linearity or nonlinearity of the transport properties of MIM devices serves a clue
about the nature of the charge carriers responsible for the switching. Nonlinear behavior
can be accounted by ion transport or by electrode-insulator interface reaction®. It is
important to note that once ion transport is taken into account, the channel length has to
be of the order of atomic scale length — i.e. lattice constant or nearest neighbor

distances.



1.4. Memristive Materials

Memiristive effect have been observed in various metal oxides like transition metal
oxides (TMOs), perovskites, multiferroics, ferroelectrics, wide band gap (high-k)
dielectrics, organic-based materials like graphene oxide and polymers. On the other
hand, non-oxide materials which exhibit similar effect include chalcogenides like
selenides and tellurides. This suggests a wide range of material selection as building
blocks of devices for memory applications™.

Several switching mechanisms were proposed for particular materials to explain the
phenomenon. For example, tunneling in high-k dielectrics is widely used to explain the
low current and low power transport. Metal-insulator phase transition is very much

34-36

studied using VO, as model material.

1.4.1. Oxide Thin Films

Titanium dioxide (TiOy) thin film development has been of much interest because of its
potential use in many practical applications. There is also a need to find an alternative
material to replace SiO, for memory cells and field effect transistors (FET). TiO, —
based memristive devices are well investigated in the literature. Recently, Strukov et.
al.>¥" proposed an empirical model of TiO, resistive switching and memristance in
general. In this phenomenological approach, they described the TiO, layer consisting of
doped and undoped regions. The boundary between these two regions is like a “moving
wall” depending on the state variable w(t) associated with the size of the doped region.
When w(t) = D, the device becomes more conducting (R = Ryy) and when w(t) —
0, it becomes more insulating (R = Rogr). Thus, such system was modeled as two

variable resistors connected in series. The memristance equations are written as,

@) = (Ron "5+ Rore [1 - 2 )10, 7

where aw(t)
dt

(8)

RON
1(¢).
L )

It is clear that the state variable w(t) is dependent on the ion mobility pt such that
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R
we) =u=2q@. O

When we put equation (9) to equation (7), the memristance becomes

Ron
M(@) = Rorr (1 - n2ta®). 7

Equations (7) and (10) describe current-controlled memristive switching. The
memristance equation (10) explicitly depends on the internal state of the device.
Although this model fits the available experimental data, one has to argue that its
universality is quite limited. This linear drift description encounters unavoidable
nonlinear effects as one approaches the boundaries. Pershin and Di Ventra *® suggested
that description of current-controlled drift and ion mobility should also account for such
boundary conditions. Further refining of this model has been done with the inclusion of
a window function F which ensures zero drift at the boundaries.*® Other models have

also been developed and implemented to accommodate other material systems.*24%42

Direct physical evidence of oxygen vacancy generation due to TiO; reduction during
device operation has been reported. Amorphous, anatase and magneli phases are found
to coexist in a working TiO, device.®***% The magneli phase is the reduced TiO,.
phase which exhibit metallic behavior. This reduced region predominantly carries the
current across the oxide, thereby creating localized increase in temperature. Although
this occurred only during high-field bias or electroforming process. High resolution x-
ray photoelectron spectroscopy (XPS) results®® of TiO, bilayer devices consisting of
oxygen-rich (TiOy) and oxygen-deficient (TiOy) layers show evidence of oxygen drift
across the interface region. Changes in the chemical binding states of Ti* peaks are
measured in the three oxide regions namely: TiOx layer, TiOy layer and TiO4-TiOy
interface. The oxygen-deficient TiOy layer did not exhibit significant changes in the Ti
sub-oxide phases measured in the three resistance states. On the other hand, the TiO
layer and the interface region show increase in the metallic phases Ti** peak intensity in

the low resistance state.”® Clearly, the TiO, layer acts as the charge reservoir during
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switching. The TiOx layer and the interface region become more conducting as

conducting filaments are formed during electroforming and SET processes.*®*’

Much effort has also been done to investigate the role of intentional doping or the
presence of nanoparticle interstitials in the switching behavior of several oxides. Defects
have been crucial assisting field localization thereby suppressing further potential build
up during bias. The presence of well-separated nanocrystals in the oxide facilitates the
formation of polar charges which affects the hysteresis in the 1V curve.”® Al,O3; MIM
devices have been studied on its memory performance by embedding metal nanocrystals
on the Al,O; matrix. The advantage of Ru on Al,Os is that the high-dielectric property
of Al,O; accommodates trap-rich regions which act as charge storage layers.*® This

results in direct tunneling effect in the Al,O3 bulk during bias programming.

Qin et al.*® suggested that modification of the oxide-electrode interface using Ag
nanoparticles enhances the memristive behavior of Al,O3 devices. During bias in a
MIM device, oxygen vacancies are influenced by a uniform electric field which enables
the formation of cylindrical-shaped conducting channels parallel to the applied field.
The SET and RESET processes show fluctuations in their values and this can be
attributed to the random channel rupture and recovery. This is because no filament was
more favored to rupture, as this is the nature of how the ensemble of filaments is
initially formed. On the other hand, the presence of Ag nanoparticles alters the electric
field distribution. This creates localized fields which facilitate the growth of conducting
filaments while suppressing the random nature of this process. The results show
minimized resistance state dispersion and lower SET and RESET voltages which
translate to more stable (both endurance and retention) devices and lower power
operation.”® Similar improvement in the endurance has also been observed in Al-AlOy
multilayer devices. Song et al. proposed that by increasing the number of Al-AlOy

layers, the number of active regions for the filament growth and rupture also increases.>*
1.4.2. Oxide Nanostructures

The localized nature of filament generation during resistive switching suggests the

possibility of fabricating nanostructure-based memristive devices. Moreover, surface
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effects and carrier dynamics can be conveniently investigated in such systems as
compared to the study of filaments sandwiched in bulk devices®’. Among the
nanostructured memristive oxide devices reported in literature include nanowires
(NW)**® nanotube (NT)s,%? nanobelts (NB)®, quantum dots (QD)® and nanoparticles
(NP).> Due to size effect, charge localization, field distribution and impurity, the
diffusion in nanostructures behave differently in comparison to bulk materials. NW-
based memristive devices are of much interest because of the ease of synthesis and the
possibility of fabrication of individual NW devices. This entails much more
sophisticated methods in conducting detailed study of charge transport mechanism and
other nanoscale physical phenomena.

Nagashima et al.> demonstrated bipolar resistive switching in fabricated single
MgO/TiO, NW devices. The memristive switching of these devices was found to be
affected by the different gas environments. Moreover, the nature of the transport carriers
was n-type which was in contrast to the p-type character of carriers normally
concentrated in conducting filaments. One particular observation was the decrease of
low resistance state (LRS) when the device was exposed to oxidizing environment.
They concluded that such behavior could be due to the effect of electron compensation
through NW surface oxidation with the environment. Huang et al.*® utilized ZnO NW-
thin film junction diodes (1D) and memristive devices (1R) to show rectifying and
resistive switching behaviors in one device (1D1R). One advantage of this configuration
was the mitigation of sneak path currents which arose in crossbar devices. The presence
of NW layer creates device asymmetry (non-symmetry Schottky barriers) as well as
vacancies or surface states which facilitate stable switching.”* The ZnO NW layer acts
as a reservoir for oxygen vacancies readily accessible during filament formation and

rupture®. Similarly, Qi et al.”’

reported self-rectification and self-compliance behavior
during switching of single Na-doped ZnO NW devices. The fabricated device had the Pt
electrode connected to the ground while the active Ag electrode connected to a voltage
bias. It was observed that a chain of Ag nanoislands formed on the NW surface during
electrical characterization. High spatial resolution Auger electron spectroscopy (HSR-
AES) map of the Ag distribution along the NW length showed the highest concentration

of Ag in the biased electrode (Ag) while the lowest concentration was found in the
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middle. Self-compliance enhancement was attributed to the asymmetry of electrodes
and Na-doping. It was also inferred that Na-doping facilitates the segregation of Ag
atoms during bias.>” Dendritic Ag NP cluster formation was also observed in ultrathin
devices of SiN, membranes.”” However, it has to be considered that in 1D
nanostructures, the fractal behavior of the filament is now limited to the axial
confinement as compared to 2D systems.®® Controlling such filaments was dependent
on the programming current owing to the reduction of Ag ions within the switching
layer through electron capture.'®” Moreover, it was shown that by changing the SET
voltage in Sh-doped ZnO NW devices, multilevel resistance values could be obtained.®*
This was due to the fact that Sb-doping increased resistivity and thereby narrowing the

voltage distribution during SET process.

Another approach implemented to obtain enhanced resistive switching was to utilize the
piezoelectric property of ZnO NW. Wu and Wang® demonstrated from a
piezoelectrically modulated resistive memory (PRM) device that the applied strain
(tensile and compressive) drastically influenced the hysteretic I-V characteristics. The
absence of central symmetry of the ZnO crystal”* meant that mechanical perturbation on
the crystals had effect on the ionic polarization. This gave birth to a new phenomenon
called piezotronic effect. It was described as the tuning of the barrier height at the
electrode-oxide interface by the strain-induced charge polarization.>® They also showed
that the conductance ratio was stable (~10°) with different values of applied strain.
These results offer large potential for the fabrication of flexible ZnO NW-based

memory devices.

