
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



A  S t u d y  o f  N a n o w i r e  J u n c t i o n s  a n d  

T h e i r  I m p a c t  o n  t h e  P r o p e r t i e s  o f  

N a n o w i r e  N e t w o r k s

A thesis presented to the University of Dublin, Trinity College 

for the degree of 

Doctor of Philosophy in Chemistry

by

A llen  T. B ellew

U nder the supervision of P rof John  Boland 

School of Chem istry & CRANN 

Trinity College Dublin

2015



TRINITY COLLEGE11 4 MAY 2015 

, LIBRARY DUBLIN A



D e c l a r a t i o n

I, the undersigned, declare that this work has not previously been subm itted as an exercise 

for a degree at this, or any o ther University, and that unless otherw ise stated is my own work. 

Elements of this work that have been carried ou t jointly with others or by collaborators have 

been duly acknowledged in the text.

I agree to deposit this thesis in the University’s open access institu tional repository or 

allow the library to do so on my behalf, subject to Irish Copyright Legislation and Trinity 

College Library conditions of use and acknow ledgem ent.

Allen T. Bellew

^  h i !  'lb
Date





S u m m a r y

N anow ire netw orks are of im m ense technological in terest due to their properties of high 

transparency, high porosity, flexibility, ease of fabrication, and low cost. Despite the in­

creasing atten tion  these m aterials continue to  receive, there rem ains a fundam ental lack 

of understand ing  in the literature regarding the properties of the basic building block of 

nanow ire networks -  the nanow ire junction. This is highlighted by several recent reports in 

the literature that a ttem pt to extract the resistance of the junction from bulk m easurem ents, 

p roducing  inconsistent results. This thesis focuses on addressing this lack of u n d ers tan d ­

ing by exam ining individual junctions com posed of both  silver and nickel nanow ires w ith 

passivating surface layers. Passivation layers are ubiquitous th roughout nanoscience, and 

are generally seen as obstacles that m ust be overcome in order to realise functional devices 

or applications. R ather than  seeing them  as obstacles however, this thesis utilises these 

passivation layers as device com ponents in and of themselves, and in doing so dem onstrates 

the addition  of new  levels of functionality into otherw ise simple, m etallic systems.

The junction  resistance of Ag nanow ires was determ ined through a carefully designed 

m easurem ent, accounting for both  the contact resistance and  the resistance contribution 

of the nanow ire length. This was perform ed for both u n trea ted  Ag nanow ires, and those 

th a t had  been  therm ally  annealed  to rem ove the  insulating polym er coating. Therm ally 

trea ted  nanow ires dem onstrated rem arkably low junction resistances, less than 50 Q, while 

it w as found tha t the u n trea ted  nanow ires w ere insulating in the pristine state due to the 

presence of polym er at the junction  interface. T hrough the application of a sufficiently 

large voltage (1 -2  V), this layer was broken dow n to form a highly conductive connection. 

By driving curren t through this electroform ed junction , low  junction  resistances (<  60 0 )  

w ere obtained . The results of both  therm ally  activated and electroform ed junctions w ere 

com bined to generate the first m easured distribution of junction resistances for Ag nanowires. 

The junction  resistance of Ni nanow ires was also determ ined. A nanoscale passivating layer 

of NiO forms on the surface of Ni nanow ires, creating a core-shell structure. As a well known 

resistive sw itching m aterial, the reversible electrical breakdow n of NiO is extrem ely well 

studied . This m echanism  was em ployed to create an  ohm ic connection betw een  the two 

m etal cores of a Ni nanow ire junction, and thereby allow the resistance to be m easured. A 

distribution of junction resistances was obtained across several nanow ire junctions, showing 

an average value of 718 Q.

The effect of nanoscale surface passivation layers on the behaviour of nanow ire networks 

was studied by first exam ining the electrical activation of un treated  Ag nanow ire networks. 

Prior w ork established the dependence of activation voltage on the inter-electrode distance 

and  nanow ire density, and a m odel was developed to describe this behaviour based on 

the form ation of cells of activated nanow ires. Building upon this, a study was undertaken  

exam ining the behaviour of un treated  Ag nanow ire networks as a function of netw ork size.
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It was found that as a network was electrically stressed post-activation, the conductance of 
the network increased due to both a reduction of the junction resistance and the addition 

of parallel conducting pathways. This behaviour was collectively termed connectivity evo­

lution. It was discovered that the degree to which a network may evolve its connectivity 

is dependent upon the network size, as smaller networks dem onstrated almost complete 
connectivity, while for larger networks there remained non-activated parallel paths even 

with the application of high electric fields.

The electrical behaviour of Ni nanowire networks was also examined as a function of 
network size. It was found that small networks demonstrated the same resistive switching 

behaviour as single junctions, and it was concluded that this was due to the existence of a 

single junction acting as a bottle-neck point for the current. It was found that the probability 
of observing resistive switching behaviour fell off as the network size increased, eventually 

becoming zero. At these large network sizes, networks demonstrated the same connec­

tivity evolution behaviour seen for Ag networks. This demonstrated the existence of two 
behavioural regimes defined by the network size: device-like, and material-like behaviour. 
Finally these results were combined to fabricate a programmable network, where both a 
resistive switching device and a metallic interconnect material were fabricated into the same 

network. These results from analysis of the current-voltage behaviour were complemented 
by the development of passive voltage contrast imaging techniques that allowed for the vi­
sualisation of conductive pathways through a network. Utilising both the scanning electron 
microscope and the helium ion microscope, two separate PVC techniques were developed 
for the visualisation of Ag and Ni networks respectively. Using these techniques, the theory 
of connectivity evolution through the addition of parallel pathways was validated.

Ultimately, this thesis demonstrates that in order to gain a full and complete under­
standing of the properties of networks, the junctions that make up that network must be 
fully characterised in isolation. In addition to this, it has been shown that the incorporation 

of non-linear elements such as resistive switches at the junctions introduces new levels of 
functionality such as programmability, and that this may be controlled through the net­

work geometry defined by the interrogating electrodes. These results are fascinating from 
a phenomenological perspective, but may also prove valuable from a device perspective as 

technology moves towards flexible, multi-functional, and multi-sensory platforms.



A c k n o w l e d g e m e n t s

I’d like to begin by thanking my supervisor, Prof. John Boland. Your help and guidance over 

the past 4 years has been invaluable, and it is an experience I shall never forget. I owe a 

big thank you also to HI  ̂ SFI, and the ERC for funding my research -  it really w ouldn’t have 

happened w ithout it!

To my Mum and Dad, all I can say is thank  you, bu t I owe you so m uch m ore. You’ve 

always supported me, and you are the reason I am w here I am  today. I dedicate this to you. 

To my sisters Emma, Claire, and Ruth; thanks for always being there and for making sure I 

never got too ahead of myself! Your b ro ther is now a Doctor.

I’d like to thank  all m em bers of the Boland group, past and present, bu t in particular 

Alan, Peter, Eoin, Jessam yn, Curtis, Sophie, Shaun, Hugh, Mary, and Dave. You guys m ade 

the experience w hat it was. A PhD is not done alone, and I owe you all a g reat deal for 

helping me along the way, and m ore than  a few pints! And to all the staff w ithin CRANN 

and the AML, past and present, w ho have helped me, I owe you my thanks also. Special 

m ention m ust go to Jessam yn for proof-reading, and to Sarah-Louise for having jellies at 

the ready w henever things got bad.

To my dear friends Aoife and Roisfn, w hat can I say? Your friendship is som ething I am 

eternally  grateful for. Thanks for listening w hen I ju st w an ted  to com plain, and  for being 

the voice of reason w hen I couldn’t be. You guys are the best. To Hugo and Aine, thanks 

for putting up with me! I know I can be a grum py git a t times, but you never judged me for 

i t . .. too much! Having a proper hom e to go to at the end of the day makes a big difference.

vii



r  ■

L L

I  r - -  ■ ■ ■ ■-■: J  1 -■ ■■ - i r  ■:. . j.' i 'T l/t .-  ;i ■_..  ̂ .. . ,  - -ic. tf- ■-' . ^  ■■ ■' ■ / - . i
■ ■ ■

f - -
f j

W T  w A iy * 'V ?-■-*< r 4.>4jfiT*S # i -■ f
.v :r  "-■/

/ ■  -  -

F 4 '



C o n t e n t s

1 Introduction 1
1.1 Nanowire N etw orks.....................................................................................................  3

1.1.1 Nanowire Networks for Transparent Conductor A pplications...............  3

1.1.2 Optimising N e tw o rk s .................................................................................... 5
1.1.3 Alternatives to A g .........................................................................................  8

1.2 Non-Volatile M em ory ..................................................................................................  9
1.2.1 Emerging Non-Volatile M em ories...............................................................  10

1.3 Redox Memory -  ReRAM ........................................................................................... 12
1.3.1 Switching M echan ism s.................................................................................  13

1.4 Nanowire M e m o ry .....................................................................................................  22
1.4.1 Resistive Switching in Metal-Oxide Nanowire Structures .........................22
1.4.2 Resistive Switching in Core-Shell Nanowire S tructures...........................  24
1.4.3 Crossbar Nanowire M em o ry ............................................................................25

1.5 Neuromorphic Network System s..............................................................................  27
1.6 Thesis O u tl in e ..............................................................................................................  29
References................................................................................................................................  31

2 Equipment & Methods 37
2.1 M icroscopy....................................................................................................................  37

2.1.1 Scanning Electron M icroscopy.....................................................................  37
2.1.2 Electron Beam Lithography ............................................................................43

2.1.3 Helium Ion M icroscopy.................................................................................... 45

2.1.4 Atomic Force M icroscopy................................................................................. 48

2.2 Fabrication of Electrical Contacts onto N a n o w ire s ..............................................  51
2.2.1 UV Lithography................................................................................................ 52

2.2.2 Electron Beam Lithography ............................................................................53

2.3 Nanowire Network Fabrication.....................................................................................55
2.4 Electrical Characterisation..............................................................................................58

2.4.1 DC Electrical M easurem ents............................................................................58
2.4.2 AC Electrical Measurements: Impedance Spectroscopy ........................ 61

2.5 C onc lu sion ....................................................................................................................  64

References.................................................................................................................................... 65

ix



X C o n t e n t s

3 R esistance o f S ingle Ag & Ni N anow ire  Ju n c tio n s  67

3.1 M o t iv a t io n ...........................................................................................................................67

3.1.1 Beyond Ag: Ni nanow ires ................................................................................ 69

3.2 Single Nanowire Junction Fabrication ..........................................................................70

3.2.1 Nanowire Fabrication & P re p a ra tio n ..............................................................70

3.2.2 Junction Fabrication & C o n ta c t in g ................................................................. 72

3.3 DC Electrical M easurem ents: Resistive Switching & Rjxn ........................................ 74

3.3.1 Ag N anow ire J u n c t io n s ...................................................................................... 74

3.3.2 Ni N anow ire J u n c t io n s ..........................................................................................84

3.3.3 O utlook .......................................................................................................................89

3.4 Im pedance Spectroscopy of Single N anow ire J u n c t io n s ............................................89

3.4.1 M easurem ent Set-up & C o m p en sa tio n ..............................................................90

3.4.2 Ni Nanowire J u n c t io n ............................................................................................. 92

3.5 C onclusions............................................................................................................................... 95

R eferen ces.............................................................................................................................................96

4  M an ip u la tin g  C onnectiv ity  & C onductiv ity  in  Ag NW N etw orks 98

4.1 Preface: Netw ork Activation ............................................................................................. 98

4.1.1 Conductivity M apping in Ag Nanowire N e tw o rk s ......................................... 98

4.1.2 N etw ork Activation M o d e l ................................................................................... 101

4.2 Post-Activation Electrical B eh av io u r............................................................................... 104

4.2.1 Small Networks: = 2 .7 4  ........................................................................105

4.2.2 Scaling of Connectivity E vo lu tion .......................................................................109

4.2.3 Limitations of Connectivity E v o lu t io n ............................................................. 112

4.3 PVC Imaging of Ag Nanowire Networks ...................................................................... 113

4.4 C onclusions.............................................................................................................................. 117

R eferences........................................................................................................................................... 119

5 The E m ergen t P ro p e rtie s  o f  Ni Nanowrire N etw orks 120

5.1 Electrical Activation of Ni Nanowire N e tw o r k s ..........................................................120

5.2 Resistive Switching in Ni Nanowire N e tw o rk s .............................................................124

5.2.1 Small Networks: < 2  .............................................................................. 124

5.2.2 Resistive Switching & Probabihty in Networks (D/Ljvw <  1 0 ) .................127

5.3 Behaviour of Large Networks >  1 0 ) ............................................................. 130

5.4 Helium Ion PVC Im aging of Ni Nanowire N e tw o rk s ................................................ 136

5.4.1 Effect of Charge D o sin g ..........................................................................................137

5.4.2 Characterising Netw ork Connectivity w ith HIM PVC Im ag ing ................... 139

5.5 Program m ing a N anow ire N e tw o r k ................................................................................141

5.6 Discussion & O u tlo o k ........................................................................................................... 145

5.7 C onclusions.............................................................................................................................. 146

R eferen ces........................................................................................................................................... 147



C o n t e n t s xi

6 Conclusions 148

A Scaling of Vj  a t in term edia te  in terelectrode spacings 154



■1“ ^
■II'-- —
■J ■ I
- 1



L i s t  o f  F i g u r e s

1.1 Plots illustrating the rise in publications and citations for the term “nanowire  

network” since 2 0 0 1 .................................................................................................................. 4

1.2 Plot of optical transm ittance as a function o f sheet resistance for a range of 

m aterials......................................................................................................................................... 5

1.3 Plot show ing the relative change in sheet resistance as a function o f bending  

cycle for ITO, FTO and Ag nanow ire film s.......................................................................  6

1.4 M emory cell architecture o f DRAM, SRAM and flash m em ories............................. 10

1.5 Taxonom y o f established and em erging m em ory devices according to the 

International Technology Roadmap for Sem iconductors .......................................  11

1.6 Basic m em ory cell architecture o f PCM and MRAM....................................................  13

1.7 Unipolar and bipolar sw itching operation in MIM structures...................................... 14

1.8 Schematic illustration o f the operation o f electrochem ical m etallization cells. 15

1.9 Electrochemical m etallization m em ories..........................................................................  16

1.10 Bipolar sw itching in Ti02 thin film devices.....................................................................  18

1.11 Resistive switching m echanism  and electrical response in NiO...................................20

1.12 Resistive switching in single nanow ires................................................................................ 23

1.13 Unipolar sw itching in N i/N iO  core-shell nanow ires........................................................ 25

1.14 Dem onstration o f m em ory in a core-shell nanowire crossbar structure 26

1.15 Neuromorphic networks o f A g/A g2 S nanow ires............................................................... 28

2.1 Schem atic illustration o f a scanning electron m icroscope.............................................38

2.2  Schem atic illustration o f the electron beam  -  surface interaction............................. 39

2.3 Comparison o f SE2 and Inlens detector im ages in SEM............................................. 41

2 .4  Plot o f secondary electron yield as a function o f primary beam  energy. . . . .  42

2.5 Schem atic illustrating the production o f characteristic x-rays due to electron  

bom bardm ent, and an exam ple EDX spectrum ..................................................................43

2 .6  Electron beam  lithography w o r k flo w ................................................................................... 4 4

2 .7  Monte Carlo sim ulations o f electron/sam ple interactions for a range o f accel­

erating vo ltages............................................................................................................................... 45

2.8 Schem atic illustrating the generation  o f a helium  ion beam  due to field ion­

ization ................................................................................................................................................. 46

xiii



x iv L i s t  o f  F i g u r e s

2.9 Schematic illustrating the mechanism behind the HIM passive voltage con­
trast technique.................................................................................................................... 47

2.10 Diagram illustrating the basic components required for AFM operation 48

2.11 SEM images of atomic force microscopy tips...............................................................49

2.12 Force -  distance plot showing the interaction of an AFM tip with a surface. . 50

2.13 Photomask design for mix-and-match lithography................................................ 52

2.14 SEM image of PMMA/MMA bilayer e-beam resist, and schematic describing 

bilayer resist mechanism.................................................................................................. 54

2.15 Robotic spraying system................................................................................................... 56

2.16 SEM images of sprayed Ni nanowire networks for three network densities. . . 56

2.17 Images of shadow masks used to make electrical contact to nanowire networks. 58

2.18 Images of electrical characterisation systems used in this work..........................  59

2.19 Images describing the electrical characterisation system and probe station 

used in this work................................................................................................................ 59

2.20 Equivalent circuits dem onstrating both 2-probe and 4-probe m easurem ent 

regimes................................................................................................................................. 60

