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Abstract

This work reports the mask design, fabrication and characterization of memristor

devices with diode like electrical behavior at pristine state. It is due to the presence

of Schottky junctions between Zinc-tin-oxide (ZTO) and platinum - Indium-gallium-

zinc-oxide (IGZO) and molybdenum oxide for two different Metal-Insulator-Metal (MIM)

configurations. The devices were exclusively produced using physical vapor deposition

processes without intentional heating. Typical advanced electrical analysis of ReRAM

device was performed.

The Pt-ZTO-TiAu devices showed pinched hysteresis properties with large Ron/of f
ratio, fast switching which can be controlled in a digital SET and analog RESET operation.

However, large device-to-device variations and stability are the main issues which is due

to the processing.

On the other hand, the Mo-IGZO-Mo devices showed a small Ron/of f ratio and only

analog operation. There was a high yield and stability. However, using DC sweep for

cycling led to a charging phenomenon. Using SET/RESET pulses, the devices sustain

hundreds of cycles without deterioration or movement of the resistance states, showing

great resilience and retention.

Keywords: ReRAM, memristor, ZTO, IGZO, resistive switching memory, transparent

electronic.
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Resumo

Este trabalho relata a projecção de mascaras, fabricação e caracterização de memris-

tores com comportamento elétrico de diodo em estado intocado. É devido à presença

de junções Schottky entre ZTO e platina - IGZO e óxido de molibdênio para duas confi-

gurações diferentes de MIM. Os dispositivos foram produzidos exclusivamente usando

processos físicos de deposição de vapor em temperatura ambiente. A análise elétrica

avançada típica dos dispositivos ReRAM foi realizada.

Os dispositivos Pt-ZTO-TiAu mostraram propriedades de histerese comprimida com

uma grande proporção Ron/of f , comutação rápida que pode ser controlada em operação

digital SET e analógica RESET. No entanto, grandes variações de dispositivo a dispositivo

e estabilidade são os principais problemas causados pelo processamento.

Por outro lado, os dispositivos Mo/IGZO/Mo mostraram uma pequena proporção

Ron/of f e apenas operação analógica. Houve um alto rendimento e estabilidade. No en-

tanto, o uso do varrimento DC para a realização de ciclos levou a um fenômeno de car-

regamento. Usando pulsos SET/RESET, os dispositivos suportam centenas de ciclos sem

deterioração ou movimento dos estados de resistência, mostrando grande resiliência e

retenção.

Palavras-chave: RRAM, memristor, ZTO, IGZO, memória de comutação resistiva, eletrô-

nica transparente.

ix





Contents

List of Figures xiii

Glossary xv

Acronyms xvii

1 Motivation 1

2 State of the art 3

2.1 Thin-film devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Memristors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2.1 Memristor mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.2 HP Lab’s 2008 memristor . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Digital and analog memristors . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 Digital memories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.5 Problems and solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Materials and Methods 11

3.1 Mask for photolithography . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2.1 Thin film depositions . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2.2 Patterning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Device characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.1 XPS analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.2 Electrical DC characterization . . . . . . . . . . . . . . . . . . . . . 14

3.3.3 Electrical pulse characterization . . . . . . . . . . . . . . . . . . . . 15

4 Results 17

4.1 Non-patterned Pt-ZTO-TiAu memristors . . . . . . . . . . . . . . . . . . . 17

4.2 Patterned Pt-ZTO-TiAu memristors . . . . . . . . . . . . . . . . . . . . . . 18

4.2.1 Set and reset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2.2 Gradual reset and digital set . . . . . . . . . . . . . . . . . . . . . 18

4.2.3 Pulse speed testing and operation . . . . . . . . . . . . . . . . . . . 19

4.2.4 Current sweep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

xi



CONTENTS

4.3 Patterned Mo-IGZO-Mo memristors . . . . . . . . . . . . . . . . . . . . . 22

4.3.1 Pristine state, set and reset . . . . . . . . . . . . . . . . . . . . . . . 22

4.3.2 Cycling and retention . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3.3 Pulsed speed and operation . . . . . . . . . . . . . . . . . . . . . . 26

5 Conclusions and future prospects 29

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.2 Future prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Bibliography 31

I Annex 35

I.1 Annex A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

I.2 Annex B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

xii



List of Figures

2.1 The first graph is a typical I-V curve of a memristor, the second graph shows

the memristor’s resistance changing with successive voltage sweeps. [6] . . . 4

2.2 Several possible mechanisms for reversible resistive switching. . . . . . . . . 5

2.3 a,b and c are filamentary devices. a) illustrates the electroforming step. b)

illustrates a valence change device working (bipolar). c) illustrated a thermo-

chemical device working (unipolar). d) Illustrates a an area dependent bipolar

device based on oxygen ion migration. [12] . . . . . . . . . . . . . . . . . . . 5

2.4 a) is an illustration of a single memristor in crossbar configuration and b) is a

AFM image of a crossbar array.[13] . . . . . . . . . . . . . . . . . . . . . . . . 6

2.5 a) a memristor array without selector. b) a memristor array with a selector this

can require extra wires here is depicted the worst case scenario with 2 extra

wires. [24] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 a) cross-section of the Mo-IGZO-Mo devices, b) cross-section of the Pt-ZTO-

TiAu devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Mask design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1 a) Typical pristine state, showing some rectification b) Digital set and analog

reset for non-patterned device. . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.2 a) Digital set and reset for a patterned 5 µm squared device , CC of 5/8 × 10−5