1.4.3. Application

In this section the overall performance of memristive devices based on particular
application is discussed. It is important to consider that some device characteristics are
of much importance while others can be compromised up to a certain extent. Switching
properties which arise as some electrical parameter-dependent are highlighted and

evaluated in relation to specific device applications.

Crossbar device architecture is now used for the fabrication of high-density nonvolatile

memories.” " The feasibility of memory devices to be implemented in the existing chip
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technology is to put small-size cells into densely-packed configuration (for more
scalability). Crossbar array configuration enables the selection and programming of
individual memory cell. However, there are challenges that have to be addressed like
sneak path current to avoid incorrect selection of memory cells during read/write
process. In fact the signal from unselected devices in the crossbar array can contribute
noise during operation.

Yanagida et al.”

studied the effect of cell area in the resistive switching characteristics
of crossbhar devices. They proposed threshold lines highlighting the boundaries between
unipolar, bipolar and no switching regimes. The coverage of these regimes are mapped
according to the applied electric field or forming current as a function of cell area. Fig.
l1a shows the area dependence of switching with applied electric field while Fig. 1b

shows the dependence with forming current.
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FIG. 1. Area dependence of the different switching regimes with the applied electric
field (a) and forming current (b).

Devices commonly exhibit no resistive switching when biased with low electric field or
low forming current regardless of cell area. The threshold electric field necessary for
bipolar switching is not much affect by the cell area. In fact, there is no noticeable effect
(~10° V/cm) with a wide range of cell area (10° to 10° nm?).”® As presented in Fig. 1a,
the electric field required for unipolar switching is influenced by the cell area. The
smaller the cell area, the larger the electric field necessary for unipolar switching and
vice versa. The forming current for unipolar switching is not that affected with the wide

range of cell area being measured. On other hand, this is not the same with bipolar
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switching. There is a noticeable increase in the threshold current from 10 to 10* A
when the cell area is increased in the range 102 to 10° nm?. The crossover of the two
threshold lines in both diagrams supports the commonly observed unipolar switching in

devices with large cell area.

Another way of connecting memristive devices in crossbar array is by stacking
complementary devices.?® Linn et al.”® suggested that connecting two devices anti-
serially solves sneak path problems. Their device is composed of Cu bottom electrode
and Pt top electrode with GeSe sandwiched layer. The complementary devices have the
same mechanism as that of CMOS inverters wherein one of the transistors is always
turned OFF, so the operating current is greatly minimized. Moreover, they also
mentioned that the memory resistance has no dependence on the stored bit of
information but in the pre-defined state during the write process.”

Adding nonlinearity feature to the Pt/ TaO./TiO,.,/Pt devices in a crosshar array has
been shown to simplify the crossbar implementation by avoiding extrinsic device
selection and by operating at low current around 10°® A.” It has been reported that the
nonlinearity arises from the TaO,/TiO,. bilayer and the resistive switching happens in
the Pt/TaO, interface.’

Another switching characteristic that needs to be emphasized is the switching speed of
memory devices. Volatile memory applications require several hundred picoseconds to
nanoseconds of switching to accommodate fast data processing. Pulse-induced
switching is usually performed to determine the high speed switching characteristics.

Lee et al.®

obtained high speed switching of about 5 ns. The device, composed of HfO,
switching layer and Ti buffer layer, exhibits high resistance ratio and reliable retention
(about 10 years) even at 200 °C temperature. Zhang et al.2® reported similar response
time in Pt/STiO3:Nb junction devices. It is also reported the possibility to obtain multi-
valued memory states with similar switching characteristics in TiO,-based devices.®*
Sub-ns time response was also observed using GHz pulse generator. It has been
demonstrated®™ that a 300 ps pulse of 1.4 V amplitude provides enough energy for

switching a HfOx based device. Torrezan et al.®

also reported sub-ns switching
behavior of Ta oxide memristor in the 100 ps timescale. Utilizing the ultrafast switching

characteristics of memristive devices shortens the programming time during write
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process. Moreover, this device capability offers the possibility of competing with the
DRAM performance.®’

Neuromorphic process is also a rich area of application where fast memristive dynamics
can be exploited. Although it has also direct application in digital logic, research interest
has not been reinforced due to the success of CMOS technology in this application.
Early work of Widrow®® in the 60s used the concept of memistor (resistor with memory)
to describe and mimic the firing of the neuron. It is necessary to have electronic control
over the neural output by storing the negative or positive gain values depending on how
the input signals are temporally introduced.®®#° In electronic devices the neural firing is
generated by artificial synapses or spikes. The amplitude of such signal can be varied
according to the timing of pulse namely pre-synaptic or post-synaptic spike.®* Since
this system is asynchronous, which does not require a clock like in digital logic,

information processing can be done in parallel.®°

Spike-timing-dependent plasticity (STDP) learning mechanism is one area of study
being explored apart from the resistive switching phenomenon on various materials.
The comprehensive overview of the STDP process can be found in the suggested
references.®**° Ultrafast STDP was implemented in chalcogenide memristors to mimic
the synaptic weight modification during pulsing.® Potentiation (increase in device
conduction) and depression (decrease in device conductance) were observed when
negative and positive pulses were applied, respectively. It was found out that the pulse
width upper limit for the chalcogenide memristor to undergo phase change from
crystalline to amorphous state is 30 ns with 1.4 \VV amplitude. However, this is still 5
orders of magnitude faster than that of normal synapses in biological processes
(milliseconds).?® Many phase-change memory devices exhibit the potentiation and
depression behavior during pulsing.””* In oxide devices, the initial pulse generates the
largest change in the conductance either during potentiation or depression. The
succeeding pulses tend to create saturation in the conductance values. This jump in
conductance can be attributed to charge trapping and de-trapping processes which
normally happen in very short time scales.’® " The conductance saturation is the effect
of leakage current due to additional stress-induced defects formed after many pulsing
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cycles. Detailed studies of STDP variations due to device-specific implementation have

been previously reported.'%21%

The potential application of memristor and memristive system is wide and a lot of areas
have not yet been explored in detail. The immediate application in non-volatile
memories promises fair alternative to DRAM technology. Neuromorphic and STDP
application utilize device properties like fast switching dynamics, multistate and analog
switching in various materials systems. Full realization of these applications relies on
the fundamental science i.e. better understanding of the filaments dynamics, charge
transport and defect formation in memristive materials. Thus, it is imperative to provide
thorough investigation of the materials processing and device fabrication of memristive

system.
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2. Materials Processing

This chapter will discuss the growth of ZnO nanowires and TiO; thin films as starting
materials for the fabrication of memristive devices. First, low-pressure chemical vapor
deposition (LPCVD) of ZnO nanowires will be described. Next, atomic layer deposition
of TiO, thin films will be discussed in detail. It will be important to also mention the
dependence of materials preparation to the material properties. Therefore, this will the
focus of most of the discussion here. Lastly, device fabrication methods used in this

study will also be discussed.

2.1 Chemical vapor deposition

Interest in ZnO nanostructure studies have been growing since the development of
nanoscience and technology. Sophisticated techniques were developed and improved for
nanoscale processing and characterization. ZnO received much interest in areas of
electronics, photonics and opto-electronics due to its unique defect chemistry. There are
a variety of deposition techniques routinely used for the production of different ZnO

nanostructures.’® % This includes hydrothermal technique,*®**?

113-118

vapor phase transport

119-121

(carbo-thermal), thermal oxidation

(CVD) .1227125

and chemical vapor deposition

Among the above-mentioned NW growth methods, hydrothermal technique requires the
lowest growth temperature (90 °C) while other techniques need higher temperature at
least 300 °C. However, post-heat treatment is normally required to minimize the
unnecessary impurities in hydrothermally-grown NWs. CVD has more advantages in
terms of controlling growth parameters, crystallinity, intentional doping and
homogeneity of ZnO NWs. CVD requires only moderate growth temperature and more
control in the growth environments. It is well known that different preparation
parameters affect the ZnO nanowire properties. Seed-layer has been known to enhance
the epitaxial orientation of the grown ZnO NWs. Prior to the NW growth, it is required
to perform the initial deposition of metal catalyst or acetated-seedlayer.'?!%12" The
crystal orientation of the seed-layer is independent of the substrate used.'”® Some
reports demonstrated that surface roughness assists ZnO NW growth even in a catalyst-
free substrate.'’®'?® Yu et al.™ reported the synthesis of ZnO NWSs in a substrate

without metal catalyst in a double-tube configuration. The purpose of using a smaller
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tube is to confine the Zn vapor during reaction. This results to larger Zn-rich region in
the tube thereby increasing the length of grown ZnO NWs up to 6 pm. However, the
vertical growth of nanowires is impeded due to the absence of catalyst or seedlayer for

epitaxial growth.

d

TNW length

liquid vapor growth
catalyst alloy vapor saturation
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epitaxial
vapor growth
seedlayer  vapor saturation

by e |

FIG. 2. Nucleation and nanowire growth process in the presence of catalyst (a) and
seedlayer (b).
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FIG. 3. Schematic diagram of the horizontal tube furnace used (a) and reaction
temperature profile (b) for low-pressure chemical deposition (LPCVD) of ZnO NWs.