2.21 Different ways of plotting impedance data plots for the example of an RC 
parallel circuit..................................................................................................................... 63

2.22 Example of a Nyquist plot for both LCR series circuit and an RC parallel circuit. 63

3.1 Characterisation of PVP-coated, pentagonally twinned Ag nanowires...............  71

3.2 Characterisation of extracted Ni n a n o w ire s .............................................................. 73

3.3 SEM images of a single Ag nanowire junction with four Ag metal contacts 
fabricated with EBL............................................................................................................74

3.4 Resistivity measurements of single Ag nanowires...................................................... 75

3.5 Junction resistance experimental s e t - u p ....................................................................76

3.6 SEM images of annealed Ag nanowire junctions........................................................ 78

3.7 EDX analysis of welded Ag nanowire junction............................................................ 79

3.8 I-V curves of non-annealed single Ag nanowire junction.......................................... 80

3.9 Current driven strengthening of a Ag nanowire junction...................................... 81

3.10 SEM characterisation of electroformed Ag nanowire junctions...............................83

3.11 Histogram of all Rj^n values measured for Ag nanowires......................................... 83

3.12 Electroforming and ohmic contact formation on a single Ni nanowire................. 85

3.13 4-probe m easurem ent of Rjx„ in Ni nanowires............................................................ 86

3.14 SEM analysis of measured Ni nanowire junctions...................................................... 88

3.15 Set-up of impedance measurements on a single nanowire junction.......................91

3.16 Bode plot of \Z\ and 9 for a Ni nano wire junction..................................................... 92

3.17 Bode and Nyquist plots of a Ni nanowire junctions in the HRS.............................. 93

3.18 Illustration of parasitic capacitance introduced by sample substrate.....................93

3.19 Fully calibrated impedance m easurem ent of Ni nanowire junction in HRS. . . 94



L i s t  o f  F i g u r e s XV

4.1 Schematic illustration of a CAFM experimental set-up..............................................99

4.2 Conductive AFM study of Ag nanowire networks..................................................... 100

4.3 Scaling of Vy-with electrode-tip distance, D .............................................................101

4.4 (a) Simulation of connectivity cell scaling, and (b) Vj  replotted as a function
of D ...................................................................................................................................102

4.5 Random circuit breaker model developed by Chae et al......................................... 103

4.6 SEM and AFM images of Ag nanowire n e tw o rk s ....................................................105

4.7 Calibration of Ag nanowire dispersion.........................................................................105

4.8 Electrical activation in a D/Ljwv =  2.74 Ag nanowire network ......................... 106

4.9 Network evolution in a D/L/vw =  2.74 Ag nanowire netw ork............................... 107

4.10 Evolution of network resistance with sweep num ber.............................................. 108

4.11 Dark field optical microscope image of a FIB-cut D/L^w =  ^-48 network. . . 109

4.12 I-V curves showing hysteresis in D/L^vy =  5.48 and D/Lf^^  =  137 Ag 
nanowire networks...........................................................................................................110

4.13 Network sheet resistance, Rg, as a function of the maximum electric field 

experienced during each sweep for both D/L^,vv =  5.48 and 137 networks. .111

4.14 Electrically stressing Ag nanowire networks to failure.............................................112

4.15 Re-plot of Figure 4.13 to include maximum stress da ta ...........................................114

4.16 Passive voltage contrast imaging of activation cells in a Ag nanowire network.115

4.17 SE2 and In-lens PVC images of the D/Lj .̂vy =  2.74 network shown in Figure 4.8116

4.18 Visualising activation and connectivity evolution in a D/Lf^w = 5.48 Ag 
nanowire network.............................................................................................................117

5.1 SEM images of Ni nanowire networks of various sizes.............................................121

5.2 Forming voltage, plotted against (a) inter-electrode distance, D, and
(b) the normahsed network size, D/Lf^y^....................................................................122

5.3 Scaling of with network size for different nanowire densities...................123

5.4 Resistive switching in a single Ni nanowire ju n c tio n .............................................. 124

5.5 Resistive switching in a small (D/L^v^y =  1.88) Ni nanowire network.................125

5.6 Schematic of D/L^w' =  2 nanowire network illustrating the proposed mech­
anism for RS in networks................................................................................................126

5.7 ON/OFF current ratio for a nanowire network resistive switch.............................127

5.8 Scaling of RS parameters Vr£S£t> ^r e s e t > ^rid Vset a function of network
size....................................................................................................................................... 129

5.9 Plot of switching probability, P^g, against network size, D/ L^ w  (log scale). . 130

5.10 RS and connectivity evolution behaviour in a D/Lf^^ = 9.43 Ni nanowire 
network............................................................................................................................... 131

5.11 Hysteretic nature of very large (D/Lf^w =  47.17) networks.................................. 132

5.12 Plot of network resistance as a function of electric field dem onstrating con­

nectivity evolution in D/L^vw =  9.43 and 47.17 networks..................................... 133



x v i L i s t  o f  F i g u r e s

5.13 Resistance -  tim e m easurem ents dem onstrating  the stability of Ni nanow ire 

netw orks.....................................................................................................................................134

5.14 Adaptive nature of connectivity in large =  47.17) netw orks...................135

5.15 Helium ion microscope passive voltage contrast images of a Ni nanow ire 

netw ork.......................................................................................................................................136

5.16 The effect of dose charge on contrast in HIM PVC im ages.......................................... 137

5.17 Sequential dosing of a non-activated network (p  =  0.15NW[jLm“ ^) showing

the expansion of the connectivity cloud .......................................................................... 138

5.18 Com parison of connectivity in two separate netw orks that have been acti­

vated and evolved, respectively, using HIM PVC im a g in g ........................................139

5.19 Programm ing a nanow ire netw ork -  part 1.................................................................141

5.20 Programm ing a nanow ire netw ork -  part 2 .................................................................142

5.21 Program m ing a nanow ire netw ork -  part 3 ................................................................ 143

5.22 PVC visualisation of a program m ed nanow ire netw ork............................................... 144



L i s t  o f  T a b l e s

1.1 Comparison of established and emerging memory technologies.......................  12

2.1 Comparison of tungsten, LaBg, cold field emission FEG, and Schottky emitter
FEG electron s o u rc e s .......................................................................................................40

3.1 Summary of Ag nanowire junction resistance values in lite ra tu re ........................69

3.2 Measured and calculated resistances from 4-probe measurements of single
Ag nanowire ju n c t io n s ................................................................................................  77

3.3 Measured resistance values and the calculated Rĵ n for electrically activated
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1
I n t r o d u c t i o n

Equipped with his five senses, man explores the universe around him and calls the 

adventure science.

-  Edwin Hubble

For m ore than  half a centur)' the ideas and advances brought about by nanoscience have 

helped dictate the shape of the world around us. In 1971, Intel released its first commercially 

available microprocessor chip, which contained a total of 2,300 transistors. Today, standard 

chips contain transistors num bering in the billions -  an  advancem ent m ade possible by the 

breakthroughs m ade in nanoscience. From solar cell technology, to faster, m ore pow erful 

and m ore efficient electronics, to advanced sports equipm ent, nanoscience continues to 

be the driving force behind  m any of the technologies th a t govern our m odern w orld. The 

g reat physicist Richard Feynm an -  considered by m any to be the fa ther of nanoscience -  

once eloquently described it as “there’s plenty of room at the bottom ”, describing the vast 

am ounts of inform ation th a t could be stored in a space no larger th an  the head of a pin, 

bu t also foretelling the enorm ous advancem ents that could be m ade if the nano-w orld was 

harnessed. Exploring the electrical behaviour of nanoscale objects, both collectively and in 

isolation, this thesis aim s to contribu te to this now  vast field, and advance the collective 

know ledge a little further.

Nanoscience is an all-encom passing term , describing the study of all m atter sm aller than 

100 nanom etres (nm ) in any dim ension. One subset of this th a t continues to receive ever 

grow ing atten tion  is the study of low -dim ensional m aterials. These novel m aterials, m any 

of w hich have only recently  been discovered or fabricated for the first tim e, fall into three 

categories: zero-dim ensional (0-D), one-dim ensional (1-D), and two dim ensional (2-D). 

0-D m aterials include quan tum  dots and nanoparticles -  m aterials th a t are “sm all” in all 

d im ensions, and are thus pseudo 0-D, while 2-D describes the new est arrivals to the nano- 

scene, m aterials of m acroscopic length in two dim ensions, bu t of incredibly low dim ension 

in the third. Examples of these include graphene and its various inorganic counterparts'-^^. 

The third category, 1-D, includes m aterials such as nanotubes and nanow ires -  m aterials of

1
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nanoscale size in two dimensions, but macroscale in the third, and it is on these materials 

that this thesis shall focus.
Upon their discovery in 1991,'-''^ carbon nanotubes (CNTs) were heralded as a wonder 

material due to their exciting properties of high strength and high electron mobility, and their 

pseudo 1-D nature meant the possibility of extremely high device integration densities. In the 

following two decades the fervour has died down considerably, due in part to the variation 

in conduction properties that are dependent upon the chirality of the nanotube, and the 

extremely difficult challenges associated with accurate placement of single nanoscale entities. 

1-D materials still provide many opportunities for novel materials and devices however, 

though the focus of m odern research has shifted largely to metallic and semiconducting 
nanowires, due to a greater diversity of properties and an ability to more accurately control 

these based on growth conditions. With a m ultitude of different fabrication techniques, 

from vapour-liquid-sohd (VLS) growth and sol-gel approaches, to electrochemical 
deposition, nanowires may be formed from a wide range of materials. This diversity has 

resulted in nanowires finding an equally wide range of applications, including field-effect 
transistors, gas s e n s o r s , a n d  electromechanical s w i t c h e s . D e s p i t e  the many 
promising results that have emerged, commercial application of any of these technologies 
has yet to be realised, again reflecting the extreme difficulty associated with placement of 

nanoscale entities on a large, reproducible scale.
One technique to overcome the difficulties associated with individual nanowires but 

retain many of the promising characteristics of these materials is to form networks of in­
terconnected nanowires. Although for the most part this precludes the use of nanowires in 
device applications,* the obvious advantage of such a material is that accurate placement of 
the nanowires is no longer a concern. Networks also average out the properties of individual 
nanowires, the variation of which can be significant, and therefore allow for less stringent 
fabrication processes, reducing cost. Perhaps one of the most noteworthy advantages of 
network materials is their intrinsic flexibility and optical transm ittance at low nanowire 

loading, enabling their use in advanced flexible electronics which are likely to dominate 
the market in the coming decade, This thesis studies transparent networks of both silver 

and nickel nanowires, and in particular looks at the connectivity within these networks and 

how this may be manipulated through the use of active and passive nanowire coatings.
Passivation layers are ubiquitous throughout the field of nanoscience. In order to pre­

vent aggregation of nanostructures, a surface layer must be used to passivate the surface 

-  common examples of passivation layers include polymers, molecules such as citrate or 

thiols, or even naturally forming oxides. While crucial for the fabrication and stabilisation 

of nanostructures, these passivation layers must then be removed before a functional de­

vice or technology can be realised, and thus present a major barrier to the incorporation 
of nano-m aterials in new technologies. An alternative approach to the use of passivation 

layers is to see them as device components in and of themselves, rather than obstacles that 

must be overcome. This new paradigm  will lead to greater levels of functionality within

'This thesis demonstrates how devices may be fabricated from random networks.
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not only single nanow ire devices, bu t netw orks also, while at the sam e tim e also reducing 

processing steps, saving both time and money. The w ork presen ted  in this thesis strives to 

dem onstrate how passivation layers may introduce new  levels of functionality to otherw ise 

simple m etallic m aterials.

This chapter begins w ith a discussion of nanow ire networks, introducing the reader to 

the field and discussing the state-of-the-art. Resistive switching shall then be introduced, and 

an extensive literature review provided, as this is central to the m echanism  for introducing 

added functionality through the use of passivation layers. Recent advances in both of these 

concepts shall also be discussed. These sections aim to give the reader a strong foundation in 

these fundam ental concepts, from which the subsequent chapters will build to dem onstrate 

how  random  nanow ire networks m ay be designed to produce new  m aterial properties and 

ultim ately provide a m ethod to fabricate m ulti-functional, program m able networks.

1 . 1  N a n o w i r e  N e t w o r k s

The nanow ire netw ork was first introduced by Huang et al. in 2001, w here they fabricated 

well aligned, perpendicular arrays of sem iconducting nanow ires using a directed fluidic ap­

proach. This work proved to be the beginnings of a field that would grow to considerable 

size; Figure 1.1 illustrates this by show ing the year-on-year increase in both  pubhcations 

and  citations for articles including the term  “nanow ire netw ork”, since 2001. A lthough 

the original paper by H uang et al. described only m odest netw orks consisting of very few 

nanow ires, the term  has been broadened considerably since then  and in general describes a 

random  arrangem ent of nanow ires on a surface, such that a continuous path  m ay be draw n 

from one side to the other, i.e. the surface density is beyond the threshold required for p er­

colation. This sharp rise in research into these m aterials is a direct reflection of the intrinsic 

m aterial properties tha t they possess, including optical transparency, flexibility, high poros­

ity, ease of fabrication, and low cost. As a result of these rem arkable properties, netw orks 

have been incorporated into a wide range of applications, including artificial skin,^^^’̂ ^̂  and 

gas sensing, The most successful of these to date however, has been the developm ent 

of tran sp aren t conductors from nanow ire netw orks. The following section is devoted to 

describing this work.

1 . 1 . 1  N a n o w i r e  N e t w o r k s  f o r  T r a n s p a r e n t  C o n d u c t o r  

A p p l i c a t i o n s

T ransparen t conducting  thin films m ake possible m any of the technologies w e now  take 

for g ranted. Liquid-crystal displays (LCDs), organic light em itting  diodes (OLEDs), touch 

screens, solar cells, and e-readers all require m aterials th a t have both  high optical tran s­

parency and high electrical conductivity. For nearly  four decades, tran sp a ren t conducting 

oxides (TCOs) such as tin-doped indium  oxide (ITO) and fluorine-doped tin oxide (FTO) 

have dom inated this m arket. However, as the m arket begins to shift tow ards flexible
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F i g u r e  1 . 1 .  Plots illustrating the rise in publications and citations for the term “nanowire 
network” since 2001. Data downloaded from Thomson-Reuters Web of Science, Septem­
ber 2014.

t e c h n o l o g i e s , t h e  need to find a replacement for these TCOs grows. TCOs are typi­
cally very brittle materials, and show large increases in resistance under even very modest 
strains. In addition, the cost of indium is on the rise as worldwide stocks begin to de­
plete, making the current market leader, ITO, less and less commercially viable. It is 
therefore necessary to find a m aterial which not only mirrors the impressive performance 

of TCOs in terms of transparency and conductivity, is capable of meeting the dem ands of 
future technologies such as flexibility, but which is also cheap and compatible with current 
large scale manufacturing methods.

In order to meet industry requirements, a transparent conductor should dem onstrate 
high conductivity, given by the sheet resistance, R^, of less than 10Gf2/n, while m aintain­
ing high optical transmittance, T,  of greater than 90%. While each application will have 

different requirem ents, this is a simple benchmark for which to aim. Thus far the highest 
performing materials have all been networks of nanomaterials, with Ag nanowires currently 

leading the field. Figure 1.2 is a reproduction of a plot by De et al., comparing the perfor­

mance of various nanomaterials (Ag and Cu nanowires, single-walled CNTs, and exfoliated 
graphene) in terms of optical transm ittance and sheet resistance, where the T =  90%, 

Rj <  100 Q /n  region has been highlighted. It is clear that although none of the data shown 

crosses this region, Ag and Cu nanowire networks are the closest to approaching it. As such 

Ag nanowire networks have received quite a bit of attention, with many groups working 

on m ethods to improve the performance and m eet these industry requirem ents. In­

deed, a number of companies have emerged in the past few years with Ag nanowire-based 
transparent ink technologies; one of these. Cambrics Technologies, claims sheet resistances 

below 50 Q /n  at transmittance values of ~  98% for its ClearOhm technology.