A was used and b) retention at 0.1 V for ∼1000 s . . . . . . . . . . . . . . . . 18

4.3 Digital set with a CC of 1×10−5 A . . . . . . . . . . . . . . . . . . . . . . . . 19

4.4 a) Initialization from a device with high current pristine state, b) mulriple

gradual reset with 5, 3 and 5 different states , c) and d) gradual reset with

MLC approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.5 Digital set and reset of the device used in the pulse speed testing, note that for

speed testing set was initially done in transient. . . . . . . . . . . . . . . . . . 20

4.6 Reset speed test, pulses are divided into 2 plots each, a top one with readout

current at 0.1 V and a bottom one with the input 1 V pulse, from left to right

there is 100us, 50us, 100ns, 10ns, 75ns and 90ns, 100ns, 95ns, 99ns and 100ns. 21

4.7 Set and reset done entirely with pulses, pulses are divided into 2 plots the top

one is readout current at 0.1 V and the bottom one represents the applied pulse. 21

xiii



List of Figures

4.8 The first graph is the pristine state of several devices, the second graph shows

the electroforming process using current sweep for some devices of different

sizes. [6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.9 Pristine state for the IGZO devices, with pronounced rectification. . . . . . . 23

4.10 Initialization and analog set and reset. . . . . . . . . . . . . . . . . . . . . . . 23

4.11 XPS depth profile. We can observe the change in ratio along the depth, this is

typical of homogeneous oxygen migration mechanisms. [12] . . . . . . . . . 24

4.12 Reset for devices with square sizes of 2 um and 20 um. The arrows indicate

the curve zone used for measuring the current. . . . . . . . . . . . . . . . . . 24

4.13 a) Current variation with device area and b) Current density variation with

size, as can be seen there is a clear linear relation between current and area. . 25

4.14 Set and reset cycling and retention states. . . . . . . . . . . . . . . . . . . . . 25

4.15 Cdf of 100 cycles after set and reset . . . . . . . . . . . . . . . . . . . . . . . . 26

4.16 Testing pulse speed with Mo-IGZO-Mo device, reading at 0.1 V with Keithley

in blue and pulse generated by Keysight wave generator in orange, arrows

indicate a pulse. From top to bottom : set 1 s, 100 ms and 10 ms width pulses

at -1 V, reset 1 s, 100 ms and 10 ms width pulses at 1.5 V. . . . . . . . . . . . 27

4.17 Cdf of 300 cycles (first 150 and last 150 cycles). . . . . . . . . . . . . . . . . . 28

4.18 Comparison between the first 150 cycles (darker) and the last 150 cycles

(ligther). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

I.1 Shadow mask for deposition of top electrodes, the sizes are, from top to bottom

500 µm, 600 µm, 700 µm, 800 µm, 900 µm, 1000 µm. . . . . . . . . . . . . . . 35

I.2 Current density variation with area of Pt-ZTO-TiAu memristors, as we can

see the current density is not constant and there is no obvious relation. The

higher currents for very large areas could be due to the increased probability

of impurities. The instability of the devices prevented us from testing current

densities in HRS and LRS and infer filamentary or area dependent behavior. 36

xiv



Glossary

Analog memristor A memristor that can have any resistance between HRS

and LRS and gradual set and reset.

Bipolar A memristor whose set and reset require voltages with

opposite polarities.

Digital memristor A memristor with an abrupt set and reset, generally has a

large operating window.

High resistance state The state of the device with the highest possible resistance

while in operation i.e.: still possible to revert to an LRS

and back to HRS. It is equivalent to Low conductance state

(LCS).

Low resistance state The state of the device with the lowest possible resistance

while in operation i.e.: still possible to revert to an HRS

and back to LRS. It is equivalent to High conductance

state (HCS).

Pristine state The state of the devices immediately after fabrication,

measuring the pristine state is done by measuring an I-V

curve with voltages small enough so the resistance of the

device is not altered.

Reset A process by which the memristor’s resistance increases.

Set A process by which the memristor’s resistance decreases.

Switching time The pulse width of a single pulse required to change the

state of a device from HRS to LRS or vice-versa.

xv



GLOSSARY

Threshold voltage A voltage after which set or reset happens, in digital mem-

ristors this voltage is the set/reset voltage, in gradual

memristors after this voltage the memristor resistance

changes but before the device can be read without dis-

turbing its resistance.

Unipolar A memristor whose set and reset use voltages with the

same polarity but with differing magnitudes.

xvi



Acronyms

1D1M 1-Diode-1-Memristor.

1T1C 1-Transistor-1-Capacitor.

1T1M 1-Transistor-1-Memristor.

AOS amorphous oxide semiconductor.

BE Bottom electrode.

CC current compliance.

Cdf cumulative distribution function.

DRAM Dynamic Random access memory.

FeRAM Ferroelectric RAM.

FG floating gate.

HRS High resistance state.

IGZO Indium-gallium-zinc-oxide.

ITO Indium-Tin oxide.

LCD Liquid crystal display.

LRS Low resistance state.

LTPS low temperature poly-silicon.

MIM Metal-Insulator-Metal.

MLC Multi-level cell.

MRAM Magnetic RAM.

xvii



ACRONYMS

OLED Organic light emitting diode.

PRAM Phase change RAM.

PVD Physical vapor deposition.