In this study, a 27 mM solution of zinc acetate di-hydrate was spin-coated on Pt-coated
Si/SiO2 substrates, rinsed with ethanol and blown dry with N, gas. After covering the
substrate with several layers of the solution, it was annealed in air at 350 °C for 20

minutes. This procedure was repeated to have a film consisting of 10 layers.

LPCVD was performed in a typical thermal CVD system consisting of a horizontal
quartz tube furnace. The tube was evacuated to about 10 mTorr base pressure. Zn foil
was used as Zn source. The substrate was positioned toward the downstream direction
as illustrated in Fig. 3. The standard LPCVD process was done at a temperature of 650
°C for 20 minutes. The system was maintained under vacuum and Ar gas was used a
carrier gas with 300 sccm flow rate during the whole process. O, gas was introduced
with 50-150 sccm flow rate during the growth process.

Several LPCVD trials were made to determine the parameters affecting the growth of
ZnO NW. The deposition temperature was varied from 650 to 800 °C. Homogeneous
and dense growth of ZnO NWs was observed in the deposition temperature of 650 and
700 °C. The growth ZnO NW also exhibit high c-axis orientation. Previous study in our
research group shows single crystal properties of an individual nanowire. Growth of
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ZnO NW at 800 °C was not successful. It is possible that the Zn source was completely
consumed even before O, gas was introduced to the reaction. Adding more Zn source in
the chamber and shortening the ramp up time for heating the furnace are possible
remedies of the problem. However, this approach seems to be impractical and not cost-

effective.

Repeatability of ZnO NW growth is very important for device application. It has been
practiced that during sample preparation all the equipment has to be clean ultrasonically
cleaned with ethanol. Noticeable differences in the morphology of synthesized ZnO
NWs have been observed. The quartz tube is regularly cleaned to maintain the base
pressure for each LPCVD process. The successive LPCVD process leaves ZnO deposits
on the inner wall of the tube. This also degrades the ZnO NW growth quality and
uniformity. Thus, it is imperative to always use a freshly cleaned tube to minimizes the
factors that affect the variability of NW growth.

Patterned seedlayers are also used for the NW synthesis. After the spin-coating of
seedlayer, standard photolithography and wet etching were done. Circular and
rectangular strip patterns are used. It is also demonstrated the possibility of NW growth
in sputtered ZnO thin films. These initial experiments are very important in stablishing
a standard recipe for the growth of ZnO NWs.

2.2. Atomic Layer Deposition

Atomic layer deposition (ALD) is a vapor phase deposition technique which utilizes
surface kinetics during thin film deposition. ALD is a versatile technique of growing
crystalline, polycrystalline and amorphous coatings. The early development of atomic
layer epitaxy (ALE) started with a need of a robust thin film technology for
electroluminescent display devices.*® Recently, ALD is gradually integrated in
semiconductor technology for the production of gate oxides in transistors and dielectric
layers in capacitors for memory applications. The metal oxide dielectrics used include
TaOy, Al,03,*° HfO, and TiO,. In the case of TiO, various metal organic precursors are
used Ti source namely titanium tetrachloride (TiCl4),**" titanium ethoxide (Ti(OEt)s)**
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and titanium isopropoxide (Ti(O'Pr)s)™** among others. Moreover, the typical co-
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reactant used as oxidizing precursors are water (H,O), hydrogen peroxide (H,0O,),
oxygen gas (O,), ozone (O3) and other oxygen-containing organic compounds.

In a typical ALD, the substrate is exposed to gaseous chemical species that are
introduced alternately and separately. This process is said to be self-limiting because the
ideal ALD cycle is purely surface reactions in nature. In order to grow a sub-monolayer
for each cycle, it is necessary to always have active sites on the substrate surface.'**
There are four steps that take place in one ALD cycle: (1) reactant A dose, typically a
metal-organic ligands, (2) purge and pump step, (3) reactant B dose, typically an
oxidizing compound and finally (4) purge and pump step. During the dosing of reactant
A, the chemical species are chemisorbed onto the substrate. When the substrate is
already saturated with reactant A, there will be no more chemisorption and the excess
reactants are purged and pumped out of the chamber. This is followed by reactant B
exposure. Normally, H,O or Oz is used as co-reactant. Reactant B undergo
chemisorption to the A sites until all the sites reacted. The reaction products and excess
reactants are purged and pumped out of the chamber in preparation for the next ALD

cycle. Substrate saturation during chemisorption is dictated by the reaction temperature.

The ALD window is achieved in a temperature range where self-limiting growth occurs.
If the reaction temperature is too low or too high, condensation, gas-phase reactions or
decomposition may occur. This means that incomplete reactions or some CVD-like
reactions due to temperature affect the growth rate. The ideal growth rate per cycle
(GPC) is not influenced by the reaction temperature in the ALD window. The figure
below (Fig. 4) shows the possible reactions beyond the ideal ALD window. At lower
temperature, condensation or low reaction may happen. When precursor vapor is
subjected to temperature lower than the temperature of vaporization, there is a
possibility of condensation and physisorption of precursors even beyond saturation.
This results to an increase in the ALD growth rate. One the other hand, low growth rate
occurs during the reaction when the thermal energy (due to low temperature) is not high
enough to activate surface reaction. At temperature higher than the ALD window,
decomposition or desorption may occur. If the thermal energy is high enough, thermal
decomposition of precursors on the substrate happens thereby increasing the GPC. The
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reverse effect of desorption occurs when the chemisorbed molecules do not stay on the
substrate which limit saturation. This results to an uncontrolled decrease of GPC.
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FIG. 4. Ideal ALD window and temperature dependence of growth rate.

Most ALD reactors are similar to CVD systems. The precursor reactions dictate how the
system is built. In designing an ALD system, one has to consider the cyclic ALD steps.
As described previously, the precursor flow is not continuous unlike in CVD. Moreover,
the wide range of deposition pressure has to be considered. The exposure and purge
sequence has to be optimized in any type of ALD reactor. A background discussion is
given for the different types of ALD reactors namely, flow-type, showerhead, batch,

plasma-enhanced and spatial ALD."*>**!

Flow-type ALD. This reactor design is composed of a heated deposition chamber
similar to a furnace. The precursor species are directly delivered to the main chamber
using a carrier gas. The fluid transport during deposition is maintain to be laminar by
controlling the flow rate, pulsing time and purging rate. In most cases, the precursor
delivery line is also heated to avoid condensation. The main chamber can only
accommodate a full wafer. This is sometimes a limitation considering large-scale

manufacturing.
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Showerhead type ALD. Precursor species delivered to the chamber are evenly
distributed using a showerhead. This design prevents CVD-like reactions because it
minimizes pressure gradient across the substrate area. A double-chamber design is
typical in showerhead type ALD to have uniform temperature close to the substrate. The
inner chamber should be of higher temperature than the outer chamber to avoid
unnecessary reaction far from the substrate. This is implemented by attaching the outer

wall to a cooling system.

Batch ALD. A large volume reactor design can accommodate multiple wafer samples
for batch ALD processing. This design increases the manufacturing yield for each
deposition process. This is beneficial in large-scale manufacturing because ALD is
characterized as a slow deposition process for optimum thickness control. Modifications
should be implemented regarding the exposure and purging rates. The precursor
diffusion is much slower in batch ALD. Thus, the residence time and purging time for
each half-cycle should be longer than in a single wafer reactor to maintain the optimum
ALD conditions.

Plasma-enhanced ALD. Some precursor species require higher thermal energy to
activate ALD reaction. The use of plasma energy to activate reaction is implemented
without requiring high temperature. This is advantageous for thermally-sensitive
precursors and substrates. Co-reactant species do have short lifetimes. Thus, the
integrated plasma reactor should be optimized such that the created radicals reside very
close to the substrate. PEALD is also advantageous in single reactant ALD for metal

thin films.

Spatial ALD. In this reactor design, instead of sequential pulsing of precursors the
substrate or the substrate holder is moved in the different zones in the chamber. There is
continuous flow of precursors in different spatial zones in the chamber. Each spatial
zone is considered as a half-reaction region. This can be implemented using a rotary
reactor. Multiple flanges can be used to prevent the precursors from mixing once they
are introduced to the chamber. This has an advantage in roll-to-roll deposition of

flexible substrates or even textiles.
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The above-mentioned reactor designs are mostly combined in a single ALD reactor to
obtain optimal advantages like film uniformity, low temperature processing and high
ALD throughput. For a research-grade ALD system, the integration of in situ thin film

and ALD reaction diagnostics is also considered.