A large factor determining the success of network materials and the research attention 
they have received is due to their excellent mechanical properties. Compared to ITO or FTO,
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F i g u r e  1 . 2 .  Plot of optical transm ittance as a function of sheet resistance for a range 
of m aterials, including Ag and Cu nanow ires, SWNTs, and exfoliated graphene. The re­
gion show ing the industry  required  perform ance values of T >  90%  and <  1 0 0 r2 /n  is 
highlighted. Modified from De, 2011.^^^^^

netw orks of Ag nanow ires show rem arkable stability u nder both  com pressive and  tensile 

strains. F igure 1.3 shows the relative resistance change of ITO, FTO and Ag networks 

u nder repeated  bending to a radius of 5 mm, dem onstrated  by Langley et al.̂ ^̂ "̂  ̂ De et 

al. dem onstrate  this stability under both  com pressive and tensile bending on networks, 

and show  alm ost no (<  2% ) change in resistance over 2000 bending cycles to a radius 

of 2.5 mm.^^^^ The stability of these netw orks to stretching has also been show n. Lee et 

al. dem onstra te  enorm ous tensile strains of over 450%  w ith  a relative resistance increase 

( R/ Rq) of only 10, w hich th en  re tu rn  to their initial resistance upon relaxation. They 

achieve this rem arkable result by utilising very long nanow ires (>  100|i,m) and depositing 

them  on pre-strained  substrates, such th a t a low  resistance is achieved even at very high 

strains. These im pressive results help to illustrate w hy Ag nanow ire netw orks are seen by 

m any as the fu ture of flexible, transparen t conducting m aterials.

1 . 1 . 2  O p t i m i s i n g  N e t w o r k s

The fundam ental un it of a nanow ire netw ork is the nanow ire-nanow ire junction , and it is 

the junction  th a t ultim ately  determ ines the perform ance of the final film. If the junctions 

are highly resistive, this translates to a high sheet resistance of the film. Conversely, if the 

resistance of the junctions is very low, then  the film properties are determ ined by a com bi­

nation  of contributions from  both the junction  as well as the nanow ires them selves. It is 

generally assum ed, however, that the junctions are the lim iting factor in the resistance of a 

nanow ire network. Indeed, Sorel et al. dem onstrated  by tuning the aspect ratio,
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of the nanow ires -  w here Lf^^Y  is the nanow ire length, and djvw the nanow ire d iam eter -  

tha t the sheet resistance could be optimised. They concluded that this is due to the presence 

of few er junctions spanning the electrodes, thereby im proving the conductivity. There 

is therefore a large body of w ork dedicated  to optim ising the netw ork  properties through 

improving the junction properties. As will be explained in chapter 3, the Ag nanow ire fabri­

cation process results in a th in  polym eric coating on the surface of the nanow ires. This 

coating, in its un treated  state, will im pede the flow of curren t and is therefore detrim ental 

to the perform ance of any transparen t conductor. It is therefore standard  practice to apply a 

post-fabrication trea tm ent to the netw ork in order to remove this polym eric layer and fuse 

the nanow ires together.

Therm al treatm ents, e ither on a hotp late  o r in an  oven o r furnace, are com m on and 

produce high quality networks, although it has been show n tha t annealing for too

long results in an  increase in netw ork  resistance as the nanow ires begin to m elt and the 

connections break, M echanical pressure has also been show n to be a highly effective

technique. Tokuno et al. dem onstrate  th a t an  as-form ed, 3-D netw ork  trea ted  to 

m echanical pressing up to 25 MPa is tu rn ed  into a pseudo 2-D netw ork  as the junctions 

are com pressed together, w ith  a corresponding im provem ent in the conductivity  of th ree 

orders of m agnitude. A nother trea tm en t show n to im prove the netw ork resistance was

through exposure to high in tensity  w hite light. In their 2012 paper, G arnett et al. expose 

an as-form ed netw ork to a b roadband  tungsten-halogen  lam p w ith  a pow er density  of
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SOW cm “ ^, dem onstrating that this causes the nanow ires to weld together at the junctions 

due to plasm onic excitation. The results how ever show only a m odest im provem ent in 

the netw ork conductivity, dem onstrating a relatively high resistance of ~  1 kQ post exposure. 

W hile this approach is novel, it has yet to be proven an effective m ethod of optim ising the 

sheet resistance com pared to either m echanical or therm al treatm ents. A very recent study 

th a t appears to produce im pressive results is reported  by Zhu et al., w here they expose a 

polym er-coated Ag nanow ire netw ork to a room tem perature plasm a. I - F o u r i e r  transform  

Ram an spectroscopy analysis indicated the com plete removal of the polym er capping layer, 

and  post-exposure m easurem ents of the sheet resistance show ed ~  S O fi/n  at T =  95%, 

m aking it one of the highest perform ing networks reported  to date.

In each case, the im provem ent in sheet resistance is assum ed to be a direct result of an 

im provem ent in the junction resistance; while this may be a reasonable assum ption, it is only 

occasionally backed up by direct m easurem ents of individual junctions. In 2010, Hu et al. 

published a study on the optim isation of Ag nanow ire netw orks for transparen t conductor 

applications by electrodepositing gold on to  as-fabricated netw orks. An im provem ent 

in the sheet resistance of two orders of m agnitude was observed upon Au coating. 4- 

probe m easurem ent of an individual junction  w as perform ed pre- and post-Au deposition, 

and  it was found tha t the junction  resistance, Rjxn> decreased from > 1  Gfl  to 450 n  upon 

deposition of the Au. The enorm ous im provem ent in was attributed to the form ation of 

a Au shell surrounding the Ag nanowires. The study published by G arnett et al. in 2012 also 

perform ed m easurem ents on single junctions to  dem onstrate  the effect of the  plasm onic 

welding, They perform  2-probe electrical m easurem ents pre- and post-exposure to the 

w hite light source, and dem onstrate  a significant reduction  in the resistance m easured. 

However, as no exact num bers are given in the paper, could only be estim ated from 

th e ir results to be ~  10 kn . In 2014, Song et al. also perform ed a 2-probe resistance 

m easurem ent on an individual Ag nanow ire junction, m easuring a value of 185 They 

estim ate a resistance contribution from the nanow ires of ISO fi, thereby im plying a very 

low value for the junction  resistance of less than  10 fi.

A num ber of attem pts have also been m ade to ex trapolate inform ation regarding the 

junction  resistance from experim ental results of the bulk  sheet resistance. Lee et al. pub­

lished one such study in 2008. They com pute the sheet resistance of com puter generated 

random  meshes given the user defined param eters of nanow ire length/diam eter, nanow ire 

resistance and junction resistance, as well as nanow ire density. They find tha t experim ental 

results of sheet resistance as a function of nanow ire density m ay be approxim ated by sim u­

lating  a range of values from 1 to 100 n , the upper values of w hich m ap onto  lower 

nanow ire densities, and vice versa. The reasoning given for this result is th a t at higher 

netw ork  densities the num ber of junctions per nanow ire is g reater than  1, and therefore 

the netw ork chooses the lower resistance junctions. At low er densities it does no t have this 

op tion and thus in this region Rj^„ is m ore reflective of the average value. M utiso et al. 

perform ed a much more com prehensive study in 2013, com bining sim ulation of random  2-D 

rod networks w ith experim ental sheet resistance m easurem ents. M odelling a network as
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a quasi-2D random  assembly of rods generated  using a Monte Carlo process, and calculating 

the resistance of the subsequent films, they com pare their sim ulated results to experim ental 

sheet resistance data. In o rder to  fit the data  to the sim ulations, a single p aram eter was 

varied, nam ely the average junction resistance, R j ^ n -  They find that an value between 

1.5 k n  and 2.5 k n  is required to fit the experim ental data  m ost accurately. Additionally they 

sim ulate sheet resistance values as a function of nanow ire aspect ratio, and find that perfor­

mance improves with increasing aspect ratio, the highest m easured being =  800

-  in agreem ent w ith the results of Sorel et al.

It is clear from these studies, w here the junction resistance has been both experim entally 

m easured and ex trapolated  based on bulk  sheet resistance m easurem ents, tha t there is an 

enorm ous variance in the values ob tained . This variance highlights a fundam ental lack of 

understanding  regarding the contribution of the junction to the ultim ate perform ance of the 

network. There is therefore a great need to perform  a detailed study of individual nanowire 

junctions, in order to obtain a m ore com plete understanding  of these netw orks. This topic 

is addressed  in chap ter 3, w here these previous studies are analysed in g reater detail, and 

an in-depth  experim ental study of nanow ire junctions is presented.

1 . 1 . 3  A l t e r n a t i v e s  t o  A g

Despite the  a tten tion  they have received and the im pressive perform ance th a t has been 

dem onstrated  in Ag netw orks, there rem ain  some lim itations to this m aterial. For example, 

the high cost of Ag is expected to lim it the use of Ag nanow ire networks to only high value, 

niche applications. As such a substantial body of work has been developed looking at a lter­

native m etal nanow ire netw orks. Having a resistivity only slightly h igher (1 7 n f i • m) than  

th a t of Ag (16nf2 • m ), b u t a ten th  of the cost, Cu provides an  in teresting  alternative from 

which to form metallic nanow ire networks. In 2010, Wu et al. dem onstrate the potential of 

Cu nanow ire netw orks for transparen t conductor applications. Fabricating Cu nanow ires 

th rough an electrospinning technique, they  dem onstrate  extrem ely high perform ing n e t­

w orks show ing 5 0 r2 /n  at 90%  transm ittance. In 2011, R athm ell et al. also dem onstrate  

high perform ing Cu nanow ire netw orks, em ploying polym er-coated nanow ires as in the 

case of m ost Ag netw orks. I - T h e y  dem onstra te  sheet resistances of <  5 0 r2 /n  at tran s­

m ittance values of ~  85%, com parable to results show n for Ag nanow ire netw orks. Cu 

however, has a strong tendency  to oxidise and  therefore the perform ance of these films is 

likely to degrade over time. In a follow up paper, Rathmell et al. dem onstrated  this to be the 

case for bo th  Cu and Ag netw orks. By storing the netw orks a t 85 °C they show  an order of 

m agnitude increase in the resistance over 5 and 13 days, for Cu and Ag nanow ire networks 

respectively.

An add itional issue faced by Cu nanow ires is the undesirable red hue produced from 

these films. Next generation  technologies will require accurate colour production, m aking 

tin ted  electrodes undesirab le  for m any applications. In o rder to circum vent bo th  of these 

issues, Rathm ell et al. fabricated nanow ires m ade of a cupro-nickel alloy. They dem onstrate
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that not only does this alloy show a rem arkable resistance to oxidation a t high tem perature 

for only a m odest increase in sheet resistance, bu t th a t the alloy also has a neutral grey hue, 

ideal for accurate colour production  in advanced screen technologies Nanow ire n e t­

works of inert noble metals, such as Au, offer another alternative to Ag or Cu if degradation 

is to be avoided. Lyons et al. show excellent stability of their Au nanow ire netw orks 

over time whilst dem onstrating perform ances com parable to Ag ( 4 9 n / n  at T =  

how ever the high cost of Au, in addition to the undesirable co louration m akes the viable 

com m ercialisation of these m aterials ra ther unlikely. Chen et al. dem onstrate  ano ther pos­

sible alternative by fabricating transparent-oxide coated Cu nanow ires. By coating a Cu 

nanow ire netw ork w ith elem ents such as Zn, Sn, or In, and th en  subsequently  exposing 

them  to an oxidising atm osphere, they dem onstrate  high perform ing netw orks (2 9 Q /D  

at T =  84% ) that show  excellent stability of the resistance a t high tem peratu res. W hile 

they do not produce num bers com parable to those of the highest perform ing Ag netw orks, 

networks of this kind are ideal for applications tha t do not require extrem ely high transm it­

tance/conductivity, but ra ther place focus on the lifetime of the technology.

Nanowire networks, with their com bination of high conductivity, high transparency and 

impressive endurance under flexion appear to be the ideal candidate to replace ITO as the 

transparen t conductor in fu ture electronics. Netw orks m ay also be tw eaked to produce 

properties that are ideal for certain applications, for example introducing thicker nanow ires 

to increase haze and internal reflection for solar cell applications, If networks are then to 

be designed to each specific application, a m uch greater understanding  of the fundam ental 

properties of the netw ork is required. Specifically the contribution of the nanow ire junctions 

to the properties and behaviour of the system m ust be be tte r understood. The w ork presented 

in this thesis attem pts to address this problem , as it is clear tha t there exists a fundam ental 

lack of understanding regarding this m ost basic building block of netw orks.

1 . 2  N o n - V o l a t i l e  M e m o r y

Electronic m em ory is ubiquitous. The average person living in a m odern city will use up to 

five different forms of m em ory every day: FeRAM in sm art-cards for public transport; flash 

memory in sm art phones; volatile SRAM and DRAM on their PC; and finally a hard  disk drive 

as the main non-volatile m em ory in m ost PCs. Society appears to have an ever-continuing 

thirst for more and m ore memory, and this trend is not expected to slow dow n any time soon. 

Each of these five technologies has its ow n advantages and disadvantages (read /w rite  speed, 

pow er consum ption, in tegration  density, da ta  re ten tion , or b it cost) and  so com prom ises 

m ust be m ade w hen choosing the best technology for a particu lar application. In addition 

to this, the sem iconductor industry  faces som e big challenges as M oore’s law  (that the 

density of transistors on an  in tegrated  circuit chip doubles approxim ately every two years) 

approaches its physical limits. C om plem entary M etal-O xide-Sem iconductor (CMOS) field 

effect transistor (PET) based m em ory such as DRAM, SRAM, and flash (see Figure 1.4) 

are thus reaching their limit in term s of density. Dynamic random  access m em ory (DRAM)



1 0 I n t r o d u c t i o n

I C ap ac ito r

W ord Line 0 W ord Line 1 

^ ■ 5 ™  FG M O S

T
DRAM SRAM NOR Flash

F i g u r e  1 . 4 .  Memory cell architecture of DRAM, SRAM and flash memories.

consists of only one transistor and one capacitor, where the bit is stored as charge in the 
capacitor, and as such has a small bit footprint. However the stored charge leaks even 

under constant power, meaning the cell must be refreshed at periodic intervals. Static 
RAM (SRAM) has a much larger footprint, consisting of four to six transistors making a 
bistable flip-flop. Although still volatile memory, SRAM has much faster read/w rite times, 
lower power, and better static retention than DRAM. Flash memory operates via floating 

gate transistors (FGMOS), where the charge is stored in an electrically isolated, “floating” 
gate. Unlike DRAM or SRAM, flash is non-volatile, and the small footprint has led to the 
fabrication of extremely high bit densities, however its relatively slow write speed compared 
to SRAM makes it undesirable as a program memory.

These challenges have led to a global effort aimed at developing a universal memory 
that will be the backbone of future electronics, comprising the best traits of all existing forms 
and which will be scalable into the future. Listed in Figure 1.5, numerous technologies have 
emerged in recent years as potential candidates for a universal memory. It is clear that a 
wide range of technologies exists, though only a small number show potential to be a viable 
universal memory. Of these, magnetoresistive RAM (MRAM) and phase change memory 

(PCM) are the most mature, and as such are described in the following section.

1 . 2 . 1  E m e r g i n g  N o n - V o l a t i l e  M e m o r i e s

MRAM has existed for almost two decades, and in that rime has received much praise for 

its potential as a universal memory. Indeed several companies now produce MRAM chips 

for niche m a r k e t s . M R A M  operates on the principle of a magnetic tunnel junction (see 
Figure 1.6(a)), whereby the tunnelling current between two ferromagneric layers, separated 

by an insulating oxide, is modified by changing the magnetization of one layer with respect 

to the other. As a non-volarile memory, MRAM boasts a theorerically unlimited endurance as 

there are no components experiencing wear, as well as fast read/w rite speeds and excellent 

scaling potential -  see table 1.1 for a comparison with other existing technologies.

Phase change memory (PCM) has also received much attention as a potential universal 

memory. Originally urilised in optical disc drives such as CDs, DVDs and Blu-rays, phase
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International Technology Roadmap for Sem iconductors (ITRS), 2013

change m aterials have been researched heavily for m any years. With the dechne of these  

technologies however, focus has shifted to developing non-volatile m em ories based on phase 

change m aterials such as GeTe, InSbTe, and Ge2 Sb 2 Teg.'̂ ^̂  ̂ PCM operates by inducing a 

phase change in these chalcogenide m aterials (crystalline to am orphous, or vice versa), and 

measuring the corresponding resistance change. The sw itching m echanism  m ay be initiated  

by an electrical or an optical stim ulus - hence their incorporation into optical drives. PCM 

boasts m oderate to fast read speeds and excellent data retention, how ever the sw itching  

m echanism  lim its the w rite speed w hile also lim iting the endurance (see table 1 .1). The 

write energy per bit for both MRAM and PCM is also considerably higher com pared to the 

CMOS based m em ories. For incorporation into dem anding applications, these numbers 

m ust be reduced to prevent excessive battery usage and over-heating.