ReRAM Resistive RAM.

SOP system on panel.

SRAM Static Random access memory.

TE Top electrode.

TF thin film.

TFT thin film transistor.

XPS X-ray photoelectron spectroscopy.

ZTO Zinc-tin-oxide.

xviii



1 Motivation

There is a large demand for high density, low power and fast non-volatile memory for use

in low-cost system on panel (SOP) applications. Furthermore, 60% of modern processor

area is dedicated for memory. however, there are are fundamental limits to the down-

sizing of transistors currently used for long and short term memory.[1] Resistive RAM

(ReRAM) has been proposed as a solution.

Furthermore, new SOP implementations require memories compatible with end of

line processes and can require transparency and flexibility, as such amorphous oxides are

of great interest.[2, 3]

This study aims to explore different material configurations for the production of

ReRAM devices based on a Schottky junction, and to optimize its Ron/of f , retention and

lifetime (write cycles) for RAM applications.
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2 State of the art

2.1 Thin-film devices

Thin-film devices, mainly thin film transistor (TFT), are an alternative to silicon inte-

grated circuits, using low temperature processes such as Physical vapor deposition (PVD)

and solution based approaches. With the advent of flat panel displays TFT have seen

great developments and the idea of an system on panel (SOP) as been explored. An SOP

is a system where the display and all electronics required to drive said display are both

embedded into the same panel. This not only reduces cost but also allows for transparent

and flexible displays which can be used in new applications. Currently thin film transis-

tors are primarily useful for large area, high pixel density and high refresh rate Liquid

crystal display (LCD)s, they are also used in Organic light emitting diode (OLED). AOSs

are currently preferred to low temperature poly-silicon (LTPS), even doe their electri-

cal performance is inferior (1 cm2/Vs to 100cm2/Vs) due to their superior uniformity

which allows for the production of larger panels, allowing for large area OLED displays

or cheaper small area OLED displays.[2, 3]

In the field of transparent electronics the use of thin films made of transparent semi-

conductors like IGZO and ZTO, and transparent conductors like Indium-Tin oxide (ITO),

has been studied with the intent of creating fully transparent SOPs for applications in

portable electronics. Furthermore, the possibility of flexible and transparent electronics

can lead to new applications in health, space and smart devices. [4, 5]

2.2 Memristors

A memristor (memory resistor) is a passive two-terminal component, that relates charge

with flux, i.e. , its memristance can be a function of charge, yielding a nonlinear passive

device.[6] In practice this amounts to variable resistance states that can be programmed

by the flow of electrical charge, when no charge is applied, the memristor “remembers”

its most recent resistance. This type of response cannot be emulated using only passive

elements, requiring instead active elements such as amplifiers [7], while the memristor’s

simple structure, Metal-Insulator-Metal (MIM), allows for devices with a combination of

density, speed, and non-volatility.[8] In Figure 2.1 we can observe the classical memristor

behavior. In the low voltages the memristor is a resistance while in higher voltages it’s

3



CHAPTER 2. STATE OF THE ART

resistance changes. In this case successive cycles of voltage sweeps increase the resistance

change, and opposite polarity voltage reverses the resistance change. As we will see these

last two behaviors are not universal to all memristors.

Figure 2.1: The first graph is a typical I-V curve of a memristor, the second graph shows
the memristor’s resistance changing with successive voltage sweeps. [6]

Like most amorphous oxide semiconductor (AOS) thin-film electronics, memristors

can be made using In-Ga-Zn-O (IGZO), some IGZO devices have been shown to work by

Wang et al [9].However gallium and especially indium have become increasingly scarce

and expensive. Zn-Sn-O (ZTO) has been proposed as a low cost and abundant alternative

capable of similar electric properties, both bipolar resistive switching and memristors

with a large Ron/of f ratio have been demonstrated using ZTO. [10, 11]

2.2.1 Memristor mechanisms

Memristive behavior can be achieved by several mechanisms, such as metal ion migration,

phase change, magnetic or ferroelectric as seen in Figure 2.2.

Due to the materials used we are primarily interested in oxygen ion migration effects.

In which the application of voltage to an insulating oxide layer will cause oxygen ions to

drift. These mechanisms can be divided into filamentary and area dependent.

In the filamentary mechanism the device starts in a pristine state without memristive

behaviour, the application of voltage leads to the formation of filament along preexisting

defects/impurities, 2.3 a. The device can then be bipolar, 2.3 b, in with voltage in the

opposite polarity destroys the filament trough valence change. Or unipolar, 2.3 c, in

with a high voltage in the same polarity destroys the filament trough joule heating. The

filament can then be reformed by applying voltage in the same polarity as the initial

electroforming. However, since the filament is never fully destroyed the voltage required

is significantly lower.

In the area dependent mechanism the application of voltage leads to a general move-

ment of oxygen ions an a change in overall resistance, the opposite polarity reverses the

4



2.2. MEMRISTORS

Figure 2.2: Several possible mechanisms for reversible resistive switching.

process, 2.3 d. An electroforming process in not required and the device is already in a

memristor state form the pristine state. [6, 8, 9, 12]

Figure 2.3: a,b and c are filamentary devices. a) illustrates the electroforming step. b)
illustrates a valence change device working (bipolar). c) illustrated a thermochemical
device working (unipolar). d) Illustrates a an area dependent bipolar device based on
oxygen ion migration. [12]

By changing the area of the device and manipulating the insulating layer’s symmetry

stoichiometry and composition the overall resistance, hysteresis and switching mecha-

nism can be modified. Furthermore, by creating different contacts and changing the

number of defects in the metal-insulator’s interface the memristor’s response can be

manipulated.