The high thickness control and self-limiting characteristics of the ALD process make it
possible to deposit thin films in any type of substrate. Conformal ALD coating in high
aspect ratio nanostructures for electronic and energy applications was demonstrated."*~
> Moreover, ALD has much advantage in low-temperature thin film processing

especially in self-assembled monolayers (SAMs) and polymeric substrates.** >

In this study, the ALD tool used was a Beneq TFS-200 model. The schematic diagram
is depicted in Fig. 5. The hot wall, flow-through type ALD reactor can accommodate an
8’” substrate. The reactor is enclosed in the larger main chamber. The uniformity of
deposition is guaranteed also on high aspect-ratio structures (up to 1/50).
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FIG. 5. Schematic diagram of the ALD reactor used for the deposition of TiO, thin
films.
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2.3. Device Fabrication

The effect of the ZnO NW interface to the memristive behavior of ZnO NW-based
memristive device was investigated in this of the study. Two types of top electrodes
were used: Pt and Cu. Pure ZnO NW and polymer-coated ZnO NW were used as

insulating layer. A total of four types of devices were prepared.

For the fabrication of ZnO NW memristive devices, a thin Pt layer (200 nm) was
deposited on top of ZnO NW layer by sputtering using a hard mask to obtain circular

patterns for the top electrode. Fig. 6 shows the steps of the fabrication process.

SEEDLAYER SPIN-COATING TOP ELECTRODE
METALLIZATION
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FIG. 6. Fabrication procedure for Pt/ZnO NW/Pt memristive devices.

After the deposition of the top electrode, wet etching process was performed to expose
the bottom electrode (Fig. 7). A dilute solution containing 1 g of HCI (37%) and 100
mL of distilled water was prepared for the etching process. A portion of the substrate
was immersed to the etching solution for 30 s. Then, the etched area was washed with
distilled water and dried with N, gas. This process was repeated until the optimum

continuity of the bottom electrode was obtained.



For the ZnO NW-polymer (ZnO NW/PP) core-shell, plasma polymerization of acrylic
acid (PPAA) was done in a PECVD system. *** The ZnO NW was coated conformally
with polymer as seen in Fig. 8. Cu electrode was deposited by thermal evaporation and

a three-step photolithography procedure was performed to fabricate circular-patterned

devices.

etched area BE

FIG. 7. FESEM of ZnO NW array showing the etched area exposing the bottom
electrode.
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FIG. 8. FESEM of as-prepared and polymer-coated ZnO NW array.
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FIG. 9. FESEM of ZnO NW memristive devices: Pt/ZnO NW/Pt (a), Pt/ZnO NW/PP/Pt
(b), Cu/ZnO NW/Pt (c) and Cu/ZnO NW/PP/Pt (d). scale bar = 200 nm

Conformal coating of the top electrode on the array of ZnO NWs is shown in Fig. 9.
The top electrode coverage reaches the bottom part of the individual NW. It can be
assumed that the whole length of the NW is fully covered with the top electrode. This
means that the effective thickness of the device is equivalent to the thickness of the film
at the bottom of the NW.

The pointed electrical probe is not directly used in contact with the top electrode to
avoid excessive scratching during measurement. To measure the IV characteristics of
these devices a tungsten coated metal cylinder (D = 1 mm). Few hundred NWs are in
contact with the metal cylinder for every measurement. The measured IV characteristics
is the average response of the ZnO NWs in contact with the metal cylinder. The current
density can be easily calculated based on this set up. Another advantage of using the
cylinder is the reduced mechanical pressure on each NW when contacting the top
electrode. However, there is a limitation on how to control the contact pressure due to
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the mechanical nature of the probe station in use. The use of a flexible probe solves this

problem preventing damage on the device prior to electroforming.

Substrate Cleaning  Thermal evaporation Cu (BE)
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FIG. 10. Fabrication procedure for Cu/TiO2/Pt memristive devices.

Memristive devices based on TiO, switching thin layers were fabricated using standard
UV photolithography and liftoff wet etching. Standard 4 Si wafers (100, p-type) were

used as substrates and washed in piranha cleaning and deionized water.

Electron beam deposition of Cu onto Si provides a continuous layer for the bottom
electrode with no further patterning required. A thin Ti interlayer (20 nm) provides the
adhesion of the Cu thin film on Si. This prevents portion of the Cu layer from being
detached (due to poor adhesion) from the Si wafer during liftoff. The mechanical liftoff

30



process makes the patterning of the TiO, thin layer more straight-forward. The
procedure includes deposition of the photoresist (PR), patterning of the PR by
photolithography, ALD of the TiO, thin films and mechanical liftoff. The details of the
procedure*® are described below:
e Spincoating. A thin layer of PR was spincoated on the Cu bottom electrode.
e Patterning. A circular mask of 1.2 mm diameter was used for the standard UV
photolithography.
e Atomic layer deposition. Deposition of TiO; thin film (30 nm) was performed
using low temperature ALD using Ar as the carrier gas. The precursor used are
TiCl, and H,0.
e Liftoff. Etching of the TiO, thin layer on the patterned PR was done in
ultrasonic bath at 50 °C using dimethyl sulfoxide (DMSO) until the pattern
definition was clearly visible. Subsequent rinsing DMSO and deionized water

was done followed by drying in N, gas.

In order to optimize the liftoff procedure for patterning of TiO, layers, several ALD
tests at relatively low temperatures were achieved varying the substrate temperature
between 80 and 150°C, while carrier gas flow rate (250 sccm), precursor pulse (100
ms), H,O pulse (250 ms), purging times (2000 ms) and number of ALD cycles (400)
were held constant. A sample processed at 230 °C was used as a standard reference
sample. Field-emission scanning electron microscopy (FESEM) was performed on the
samples for the morphology and thickness measurement. The FESEM analysis results
were used to determine the film growth rate at different temperature. Samples for
growth rate calibration were obtained on bare Si substrates by ALD tests using different
number of cycles, using the growth conditions described above. To investigate the
structure of TiO, layers, Raman spectroscopy was performed using a Renishaw inVia
Reflex micro-Raman spectrophotometer equipped with a cooled CCD camera. TiO,
samples (50 nm) for Raman analysis were deposited using the same growth conditions
described above on Si substrates with an interlayer made of e-beam evaporated Pt (100
nm) in order to avoid the presence of Si Raman scattering from the substrate, which

may interfere with the TiO, signal. Samples were excited with a 785 nm wavelength
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solid state laser source using 1 sec exposures with 20 iterations and a 10% power filter
to avoid TiO; crystallization due to prolonged and/or high power laser exposure.

The fabricated memristive devices are made of 30 nm thick TiO, layers deposited at 120
and 140°C and patterned using the liftoff technique described above, and on a reference
TiO, sample deposited at 230°C and patterned by standard photolithography using
reactive ion etching. The Pt top electrode (100 nm) was deposited via sputtering
following a liftoff procedure similar to the one described above, to obtain circular
electrodes of diameter 1 mm. The use of electron beam lithography provides the
capability to develop smaller features for microscale (nanoscale) top electrode patterns.
The I-V electrical measurements were performed in a two-point contact probe station at
room temperature, while maintaining the top (Pt) electrode electrically grounded and the

bottom (Cu) electrode under DC voltage sweep.
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3. Materials and Device Properties

This chapter discusses the growth, characterization and performance of synthesized
ZnO nanowires and TiO, thin film devices. The distinct structure of ZnO NWs has been
utilized for more guided and localized filaments. This results to less dispersion between
resistance states. The low temperature processing using ALD has been utilized for TiO,
thin film devices. This approach has posed promising advantages as far as minimizing
the fabrication steps is concerned. Moreover, optimization of low temperature
processing via ALD allows the use of polymeric and other thermally-sensitive

substrates.
3.1. ZnO Nanowires

Resistive switching in ZnO NW devices is described in this section. Most of the
description on device performance were based on the thin films. The typical IV
characteristics of memristive devices show resistance change with change in bias
polarities. As described above, this phenomenon is dominated by the formation and
dissolution of conducting filaments across the sandwich oxide. However, there are still
ambiguities about the origin of the switching and the description of the filament
dynamics. Individual switching cycles are said to be of random behavior because the
filament dimension is highly localized. The unique configuration of ZnO NWs allows
the formation of nanostructure-guided filaments which translates to lesser variation in

the IV characteristics.
3.1.1. Nanowire Synthesis and Properties

The synthesis of ZnO nanowires starts by preparing seedlayers by spin coating a 27 mM
zinc acetate-ethanol solution on Si/SiO,/Ta/Pt substrate and annealing the seed layer at
350 °C for 20 minutes. LPCVD was performed in a typical thermal CVD system
consisting of a horizontal quartz tube furnace.'?? The tube was evacuated to about 10
mTorr base pressure. Zn foil was used as Zn source. The substrate was positioned
toward the downstream direction as illustrated in Fig. 3. The standard LPCVD process
was done at a temperature of 650 °C for 20 minutes. The system was maintained under

vacuum and Ar gas was used as a carrier gas with 300 sccm flow rate during the whole
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process. O, gas was introduced with 50-150 sccm flow rate during the growth process at
650 °C. To determine the electrical property of ZnO NWs, Pt top electrodes (200 nm)
were deposited via magnetron sputtering using a hard mask (1 mm diameter). The
Pt/ZnO NW/Pt devices were measured in a two-point probe configuration using

Keithley 4200-SCS parameter analyzer.
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FIG. 11. Cross-section image of ZnO NWs grown with 50 sccm (a), 100 sccm (b) and
150 sccm (c) O, flow rates.
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FIG. 12. ZnO NW dimensions (length and diameter) with different oxygen flow rates.