Although the physics behind these two technologies is very different, the basic architec­

tures o f both MRAM and PCM m em ory cells is quite similar. The active material -  that which  

w ill store the bit -  is sandw iched betw een  two m etal electrodes in a crossbar structure, as 

illustrated in Figure 1.6, w here the electrodes are know n as the bit line and w ord hne re­

spectively. In an array structure, leakage paths betw een neighbouring cells m ean that each  

cell must contain an addressing device, usually a diode or a transistor, to ensure interaction  

w ith on ly  the desired cell. This cross-bar structure enables very high planar densities, and 

allow s for 3-D stacking to increase this even further. The crossbar architecture is one that 

has been adopted by other contenders in the universal m em ory race, m ost notably a class of 

redox-based resistance change m em ories, collectively classed as ReRAM. Although ReRAM 

is still classified by the International T echnology Roadmap for Sem iconductors (ITRS) as 

an em erging technology, it has already dem onstrated superb scalability, retention time, 

and w rite/erase speeds (see table 1 .1). It is on this class o f resistive sw itching devices that

kF la sh
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T a  B L E 1 . 1 .  Com parison of established and em erging m em ory technologies

DRAM SRAM NAND Flash MRAM PCM ReRAM

Feature size 36 nm 45 nm 16 nm 65 nm 45 nm 5 nm

Read time < 1 0  ns 0.2 ns 0.1 ms 35 ns 12 ns N /A

Write/Erase
time

< 1 0  ns 0.2 ns 1 /0 .1  ms 35 ns 100 ns < 1  ns

Retention time 64 ms ★ 10 y > 1 0 y > 1 0 y > 1 0 y

Write Cycles >10^^ V 0 10^ >10^2 10^ IO12

Write voltage 2.5 V 1 V 15-20 V 3 V 1.8 V 1-3 V

Single cell write 
energy (J /b it)

4 x 10“ ^̂ 5 x 10“ '̂’ 4 x 10“ ^̂ 2 .5 x l 0“ 2̂ 6 x 10“ 12 < 1 0 “ 2̂

* S tate preserved as long as voltage is applied 
All values taken from the 2013 In ternational Technology Roadm ap for Sem iconductors 
repo rt on em erging research devices

the  next section focuses, as it forms the basis of m any of the m easurem ents and  results 

p resen ted  in the subsequent chapters.

1 . 3  R e d o x  M e m o r y  -  R e R A M

Redox based memory, or ReRAM, is a class of resistive switch w hereby a m etal-insulator- 

m etal (MIM) structure undergoes a reversible reduction/oxidation reaction, producing two 

different resistance states of the insulating m aterial, “I”. The “M” m ay refer to any good elec­

tron  conductor, usually a m etal, bu t can  also include non-m etallic electron conductors.

The phenom enon was first dem onstrated  by T.W. Hickmott in 1962, w hen he observed hys- 

tere tic  current-voltage (I-V) behaviour in an AI/AI2O3/AU system. Since th en  resistive 

switching^ has been dem onstrated  in a w ide range of different m aterials systems, including 

binary  oxides, m ultinary oxides, chalcogenides, as well as organic m aterials, though 

the phenom enon  appears som ew hat ubiquitous, having been  recently  d em onstra ted  in a 

poly-Si/S i02/poly-S i system. Binary transition m etal oxides, in particular Ti02 and NiO, 

have been  studied in the greatest detail, w ith NiO being the m aterial of m ost in te rest w ith 

respect to the w ork p resen ted  in this thesis. D em onstrating very good scaling, low  pow er 

requirem ents, and excellent data  re tention, ReRAM is highly com petitive w ith technologies 

such as MRAM and PCM, and shows significant potential as a universal m em ory  (see ta ­

ble 1.1). However, inconsistency from  device to device, and a lack of understand ing  about 

the sw itching m echanism , m ean m uch w ork has still to be done to bring this technology to

În this thesis, the term “resistive switch” will refer solely to ReRAM. Although MRAM and PCM may also 
be described as resistive switches, the term is held almost exclusively for redox based RAM.
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F i g u r e  1 . 6 .  Basic memory cell architecture. Although both technologies operate via 
very different physics, the cell structure of both MRAM (a), and PCM (b) follows the same 
basic design. Large memory cell arrays are constructed of many perpendicular electrodes, 
known as bit lines and word lines (or write lines) respectively, allowing each cell to be 
addressed individually. An addressing device such as a diode or transistor is required to 
allow selection of the desired device, (a) reproduced from Engel, 2005.1^^^] (b) reproduced 
from Raoux, 2008.

the market. The following section introduces the various switching mechanisms, and 
latest research on ReRAM.

1 . 3 . 1  S w i t c h i n g  M e c h a n i s m s

Resistive switching (ReRAM) devices have two stable resistance states: the low resistance 

state (LRS), and the high resistance state (HRS), and switching betw een these forms the 
basis of the memory effect. To program a device, also known as setting the device, a voltage, 

VsEj-> is applied across the two electrodes inducing a redox reaction within the active layer 
and producing the LRS. This state is then erased, or reset, by applying a voltage, 

switching the state of the active layer to the HRS. This may then be cycled repeatedly, 
establishing the same LRS and HRS in each case. Prior to initial operation, a pristine device 

must undergo an electroforming process, whereby the LRS is established for the first time 

through the application of a voltage, VpoRM> which is typically much larger than
ReRAM may be divided into two classes: bipolar -  m aterials for which the resistance 

change is dependent upon the polarity of the applied voltage; and unipolar -  materials for 

which the resistance change does not depend on the voltage polarity. This is illustrated 
in Figure 1.7. In unipolar devices, the forming and set events (depicted by red traces in 

Figure 1.7) may occur at both positive and negative polarity. A compliance current (CC) is 

set by the system electronics to limit the current during these steps and prevent unwanted 

switching events. Applying a voltage across the device in the LRS, current is driven through 

it (green trace. Figure 1.7) eventually switching the device back to the HRS. Bipolar device 
operation is dependent on both the magnitude and the direction of the applied field and is 

thus field driven, while unipolar devices depend only on the magnitude of the applied field 

and are controlled primarily by the current. The device may be set to the LRS once more 
by applying a field of sufficient magnitude.

Given the large number, and numerous types of materials (semiconducting, ionic etc.)
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F i g u r e  1 . 7 .  Unipolar and bipolar sw itching operation in MIM structures. Reproduced  
from Waser, 2007.'-^®^

that have displayed the resistive sw itch ing phenom enon, there are a variety o f different 

m echanism s at play, and currently there is still significant debate as to the exact details of 

each. Determ ining the m ode o f operation, be it unipolar or bipolar, gives a first indication  

o f w hat the m echanism  m ight be. The details o f and current research on the three main  

m echanism s is expanded upon in the fo llow ing sections.

1.3.1.1 Electrochemical M eta ll iza tion  M em ory

Electrochemical m etallization (ECM) memory, also known as electrochem ical bridge ReRAM 

or conductive bridge RAM, is a bipolar resistive sw itching m echanism  first studied in the 

1970s. A sim ple ECM cell design consists o f an ion conductor sandw iched betw een  tw o  

m etal electrodes, as in Figure 1.8. One o f the electrodes should be an electrochem ically  

active m aterial (usually Ag, or Cu), and is the active electrode (AE), w h ile the opposing  

counter electrode (CE) should be electrochem ically inert. W hile Pt is m ost com m only used, 

the CE m ay be any inert conductor. The ion conductor, or solid electrolyte, should be a 

m etallic ion (M̂ "*") conductor and may be one o f m any com pounds, even those w ith relatively  

low  ionic conductivity (e.g . Si0 2  or 6 6 8 2 ). The first system  to dem onstrate the resistive 

sw itching effect, and resem ble a m odern ECM, w as a A g/A g-doped  AS2S3/M 0  thin film  

reported by Hirose and Hirose in 1976.^^®^ Num erous com pounds have since dem onstrated  

the effect, the m ost studied being the Ge^^Sy and Ge^^Sey fam ily o f com pounds.

A schem atic o f  the resistive sw itching m echanism  in an ECM cell is depicted in Figure 1.8 

for a cell w ith a Ag active electrode and Pt counter electrode. In the pristine state (Figure 1.8 

(a )), the sohd electrolyte is non-conducting, and thus the cell is in a HRS. Application of 

a positive bias on the active electrode results in the anodic dissolution  o f Ag into the solid  

electrolyte according to the fo llow ing reaction:

A g -* A g *  +  e (1 .1)
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V oltage (V)

F i g u r e  1 . 8 .  Operation of an electrochemical metallization cell. Application of a bias 
to the pristine device (a), results in the growth of a metallic Ag filament from the inert 
Pt counter electrode toward the Ag active electrode (b -  d). Once the filament reaches 
the Ag active electrode the device is in the LRS. Bias of an opposite polarity causes the 
dissolution of the filament (e), and the device reverts back to the HRS. Reproduced from 
Valov, 2011.^^^^

Under the action of the electric field, these metal ions drift to the counter electrode where 
they are reduced and Ag is electro-crystallized on the counter electrode (Figure 1.8 (b) and 
(c)) via the reaction:

Ag~̂  + e~~^Ag  ( 1 .2)

The Ag filament grows preferentially from the CE to the AE via this electro-crystallization 

process. Once the metallic filament makes ohmic contact with the AE the LRS is established 
and the cell is programmed (Figure 1.8 (d)). The cell retains this programmed state until a 

negative bias of sufficient magnitude is applied to the AE, where the electro-crystallization 

process is reversed and the cell returns to the HRS. The voltage required to program the 

pristine cell is typically higher than that required in subsequent steps, and is thus considered 
an electroforming process. Though it has not yet been experimentally confirmed, the 

filamentary model is widely held as the primary mode of operation in ECM cells. Some 

recent results, while not direct evidence in themselves, do point to it as the mechanism at 
play, and are discussed below.

Kund et al. reported on a Ag/Ge^Se^/VJ cell that showed no dependence of the LRS 

resistance with device area, down to 20 nm.^ °̂  ̂ Kim et al. demonstrate a similar result in 

a Cu/Cu2S/Ti cell, although the smallest cell measured in that study was only 2̂ xm.̂ ^̂ ^
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F i g u r e  1 . 9 .  Electrochemical m etallization m em ories (a) Quantized conductance atomic 
switch (QCAS) in a A g/A g 2 S /P t cell. Reproduced from Terabe, 2005.1^^^  ̂ (b) Visualisation of 

Ag dendrites forming betw een planar Ag and Pt electrodes. Reproduced from Guo, 2007 .

These results indicate that the LRS is produced as a result o f a spatially localised event, and 

a m etallic filam ent is consistent w ith this description. Indeed, in 2005  Terabe et al. dem on­

strated quantized conductance in a A g/A g 2 S /P t ECM cell, in w hat they call a quantized  

conductance atom ic switch (QCAS) -  see Figure 1 .9 (a ). They show ed that the conductance  

o f the LRS w as quantized w ith  a unit o f 2e^ /h , w here e is the electron charge and h is 

Planck’s constant. This can on ly  occur if the w idth o f the conducting channel is on the 

order o f the Fermi w avelength for Ag (0 .52  nm),^^^^ again strongly indicating the action of 

a localized filament. Visualisation o f the switching m echanism  in vertical ECM cells has yet 

to be achieved, though interesting results on planar system s have been reported. Guo et al. 

dem onstrated bipolar sw itching in a planar cell consisting o f Ag and Pt planar electrodes 

bridged by a sm all volum e o f deion ised  water. Upon exam ining the cell post set and reset 

events, the presence o f Ag filam ents w as clear (see Figure 1 .9 (b )), again strengthening the 

filam entary hypothesis.

W hile a num ber o f challenges have thus far prevented its em ergence as a com petitive  

memory, m ost notably sw itching uniform ity and poor w rite /erase  speed, very prom ising  

qualities have been  dem onstrated in ECM cells. As explained above, the LRS show s no 

dependence on the device size, indicating that it m ay be possible to scale the cell size 

dow n to very small values w ithout loss of performance. In addition to this, high endurance 

rates have been  show n. Aratani et al. dem onstrated 10^ w r ite /rea d /era se  cycles in a Cu- 

Te/GdOjj/W  system , and Kozicki et al. dem onstrated 10^° cycles in a A g/A g-doped  

Ge^jSey/Ni cell. W hile these num bers do not com pare w ith  those o f SRAM (>10^^),^^^^ 

ECM based m em ory could how ever replace flash m em ory in future applications. Finally, 

cell design and fabrication requirem ents, such as the use o f W counter electrodes, align  

w ell w ith existing CMOS technology, and allow  for relatively straight forward incorporation  

into CMOS fabrication processes. ECM m em ory therefore show s great potential as a
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future universal m em ory technology, though several challenges remain before integrated  

ECM based RAM technology can be realised.

1.3 .1 .2  B ipolar Metal Oxide ReRAM

The resistive sw itching o f transition m etal oxides (TMOs) is currently a topic o f intense  

scientific research, and there exists significant debate within the com m unity as to what the 

exact physical m echanism s are. The controversy stem s largely from the fact that m ultiple 

m echanism s appear to be at work, w ith m ultiple m aterials system s displaying both bipolar 

and unipolar sw itching. This section  focuses on the bipolar sw itching behaviour in 

TMOs, and w ill attem pt to sum m arise the recent advances in this area.

Bipolar resistive switching in m etal oxides has been studied since the late 1960s, and 

since then has been dem onstrated in a w ide range of binary and multinary oxides, including  

TiOjj,^^^  ̂ and SrTiOĵ .'̂ '̂̂  ̂ The stoichiom etry o f these

materials tends to be such that they are oxygen deficient, and the m obile charged vacancies, 

Vq** (in the Kroger-Vink notation), are proposed as the main charge carriers in the LRS. As 

in the case o f  ECM memory, bipolar TMO m em ory cells must contain som e asymmetry. While 

this is often done by using different electrode m aterials, asym m etry m ay also be built into 

the cell by incorporating regions o f higher defect density into the active switching layer. 

Remarkable progress has been m ade in this field in the past few  years, w ith research focused  

on TaOĵ  and HfÔ  ̂ leading this advance. In 2 0 1 2 , Panasonic dem onstrated an 8 Mb TaÔ  ̂

ReRAM device w ith a write pulse speed o f 8 .2  ns,l̂ ®̂  ̂ and in 2013  Toshiba released details 

o f a 32  Gb ReRAM m em ory integrated w ith 2 4  nm CMOS, though they did not release  

details o f the materials used.^®^  ̂As the prototypical resistive switching TMO, T i02 has been  

extensively researched over the past decade, and as such in the follow ing discussion o f the 

bipolar sw itching m echanism  in TMOs, this is w here the focus shall be placed.

Figure 1 .10 (c) dem onstrates the bipolar sw itching o f a P t/T i0 2 /P t m em ory cell.^®^  ̂

Sw eeping to negative bias sw itches the device from a HRS to a LRS, producing an ON/OFF 

conductance ratio o f  ~  10^. Sw eeping in the positive direction reverses this in a very 

w ell controlled manner. As in the case o f  ECM memory, an electroform ing step m ust be 

carried out to produce the LRS for the first time. The polarity o f the sw eep during the initial 

electroform ing step is not im portant, how ever the m agnitude o f the com pliance current 

used is o f critical importance to the resulting switching behaviour. Yang et al. propose 

that this behaviour is due to the m ovem ent o f positively charged oxygen vacancies, V q **, 

generated at the anode interface according to the fo llow ing equation.

Oo’‘ ^V o** +  2 e -  +  i o 2  (1.3)

They find that the rectifying behaviour observed in the pristine state (Figure 1 .1 0 (b )) indi­

cates the presence of a high concentration o f oxygen vacancy defects (Ti0 2 _x) at the anodic 

interface, producing the asym m etry n eeded  for bipolar sw itching. Under the action o f the 

electric field, these m obile defects drift to the negatively  charged top electrode creating
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F i g u r e  1 . 1 0 .  Bipolar switching in Ti02 thin film devices, (a) AFM image of Pt/T i02/Pt 
crossbar ReRAM device, (b) Schematic of crossbar device illustrating device asymmetry 
through the use of Ti02 and oxygen depleted Ti02_^ regions within the film, (c) I-V curves 
showing bipolar switching behaviour. Reproduced from Yang, 2008.^®^^

channels of high conductivity. Once they reach the top electrode, the metal-semiconductor 
Schottky barrier is broken down and the device is programmed to the LRS (Figure 1.10(c)). 
Once the polarity is reversed, the conducting vacancies are repelled from the top electrode 
and the barrier is re-established. A common trend among bipolar TMO resistive switches is 
the low switching current, usually tens or hundreds of microamperes. In Ti02 films,
where the device was allowed to reach higher operational currents, bipolar switching was 
removed completely, and only unipolar operation remained. The possible mechanisms 
behind this are discussed in the following section.