Being a two-terminal device means memristors can be packed in small 4F2 cells and

5



CHAPTER 2. STATE OF THE ART

still be randomly accessible. Furthermore memristors can be fabricated at room temper-

ature, compatible with back end of line processes required for 3D staking of multiple

layers.[13] It is therefore advantageous to use a 3D device structure such as crossbar-

arrays where the insulator is sandwiched between an array of metal contacts as seen in

Figure 2.4, however this structure will cause sneak path currents and requires a selec-

tor.[14, 15]

Figure 2.4: a) is an illustration of a single memristor in crossbar configuration and b) is a
AFM image of a crossbar array.[13]

2.2.2 HP Lab’s 2008 memristor

Although the memristor had been theorized by Chua [7] in 1970 , it was only in 2008

that a team at HP Lab managed to fabricate a device.[6] this device was based on TiO2 as

an insulator an Pt as metal contacts in a MIM thin film configuration. The insulator was

divided into 2 layers, a highly doped layer and a depleted layer. The oxygen vacancies

behaved as positive ionic charges leading to high conductivity on the doped layer. The

passage of current causes the ions to drift and the resistance to change.[6]

2.3 Digital and analog memristors

A digital memristor is characterized by a steep set and reset wherein surpassing a thresh-

old voltage will trigger a almost instant switch from Low resistance state (LRS) to High

resistance state (HRS). Meaning said memristor will only have 2 possible resistance

states HRS and LRS. An analog memristor is characterized by a gradual reset or set, this

graduality can be time/voltage dependent or time/current dependent [16]. This means

the memristor can have multiple resistance states. It is also possible for a memristor to

be mixed i.e. to have an analog reset and a digital set, or vice-versa. Generally digital

memristors are preferred for memories for their quick response time, but a fast analog

6



2.4. DIGITAL MEMORIES

memristor could be used with an MLC approach leading to increased memory density.

[17]

2.4 Digital memories

In the digital world the binary system is used, such that storage devices have two dis-

tinct states, one for “1” and one for “0”. These storage devices can generally be volatile

memories (Dynamic Random access memory (DRAM), Static Random access memory

(SRAM)) which are fast but require constant power and refreshing to maintain data, and

non-volatile memories (magnetic tapes, floppy disks, optical disks and currently mag-

netic disks and flash). Although speed is still a sought after characteristic it is not as

important as with volatile memories, the main attributes being retention time, reliability

and bit density.

DRAM memories are based around a capacitor holding charge with a selector transis-

tor in a 1-Transistor-1-Capacitor (1T1C). Reading these memories involves sensing the

charge present in the capacitor, erasing the data present and requiring a rewrite after

every read. Since current leakage cannot be totally eliminated and is in fact increasing

with the decrease in transistor size, charge can only be maintained for a limited time

before the memory cell has to be refreshed (i.e. rewritten). The general speed of current

generation DRAM is <10 ns.[18, 19]

Flash memories are based on a 3 terminal transistor device with a charge trapping

layer or floating gate (FG) and function by trapping electrons which in turn change the

transistors on voltage, this design is reliable and has fast read speeds (when compared

with competing non-volatile memories) however it faces several problems, such as slow

write speeds and limited number of writes. Until now these problems have been solved

through 3D staking, cashing and most of all miniaturization. But since the scalability of

transistors has been approaching fundamental limits, further improvements will be hard

to achieve. The general speed of current generation flash is around 50 us. [20]

Ultimately, due to the gap between both types of memories a hierarchical memory

system has been developed to optimize the use of fast but scarce DRAM and abundant but

slow flash memory. With the fundamental limits of shrinking transistors being reached,

problems such as shorter data retention time, current leakage, lower sensing margins,

and difficulties in producing 3D staked NAND Flash, new memory solutions are required.

One possibility is using a different architecture where the memory and arithmetic unit

are one and the same (such as neuromorphic memristor computer), another would be

achieving a non-volatile memory with speeds comparable to current gen RAM. [21] This

last one has been explored with the discovery of novel RAMs such as magnetic (MRAM),

phase change (PRAM), ferroelectric (FeRAM) and resistive (ReRAM). [12, 22]

The most common application proposed for memristors has been memristor based

Resistive RAM (ReRAM), which can combine the high speed of SRAM, high density of

DRAM, low cost and the non-volatility of flash memories. [8, 23] The small size (4F2) and
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CHAPTER 2. STATE OF THE ART

the ability to easily stack memristors allows for higher density memory arrays without

the need to reduce the feature size, leading to cheaper and easier fabrication. In the case

of SOPs, the memristors versatility can facilitate the construction of a fully independent

SOPs since a memristor array would be less complex and smaller than a comparable flash

memory array. A more advanced future application could be a high-density non-volatile

ReRAM module replacing both flash and RAM storage.

2.5 Problems and solutions

Figure 2.5: a) a memristor array without selector. b) a memristor array with a selector
this can require extra wires here is depicted the worst case scenario with 2 extra wires.
[24]

For commercial use the sneak-path current is one of the main impediments to the

implementation of ReRAM. Sneak-path current is the unintended current that flows

trough cells in a LRS, and will cause the memory cell’s noise margins to be shrunken, see

2.5.