The FESEM cross-section images of the as-grown ZnO NWs with different oxygen
flow rates are reported in Fig. 11. The typical length and diameter of the ZnO NWs with
50, 100 and 150 sccm flow rate are 500 nm and 30 nm, 1800 nm and 50 nm, and 2300
nm and 100 nm, respectively. The ZnO NW arrays can be described as having uniform
growth in a 1cm x 1 cm substrate. A thin film of thickness about 100 nm is observed at
the bottom of the ZnO NW arrays. This is much thicker than the observed features of
the ZnO seed layer. It seems that this layer was formed prior to ZnO NW growth as the
number of nucleation sites increases with time. The increasing trend in the ZnO NW
dimension as shown in Fig. 8 has been the typical feature in O, rich CVD growth. This
is also consistent with the kinetic and thermodynamic model reported

preViOUSIy. 114,152,153

It was also demonstrated that by changing the O, concentration inside the tube furnace,
one can determine the optimal condition for the onset of nucleation and ZnO NW
growth.™? It is also interesting to note that by increasing the O, flow rate, the deposition

pressure significantly increases from 1 to 1.4 Torr. Several set of samples were prepared
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to determine the optimal condition for NW growth. Considering the non-viscous flow of
Ar-Zn system, the fluid transport can be described by the equation below:

(ig)—j)+ V- (pvp) =V-(DVp) + S (1)

p is the density of the fluid mixture, v is the fluid velocity field vector, ¢ is the

concentration, D is the diffusivity and S is the source term.***
3.1.2. Device Characterization

The set of devices prepared was composed of symmetric Pt electrodes. Pt is a stable
metal and it does not easily oxidize. Due to the high work function of Pt (5.65 eV) and
large electron affinity of ZnO, the Pt-ZnO interface creates a Schottky barrier (0.75
eV).>*1%° Fig. 13 reports the bipolar resistive switching of ZnO NW devices. The

resistive switching in one DC cycle was measured using the following steps:

e (1) OFF: Increase positive bias starting from 0 t0 Vax
(2) SET: Transition from HRS to LRS

(3) ON: Decrease positive bias starting from Vpmax to 0

(4) ON: Decrease negative bias starting from 0 to Vpnin
(5) RESET: Transition from LRS to HRS

e (6) OFF: Increase negative bias starting from Vi, to 0

In a typical cycle, the compliance current was set to 5 mA to prevent permanent
breakdown. It can be seen in Fig. 13a that in the positive bias, the device is SET (ON
state) around 0.7 V. When the voltage bias is turned off during the ON state, the device
remains in the LRS. The device resistance state transitions from LRS to HRS during the
negative bias at a RESET voltage around -0.7 V.
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FIG. 13. A series of DC sweep plotted in semi-logarithmic 1V shows the bipolar
resistive switching characteristics of Pt/ZnO NW/Pt devices with different O,
flow rates: 50 sccm (a), 100 sccm (b) and 150 sccm (c).
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The first cycle in Fig. 13b shows that the SET voltage occurs at a higher value around
2.5 V. Although it can be seen that in the succeeding cycles the SET threshold decreases
to 1V, the RESET voltage is found to be around -1 V. Similarly, the device in Fig. 13c
has SET voltage around 0.7 VV and RESET around 0.8 V.

The stability of resistive bipolar switching of all the devices is also evaluated. The
endurance plot presented in Fig. 14 shows the devices in HRS and LRS for 100 cycles.
The mean values of HRS for 50, 100 and 150 sccm, respectively are 1.3 kQ, 2.1 kQ and
15 kQ while the mean values of LRS are 120 Q, 190 Q and 400 Q. Some variations in
the resistance states can be observed especially in the LRS. There is no significant
variation in the HRS values of the 50 and 150 sccm devices while noticeable fluctuation

is observed in the 100 sccm device.

The resistance states variation is also investigated in relation to the current compliance.
Fig. 15 reports the variation in LRS and HRS values for a set compliance from 5 mA to
15 mA. The value of LRS decreases with the increase in current compliance. On the
other hand, there is no noticeable trend in the value of HRS with current compliance. As
shown in Fig. 16, the reset current increases in magnitude with the increase in current
compliance. Considering a cylindrical structure of the conducting filament, the decrease
value of LRS can be attributed to a larger filament cross-section resulting to lower
resistivity."*® This means that the reset current required should be higher to switch the
device back to HRS. The compliance-controlled LRS shows that ZnO NW-based device

has potential for multistate memristive application.
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FIG. 17. XPS depth profile of ZnO NW arrays deposited on Si substrate with 150 sccm
flow rate.
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Fig. 17 reports the XPS depth profile of a representative ZnO NW sample processed at
150 sccm. The approximate surface composition (Zn/O in at. %) of the ZnO NW on
Pt/Ta/Si is 51:49. There is a bit more oxygen than Zn content after 40 min of sputtering.

For the next set of devices 150 sccm O, flow rate is used as the standard recipe. The
Pt/ZnO NWI/PP/Pt device is reported in Fig. 18. There is an abrupt increase in the
conductivity from the pristine state around -2 V voltage bias. The current compliance
(CC) is fixed at 10 mA to prevent Joule heating which can permanently damage the
device. In order to obtain reversible switching, the voltage sweep range is set to a lower
value of + 1 V and the CC is increased. It can be observed that when the positive
voltage sweep has reached about 0.9 V the device is switched OFF or RESET. The
device stays in the OFF state until the voltage sweep changes polarity and has reached a
value of about -0.5 V wherein the SET process occurs. The OFF state of the device is of
lower resistance value compared to the device’s pristine state. This can be the result of
the irreversible forming process that happened prior to the RS measurement. The

bipolar switching endurance reaches up to 25 cycles.
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FIG. 18. The bipolar resistive switching characteristics of Pt/ZnO NW/PP/Pt device
plotted in semi-logarithmic scale.
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FIG. 19. The bipolar resistive switching characteristics of Cu/ZnO NW/Pt device
plotted in semi-logarithmic scale.
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FIG. 20. The bipolar resistive switching characteristics of Cu/ZnO NW/PP/Pt device
plotted in semi-logarithmic scale.

The 1V characteristics of Cu/ZnO NW/Pt and Cu/ZnO NW/PP/Pt are reported in Fig. 19
and Fig. 20, respectively. Fig. 19 shows the bipolar switching from HRS (7 kQ) to LRS
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(800 Q) without electroforming process. It can also be observed that the RESET
voltage variance for successive cycles is lower when compared to the SET voltage. In
Fig. 20, the Cu/ZnO NWI/PP/Pt device has a very high resistance in its pristine state
(10" Q). The CC is set to 1 mA accordingly. Unlike the Pt/ZnO NW/PP/Pt device, the
electroforming process here happens in the positive bias around 2 V and the RESET
voltage is around -1.3 V. After this process, the device is observed to exhibit stable
switching from the high resistance state (700 kQ) to low resistance state (3 kQ). Both

sets of devices exhibit reversible bipolar switching.

The ON/OFF ratio of the devices are ~10? (Cu/ZnO NW/PP/Pt) and ~10' (Cu/ZnO
NW/Pt), ~10" (Pt/ZnO NW/PP/Pt) and ~10* (Pt/ZnO NW/Pt). The sharp transition from
HRS (OFF state) to LRS (ON state) by voltage bias and from LRS to HRS by opposite
voltage bias suggests the formation of filaments across the active layer — ZnO NW and
core-shell. The current measured through these filaments can be due to Zn interstitials,
oxygen vacancies and/or metallic ions. The nature of the dominant carriers for the
conduction depends on the electrochemical property of the biased electrode and can be
determined based on the polarity of the SET and RESET voltages.