The excellent scaHng properties of bipolar TMO based RAM have been demonstrated in 
recent years, with both 10 nm and 8 nm HfÔ  ̂devices being demonstrated, In addition 

to this very low switching energies have been shown. The lowest to date was shown by Tsai 
et al., who fabricated an AlÔ  ̂ device with carbon nanotube electrodes, and estimated the 

switching energy to be in the range 0.1-10 fJ per bit -  comparable with DRAM.^^^^ Despite 

the remarkable progress that has been made in this area, many challenges still remain. 

All resistance switching technologies (including ECM, and both unipolar and bipolar TMO 
RAM) suffer from large variability in the switching parameters, posing a major challenge to 

their incorporation in real world technologies. Much work is required to establish uniformity 

not just across multiple devices, but simply within individual cells as well. In one recent 

overview article, Prall et al. highlight this variation by showing a variability of 10"̂  in the 

HRS current, overlapping the LRS distribution. The origin of this variability is thought 

to be due to the filamentary nature of the switching, as each filament varies slightly with 
respect to the previous, producing different resistance levels. An additional challenge for 

bipolar TMO RAM as a universal memory is the fabrication of memory arrays with all of the
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necessary high perform ance properties, as typically trade-offs m ust be made.^^^^ Ultimately, 

bipolar TMO based ReRAM technology is likely still some years away from a viable product.

1.3 .1 .3  Unipolar M etal Oxide ReRAM

Transition m etal oxides also display unipolar, or po larity-independent, switching. Often 

referred to as therm ochem ical memory, the switching m echanism  is therm ally driven rather 

than electrically driven as in the bipolar case. The phenom enon was first described in 1964 

by Gibbons and Beadle for thin NiO films, w here they attribu ted  the switching mechanism  

to the form ation of Ni filaments w ithin the insulating NiO matrix. Num erous oxides have 

since been  show n to exhibit therm ochem ical switching, w ith  NiO^ ,̂ TiO^ ,̂ and HfO^̂  being 

perhaps the m ost studied to date. Recently, significant progress has been m ade tow ards 

in tegrating  unipolar ReRAM into existing CMOS processes. Shen et al. dem onstrate a 

W /TiON/n"'' Si ReRAM device in 29 nm CMOS w ith an endurance of 10^ cycles,!^^^^ while 

Chang et al. dem onstrated  4 Mb em bedded ReRAM in 65 nm  CMOS.^^^^ These advances 

show prom ise for the fu ture of TMO based ReRAM, how ever issues regarding variability 

and pow er requirem ents still ham per it as a viable technology. In the context of this 

thesis, the m echanism  for un ipolar sw itching in NiO is of m ost significance, as it provides 

the physical basis for the phenom ena observed in chapters 3 and 5, and it is here tha t the 

focus shall be placed.

Figure 1.11 schem atically illustrates the unipolar switching m echanism  in a P t/N iO /P t 

ReRAM cell. As w ith  electrochem ical ReRAM and bipolar TMO ReRAM, therm ochem ical 

m em ory requires an  electroform ing step w here the conductive filam ent is form ed for the 

first tim e. Shown in Figure 1.11, w hen a positive bias is applied to the top Pt electrode, 

positively charged Ni ions are created. NiO is a know n p-type sem iconductor w here the 

m ajority carriers are Ni vacancies, how ever under an applied bias the redox reaction shown 

in equation  (1.4) produces Ni in terstitia ls (Ni,**),'^®^  ̂ and these positively charged defects 

m ay drift/d iffuse tow ard the cathode.

NiO ^  N i ; * 2 e “ -K ^ 0 2  (1.4)

It is hypothesized tha t a t high levels of Ni,** generation, hole injection at the anode induces 

Joule heating sufficient to cause the form ation of metallic filaments, as illustrated in Fig­

ure 1 .11(a). Using x-ray photoelectron spectroscopy and transm ission electron microscopy 

it has been observed tha t filaments of metallic Ni exist w ithin the NiO matrix during the LRS, 

and th a t these filaments preferentially form at the grain boundaries. As the filament

grows from the anode, electric field enhancem ent fu rther facilitates the therm ochem ical 

reaction, accelerating the filam ent grow th. Once the filam ent bridges the electrodes, the 

LRS is established. This is observed in current-voltage m easurem ents as a sudden  rise in 

the curren t level corresponding to the sudden change in conductivity -  see Figure 1.11 (c) 

black and blue circles.

The com pliance curren t set by the external electronics plays an  im portan t role in the
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F i g u r e  1 . 1 1 .  Resistive swfitching mechanism and electrical response in NiO. (a) Ni 
interstitial defects are formed via redox reaction at the anode in a Pt/N iO /Pt memory cell. 
Joule heating, caused by hole injection, causes metallic Ni to form v^ithin the NiO matrix, 
(b) The nucleation of Ni filaments causes an electric field enhancem ent resulting in an 
acceleration of the filament forming process, (c) I-V response of a unipolar ReRAM device, 
(a) and (b) have been reproduced from Kim, 2011.

properties of the memory cell, as it determines the ‘“strength” of the conductive filament. 
The sudden increase in current flow upon establishing a metallic connection induces a large 

am ount of Joule heating, causing the filament area to grow.^®^  ̂ Indeed, in 1964 Gibbons 
and Beadle observed that if too much current is allowed to flow, irreversible breakdown of 

the oxide is observed. Conversely, if the compliance current is set too low, then volatile 

switching, known as threshold switching, may occur This is thought to be due to the forma­

tion of thin filaments which are unstable at zero bias.l^^^’̂ °̂  ̂As mentioned in section 1.3.1.2, 

unipolar switching has also been observed in Ti02 systems. This transition from a bipolar 
to a unipolar mechanism is caused by the thermally assisted phase change to the metallic 

Magneh phase (Ti^O^^ j, where n =  3 —9) as the compliance current is increased,

It has also been shown for both Ti02 and NiO films that the switching power has a direct 

correlation with the compliance c u r r e n t , i m p l y i n g  a thickening of the filament with 

higher current levels, consistent with that observed by Gibbons and Beadle.

The unipolar nature of the switching in materials such as NiO and Ti02 implies the 
mechanism must not be an electrically activated drift, but rather a thermally activated
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one, triggered by Joule heating within the conductive filament, This has led to unipolar 

sw itching often being described as the fuse/an ti-fu se m echanism , as the reset m echanism  

resem bles the action of a sim ple household  fuse.^^^^ Figure l . l l ( c ,  red curve) show s the 

current-voltage trace for a reset event. The sharp transition at V/̂ ŝet is 3 trade mark o f  

unipolar devices, and m ultiple m odels have been developed  to describe this reset process. 

Russo et al. propose a self-accelerated dissolution o f the filam ent via therm ally assisted  

diffusion. In this m odel, the Joule heating resulting from the large current densities 

w ithin the nanoscale filam ent causes the conducting particles, m ost likely Ni atom s, to dif­

fuse away from the filament. This thinning of the filament results in a further enhancem ent 

of the effect due to the increase in Joule heating, and accounts for the rapid increase in re­

sistance seen in Figure 1.11. Chen et al. how ever propose a very different m echanism .

In their m odel, Vq** defects are the primary com ponent o f the conductive filam ent, and 

the therm ally assisted decom position  o f N i2 0 3  w ithin the largely NiO matrix releases 0^“ 

ions w hich recom bine w ith Vq** to d issolve the conductive filam ent. A lthough the m odel 

appears to account for the observed data, Ni interstitials have been show n to be the majority 

carrier in NiO, and make a conductive filament com posed o f V q** unlikely Additionally, Lee 

et al. propose a m odel w here the LRS is com posed of m ultiple m etallic filam ents/pathw ays, 

which appears to account for the behaviour seen by Chen et al. Thus, it is now  largely ac­

cepted that the conductive filament is disrupted through a Joule heating induced, thermally 

activated event, though work still remains to conclusively determ ine the m echanism .

As m entioned previously, good  progress has been  m ade in developing unipolar TMO 

based ReRAM technology. It has been show n to be CMOS com patible, has dem onstrated  

good endurance, sw itching speeds as fast as 5 ns,̂ ^̂ °®̂  and, due to the filam entary nature 

of the switching, prom ises to be highly scalable. Unipolar operation also enables the use of  

simple diode select devices which m ay be stacked vertically for higher density architectures, 

as w ell as sim plifying circuit design. However, one o f the major challenges facing unipolar 

ReRAM is the high sw itching currents r e q u i r e d . U n i p o l a r  devices typically show  high  

ON/OFF current ratios, how ever this carries w ith it an inherently high reset current, which  

is not ideal for device application. W hile reset currents in the 100|i,A  region have been  

dem onstrated, m ost devices still require hundreds o f microamps or milHamps, while

values o f tens of microamps are ideal for device integration. One recent paper by Chien 

et al. used a TiN/WOj^/W stack, w here the WÔ  ̂ is the sw itching layer. It w as dem onstrated  

that by passing current laterally across the TiN top electrode, the Joule heating induced a 

resetting o f the active layer, An approach such as this m ay provide the solution.

Redox based resistive sw itching m em ory technology show s great potential to becom e a 

universal memory. W hile large variation in sw itching param eters and high reset currents 

continue to ham per the developm ent o f com m ercial products, it is only a m atter o f  time 

before these barriers are overcom e given the continuing rise in publications in this field. 

Excellent scalability, fast w rite /erase  tim es, low  write vo ltages and good endurance levels  

place ReRAM in a h ighly com petitive position com pared to other em erging non-volatile  

m em ories such as MRAM. As the prototypical resistive sw itch, NiO has been extensively
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studied and  is known to operate as both a unipolar and  bipolar s w i t c h , a s  well as ex­

hibiting both m em ory and threshold switching responses. The resistive switching properties 

of this m aterial are utilised in chapters 3 and 5, by taking advantage of the natura l oxida­

tion properties of Ni to form thin NiO passivation layers on Ni nanow ires. The following 

section introduces nanow ire based m em ory in order to provide a background to the results 

p resented  in these chapters.

1 . 4  N a n o w i r e  M e m o r y

The u ltim ate scaling limits of RAM technology are currently  defined by the limits of the 

various lithographic m ethods used to fabricate them ; currently  at the 14 nm  node, scaling 

to the 10 nm  node and beyond will be extrem ely challenging, and m ay limit the scaling 

of non-volatile m em ory if lithographic limits cannot be overcom e. One approach to

overcom e this scaling limit is to utilise the bottom -up approach and employ nanom aterials 

such as nanow ires w hose size is controlled through the grow th process, and no t by litho­

graphic m eans. In the past several years a num ber of studies have taken  this approach, 

dem onstrating  m em ory in nanow ire structures. This section focuses on this work.

1 . 4 . 1  R e s i s t i v e  S w i t c h i n g  i n  M e t a l - O x i d e  N a n o w i r e  

S t r u c t u r e s

The first study dem onstrating non-volatile switching in nanow ires was published by Kim et 

al. in 2008 -  see Figure 1.12(a) and For this study they fabricated nanow ires of NiO

by electrodepositing Ni into nanoporous m em branes of anodised alum inium  oxide (AAO), 

and then subsequently therm ally oxidised them  to produce nanow ires of NiO, approxim ately 

70 nm  in diam eter. Depositing on an Si02 substrate and contacting w ith Ti/Au electrodes, 

they dem onstra te  electroform ing of the device w ith  only 2.5 V This w as a surprising re ­

sult, as the long device length (~  1 p,m) w ould  suggest m uch larger form ing voltages. It 

was concluded th a t this w as a result of the large grain sizes, w hich w ere of com parable 

size to the nanow ire diam eter. Grain size is know n to have a significant im pact on the 

switching characteristics due to preferential form ation of conductive filam ents at the grain 

boundaries. Subsequent cycling of the device dem onstrated unipolar resistive switching, 

displaying and I r e s e t  values of 0.5 V and 230 pA respectively, com parable with the

p lanar devices discussed in section 1.3.

Oka et al. also dem onstrate  the occurrence of resistive sw itching in NiO nanow ire 

s t r u c t u r e s . I - R a t h e r  th an  Ni nanow ires, they fabricate he terostruc tu red  nanow ires 

through laser ablation, forming an M gO/NiO core-shell structure (10 nm  MgO core diam eter 

and 10 nm  NiO shell thickness). C ontacted by p lanar Pt electrodes w ith an  inter-electrode 

gap of only 300 nm, they  observe bipolar sw itching behaviour. Despite show ing very high 

sw itching voltages, in the range 10-15  V for bo th  V g ^ T  and V h e s e t > the switching currents 

w ere very low, on the o rder of 10 nA. The b ipolar behaviour w as a ttribu ted  to a cation
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F i g u r e  1 . 1 2 .  Resistive sw itching in single nanow ires, (a) A single NiO nanow ire con­
tacted  w ith tw o T i/A u electrodes dem onstrates un ipolar resistive sw itching (b). Repro­
duced from Kim, 2008.^^^^^ (c) Segm ented Au-NiO-Au nanow ire contacted  w ith  two Pt 
lines dem onstrates bipolar resistive switching w ith high switching currents (d). Reproduced 
from Herderick, 2009.

dom inated  LRS, in com parison to the m etallic LRS tha t determ ines the unipolar behaviour 

norm ally observed in NiO. This behaviour was likely observed for two reasons: firstly the 

single crystal na tu re  of the NiO w ould im pede the form ation of a conductive filam ent due 

to a lack of grain boundaries, and secondly the low switching currents observed w ould limit 

the Joule heating effect, known to cause a transition from bipolar to unipolar switching in 

Ti02 systems, By driving the system to higher currents, it may be possible to convert the 

switching behaviour to a unipolar response.

A novel approach to fabricating nanow ire resistive switches was dem onstrated  by Tres- 

back et al., and in a follow up paper by H erderick et They form  segm ented

Au-NiO-Au nanow ires through a m ulti-step electrodeposition process into nanoporous AAO 

m em branes. To fabricate these heterostructured nanow ires, they first deposit a thick (3 p,m) 

layer of Au, followed by a thin (900 nm ) layer of Ni which is then capped w ith a final layer 

of Au. Subsequent therm al oxidation converted the Ni to NiO, thereby  creating the MIM 

structu re required  for resistive sw itching. Despite using relatively high sw itching currents 

(lOOjjiA), b ipolar sw itching w as still observed -  see Figure 1.12(c) and (d). This w as a t­

tributed to a higher concentration of oxygen vacancy defects in the therm ally oxidised NiO, 

creating  a m etal-oxide in terface th a t could be controlled th rough  the action of an  electric 

field by changing the defect profile th rough  the oxide. A subsequent study show ed a re-
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duction of the form ing voltage by reducing the thickness of the NiO layer to 33 

It is in teresting  to note from these com parative studies dem onstrating  both  un ipolar and 

bipolar behaviour, tha t unipolar switching dem onstrates the m ore favourable com bination 

of sw itching param eters -  V r e s e t  ̂ ^ s e t > ^nd I r e s e t  ~  despite the generally  high currents 

required  for unipolar switching.

1 . 4 . 2  R e s i s t i v e  S w i t c h i n g  i n  C o r e - S h e l l  N a n o w i r e  S t r u c t u r e s

For the nanow ire m em ories described above, the thickness of the active sw itching layer 

m ust be carefully defined, through either lithographic m eans or by carefully controlling the 

deposition of the oxide. Reducing the thickness to <  10 nm then  becomes quite challenging. 

An alternative approach is to utilise core/shell nanow ires w here the m etallic core acts as 

an electrode w hile the shell is the active sw itching layer. The obvious benefit of such an 

approach  is a m uch g reater control over the sw itching layer thickness, m aking sub 10 nm 

thicknesses feasible. The first study dem onstrating  sw itching in co re/shell nanow ires was 

published by Dong et al. in 2008.1^^^®  ̂ Bipolar switching was dem onstrated  in single crystal 

Si -  am orphous Si (a-Si) core-shell nanow ires contacted w ith Ag electrodes. The nanow ires 

w'ere fabricated through successive m etal-catalysed CVD steps at 435 °C and 450 °C to form 

the Si core and a-Si shell respectively, w here the thickness of the a-Si layer was ~  5 nm. 

The bipolar switching was attribu ted  to an electrochem ical m etallization m echanism , as Ag 

ions m igrate through the thin a-Si layer forming a conductive filament. This argum ent was 

strengthened  by investigating the switching behaviour as a function of tem perature. It was 

found th a t the LRS was much more stable under reverse bias at low tem peratures, pointing 

to a therm ally-activated, diffusion-controlled model.