Preventing sneak path current would ideally be done by the Schottky diode since it

adds no complexity while maintaining low power consumption and array size. This how-

ever can only work with unipolar devices since a bipolar device will require a relatively

large voltage/current in the reverse polarity to reset, causing an avalanche breakdown

of the diode. Thin film Zener diodes have been reported [25, 26] but these add undue

complexity to the fabrication process.

The simplest selector is therefore a transistor, essentially pitting a 1T1C against a

1T1M memory cell, theoretically a memristor should be capable of speeds in excess of

capacitors. This approach however eliminates most of the size advantage from memristors

and adds latency.
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2.5. PROBLEMS AND SOLUTIONS

A different solution has been proposed by Zidan et al. [15] a selector circuit using 2M

cells (memistor[27]). This approach uses a memristor as a selector and adds 3Rof f to the

sneak path current. Since memristors can be stacked this solves the sneak path current

issue without decreasing array density and keeping the 3 contacts used by current 1T1C

DRAM cells. [14, 28]
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3 Materials and Methods

3.1 Mask for photolithography

The following mask (Figure 3.2) was designed , using Cadence’s Virtuoso Layout Suite

L. The basic device was designed with a crossbar configuration while ensuring that

the contact pads were large enough for our characterization systems, with sizes ranging

from 1 µm to 100 µm. The standard alignment marks used in CENIMAT were used.

The mask is comprised of 2 sections: the individualized devices and the crossbar array.

The individualized devices are composed by 3 layers: the bottom electrode (green), the

active layer (blue) and the top electrode (red), see Figure 3.2c and Figure 3.1. Both the

positive and negative masks were printed in order to allow choice of patterning methods

and deposition materials. The final 3 layers were already optimized and were therefore

printed in the required configuration, these are passivation layer (yellow) using parylene

, insulation layer (orange) and a zip connector layer (white), see Figure 3.2b. These last

two layers serve to isolate the crossbar array and to deposit contacts for testing part of the

memristor array (8x8) for more complex systems. These last three layers were not used

in this thesis, but were designed to be used for future device integration.

Figure 3.1: a) cross-section of the Mo-IGZO-Mo devices, b) cross-section of the Pt-ZTO-
TiAu devices.
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CHAPTER 3. MATERIALS AND METHODS

a) 4 layers: top layer (red), middle (active) layer
(blue), bottom layer (green) and passivization
layer (yellow).

b) Insulator layer (orange), zipper layer (white)
connects array with large zipper pads.

c) Zoomed image of individualized devices

Figure 3.2: Mask design
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3.2. DEVICE FABRICATION

3.2 Device fabrication

Several types of MIM devices were fabricated. In the following sections patterned devices,

based on Pt-ZTO-TiAu and Mo-IGZO-Mo, and non-pattern devices, based on Pt-ZTO-

TiAu, will be presented. The devices based on Pt-ZTO-TiAu where fabricated on a silicon

substrate coated with SiO2, for improved Pt adhesion. While the devices based on Mo-

IGZO-Mo where fabricated on Corning glass.

3.2.1 Thin film depositions

Before deposition the substrates were cleaned with two ultrasound baths. first in acetone

for 10 minutes, and then in isopropyl for 10 minutes, they were then rinsed in water and

dried with compressed N2.

E-beam evaporation (homemade apparatus) was used to deposit Pt and Au using Ti

as an adhesion layer, with the conditions described in Table 3.1.

Table 3.1: Deposition conditions of e-beam depositions.

Material Deposition pressure Current Deposition rate

Ti 10−6 mBar 0.08 A 0.96 nm/min
Pt 10−6 mBar 0.15 A 1.00 nm/min
Au 10−6 mBar 0.08 A 1.50 nm/min

A sputtering system (AJA ATC-1800) was used to deposit ZTO, IGZO, Mo and to

oxidize the Mo bottom layers. All depositions were done without intentional substrate

heating, with a substrate distance to target of 35 cm. All targets were procured from

AJA International, Inc. with 99.9% purity. The ZTO and IGZO targets had a diameter

of 5.08 cm and the Mo target had a diameter of 7.62 cm. The conditions specific to each

deposited material are described in Table 3.2.

Table 3.2: Deposition conditions of sputtering depositions.

Target Atmosphere Deposition R.f. power Thickness
(Molar composition) (Ar) (O) Pressure Rate

ZTO (1:1) 20 sccm 20 sccm 2.3 mTorr 4.4 nm/min 160 W 80 nm
IGZO (2:1:2) 20 sccm 20 sccm 2.3 mTorr 2.5 nm/min 160 W 30 nm

Mo 50 sccm 0 sccm 1.7 mTorr 5.8 nm/min 175 W 70 nm

A plasma treatment in an atmosphere of oxygen (20 sccm) with a pressure of 20 mTorr,

an r.f. power of 40 W and a substrate bias of 10 W was used for 15 min in order to oxidize

the bottom contact of Mo before IGZO deposition.
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CHAPTER 3. MATERIALS AND METHODS

3.2.2 Patterning

The non-pattern devices (or bulk devices) only require one shadow mask (Annex A) for

the top electrode which is a circle. Several sizes were produced but only results from the

devices with a diameter of 700 µm will be presented.

The patterned devices were patterned using the mask shown in Figure 3.2, for the

Ti-Pt, Ti-Au and ZTO layers lift off was used. The Mo was patterned using dry etching

with SF6 as etching gas and the IGZO was patterned by wet etching with a 1:20 solution

of HCl:H2O. Although there are several sizes of patterned devices ranging from 1 µm of

square size to 100 µm.