The nonlinear behavior of | with V is also investigated to understand the conduction
mechanism in different resistance states. This behavior can have potential application in
the neuromorphic processes and learning systems . The double-log scale plots (Fig. 21
and 22) show that at low voltage bias of HRS and LRS, the conduction (slope ~1)
obeys Ohm’s Law (I a V) which suggests the formation of conducting filaments. For
the rest of the devices, the HRS conduction exhibit Schottky emission or thermionic
emission (linear log 1 vs V ¥2). Cu/ZnO NW/PP/Pt device on the other hand, shows a
steep portion of the conduction in the high resistance state. This conduction behavior
(Fig. 23) can be best described by space charge limited conduction (SCLC) which
consists of three parts: Region | (trap-filled limited), Region 1l (steep slope) and Region
III (Child’s Law). This mechanism relies on the sub-bands exponentially distributed
within the ZnO bandgap. The nonlinearity observed can be attributed to the presence of
PPAA layer by: (i) altering the surface states of ZnO NW*"**® and (ii) forming a high

barrier between Cu and ZnO NW as shown by the high PRS value of this device ***7¢,
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FIG. 21. Line fitting in log-log scale IV characteristics of pure and polymer-coated ZnO
NW memristive devices with Pt TE.
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FIG. 22. Line fitting in log-log scale IV characteristics of pure and polymer-coated ZnO
NW memristive devices with Cu TE.
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FIG. 23. Three regions of high-field conduction in Cu/ZnO NW/PP/Pt device describing
space-charge limited conduction (SCLC) mechanism.
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For the Cu/ZnO NWY/Pt device, hole injection through the top electrode is more
favorable than electron injection. Cu and ZnO NW surface contact has lower barrier
height (0.45 eV) than Pt/ZnO NW due to lower work function of Cu (4.65) **>'%2, This
indicates that when the top electrode is under positive bias, Cu** (Z = 1 or 2) ions
diffuse from the top electrode and migrate through the ZnO NW grain boundaries
towards the Pt bottom electrode 3. The conduction is highly field-dependent because
the probability that Cu“* ions recrystallize in the ZnO NW/Pt interface and build up into
a chain of conducting filament relies on the polarity, magnitude and duration of the
applied bias *°. The device is now switched to LRS (SET) and it can only be switched to
HRS (RESET) under negative bias sufficient enough to dissolve the Cu filaments. This
diffusion of Cu®" ions is totally reversible such that there is no need for electrofoming
process. We also use a higher CC (10 mA) on other devices for the first switching cycle
and we observed the same value for HRS. The only difference that we observed is the
higher RESET current requirement for higher CC. Under this circumstance, the larger

area of filament formed needs larger current to dissolve during RESET .

The conduction in the ZnO NW-polymer devices is observed to have nonlinear behavior
in the high voltage bias. As discussed above, thermionic emission is the dominant
conduction mechanism in pure ZnO NW devices regardless of the top electrode used.
On the other hand, in Cu/ZnONW/PP/Pt devices the conduction is dominated by SCLC.
With the large energy gap between the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO), PPAA becomes a charge blocking
layer for Cu®* ions injection through the ZnO NW layer. If a positive bias is applied to
the Cu electrode, the ZnO layer becomes less negative due to screening effect of the
PPAA polarization. Thus, the filament formed are expected to be thinner and growing
on both in PPAA and ZnO NW layers. This may be the reason why electroforming is
still necessary and nonlinearity is observed even in the LRS. There may be differences
in the filament growth rate in PPAA and ZnO NW layers due to the differences in the
conductivity of the two layers. This can be the reason of the large voltage variance at
the onset of trap-filled limited conduction for multiple switching cycles. The operating
current (1 mA CC) of these devices is enough that possible modification in the PPAA

happens and its insulating property enhances the RS behavior of the device. For the
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Pt/ZnO/PP/Pt device, we have not observed the same behavior seemingly because of the

higher operating current (10 mA CC) to form vacancies.

3.2. TiO, Thin Films

The discussion on this section is based on the published article cited in the reference.'*
Low temperature ALD processing of TiO, thin films is explored for the fabrication of
memristive devices. ALD can be used for the deposition of amorphous films of high
quality and conformal coating. There is a wide selection of substrates where ALD is
compatible in terms of area, surface roughness and porosity. The ALD growth
conditions can be tuned in a way to accommodate polymeric photoresists prior to the
ALD process. This approach eliminates additional patterning techniques by doing the
liftoff process immediately after the ALD of TiO, films. The use of asymmetric
electrode namely Pt and Cu, provided another approach of understanding the
electrochemical metallization mechanism in the formation of filaments during resistive

switching.

3.2.1. Thin Film Synthesis and Properties

The layer-by-layer deposition TiO- is described by the two surface reactions below.'®®
n (=0H)(s) + TiCly(g) = (=0 —)nTiCly_n(s) + HCl(g) (12)

(=0 =) TiClyn(s) + (4 —=n)H,0 (g) = (=0 —)nTi(OH)4—n(s) + (4 —n)HCl(g) (13)

/ Layer-by-layer deposition of TiO, \
TiO, thin layers (30 nm) were deposited on silicon wafers coated by AZ5214E
photoresist (Microchemicals GmbH) at temperatures between 80 and 150°C by
ALD at 0.1 mbar deposition pressure, using TiCl, and H,0 as precursors.

n (—0H)(s) + TiCly(g) = (—0=)nTiCly_n(s) + HCI(g)
TICIA Precursor Ar gas purge

Surface OH groups (PU|5§=190 ms) (pulse=1s) First

............... P cossensanacenss  Half-Cycle

| ’ IR ‘ |

...............
(—0—)nTiCly_p(s) + (4 —n)H;0 (g) = (—0—), Ti(OH)4_n(s) + (4 — N)HCI(g)
H,0 pulse=250 ms Ar gas purge Second
_— (pulse=1s) Half-Cycle

L
tere [P 400 cycles
\ i — ’ Y /

Fig. 24. Typical surface reactions during one ALD cycle of TiCl, and H,O pulsing.
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In the first-half cycle, TiCl, reacts with the surface OH molecules releasing HCI after
the reaction. In the second half-cycle, H,O vapor is introduced to the reaction. Surface
TiCly., reacts with H,O molecules releasing another HCI molecule as by-product. At the
end of the second-half cycle, OH species are now readily available for the next ALD
cycle. Moreover, it takes several ALD cycles to completely achieve fully-coated

substrate and constant ALD cycle.

ALD on patterned PR

FIG. 25. FESEM image of ALD TiO, thin film on Si substrate deposited at 120 °C (a)

and effective DMSO liftoff of ALD TiO, thin films on patterned PR (b).
TiO, films by ALD showed continuous and smooth morphology in the deposition
temperature selected for this study. Fig. 25a shows a cross-section image of a film
deposited at 120 °C on Si. It shows uniform thickness and homogeneous morphology
from the initial ALD cycles (bottom) up to the end of the ALD process. All films
deposited from 80 to 140 °C show smooth surface morphology. Excellent mechanical
liftoff process is also possible in this process temperature range. This is shown by the
well-defined patterns on the TiO, films after the lift off (Fig. 25b). It can be inferred
from these results that in this ALD window, the polymeric PR does not degrade during
the ALD process.
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FIG. 26. Growth rate of TiO; films shows decreasing trend as temperature increases.

The growth rate per cycle (GPC) for a particular ALD process temperature was also
calculated. Thickness was measured in the acquired FESEM images and divided it by
number of ALD cycles. In Fig. 26, the GPC value from 90 to 140°C is less than 0.8
Alcycle. The GPC for 80 °C is 1.1 A/cycle. This value is much higher than what is
expected in a typical ALD. There are two possible reasons for the observed increase in
GPC: (i) condensation and (ii) incomplete surface reaction. During low temperature
ALD processing, H-bonded OH groups dominate the surface exchange reaction.
Condensation of H-bonded OH occurs, thereby increasing the number of reactive sites.
In this situation there is a possibility that more precursor species participate in the ALD
half-reaction beyond the surface saturation. Moreover, the presence of H,O vapor at 80
°C depends solely on the partial pressure and not on the reactor temperature.
Considering these observations, only thin films prepared at 120 °C or higher were

considered for device fabrication.
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FIG. 27. Raman spectra of TiO2 thin layers on Pt deposited at 120 °C to 230 °C.

Raman spectroscopy was performed on 50-nm TiO; thin layers deposited at 120, 130,
140 and 230 °C (Fig. 27). The prominent peaks at 144, 197 and 639 cm™ are assigned to
Ey mode. The peaks at 399 and 519 cm™ are assigned to the B1g mode. All the peaks
seen in the spectra corresponds to the anatase phase of TiO.. The peak at 144 cm™ is
significantly sharper than the rest of the peaks. It is worthwhile to note that we can
obtain such a sharp peak even at a very low process temperature. Previous work
reported weak signal from this Raman line for films grown at 150 °C and 175 °C and it
is only expected to increase around 200 °C.**® Raman peaks (not shown) observed from
thicker samples (500 nm) exhibit sharper features. This can be correlated to the

formation of larger grains and higher surface roughness of the film.
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3.2.2. Device Characterization
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FIG. 28. Schematic diagram of the Cu/TiO,/Pt devices (a) semi-logarithmic I-V curves
of devices with TiO, grown at 120 (b), 140 (c) and 230°C (d), showing the first 5
memristive cycles. The devices work in bipolar resistive switching.