He et al. published a study in 2011 dem onstrating  un ipo lar sw itching in N i/N iO  core- 

shell n a n o w i r e s . F a b r i c a t e d  through electrodeposition into nanoporous AAO, the Ni 

nanow ires w ere deposited  onto  Si02 substrates and im m ediately contacted  w ith  thin Au 

electrodes (Figure 1 .13(a) and (b)). By allow ing the nanow ires to natu ra lly  oxidise in air, 

a thin, self-limited NiO layer was formed on the surface, which was subsequently contacted 

w ith  an  additional Au electrode. In this w ay they  limit the thickness of the oxide to a 

single layer, approxim ately  4.5 nm  thick. Setting a relatively high com pliance curren t of 

100 x̂A, un ipo lar m em ory sw itching was observed w ith values of ~  1 y  and I r e s e t  

values o f approxim ately  200 jo,A (exact figure no t given) -  Figure 1.13(d, black and blue 

traces). Interestingly, by adjusting the compHance curren t to low er values (~  lOjO-A), they 

are able to switch betw een threshold  and m em ory sw itching (Figure 1.13(d, red trace)). 

This dem onstration  of both threshold and m em ory behaviour, indicates tha t it m ay thus be 

possible to fabricate novel switch /  select-device circuits using core-shell nanow ires, thereby 

low ering the footprint per bit even further. The low V s e t  and V r e s e t  values reflect the 

extrem ely thin nature of the active switching layer, which further highlights the benefits of 

using naturally  occurring core-shell structures such as these.
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F i g u r e  1 . 1 3 .  Unipolar switching in N i/N iO  core-shell nanowires, (a) Schematic of 
fabrication procedure used by He et al. Ni nanowires are contacted with Au electrodes (1,3, 
and 4) and allowed to oxidise naturally prior to deposition of a fourth electrode (2). (b) 
SEM image o f Ni nanowire w ith  four Au contact electrodes, (c) I-V curves showing ohmic 
contact o f electrodes 1-3 and 1-4 w ith  the Ni core. Electrodes 2-3 show a HRS due to the 
presence of the NiO. (d) Electrodes 2-3 show unipolar RS characteristics o f the NiO shell, 
demonstrating both threshold and memory switching. Reproduced from He et

1 . 4 . 3  C r o s s b a r  N a n o w i r e  M e m o r y

The final nanowire-based memory structure that w ill be looked at here, and perhaps the one 

w ith the greatest scaling potential, is that of crossbar nanowire memory. As in Figure 1.14(a), 

two crossed core-shell nanowires naturally create a metal-oxide-metal structure, w ith the 

nanowire cores acting as the metal electrodes, which should then act as a memory cell. In 

2011, Cagli et al. demonstrated this to be the case for crossed N i/N iO  core-shell nanowires, 

as in the work by He et al. To aid the fabrication of crossed wires, they employ an elegant

magnetic alignment technique, taking advantage of the ferromagnetic properties of Ni, by 

depositing nanowires onto a Si0 2  substrate via a drop-casting method in the presence of a 

magnetic field. For subsequent nanowire depositions, the sample was reoriented relative to 

the magnetic field, forming highly aligned, perpendicular crossbar nanowire structures as 

shown in Figure 1.14(b) and (c). Each nanowire was then contacted w ith Au electrodes at 

both ends in order to perform 2-probe resistance measurements on the individual nanowires.

By applying a bias across the junction via the electrodes contacting each nanowire (A 

and B, in Figure 1.14(b)), repeatable unipolar resistive switching was demonstrated, as
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F i g u r e  1 . 1 4 .  Demonstration of memory in a core-shell nanowire crossbar structure, (a) 
Ni/NiO core-shell nanowires fabricated in a crossbar structure and contacted with Au elec­
trodes, and (b) SEM image showing the crossbar structure, (c) Unipolar resistive switching 
is dem onstrated in this crossbar structure. I-V curves show sequential cycles of the device. 
Adapted from Cagli, 2011.

shown by the current-voltage curves in Figure 1.14(c). By monitoring the resistance of each 

nanowire via the two contacting electrodes, it was verified that the switching behaviour 
observed did not occur at the nanowire-Au interface, and therefore occurred only at the 
nanowire junction. The resistance across the nanowire junction was measured to be 265 D. 
in the LRS, and 16MQ in the HRS. This is a very important result, as it demonstrates that a 

single nanowire junction may act as a resistive switch, and is therefore extremely relevant 

in the context of this thesis. Extending the results obtained for a single junction, the authors 
envisage a full nanowire crossbar array, with a 20 nm cell-cell pitch corresponding to the 

10 nm technology node.^^^^  ̂ If such a design were to be achieved, the theoretical memory 
density is calculated to be as high as 0.25 Tb cm“ ^. Though currently beyond the capabilities 

of current fabrication techniques, these claims are somewhat justified based on the work of 

Whang et al., who previously demonstrated the fabrication of highly aligned, perpendicular 

nanowire crossbar arrays over centimetre scales.

Nanowire memory presents an exciting alternative to conventional planar RAM devices, 
particularly as the challenges associated with scaling beyond 10 nm become an issue. Utilis­

ing the thin, naturally forming oxide of materials such as Ni, the switching param eters can 

be reduced to levels favourable for current integration technologies. In particular, if cross­
bar nanowire arrays can be realised, the opportunity is there to fabricate both memory and
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select-device elem ents from a single material, potentially reducing the bit size considerably 

and enabling extrem ely high density non-volatile m em ory arrays. However, as w as stated  

at the top o f this chapter, the reliable placem ent o f nanom aterials poses a significant barrier 

to the com m ercial realisation o f this technology. The results o f He et al. and Cagli et al. 

are drawn upon in chapters 3 and 5 as the properties o f N i/N iO  core-shell nanow ires are 

exam ined in the context o f both single junctions and much larger networks, w here the facile 

fabrication o f nanow ire network-based resistive sw itches is show n, thereby circum venting  

the issues associated w ith nanowire placem ent.

1 . 5  N e u r o m o r p h i c  N e t w o r k  S y s t e m s

The final section  in this chapter com bines the concepts o f nanow ire networks and resistive 

sw itching discussed thus far to describe the w ork on neurom orphic netw ork system s. Al­

though still a very new  field, work in this area has the potential to revolutionise the standard 

com puting paradigm  and realise Turing’s B-type unorganised m a c h i n e . F i r s t  reported  

by Stieg et al. in 2012 , they fabricated networks o f highly interconnected Ag nanostructures 

w ith bipolar junctions, dubbed neurom orphic networks, and dem onstrate interesting phe­

nom ena such as soft and hard m em ristance, and cross-correlation o f the switching behaviour 

for adjacent networks.

The quantized conductance atom ic sw itch, first dem onstrated by Terabe et al., was 

described in section Fabricated as a A g/A g 2 S /A g /P t cell, a positive bias on the Pt

electrode sw itches the cell to the HRS. Subsequent cycling o f the bias polarity results in a Ag 

atom ic bridge spanning the 1 nm gap, exhibiting the quantized conductance o f  2e^/h.  Stieg 

et al. fabricate networks of atom ic sw itches by sulfurizing com plex, interconnected networks 

of Ag. T hey claim  that exposing as-fabricated netw orks to sulfur gas at 150°C  creates 

netw ork junctions com posed o f Ag2 S, though it is not clear that the nanow ire length does 

not also becom e sulfurized. The networks them selves are fabricated through an electroless 

deposition  o f dendritic Ag filam ents onto a dense array o f Cu seed posts (Figure 1 .1 5 (a )). 

The resulting structure is a com plex, 3-D netw ork o f interconnected nanoscale Ag wires, 

show n in Figure 1 .15 (b ).

It w as show n that applying a sufficient bias across the sulfurized network resulted in a 

change in the netw ork resistance. Subsequent voltage sw eep s show ed pinched hysteresis 

loops in the current response (Figure 1 .1 5 (c )) , akin to the behaviour o f bipolar resistive 

sw itching. This w as a clear dem onstration that the sulfurization had indeed m odified the 

network, resulting in a resistive sw itching behaviour rem iniscent o f a single device despite  

the presence o f  m any junctions. Using ultrasensitive IR im aging to map areas o f Joule 

heating in the netw ork (Figure 1 .1 5 (d )) , the conductance w as show n to be distributed  

across the entire netw ork rather than through narrow channels o f connected  w ires. This 

analysis does not how ever clearly show  that the resistive sw itching response is a contribution 

from the entire network, but rather show s that the entire network takes part in conduction. 

It was also show n that the conductance states of the network dem onstrated only temporary
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F i g u r e  1 . 1 5 .  Neurom orphic networks o f A g/A g2 S nanowires. Dense arrays o f Cu seeds 
(a) are used  to produce com plex, 3-D netw orks o f  Ag nanofilam ents through electroless  
deposition  (b). (c) Upon sulfurization, these networks dem onstrate bipolar resistive sw itch­
ing indicating an electrochem ical m etallization  m echanism  as in atom ic sw itches, (d) IR 
im aging o f the networks during conduction show ed a global, distributed conductance indi­
cated by the heat signature resulting from Joule heating. C o-existence o f m ultiple m em ory  
states w as dem onstrated through pulsing opposing electrode pairs and m easuring the con ­
ductance ((e ) and (f)). A heat map describes the degree o f correlation betw een  electrode  
pairs from no correlation (blue), to full correlation (yellow ). Reproduced from Stieg, 2012 , 
and A vizienis, 2012.'^^^'*’̂ ^̂ ]
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stability, rising and falling despite a constant bias. By analysing the temporal correlation o f  

the discrete conductance states, it w as show n that these networks dem onstrate behaviour 

similar to that o f spatiotem poral states associated w ith  neural networks.

In a fo llow  up study, Avizienis et al. dem onstrate w hat they call “w eak ” and “strong” 

m emristance exhibited by these A g/A g2 S networks. Prior to an electroform ing step and 

the form ation o f the LRS, sw eep ing  a voltage across the netw orks w as show n to produce  

hysteretic I-V curves. This behaviour -  termed w eak m em ristance -  was attributed to the re­

duction o f Ag"*" ions and the gradual formation of conductive filaments in the junctions. At a 

certain voltage, the networks show ed a large jump in conductance, indicating the com plete  

form ation o f a low  resistance conduction path through the netw ork -  term ed hard m em ­

ristance. Finally, these networks w ere show n to dem onstrate interesting cross-correlation  

behaviour by switching the resistance states o f adjacent networks. Shown in Figure 1 .15 (e)  

and (0 ,  four electrodes contact a network in a perpendicular geometry. Opposing electrodes 

w ere then addressed and bipolar sw itching w as dem onstrated. Interestingly however, by 

switching the state o f electrodes i-iii, the state o f electrodes ii- iv  remained unaffected, and 

vice versa. This behaviour w as plotted for all electrode pairs as a heat map of no correlation  

(blue) to total correlation (yellow ) (Figure 1 .1 5 (0 )-  This fascinating, and unexpected result 

illustrates the potential that the study of networks holds, particularly for introducing diverse, 

controllable behaviour into random system s.

These results highlight som e very interesting features regarding the behaviour o f  ran­

dom  networks, and as such provide an extrem ely relevant com parison to the system s that 

are investigated in this thesis. By incorporating resistive sw itching functionality into the 

network, a resistive sw itching response w as dem onstrated that w as attributed to a global 

contribution from all junctions in the network. IR im aging w as used to dem onstrate global 

distributed conduction, how ever the resistive sw itching could not be visualised. As part of 

this thesis, techniques are developed to visualise both the conduction paths in the absence  

o f current, and also allow  the visualisation of the resistive switching centres within com plex  

networks. U ltim ately the work by Stieg and Avizienis et al. helps to illustrate one o f  the 

central ideas o f this thesis, that the incorporation of a non-linear elem ent into an otherwise 

sim ple, random m etallic system  has a significant effect on the properties o f that system , and 

that this can lead to new  levels o f functionality and new, technologically relevant materials.

1 . 6  T h e s i s  O u t l i n e

This thesis aims to describe the electrical behaviour o f random networks of nanowires with  

resistive junctions. To this end, this chapter has discussed the m otivation for this work, pro­

viding a detailed review o f recent literature on the fields o f  nanowire networks, and resistive 

sw itching, as w ell as recent work on networks incorporating resistive sw itching junctions. 

Chapter 2 details the theory behind the m any pieces o f  equipm ent used throughout this 

thesis, and discusses in detail the experim ental m ethods used throughout. In chapter 3, the 

junction resistance o f individual Ag and Ni nanowires are investigated, and results regarding
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the impedance spectroscopic analysis of single junctions are presented. Chapter 4 examines 
the electrical activation and subsequent electrical stressing of polymer-coated Ag nanow^ire 

networks. The scaling behaviour of network activation through junction breakdown is in­

vestigated, and a model is introduced to describe the behaviour observed. In chapter 5, 

the behaviour of Ni/NiO core-shell nanowire networks is studied, and the emergent be­

haviour that results from the incorporation of resistive switching elements at the junctions 

is examined.
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2
E q u i p m e n t  & M e t h o d s

A wide variety of equipment, techniques, and methods are used throughout this thesis to 
fabricate, image, analyse, and measure samples. This chapter focuses on describing each 
of these methods in detail, as well as discussing the various pieces of equipment and the 
theory behind their operation. Sample fabrication methods are described in full, as are the 
electrical characterisation methods used.

2 . 1  M i c r o s c o p y

The microscope, whether optical, electron, or force, is a ubiquitous tool in the field of 
nanoscience. It routinely enables users to view objects on the nanoscale, and the most 
sophisticated systems can observe individual atoms. Multiple advanced microscope systems 
were used in this work, for both analysis and fabrication. The operation and theory behind 

each are described in this section.

2 . 1. 1  S c a n n i n g  E l e c t r o n  M i c r o s c o p y

The electron microscope is an enormously powerful tool, capable of high resolution imaging 

(transmission electron microscopy (TEM), and scanning electron microscopy (SEM)), quan­

titative material analysis (energy dispersive x-ray spectroscopy (EDX)), as well as nanofabri­
cation (electron beam lithography (EBL)). This work utilises all of these capabilities using a 

suite of microscopes provided by the Advanced Microscopy Laboratory, including the Zeiss 

Supra 40 scanning electron microscope, the Zeiss Ultra Plus scanning electron microscope, 

and the FEI Titan transmission electron microscope.

The first electron microscope developed was a transmission electron microscope, in 

1931.1^^  ̂ Its invention built on the work of Louis de Broglie, who in 1924 showed that an 
electron could act as a wave, with an associated wavelength (de Broglie wavelength) given 

by A =  h/ mv ,  where h is Planck’s constant, and m and v are the mass and velocity of the

37
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F i g u r e  2 . 1 .  Schematic illustration of a scanning electron microscope.

electron respectively. In 1873, the German optician Ernst Abbe observed that the diffraction- 

lim ited resolving power of a conventional microscope was d =  O.61A/n.sin0, where n is the 

refractive index of the medium and 6 is the half-angle subtended by the lens at the object. 

For white light, this corresponds to ~  300 nm. Using de Broglie’s relationship, an electron 

accelerated through 100 kV has a de Broglie wavelength o f 0.0037 nm, or a theoretical 

resolution of ~  1.6 pm. Due to lens imperfections and sample interactions however, these 

lim its are rarely ever achieved, though modern TEMs are routinely capable of achieving 

sub-nanometre resolutions.

A schematic of a modern SEM is shown in Figure 2.1. The basic operation is very 

similar to that o f a conventional light microscope. High voltage (0.5 -  30 kV) accelerates 

a beam of electrons away from a source. Condenser and objective magnetic lenses focus 

the electron beam onto the sample, while the variable aperture lim its beam width, and 

scanning coils raster the beam across the surface. Multiple detectors may be housed w ith in 

the microscope to collect the various forms of electrons produced by the electron/sample 

interaction (see Figure 2.2). High energy electrons incident upon a surface interact w ith  

atoms within the sample via elastic and inelastic collisions. Inelastic collisions can result in 

outer shell electrons becoming dislodged from sample atoms, producing secondary electrons 

(SE). Low energy (<  50 eV) electrons such as these w ill only be emitted to the vacuum if  

they are w ith in  an escape distance, R, o f the surface, and thus possess information about 

the surface. Incident electrons may also undergo many elastic collisions, causing them 

to deviate from their original path, and finally emerge from the surface as backscattered 

electrons (BSE). Depending on the number of collisions, their energy can vary significantly,
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F i g u r e  2 . 2 .  Electron beam  -  surface interaction. High energy electrons incident upon a 
surface interact w ith that surface in a num ber of different ways. Inelastic collision produces 
low energy, secondary electrons. Only those secondary electrons produced w ithin the escape 
distance, R, are em itted from the surface. Backscattered electrons are those that have been 
deflected through elastic collisions such tha t they em erge from the surface once again. 
Characteristic x-rays are produced by the recom bination of an  electron and a hole created 
by the inelastic collision of an  incident electron w ith an  core electron.

and the yield of BSEs has a steep dependence on the atom ic num ber of the scattering 

atom s. As a result, w hen detected, variations in atom ic num ber then  will produce regions 

of varying intensity  in an SEM image, enabling differences in elem ental com position to be 

d istinguished. Characteristic x-rays are also produced  as a result of interactions w ith  the 

incident electron beam . This is expanded upon in section 2.1.1.2.