3.3 Device characterization

3.3.1 XPS analysis

An X-ray photoelectron spectroscopy (XPS) depth profile was performed on an non-

patterned Mo-IGZO-Mo device to confirm the IGZO stoichiometry and the formation

of MoOx. The device was etched using a 500 atom argon cluster mode with a 10 eV

accelerating voltage rastered over am area of 1.5x1.5 mm2. 100 s etching steps were used.

Between steps XPS analysis was performed using a Kratos Axis Supra with: a monochro-

matic AlKα x-ray source at 300 W power, with an aperture of 110 µm and 40 eV pass

energy.

3.3.2 Electrical DC characterization

Electrical characterization was performed using three semiconductor characterization

systems:

Keithley 4200SCS connected to an electrically isolated probe station (Janis ST-500),

both TE and BE were connected to source measure units (SMU).

Agilent HP 4155C connected to BE and TE via an isolated probe station (Cascade

M150).

Keysight B1500A connected to BE and TE via an isolated probe station (Cascade

EPS150 Triax).

The following device characteristics were investigated: pristine state, set , reset, oper-

ation window, retention, analog reset, cycling, set and reset speed, pulsed operation.

If the pristine state is in a low resistance state, then a device initialization/electro-

forming step might be necessary to achieve a memory, this step was done by applying a

voltage sweep starting and ending at 0 V. A current compliance (CC) is used in order to

minimize stress on the devices, CC is set at the lowest possible value, and the sweep is

increased until a set is achieved.

Set and reset voltages and currents were investigated. After an electroforming/ini-

tialization process set and reset were repeated to ascertain the reliability and discover
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the best voltage and CC settings. This was followed by a study of the Ron/of f ratio and

retention capabilities of the device by applying a constant voltage of 0.1V and measuring

current for up to 1000 seconds. Analog operation was also explored by attempting to

achieve intermediate resistance states between HRS and LRS. This was done in the reset

by applying successively larger voltage sweeps.

3.3.3 Electrical pulse characterization

A Keysight wave generator was used in series with the device and (Keithley 4200SCS) via

a probe station (Janis). The Keysight 33522A Function (Arbitrary Waveform Generator)

generated pulses and Keithley was used to measure the current. The wave generator was

used to increase the pulse speed. The pulses were set up to have a high set/reset value

and a low read value of 0.1 V, the pulse width was varied between 1 s down to the wave

generators limit of 10 ns. Between pulse tests transient set and reset was done in order

to ensure that the starting point is as similar as possible. Once set and reset speeds had

been determined, full set and reset cycles were done using only pulses.
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4 Results

4.1 Non-patterned Pt-ZTO-TiAu memristors

Figure 4.1a shows a typical pristine state for a functioning Pt-ZTO-TiAu device, which

showed reasonable rectification. A large Ron/of f ratio was achieved such as in Figure 4.1b.

The stop-voltage method was used to achieve a gradual reset. This consists in applying

successive DC sweeps while increasing the sweep voltage range. This is a replication of

behaviour reported in [29]. While most devices had a digital set and analog reset, other

Pt-ZTO-TiAu devices with different properties where found, with the main combinations

being fully digital, fully analog and digital set with analog reset, these properties could

be controlled by an electroforming/initialization step. However, this is a complex step

and the exact electrical characteristics are still an open question. Retention and cycling

was tested on the smaller patterned devices since smaller have increased performance

and stability. Due to large area and contamination by dust particles the device yield was

very low therefore further reducing the device size and the potential for contamination is

required.
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Figure 4.1: a) Typical pristine state, showing some rectification b) Digital set and analog
reset for non-patterned device.
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4.2 Patterned Pt-ZTO-TiAu memristors

4.2.1 Set and reset

As we can see in Figure 4.2a set and reset are both digital, although the Ron/of f ratio is

quite large (>103), the set and reset voltages are erratic, furthermore uniformity between

devices is very low. There is no rectification on the HRS but there is some rectification on

the LRS, however this rectification is still too weak to prevent the sneak path current in

an crossbar array of significant size [14, 15], as well as it being unstable and not always

present. After some cycles, retention was measured for ∼1000 seconds after set as well

as after reset, see Figure 4.2b. This is in accordance with previous results which have

tested retention more extensively.[30] So far, these devices have proven to be functional

as ReRAM however some problems exist: the lack of rectification will require a selector

to be added to the final array reducing speed and the Ron/of f ratio, increasing complexity

and possibly decreasing bit density. While the instability is concerning and should be

reduced if possible, since the Ron/of f ratio is so large, it should not impair the functioning

of the device. A way to improve the final system would be to increase the bit density of

individual memristors, this will be explored in the next section.
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Figure 4.2: a) Digital set and reset for a patterned 5 µm squared device , CC of 5/8 × 10−5
A was used and b) retention at 0.1 V for ∼1000 s

4.2.2 Gradual reset and digital set

As stated previously gradual operation allows for multiple bits per cell (MLC approach)

and it can also provide more precise control over resistance and has novel applications

in IC design[31]. While we are still using the same devices, they can behave in a gradual

manner. This can sometimes be determined by the initial step of electroforming/initial-

ization. However this is a complex step and is not reliable, requiring further investigation.