Electrical characterization of the fabricated Cu/TiO,/Pt devices was conducted in dc
sweep configuration (Fig. 28a). The Cu electrode is connected to the dc bias while the
Pt electrode is grounded. The scan rate and current compliance were fixed at 10 mV/s
and 100 pA, respectively. Fig. 28b-28d shows the bipolar switching characteristics of
the Cu/TiO,/Pt devices. The pristine resistance state of the devices was measured to be
around 10° to 10" Q. After device electroforming was performed in the positive bias,
successive SET and RESET processes were done. From the IV curve, the resistance
state values were extracted from the voltage regime by taking the current at 10 mV. The
ON/OFF ratio of the devices are 9, 23 and 17 for 120, 140 and 230 °C, respectively.

52



These values do not differ much with each other. Device-to-device resistance state
values may vary but the ON/OFF ratio has no significant change.
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FIG. 29. Schematic diagram of the Cu/TiO,/Pt devices showing the filament formation
and rupture that happens in one cycle (a) double-logarithmic 1-V curves of devices with
TiO; grown at 120 (b), 140 (c) and 230°C (d) showing the two resistance states.

The use of an active metal as an electrode for the memristive devices alters the possible
concentration of ions during filament formation. Cu ions can migrate through the TiO,
layer toward the Pt electrode with sufficient electric field applied. This results to the
accumulation of Cu ions until the threshold voltage (Ver) induces the creation of
continuous ion channel connecting the two electrodes (Fig. 29a). It can be observed that
the HRS has a lower value than the pristine resistance state. This indicates that the

RESET process is not able to completely dissolve the conducting filaments.

The double-logarithmic plots show linear relation of | and V for LRS of all the devices
(Fig. 29b-29d). In this case, the conduction is mostly from the conducting filaments.
Since the filaments contain metallic Cu ions, the conduction obey Ohm’s Law (I o
V).2%%7 |n a similar manner, the double-log plot of HRS describes nonlinear relation of
I and V. When the device is in the OFF state, the behavior obeys space charge-limited
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conduction (SCLC) mechanism. SCLC is described by two conduction mechanisms
namely: (a) Ohmic conduction in the low voltage regime and (b) Schottky emission (I o

V) in the high voltage regime.

More simple device fabrication process can now be done by performing direct ALD of
TiO, on pre-patterned polymeric photoresist and subsequent liftoff process. TiO, films
grown by low-temperature ALD using TiCl, and H,O exhibit smooth and uniform
layers suitable for memristive device fabrication. The growth rate below the ALD
window increases with decreasing ALD reaction temperature. High film growth rate
results in less dense films and more possible local defects. The Raman spectra of TiO,
films deposited at low temperature show features of TiO, in the anatase phase. XPS
analysis shows similar composition and stoichiometry of the TiO, layers at different
ALD temperatures. Fabricated memristive devices show stable bipolar resistive
switching. The LRS obeys Ohmic behavior suggesting the presence of metallic
filaments. On the other hand, HRS follows SCLC mechanism as shown by the nonlinear
IV at higher voltage. Some deviations in the device resistance states are affected by the
applied voltage bias but the ON/OFF is not significantly changed. This means that the
low-temperature ALD TiO, devices perform very well when compared to the standard
ALD devices. The advantage of performing low-temperature ALD on pre-patterned
polymeric substrates is the possibility of fabricating multilayer devices composed of
layers with different etching rates where conventional etching process cannot be done.

3.3. Fe,O3 Thin Films

Iron oxide (a-Fe,O3) thin films were fabricated on Pt/Ta/SiO,/Si substrate by atomic
layer deposition (ALD) technique using ferrocene and ozone as precursors. As-prepared
thin films have shown smooth morphology and good crystallinity owing to the excellent
control of ALD precursors by using micro-pulses. The film crystallinity was affected by
post-deposition annealing due to the formation of new oxide phases. The resistive
switching of fabricated a-Fe;Os; thin film devices showed bipolar mode with good
stability and endurance. Multistate switching was achieved via current and voltage
control. It was found that the ON state regime can be tuned by changing the current
compliance while the OFF state can be changed to intermediate levels by decreasing the

maximum voltage during reset.
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3.3.1. Thin Film Synthesis and Properties

This section will report the synthesis and characterization ALD Fe,Oj3 thin films on
Si/SiO,/Ta/Pt substrate and their memristive application. Using ferrocene (FeCp,) as
iron (Fe) precursor and ozone (O3) as oxygen source, pure Fe,O3 phase thin film is
obtained. Electrical characterization was performed to determine the effect of voltage
and compliance current to the multilevel resistance states. This section will also present
a description of the filament dynamics during switching to assess the feasibility of using

Fe-O material system for memristive application.

Standard Si with SiO; native oxide layer were used. Ta/Pt (100 nm) electrodes were
deposited by sputtering and used as growth interlayer for ALD. Ferrocene (Fe(CsHs), or
FeCp2) and ozone (O3) were used as iron precursor and oxidation source, respectively.
The FeCp, hot source was heated prior to deposition and all the ALD processes were
conducted at a substrate temperature of 250°C. Due to low growth rate of ALD for
Fe,03, FeCp, dose was introduced to the reactor using micro-pulses as described in the
reference.’** The ALD reactor is maintained at 1.8 mbar under constant flow of inert gas
before starting the ALD process. During the precursor dosing, the feeding pressure
readings are 75 mbar and 6 mbar for FeCp, and O3 half-cycles, respectively. For each
ALD cycle, the total precursor dose is 30 s for FeCp,, 10 s for O3 and 20 s for N,
purging in between to avoid precursor overlap and to remove excess gaseous by-
products. It takes 400 ALD cycles (100 micro-pulses/cycle) to achieve a film thickness
of 30 nm. The morphology of the samples was evaluated using FESEM ZEISS Auriga.
The chemical composition of the samples was determined by x-ray photoelectron
spectroscopy (XPS). For the structural characterization, two sets of samples were
analyzed by Raman spectroscopy as-prepared and annealed samples. The samples were
annealed in vacuum with constant flow of Ar gas at 400 °C for 3 h. For the fabrication
of memristive devices, a thin Pt layer (200 nm) was deposited on top of Fe,Os3 layer by
sputtering using a hard mask to obtain circular patterns for the top electrode. Finally,
wet etching was done to expose the bottom electrode for electrical contact. The
electrical measurement of the devices was conducted in a two-point contact probe

station connected to Keithley 4200-SCS parameter analyzer.
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SEM images of as-deposited samples are depicted in Fig. 30. In Fig 30a, the film shows
uniform growth with grain dimension about 15 nm. Fig. 30b shows the film
morphology near the substrate edge suggesting non-uniform growth. However,
secondary electron analysis image (inset) shows homogeneous and smooth topography
throughout the film surface. Fig 30c reports the cross-section image of the different
layers of the substrate coated with Fe,O3. From thickness measurement, the Fe,O3
growth rate is about 0.78 A/cycle which is typical with standard ALD processes. We
also conducted another set of experiments by decreasing the number of micro-pulses to
5 cycles while increasing the pulse duration to 1.5 s and maintaining the same number
of ALD cycles. The results show the deposition of nanoparticles instead of
homogeneous thin film coverage of the substrate. Although the original micro-pulse
recipe takes a longer time than other conventional deposition techniques, the precursor
reaction inside the ALD chamber is more controllable. Substrate exposure to precursors
using short pulses (100 ms) provides longer residence time and more homogeneous

diffusion all throughout the substrate surface.
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FIG. 30. SEM top view at the center (a) and edge (b) of the sample, and cross-section
view (c) of Fe,O3 thin films deposited on Pt/Ta/SiO,/Si substrate for 400 cycles.

57



The as-prepared samples exhibit good crystallinity based on the sharp peaks of the
Raman measurements. Fig. 31a shows peaks for E14 vibrational modes at 247, 295, 405,
603 and 1305 cm™ for hematite (a-Fe,O3). Another set of samples was annealed at
400°C in vacuum (300 sccm Ar flow) for 3 h. In Fig. 31b, the Raman peak at 668 cm™
Is typical for Ayq vibrational mode of magnetite (FesO4) phase and the peak at 350 cm?
for y-Fe,03 phase.'®®®® There is a noticeable peak broadening in the 630-800 cm™ and
1510-1650 cm™ regions where the y-Fe,O3 peak contribution can be considered, namely
720 cm™ and 1580 cm™. The asymmetry observed at 1305 cm™ peak can be due to
another y-Fe,03 peak located at 1420 cm™. This means that the decrease in the overall
crystal quality of the as-prepared film as shown in the Raman spectra may be due to the
formation of y-Fe,03 at the expense of a-Fe,O3. There is also a slight shift of the Raman
peaks of the annealed compared to as-prepared sample which can be attributed to the

stress present in the film due to the formation of other Fe-O phases.
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FIG. 31. Raman spectra of as-prepared (a) and annealed (b) Fe,O3 thin films deposited
by 400 ALD cycles.