Electron microscopes may use one of three types of electron source: tungsten, lanthanum  

hexaboride (LaB^), and a field em ission gun (PEG). Both W and LaB^ sources operate  on 

the principle of therm ionic emission. The filam ent is hea ted  such that spontaneous electron 

emission occurs. A high voltage betw een the source and an anode accelerates the electrons 

and produces the beam. LaB^ has a lower work function than  W, and is the preferred choice 

due to h igher efficiency. Field em ission guns operate  on a m uch different principle. By 

fabricating a W needle w ith a very sharp tip (radius <  1 p,m), extrem ely high electric fields 

can be generated  at the apex. The high field (~  10^°V m “ ^) narrow s the surface energy 

barrier to such an ex ten t tha t electrons m ay tunnel across it, even at room  tem peratu re -  

this is known as cold field emission (CPE).

The im portant characteristics of the electron source are the brightness (Acm~^ sr) and 

size. Due to the extrem ely sharp tip of a PEG, the brigh tness is th ree orders of m agnitude
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T a b l e  2 . 1 .  C om parison of electron sources.

Tungsten LaB^ CFE FEG SE FEG

Brightness (Acm~^sr) 10^ 10^ 10^ 10®

Size 2 0 -5 0  |j,m 10-20  |j-m 5 -1 0  nm 15 nm

Vacuum requirement (mbar) < 1 0 ““̂ < 1 0 “^

oToV < 1 0 “®

Operating temp. (K) 2800 1400-2000 300 1800

Lifetime (h) 100 600 > 1 0 0 0 > 2 0 0 0

higher th an  e ither W or LaBg guns. U nfortunately  however, due to the sensitivity of the 

cathode to surface adsorbents, cold FEGs require m uch higher operational vacuum s as well 

as regular flashes to rem ove adsorbents. An alternative to the CFE is the Schottky em itter 

(SE) PEG. A m onatom ic layer of ZrO is formed on a flattened tungsten  (100) tip, lowering 

the work function from 4.54 eV to 2.8 and thereby reducing the barrier to tunnelling. 

O perated at 1800 K, the SE PEG is not as bright as a CFE, but produces stable currents and 

its operation is also less dem anding, resulting in less downtim e. All SEMs used in this work 

use a SE PEG source. The characteristics of each type of electron source are tabu la ted  in 

table 2.1.

2.1 .1 .1  Im aging & Contrast in SEM

A  secondary  electron SEM im age of Au and  Ni on Si02 is show n in Figure 2 .3 (a), taken 

using a s tandard  Everhart-Thornley SE detector, and know n in this w ork as the SE2 

detector. Figure 2.3(b) shows a high m agnification im age of a Ni electrode contacting a 

nanow ire on Si02, taken  using an  In-lens detector. As the nam e suggests, the In-lens is 

housed w ith in  the electron colum n, w hile the SE2 detec to r is housed outside the colum n 

(see Figure 2 .1). The prim ary  advan tage of the SE2 detector is the con trast generated  

betw een different m aterials, particularly  w hen the difference in atom ic num ber is large. In 

the example shown, contrast is visible betw een all three m aterials shown: Au, Ni, and Si02, 

w ith the m aterials of h igher atom ic num ber appearing brighter. The In-lens detector is not 

as sensitive to variations in m aterial, how ever its surface sensitivity is m uch higher than that 

of the SE2. The exam ple in Figure 2 .3(b) shows large am ounts of surface detail, making it 

ideal for high magnification imaging. The difference in contrast and topographic sensitivity 

is prim arily  due to different secondary electrons reaching the detector. It is thought that 

low er energy  secondary electrons, g enerated  from the prim ary incident beam  (type-I), as 

well as high energy backscattered secondary electrons (type-II) m ake up the In-lens image, 

while only h igher energy type-II elec trons m ake up the SE2 im age. As backscattered 

electron intensity  depends strongly on atom ic number, SE2 m aterial contrast should then 

show  a sim ilar relationship. Figure 2 .3 (a) dem onstrates this to be the case, as the higher



2 . 1  M i c r o s c o p y 4 1

E
F i g u r e  2 . 3 .  Secondary electron im aging in SEM. (a) Secondary electron im age of 
Au and Ni electrodes on a Si02 substrate using the SE2 detector, (b) High m agnification 
secondary electron im age of Ni electrode on Si02 taken  using the In-lens detector. The 
g reater sensitivity of the Inlens detector to surface detail makes it ideal for high magnification 
im aging such as this. Both images w ere taken at an accelerating voltage of 5 kV

atom ic num ber m aterials (Ni and Au) appear b righ ter

In the sem iconductor industry, having a fast m ethod to determ ine the location of shorts 

(or opens) in a device or chip is of great im portance. To this end, passive voltage contrast 

(PVC) SEM imaging was developed. PVC uses the biasing created  by the electron beam 

to generate  contrast in the secondary electron im age, and in tha t w ay m ay be used to 

locate floating objects relative to a grounded environm ent. Figure 2.4 shows the secondary 

electron yield plotted  against prim ary beam  energy. A small range of beam  energies exist 

(typically 1-2 keV) w here the SE yield (5) is g reater than  unity, th a t is, m ore electrons are 

em itted  as secondary electrons th an  are incident upon the surface. W hen operated  in 

this energy range, a net positive charge builds up in the m aterial. If the object is grounded, 

this positive charge m ay simply be draw n away. If n o t however, in an effort to m aintain 

charge neutrality further secondary electron emission from the surface is im peded, creating 

a darkened region w ithin the image. In chapter 4, a variation on this contrast mechanism 

is used to visualise connectivity w ith in  a netw ork of Ag nanow ires.

2 .1 .1 .2  Energy Dispersive X-ray Spectroscopy

A m aterial bom barded w ith electrons produces x-rays of two kinds. The first kind, known as 

Bremsstrahlung  radiation, is produced as electrons are deflected (accelerated) by charged 

particles w ithin the m aterial, creating a continuous d istribution of wavelengths.'^®^ The 

second is a discrete set of w avelengths that form a characteristic spectrum  for each element. 

Energy dispersive x-ray spectroscopy (EDX) uses these characteristic lines for elem ental 

analysis.

High energy incident electrons knock out core electrons via an inelastic collision. The 

hole created  by this event is filled by an  electron in a h igher energy shell, and the excess 

energy is released in the form of a photon of x-radiation. Figure 2 .5(a) shows a schem atic of

200 nm



4 2 E q u i p m e n t  & M e t h o d s

o

CD

CO
T3
C
oo
CD

C /D E2
0 5 10 2015

Energy [keV]

F i g u r e  2 . 4 .  Secondary electron yield as a function o f primary beam energy. Beam energy  
betw een E l and E2 produces a greater number o f secondary electrons than are incident via 
the primary beam . This produces a net positive charge, w hich if not grounded w ill im pede  
the em ission  o f further secondary electrons thereby producing a dark feature in the SEM 
im age.

this process. The nom enclature is such that the radiation produced as a K-shell hole is filled 

by an L-shell electron is term ed the Ka line. The energy levels o f  each elem ent w ill vary 

such that each EDX spectrum  is unique. Figure 2 .5 (b ) show s a spectrum  for Pt on AI2 O3  

bom barded by 2 0  keV electrons, w here x-ray intensity is plotted against x-ray energy. The 

characteristic lines available to be excited depend on the energy o f the incident beam , as 

does their relative intensity. In the exam ple show n in Figure 2 .5 (b ), only lines up to 20  keV 

are available, and it can be seen that the intensity o f the spectrum falls o ff approaching this 

value. For the m ost efficient x-ray production, the energy o f the beam  should be 3 -4  tim es 

that o f  the line. There is also a soft cut o ff at low  x-ray energy (below  1 keV), w here the 

x-rays are absorbed before ever reaching the detector.

H oused w ith in  the SEM chamber, an EDX detector consists o f  either Li-drifted silicon, 

or high-purity intrinsic germ anium , w hich act as a d iode under reverse bias. Incident x- 

rays generate photoelectrons in the sem iconductor, reducing the barrier to electron flow. 

A current spike is then generated w h ose m agnitude is proportional to the energy o f the 

incident photon, and w hich is then fed into a m ultichannel analyser. The detector is then  

able to m easure m ultiple energies sim ultaneously, reducing m easurem ent time significantly. 

One lim itation o f EDX is the requirem ent o f  thick sam ples. As illustrated in Figure 2 .2 , 

characteristic x-rays are produced deep w ithin  the surface, and as the accelerating voltage  

is increased so too is the depth at w hich the x-rays are produced. Thus, for nanoscale  

thickness m aterials EDX may not provide quantitative analysis as substrate signals begin to 

dom inate, and atom ic ratios becom e unclear. The highest quality EDX analysis is performed  

within a TEM, as much higher accelerating voltages (up to 3 0 0  kV) are available, allow ing  

m uch higher energy lines to be resolved. Additionally, quantitative elem ental analysis o f  

nanoscale objects m ay be perform ed, as the TEM grid produces no substrate signal.
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F i g u r e  2 . 5 .  (a) Schematic showing the production of characteristic x-rays by electron 
bombardment, and (b) EDX spectrum of a P t/A l203  sample. The characteristic lines of both 
A1 and Pt are visible. Oxygen is not visible on this spectrum as its Ka line is located at 0.525 
key below? the soft cut off. The inset shows the gradual fade off of the Bremsstrahlung 
background up to 20 keV Adapted from Watt, 1997.

2 . 1 . 2  E l e c t r o n  B e a m  L i t h o g r a p h y

As mentioned in section 2.1.1, electron microscopes may be used not only as microscopes 

but also as nanofabrication tools through a technique called electron beam lithography 

(EBL). One of the first demonstrations of EBL was made by Mollenstedt and Speidel in 

1 9 6 1 , l i tt le over a year after Feynman’s “There’s plenty of room at the bottom” lecture. 

Fifteen years later the technology had progressed to the point that sub-10 nm hnes could 

be fabricated. Today EBL is regularly used in research to fabricate nanoscale features 

unachievable through optical Hthographic methods. In recent years, the use o f EBL has 

become economically viable for the semiconductor industry as the costs of continually im ­

proving optical lithographic methods escalates, though due to its serial nature it remains a 

very slow process in comparison.

EBL operates on the same principles as standard optical lithography: a thin film of elec­

tron sensitive resist is spun onto the sample, baked to remove the solvent, and subsequently 

exposed to the electron beam (e-beam). The beam alters the resist in the exposed areas 

relative to the unexposed regions such that the pattern may be revealed by dissolution in a 

developer EBL does not require a hard mask however, rather a focused e-beam is scanned 

across the surface in the pattern desired by the user. This allows for enormous flexib ility 

in design, and also allows changes to be made as needed, from sample to sample. This 

process flow is illustrated in Figure 2.6. Proprietary software (Raith GmbH) is used to both 

fabricate the pattern and control the electron beam. Beam blanker plates must be installed 

in the SEM column for EBL operation. These direct the beam away from the sample at very 

high speeds, controlling the exposure.

Resists may be positive- or negative-tone. Positive-tone resists are altered by the e-beam 

such that they become soluble in the developer and the exposed areas are therefore removed, 

while negative-tone resists become less soluble upon exposure, and thus only the exposed
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F i g u r e  2 . 6 .  Electron beam lithography v^fork flow.

areas remain once developed. Polymethyl-methacrylate (PMMA) is the most common posi­

tive resist used for EBL. Exposure to the beam induces two reactions; bond-breaking, and 

polymerization. For PMMA, bond breaking is most prevalent, due to the relatively weak 

carbon-carbon and carbon-hydrogen b o n d s , w h i c h  increases the solubility of the poly­

mer in the developer. Hydrogen silsesquioxane (HSQ) is an example o f a negative tone 

resist. Exposure to the beam induces polymerization via cross-linking of the polymer chains, 

thereby reducing its solubility.

Due to the multiple scattering events available to the incident electrons, choice of ac­

celerating voltage is of critical importance to the resolution of the final pattern. Figure 2.7 

illustrates this issue via Monte Carlo simulations of the electron beam incident upon a 

PMMA/Si02/Si sample at a range of accelerating voltages. At low accelerating voltages the 

beam may not have enough energy to fu lly  penetrate the resist (Figure 2.7(a)). Forward 

scattering of the incident electrons broadens the beam w ith in  the resist, increasing the 

line w idth and ultimately blurring the features. Figure 2.7(b) shows an example of this. 

An accelerating voltage of 15 kV (Figure 2.7(c)) is appropriate as the beam broadening is 

not extensive, but enough to create an undercut in the resist, ideal for metal deposition. 

Backscattered electrons generated in the substrate however, can expose regions up to 100 

nm away from the beam. This phenomenon, known as the proxim ity effect, lim its the fea­

ture pitch as one exposure effectively increases the dose received by another, w ith in a certain 

radius. The 100 kV beam shows almost no beam broadening or backscattered electrons, 

and is thus ideal for high resolution lithography. Most SEM-EBL systems however are not 

capable of supplying such high beam energies. Additionally, the clearing dose (|j,Ccm~^), 

that required to fu lly  expose the resist, is proportional to the beam energy, resulting in 

longer exposure times at higher beam energies.
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F i g u r e  2 . 7 .  M onte Carlo sim ulations of e lec tro n /sam p le  in teractions for a range of 
accelerating voltages: (a) 2 kV; (b) 5 kV; (c) 15 kV; and (d) 100 kV Substrate is a PMMA(150 
n m )/S i0 2 (3 0 0  n m )/S i stack. S im ulations generated  using CASINO software. I - B l u e  
lines represen t prim ary electrons, while red lines represen t backscattered electrons.

2 . 1 . 3  H e l i u m  I o n  M i c r o s c o p y

In 2006, researchers w orking at the Atomic Level Im aging Systems build the first com m er­

cially viable hehum  ion m icroscope (HIM).^^®^ Its b irth  w as a long one, having its origins 

in the field ion m icroscope first dem onstrated  by M uller in 1956.'-^^^ W hile only a small 

num ber of these instrum ents have been produced to  date, the dem onstrated  capabilities 

make it an exciting technology for the future. In this work, the Zeiss Orion Plus Helium Ion 

Microscope, provided by the Advanced M icroscopy Laboratory, was used.

The HIM works on m any of the sam e principles as an SEM. A beam  of charged particles 

is accelerated  tow ard  a surface, m agnetic condenser and objective lenses collim ate and 

focus the beam  respectively, w hile scanning coils ras te r the beam  across the sam ple. An 

Everhart-Thornley detec to r in the sam ple cham ber detects secondary electrons produced 

via interactions of the prim ary beam  w ith the surface, and creates an image. R ather than an 

electron source however, the HIM uses ionised He atom s produced via field ionization from 

a single atom ic point, creating an incredibly small beam  size as schem atically illustrated in 

Figure 2.8. A W tip is formed such that there is a single atom  at the apex, which evaporates 

off under high fields, leaving behind three atom s at the tip, known as a trimer. The voltage 

on the tip is such th a t only at the trim er is the field strong enough to cause ionization. The 

tip is then  o rien ted  is such a w ay th a t the ion beam  from only one o f the th ree  atom s is 

directed to the sam ple, w hile the o ther beam s are w asted  on the anode. As the current is 

shared by only th ree atom s, the brightness of the source is very high; 4 x 10^ A cm “  ̂sr for
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F i g u r e  2 . 8 .  Helium ion beam generation, (a) Field ionization at a 3-atom point (trimer) 
produces beams of He’*' ions. The tip is oriented such that only one of the three atoms 
produces the primary imaging beam, while the other two are wasted upon the anode, 
(b) Field ion micrograph showing emission from trimer. Bright spots indicate high beam 
intensity. Reproduced from Economou, 2012.1^^^^

a 20 kV extraction voltage.