Instead of starting form a pristine state with high resistivity, a pristine device already in a

LRS was found. Upon applying a initialization step, a gradual reset with switched polar-

ity was achieved, see Figure 4.4 while the set remained digital, see Figure 4.3. Since the
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polarity was reversed we would expect a filamentary behavior, however this was incon-

clusive.[29] With a gradual reset, an MLC approach using the stop voltage method was

explored. While enough levels for 3 bit operation could be achieved, it is clear that the

instability of the device can no longer be masked by its large Ron/of f ratio, see Figure 4.4.

It is possible that a 2 bit cell could be achieved with the current device.
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Figure 4.3: Digital set with a CC of 1×10−5 A

4.2.3 Pulse speed testing and operation

After confirming that the memristor was functional (Figure 4.5) 1V pulses were applied,

followed by a DC sweep sets. Initially only resets were tried since our setup did not allow

for CC during pulsed operation. Starting with 100us pulses the pulse width was reduced

until there was no reset. Then the pulse width was raised to determine the threshold at

which the reset happened. This was determined to be 100ns, see Figure 4.6. This timing

was remarkably abrupt with even 99ns width pulses not having any effect. This is still

much higher than the theoretical speed limit discussed in Menzel et al. around 85 ps

[32], so it is likely we could be limited by our measurement setup which has an operating

frequency around 15MHz and that reducing the device’s size could help improve its speed.

Nevertheless, this falls closer to DRAM speeds than to Flash while still being non-volatile

and having a much higher density than DRAM.

Following the speed tests a series of set and reset using only pulses were done. Again

as with transient cycling, the device had a very large Ron/of f ratio, with this specific device

larger voltages were required to maintain the 100ns switching speed. Due to our setup

cylcing with pulses was not possible. Its likely that using pulses will extend the life time

of the device.

To study current density, the current was measured at 0.1 V and -0.1 V with devices

of all available sizes, see Annex B. All size showed rectification with the smaller devices

being better. The current density was not stable between sizes, there is also a large error

margin.
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Figure 4.4: a) Initialization from a device with high current pristine state, b) mulriple
gradual reset with 5, 3 and 5 different states , c) and d) gradual reset with MLC approach.
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Figure 4.5: Digital set and reset of the device used in the pulse speed testing, note that
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There are 2 problems left when applying these memristors in real world applications:

instability and the lack of rectification, which will cause sneak path current in arrays.
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Figure 4.6: Reset speed test, pulses are divided into 2 plots each, a top one with readout
current at 0.1 V and a bottom one with the input 1 V pulse, from left to right there is
100us, 50us, 100ns, 10ns, 75ns and 90ns, 100ns, 95ns, 99ns and 100ns.
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Figure 4.7: Set and reset done entirely with pulses, pulses are divided into 2 plots the top
one is readout current at 0.1 V and the bottom one represents the applied pulse.

Instability will improve in industrial production and by the reduction of the feature

size into the nanometer scale, furthermore when competing with the limited capacities

of DRAM, multi-bit operation is not critical so a 1-bit memristor cell can be used. The

solutions to the sneak path current have already been discussed.

4.2.4 Current sweep

The Pt-ZTO-TiAu devices with digital operation have a current controlled set, therefore

by using a voltage sweep they are not being controlled since the current will have some

randomness. Furthermore, using voltage sweep once a certain threshold is surpassed

the memristor snaps to the LRS, hence the necessity for a CC, this invariably leads to

over-stressing of the device. A current sweep approach allows for a more precise control

of current and for more data points to be gathered in the jump area. In Figure 4.8 we

can observe that once the set switching begins it continues at a constant voltage. This
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approach allowed us to test devices of larger sizes without burning and could be a solution

to the low yield ans high variability seen in 4.2. However further study is required.
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Figure 4.8: The first graph is the pristine state of several devices, the second graph shows
the electroforming process using current sweep for some devices of different sizes. [6]

4.3 Patterned Mo-IGZO-Mo memristors

4.3.1 Pristine state, set and reset

Unlike Pt-ZTO-TiAu devices, Mo-IGZO-Mo devices were more stable and had high unifor-

mity between devices. Figure 4.9 shows the typical pristine state. There is some rectifying

behavior, especially for the lower read voltages (<0.4 V) which is the intended effect of the

plasma treatment. Since the MoO3 has a much higher work function than Mo, a barrier is

created between the MoO3 and IGZO, therefore, allowing for the replacement of Pt with

Mo. [33] After the initialisation step, shown in Figure 4.10 in red, the diode-like device

shows high reverse current. This can be optimized further in processing, or require the

use of selectors in arrays of any significant size. After initialization the device is rather

stable, with both set and reset being analog, this however comes at a cost of a very small

Ron/of f ratio, which nullifies the main advantage of analog operation, MLC, since the

Ron/of f ratio is too small to contain more than 2 resistance levels. The set and reset are

analog with an asymmetrical shape and some rectifying behavior this is indicative of a

area-dependent ion migration mechanism at the interface. [12]
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An XPS depth profile was performed, however it was not possible to identify the

MoOx. Likely due to it being too thin or due to the reductive action of the Ar beam

used for the etching. The XPS analysis, seen in 4.11, confirms the device structure, the

stoichiometry present in the target was not transferred to the device, this was expected

and the reduced Zn ratio as been previously shown [34]. However, the stoichiometry of

the IGZO layer also changed along the thickness of the layer, this was not expected and

might be due to uneven heating of the target. This structure is generally associated with a

oxygen migration mechanisms, but a more in-depth analysis with measurements at HRS

and LRS would be necessary for confirmation.