The chemical composition of Fe,O3 thin film was investigated via XPS technique to
determine the oxide phases present in the samples. Fig. 32a shows the XPS survey
spectrum of as-prepared sample. The XPS spectrum has sharp peaks assigned typically
to iron and oxygen. C contamination is also evident as this can’t be avoided in the
sample preparation. The depth profile analysis of the film (Fig. 32b) shows
approximately a 40:60 ratio of Fe and O for the Fe oxide layer at the surface. Fig. 32c
and 32d show the high resolution scans for Ols and Fe2p core levels. From the
Gaussian fitting of O1s spectra, two peaks are observed at 530 and 531 eV. On the other
hand, high resolution scan between 707 and 737 eV presents stronger peak for Fe2ps; at
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~710 eV than that of Fe2py, at ~724 eV. The satellite peaks assigned for Fe2ps, and
Fe2p;/, can be seen at ~724 and ~732 eV, respectively. The peak characteristics of the
core levels are consistent with what is in the literature’®*™*. This also confirms the

presence of Fe,O3 phase in the film and the absence of other iron oxide phases.
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FIG. 32. XPS spectra of Fe,O3 thin films: survey spectrum (a), depth profile (b) and
high resolution spectra of O1s (c) and Fe2p (d).

3.3.2. Device Characterization

Memristive devices were fabricated in order to investigate the electrical properties and
to demonstrate other potential applications of the developed Fe,Os-based thin films.
Based on the device architecture shown in Fig 33a, cyclic DC sweep was performed on
the devices. The pristine state of the device is about 10* Q. The device was formed in
the negative bias. Hundreds of dc cycles were performed for each device to test the

write/erase endurance before performing measurement for different compliance. The
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measured resistive switching was stable for many cycles as represented by the switching
endurance in Fig. 33b. The hysteretic I-V loops measured in cycles 1, 15 and 20 are
reported in Fig. 33c. The ON/OFF ratio is around 10 which is normally expected for a
thin oxide layer having a large electrode. The observed resistive switching in oxide thin
films is best explained by the mechanism involving growth and rupture of conductive
filaments during SET and RESET, respectively. The compliance current was varied
from 500 pA to 10 mA to determine its effect on the device resistance states. For each
compliance value, 20 dc sweep cycles were performed and the resistance state value
was read at 0.1 V. Fig. 33d shows that the compliance does have a slight effect in the
high resistance state (HRS) especially in lower compliance current values, while it has a
more significant influence in the low resistance state (LRS). Moreover, the reset current
also tends to increase in magnitude with compliance. The apparent decrease in the LRS
could be due to the increase of filament cross-section with compliance. Thus, once the
device is in the ON state, and one tries to do a device reset, a larger amount of current is

needed in order to rupture the filament.

-fm 6m

Pt
S Fe0; am am
—_
Pt <
=
IR g | oo
5 Cycle 15
sio =2mr cycle 20 2m
10, 3
(@)

Device endurance

| b ] 0 s d . ; | 75

| Al B, o ‘ wig J ;
c HRS : g < :
= ” 3 £ ‘ o
o ) o)
O .. ON/OFF~10 sl z { &
g 2 t 3 I o
- 2 ¥ 2 ! I -~
0 R g & Y |
8 10 LRS » & I
m 10" 1 25

‘ ‘ ' ‘ ‘ ‘ 0 2 4 6 & 10 0 0

0 20 40 60 80 100 Compliance (mA) Compliance (MA)

Cycles

FIG. 33. Device diagram (a), cyclic I-V characteristics (b), switching endurance (c) and
resistance states vs compliance current plot of Fe,O3 device.
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It can be observed that there is a smooth transition from LRS to HRS during reset.
There are no noticeable changes in HRS between 0.9 V and 1 V. In order to determine
the effect of reset voltage with the HRS value, the bias voltage is varied from 300 mV
to 900 mV while maintaining the current compliance at -5 mA. Fig. 34 reports the 1-V
characteristics of the device during reset. Starting from 300 mV, the HRS value
increases with the reset voltage. The LRS value does not change that much as the HRS
value with voltage. The gradual reset process facilitates the possibility of obtaining a
resistance value different from the HRS in bipolar switching. This value depends on the
chosen maximum voltage in the positive bias. The voltage-dependent reset process is
mainly due to the rupture of the conducting filament by Joule effect and redox reaction.
This phenomenon depends on the strength and duration of the applied bias.***"® The
resistance obtained during the reset depends on how much the filament has been
ruptured. Fig. 34c and 34d show the nature of the filament during set and reset
processes, respectively. It appears that by increasing (decreasing) the compliance
current during set process, the amount of vacancies increases (decreases), thus a larger
filament cross-section. On the other hand, by decreasing (increasing) the maximum bias
during reset, the rupture length decreases (increases). Intermediate LRS can be obtained
by choosing the appropriate compliance, while intermediate HRS can be obtained by
setting the maximum voltage. By taking into consideration that Joule heating happens
when high current is reached (electroforming), we can infer that some modification of
the a-Fe,O3 structure occurs. Although not as significant to detect Raman signal as the
new Fe-O phases shown in Fig. 19b, it is a possibility that the localized heating effect
may form nano-phases of y-Fe,O3 or FesO,, which is more conductive than a-Fe,03.*"
Similarly, Raman spectroscopy study of planar devices*’* suggests the localized redox

reaction of Fe;O, to y-Fe,O3 in the oxide-electrode interface during resistive switching.
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FIG. 34. HRS vs voltage (a) and 1-V characteristics (inset) of the device, filament
dynamics during set (b) and reset (c) processes.

Fe,O3 thin films of homogeneous and smooth surface morphology can be obtained by
ALD using cyclic micro-pulses of FeCp, and O3 precursors. Although the process takes
a longer time than conventional deposition techniques, the growth rate is much more
controlled which is very advantageous for high aspect ratio deposition. Introducing
precursors in short pulses provides longer residence time and more homogeneous
diffusion throughout the substrate. Also, this approach prevents CVD-like reaction
because of more favorable surface absorption. The ALD process temperature as low as
250°C can easily produce phase pure Fe;O3 thin films with good crystallinity. It was
demonstrated that at low ALD process temperature pure phase iron oxide can be
obtained as confirmed by XPS. Based on the Raman measurement results of annealed
samples, the formation of other phases of Fe,O3 seems to degrade the crystal quality of

as-prepared samples.
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4. Conclusion

In this thesis, three oxide materials were studied for memristive device applications.
LPCVD and ALD were used for the growth of ZnO NW, TiO, and Fe,Oj3 thin films.
Device fabrication and characterization were done to determine the memristive behavior

of each oxide material.

ZnO NW. LPCVD has been shown to be an effective deposition technique for the
synthesis of vertically ZnO NW with good repeatability and controllability. The unique
configuration of ZnO NW allows structure-dependent growth of filaments along the
NW geometry resulting in a more stable resistance state variation. The formation-
annihilation of conducting filaments is the dominant mechanism of switching. In pure
ZnO NW memiristive devices, the LRS changes inversely with compliance owing to the
widening of the filament cross-section. This is also compensated by the larger reset
current during LRS to HRS transition. The Cu electrode used for the asymmetric
devices provides lower operating current mainly because of the lower barrier height as
compared to Pt electrode devices. Coating ZnO NWs with PPAA (polymer) enhances
the nonlinearity of the IV characteristics by modifying the surface states of ZnO NW.
As a consequence, operating power of the device is lower. Such device has lesser

susceptibility to heating.

TiO, thin films. The low-temperature ALD on pre-patterned polymeric substrates
allows the possibility of fabricating memristive devices using simpler methods where
conventional etching process cannot be done. It was demonstrated that performing
direct ALD of TiO, on pre-patterned polymeric photoresist and subsequent liftoff
process does not affect the overall performance of the fabricated devices. Although the
ideal ALD has the possibility of being compromised at extremely low temperature
processing, standard thin film treatments like post annealing and plasma exposure are

readily available once a better film quality is desired for specific application.

Fe,O3 thin films. Micro-pulsing technique in ALD is another approach in coating high
aspect ratio substrates. Utilizing this technique in Fe,O3 thin film processing enables us
to obtain homogeneous thin films of high phase purity. The ease of obtaining phase pure

oxide films by ALD together with localized redox reaction to induce stable resistive
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switching makes fabrication of Fe-O based memristive devices more feasible and
scalable. Considering the device performance of Fe,O3 devices, the compliance current
affects the reset current and LRS of the device owing also to the increased effective
cross-section of the conducting filament. Similarly, the maximum voltage for the reset
process alters the HRS of the device depending on the partial dissolution or rupture of
the conducting filament.

The sharp transition observed SET and RESET process shows that the filament
dynamics is the dominant mechanism responsible for the memristive behavior of the
fabricated oxide memristive devices. We conclude that resistance states can be
controlled based on the input current or voltage during DC sweep characterization. This

approach can be utilized for multilevel resistance switching applications.
Further investigation is recommended in the following aspects of this study:

e The role of ZnO thin film in the resistive switching of ZnO NW devices
e Insitu characterization of memristive effect in single ZnO NW devices
e Implementation of low temperature ALD in flexible substrates

e Implementation of memristive networks using crossbar architecture

e Pulsed IV characterization of memristive devices
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