In order to study area dependency of current, set and reset cycles were done in several

devices of different sizes and the highest current on the reset side was measured and

averaged over 3 cycles, 4.12 exemplifies the curves for devices with square sizes of 2 µm

and 20 µm. 4.13 shows the current measured and the areas of different devices, there
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Figure 4.11: XPS depth profile. We can observe the change in ratio along the depth, this
is typical of homogeneous oxygen migration mechanisms. [12]

is a clear linear relationship between current and area with a current density around

105A/m2, this confirms our assertion that the mechanism at play is surface uniform ion

migration and therefore area-dependent.
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Figure 4.12: Reset for devices with square sizes of 2 um and 20 um. The arrows indicate
the curve zone used for measuring the current.
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Figure 4.13: a) Current variation with device area and b) Current density variation with
size, as can be seen there is a clear linear relation between current and area.

4.3.2 Cycling and retention

100 cycles of set and reset inter-spaced with 250 seconds of retention were performed

on a device. Initially there is some instability, however after some cycles the set and

reset levels stabilize, with very little decay, see Figure 4.14. The movement of the states

upward is indicative of a charging phenomenon.
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Figure 4.14: Set and reset cycling and retention states.

The retention data was used to calculate the cumulative distribution function (Cdf)

which confirms our analysis that both set and reset states are stable and drifting to higher

currents, see Figure 4.15.
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Figure 4.15: Cdf of 100 cycles after set and reset

4.3.3 Pulsed speed and operation

The Mo-IGZO-Mo devices operation is fully analog, therefore there isn’t a definite pulse

speed, set and reset begin with 10 ms pulse width and continue until 1 s pulse width,

see ( Figure 4.16). Since 2 s pulses only improved the Ron/of f ratio marginally 1 s pulses

were chosen. Higher voltages were tried in order to reduce the pulse width, however

the voltage level quickly rose above what the devices could sustain, burning the devices.

The Pt-ZTO-TiAu devices which could sustain similar voltages in transient operation,

could sustain higher pulse voltages (up to 6V, Figure 4.7) likely due to the very short

pulse widths used. Higher voltages were used for reset to improve the Ron/of f ratio but

symmetric cycles were also done.

Using a different 5 µm device, cycles using 1 s pulses and 100 s retention time at 0.1

V were performed. Over 500 cycles were performed on the same device. The Cdf can be

seen in 4.17. There is a very low error and no drift in the states.

Unlike the DC sweep cycles in 4.3.2 there is no appreciable change in the HRS and

LRS as can be seen in 4.18a and 4.18b, i.e.:there is no charging phenomenon. However

there is still a stabilization of the states, therefore some stabilization loops might be

required.

The average HRS was 25± 1 nA and the average LRS was 43± 2 nA this window is

very small. Optimizing this window of operation and improving the device’s for speed

is necessary. The same problems and solutions regarding sneak-path current outlined in

4.2.3 apply, excepting that in this case the selecting memristor would have to be different

seeing as this must have a large Ron/of f ratio.
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5 Conclusions and future
prospects

5.1 Conclusions

Pt-ZTO-TiAu based memristors were shown to function with large Ron/of f (>103), the

switching mechanism seems to be filamentary based although further research is required.

Although the main mechanism seems to be valence change, several confounding effects

could be interfering, such as charge trapping effects and other electronic effects. This

purely filamentary behavior seems to be linked with size since the larger non-patterned

devices looked area-dependent. Such a device and mechanism is clearly suited to ReRAM

applications. Due to its filamentary nature, further reductions in size are unlikely to

increase operating speed or decrease power consumption, while increasing reliability.

Mo-IGZO-Mo based memristors were shown to function reliably and during large

cycles. The switching mechanism was identified as homogeneous oxygen ion migration

at the surface and is therefore area dependent. Although this mechanism can be suited

for ReRAM our devices are not, due to slow operation and small Ron/of f ratio. A better

use could be neuromorphic computing or alternative logic circuits. Further decreases in

size can improve operating speed and reduce power consumption.

5.2 Future prospects

For Pt-ZTO-TiAu devices one should increase the stability and optimize the fabrication

process by improving the patterning and the smoothness of the layers. Furthermore

it would be interesting to do pulsed cycling, temperature testing, and study the area

dependency after the initialization/electroforming process.

For the Mo-IGZO-Mo devices one should increase speed and Ron/of f . Again, testing

cycles with temperature would be interesting.

Furthermore, optimizing a device without Pt, Au and IGZO which are rare and more

expensive should be tried, further miniaturizing the devices should also help achieve

these objectives. Finaly the sneak-path current, in a crossbar array should be studied and

the solutions outlined should be implemented.
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I Annex

I.1 Annex A

Figure I.1: Shadow mask for deposition of top electrodes, the sizes are, from top to bottom
500 µm, 600 µm, 700 µm, 800 µm, 900 µm, 1000 µm.

35



ANNEX I. ANNEX

I.2 Annex B
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Figure I.2: Current density variation with area of Pt-ZTO-TiAu memristors, as we can
see the current density is not constant and there is no obvious relation. The higher
currents for very large areas could be due to the increased probability of impurities. The
instability of the devices prevented us from testing current densities in HRS and LRS and
infer filamentary or area dependent behavior.
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