To date the highest resolution achieved by a HIM is 0.35 nm. -̂^^  ̂ three times better than 
even the most sophisticated SEM. Additionally, the convergence angle of the beam is five 
times smaller than that of an electron beam, which makes the depth of field correspondingly 
five times larger. This has significant advantages when imaging larger, 3-dimensional objects. 
The HIM is also much more sensitive to surface detail, due to a num ber of factors. The 
standard imaging mode in HIM, as in SEM, is via secondary electron detection. The SE 
yield due to helium ion interaction ranges from 3 to 10 depending on the material, 
compared to ~  1 for SEM (see Figure 2.4), and so SE images produced by a HIM demonstrate 
significantly lower noise levels. The helium ion interaction volume is also substantially 
smaller than that for electrons due to the larger mass of the ion, so the SE signal is not 

distorted by de-localised, type-II SEs. In addition to this, the ratio of type-I to type-II 
electron production is lower for He ions than for electrons, resulting in an imaging 
mode that is far more sensitive to surface detail than its equivalent in SEM.

Secondary electron production is the result of the inelastic collision between He’'" ions 

and atoms within the sample, however another event may also occur resulting in scattering 

of the incident ions, known as Rutherford backscattering. High energy incident ions are 

repelled by Coulomb forces from the large, positively charged nuclei. These are then de­

tected and an image formed in a technique known as Rutherford backscattered ion imaging 
(RBI).f^®^ The scattering yield shows a dependence on the atomic num ber of the species, 

and thus RBI may be used for material analysis by distinguishing elemental differences in a 
sample.

The HIM presents some interesting opportunities, not simply confined to imaging. Just 

as an electron beam may be used to expose electron sensitive resists in EBL, HIM may be 
similarly used as a lithographic tool, and due to its sharper beam size and smaller interaction
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F i g u r e  2 . 9 .  Passive voltage contrast technique in the HIM. (a) Secondary electrons are 
produced by in teractions w ith  the prim ary ion beam , (b) Dosing an object w ith He"*" ions 
causes large positive charge to build up, if not grounded. Secondary electron emission will 
be im peded by the charged surface, producing darkened features in the image, (c) Charge 
will dissipate to any objects tha t are m etallically connected to the original dose point. In 
this way it is possible to m ap electrical connectivity betw een objects.

volum e, already looks to surpass EBL as a nanofabrication tool.^^^’̂ ^̂  The ion beam  m ay 

also be used to etch or mill a surface as in focused ion beam  (FIB) microscopy, though the 

He"*" ions are significantly less destructive than  the Ga'*' beam  used in FIB. As a result it is 

a far m ore effective tool to mill fine structures in m aterials such as graphene, w hich are 

extrem ely sensitive to edge effects and dopant contam ination.

2.1.3.1  Passive Voltage Contrast HIM

HIM m ay also be used to generate passive voltage contrast images, as in SEM. As m entioned 

in chapter 1, nanow ire networks are of extrem e technological value, from both a m aterials 

and device perspective. Studying the connectivity w ithin networks is of central im portance 

to advancem ent w ithin this area, and is the m ain focus of this thesis. To this end, and  as 

part of this work, a HIM-based passive voltage contrast technique has been developed that 

is capable of m apping the electrical connectivity w ithin a random  netw ork  of nanow ires. 

The passive voltage contrast m echanism  in HIM is largely sim ilar to that in SEM. A posi­

tive surface charge im pedes the escape of secondary electrons, generating  contrast in the 

secondary electron im age. Unlike SEM however, positive charge build up is due to both  

super-unity SE yield as well as He'*' im plantation, generating  a very strong contrast signal.

As will be discussed in section 2.3, a contacted nanow ire network consists of m etal pads 

(usually Ni) m aking contact to an underlying thin film netw ork  of nanow ires. Adjacent 

pads are addressed electrically (section 2.4) to determ ine, and m anipulate, the resistance of 

the netw ork and the degree of connectivity w ithin the netw ork. A pre-determ ined am ount
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F i g u r e  2 . 1 0 .  Diagram illustrating the basic components required for AFM operation, x- 
and y-piezoelectric scanners move the tip across a surface as another piezoelectric material 
oscillates the cantilever at its resonance frequency. A laser is reflected off the cantilever and 
onto a photodiode which detects changes in the oscillation amplitude, causing a feedback 
mechanism to move the tip in the z-axis such that the amplitude remains constant.

of charge is injected into one of these metal pads via the ion beam, in a process termed 
“dosing”. In order that the charge is not neutralised by SE production, the beam is blanked, 
or directed away from the sample, immediately following the dosing step and prior to image 
acquisition. An SE image of the pad and connected network is then obtained. The charge 
dosing generates contrast in the SE image such that any object electrically connected to the 
dosed pad will show up dark as the charge diffuses to these areas. Figure 2.9 schematically 
illustrates this contrast mechanism. The degree of contrast seen in the final image then 
depends on a number of factors: a) the size of the pad and surrounding network; b) the 
amount of charge dosed; and c) the time taken to acquire the image -  the longer the image 
acquisition time, the lower the noise, however a greater amount of charge will be neutralised 
through SE generation.

In chapter 5, this PVC technique is used to map the connectivity of Ni nanowire networks 
through various stages of activation, and will also be used to image a resistive switching 
network in both the LRS and HRS.

2 . 1 . 4  A t o m i c  F o r c e  M i c r o s c o p y

Atomic force microscopy (AFM) is an incredibly powerful technique used for visualising 
various properties of a surface. Since its invention in 1986 by Binnig et al.,^^^  ̂ the atomic 
force microscope has grown from a simplistic force detection probe to one of the most 
widely used and versatile microscope systems in modern research. Unlike conventional 
microscopes which see a surface by focusing a two dimensional projection of a surface onto 
a screen, the A F M  fee ls  the surface with a sharp probe, and in this way builds up a three 
dimensional map of the underlying features. This presents some immediate advantages; as
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20 um

F i g u r e  2 . 1 1 .  Atomic force m icroscopy tips. Tips are m ade from Si or SiN and are 
fabricated  on the end of cantilevers. The tip d iam eter is typically 20 nm, although u ltra 
sharp  tips are available w ith  diam eters of ~  2 nm. The length, w idth  and the m aterial 
from  w hich it is m ade all determ ine the resonance frequency and force constan t of each 
cantilever, w hich in tu rn  affect the im aging capabilities. Tips m ay be received coated in 
various m aterials for specific purposes, e.g. electrical, m agnetic, or biological applications.

the ultim ate limit to the resolving pow er of the microscope is the sharpness of the tip, atom ic 

resolution is not only possible, but has been achieved with rem arkable results Secondly, 

neither the surface type nor the environm ent affect the m easurem ent as significantly as in 

scanning  tunnelling microscopy (STM). An insulating  surface can therefore be im aged in 

am bient atm osphere, just as a conducting sam ple m ay be im aged in u ltra  high vacuum , 

o r a biological sam ple in buffers at 37 °C. A lthough m ost AFM system s canno t operate 

at the sam e speeds or w ith the sam e freedom  as an electron microscope*, the ability to 

operate in m ultiple environm ents and m easure m ultiple properties of a surface makes AFM 

an  invaluable tool in the field of nanoscience.

The AFM operates by scanning a sharp tip on the end of a cantilever across a surface in 

a raster pattern . The m ovem ent of the tip is m easured w ith extrem ely high accuracy using 

an  optical lever system (see Figure 2.10). A laser is reflected off the back of the cantilever 

and  onto  a photosensitive diode w hich detects the m otion of the cantilever perpend icu lar 

to the surface. A typical optical lever can resolve m ovem ents on the order of picom eters in 

the z-axis. Each pass of the AFM tip takes a 2-dim ensional profile of the surface, com pleting 

a 3-dim ensional im age as the raster pa tte rn  builds. The ability to take high resolution 

topographical images is ju st one of m any uses for the AFM. There are m any m odes in which 

the AFM can operate, each revealing a particular property of the underlying surface. Those 

used in this work are discussed below.

2.1 .4 .1  Static & Dynamic M ode AFM

The original and m ost basic m ode available to the AFM user is contact m ode, so-called 

because the tip is in constan t contact w ith the sam ple. The in teraction  force lies in the

‘Some specialised high-speed systems can now operate at video frame rates.
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F i g u r e  2 . 1 2 .  Force -  Distance plot showing the interaction of an AFM tip w ith a surface. 
Two regions are shown, the repulsive region, A, and the attractive region B. The attractive 
region occurs at small distances as Van der Waals forces aim to bring the tip in contact w ith 
the surface such th a t the cantilever experiences negative forces. The repulsive region occurs 
due to short range repulsions as the tip m akes contact w ith  the surface. M odified from 
Eaton and West, 2010.1^^®^

repulsive regim e of a force-distance plot, as in Figure 2.12. Contact m ode can be thought 

analogous to a stylus m oving over a record in a record player. To obtain a topographic 

image in contact mode, a constant force is m aintained betw een the tip and the sample. This 

is achieved by m ain tain ing  a constan t deflection of the optical lever th rough  a feedback 

m echanism  (Figure 2.10). As the underlying topography changes, the feedback loop drives 

a piezoelectric elem ent to m ove the lever in the z-axis such th a t the deflection rem ains 

constant. As a result of the repulsive forces applied betw een  tip and sam ple, both  m ay be 

dam aged during scanning. The forces applied to the sam ple can be estim ated from Hooke’s 

Law:

F =  k x D  (2.1)

w here F is the force, k  is the force constan t o f the tip, and D is the deflection distance 

of the tip. Each tip m ust be calibrated to determ ine its optical lever sensitivity before 

force m easurem ents can be m ade. Contact m ode may achieve m uch higher resolution than  

dynam ic m odes, particu larly  in liquid w here  capillary forces betw een  tip and  surface are 

not an  issue.

Initially, contact m ode was the only m ode available to the AFM user. Over the years 

how ever m any d ifferent m odes have been  developed to  suit different sam ples or to probe 

different properties of the sam ple. There are a t least 20 different m odes available to the 

m odern AFM user,^^®  ̂ w ith m ore in developm ent. This perhaps dem onstrates the versatility 

of the tool. Most of these stem  from the ability to m onitor changes to the am plitude, phase 

or frequency of an oscillating cantilever caused by interactions w ith the surface. These are 

so-called dynam ic m odes.
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As m entioned above, one of the disadvantages of using contact m ode AFM is the high 

forces associated with it, and the dam age this can do the sample, the tip, or both. Dynamic, 

or tapping AFM m odes work around this by oscillating the cantilever at or near it resonant 

frequency (~  tens of kHz) such tha t it spends very little, if any tim e in contact w ith  the 

sam ple. By detecting changes in the am plitude of this oscillation through the optical lever, 

the feedback loop adjusts the height of the cantilever such th a t the am plitude rem ains 

constant. Two regim es exist in dynam ic AFM, as depicted in Figure 2.12: (a) in term itten t- 

contact m ode; and (b) non-contact m ode. In term itten t-contact and  tapping m odes are 

synonym ous and operate by oscillating the cantilever at high am plitude, w here changes in 

the am plitude are used to control the feedback loop. The tip travels betw een both attractive 

and repulsive regions as shown in Figure 2.12. Non-contact is slightly different as it operates 

by oscillating the cantilever aw ay from resonance so the am plitudes are small and the tip 

rem ains in the attractive region of the force curve. N on-contact m ode is ideal for soft samples 

in danger of being dam aged by the tip.

2.1.4.2 Conductive Atomic Force Microscopy

Though dynamic m odes have surpassed contact m ode for m ost imaging purposes, there are 

still a num ber of specialised applications w here contact m ode m ust be used -  conductive 

atom ic force microscopy (CAFM) is one of these. In CAFM, inform ation on the conductivity 

of a sam ple is collected alongside topographic inform ation as a conductive tip is rastered 

across the surface. By applying a voltage betw een the sam ple and the tip, very small currents, 

as low as picoamps, m ay be detected  at each point, thus building up a conductivity m ap of 

the surface. In order to prevent high tip-sample forces bu t still allow low current detection, 

special Pt coated tips are used. CAFM has been used to probe the electrical connectivity in 

single-walled carbon nanotubes, and graphene, and has been used to dem onstrate  

the conductive filam ents form ed through resistive sw itching in thin films of Ti02-'-^^^ As 

part of this work, a CAFM study of Ag nanow ire netw orks is presented in chapter 4. These 

results were obtained by Dr Peter Nirm alraj, using a Dimension 3100 (Bruker Corporation) 

AFM w ith a CAFM m odule.

2 . 2  F a b r i c a t i o n  o f  E l e c t r i c a l  C o n t a c t s  o n t o  N a n o w i r e s

Fabrication of electrical contacts onto  nanow ires requires a complex, m ulti-step process 

colloquially know n as m ix-and-m atch lithography. W hile the specific details perta in ing  to 

each nanow ire shall be discussed in chapter 3, the general procedure will be described here.

M ix-and-match lithography is the com bination of fast but low er resolution UV-lithography 

to form larger (micron to m illim etre scale) features, w ith the significantly slower yet m uch 

higher resolution electron beam  lithography to fabricate the finer features such as the con­

tacts onto  individual nanow ires. This com bination of techniques utilises the speed of UV- 

lithography, and the precision and high resolution of EBL.
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F i g u r e  2 . 1 3 .  Photom ask design for mix-and-m atch lithography, (a) 6 x 6 array of device 
areas, each containing a 2 x 2 array o f square contact pads (b). (c) SEM im age o f Au contact 
pads on S i02  substrate. Som e finer features fabricated using EBL are visible in the centre  
of the array.

2 . 2 . 1  U V  L i t h o g r a p h y

UV-lithography operates on the same principles as EBL, with som e notable exceptions. Photo­

sensitive resist is exposed to the Mine o f  a mercury vapour discharge lamp (365 nm) through  

a hard-m ask. Masks are typically m ade o f quartz, and are coated  in chrom ium , w hich is 

etched selectively  producing the desired m ask pattern. The resist used in this work is a 

positive, novolac-type resist. This is a m ixture o f  the phenol form aldehyde (novolac) resin, 

soluble in aqueous and basic m edia, w ith  d iazonapthoquinone (DNQ) w hich is insoluble  

in those m edia. A photo-induced reaction occurs upon exposure producing an acidic com ­

pound, thereby increasing the solubility o f  the m ixture in the basic developer.

In this work. Si w afers w ith 300  nm  o f therm ally grow n S i02  w ere used as substrates 

for all sam ple preparation. Wafers w ere cleaved into 2 x 2 cm squares. Prior to lithographic 

processing, all sam ples w ere cleaned by sonication in acetone for 5 m inutes, fo llow ed  

by an additional sonication in isopropyl a lcohol (IPA) for 5 m inutes, and dried under N2 

flow. M icroposit S 1813  (Shipley) positive photo-resist was spun onto substrates and baked  

according to the protocol below. Sam ples w ere then exposed to 365  nm light w ith  an OAI 

Mask Aligner through a custom  designed hard-m ask. Figure 2 .13  show s an im age o f  the  

m ask design, as w ell as an SEM im age o f the resulting device area. The mask produces a 

6 x 6  array o f device areas, each containing a 2 x 2 array o f  250  |jim square pads, w hich  

will act as contacts betw een the the electrical characterisation system  (section 2 .4) and the 

sm aller EBL defined contacts. A lignm ent crosses are also included for the subsequent EBL
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step.

The hthography procedure follow ed in this work is outlined below:

UV lithography recipe

1. Spin S1813 resist at 5000  rpm for 45 sec, w ith 5 sec ramp at 500 rpm.

2. Soft bake on hotplate at 115°C for 75 sec.

3. Expose at 365  nm  for ~  5.5 sec (dose =  6 6  mJ cm~^).

4. Develop in MF-319 (Shipley) for 45 sec. Stop in deionised H2O.

The speed at w hich the resist is spun affects the thickness o f the resulting film -  50 0 0  rpm 

produces a resist thickness o f ~  1.2 [im. A post-apply bake step is required to rem ove the 

solvent in the resist prior to exposure. Once the sample is developed, a thin film o f Ti/Au (5 

n m /3 5  nm ) is deposited onto the sam ple by electron beam  evaporation using a Temescal FC- 

2000, w here Ti acts as an adhesion layer for the Au. The sam ple is then placed in acetone to 

rem ove the rem aining resist and expose the metal pattern, a process known as lift-off The 

am ount o f tim e in acetone required is dependent upon the com plexity o f the mask design, 

with closely  spaced features requiring longer lift-off tim es. N on-ideal exposure, possibly  

arising due to variation in beam  intensity or mild sam ple tilt, can result in underexposure  

and a failure of fine features to be resolved, or overexposure and a softening o f features. In 

order to calibrate the exposure then, it is prudent to perform  a test exposure prior to the 

m ain run.

2 . 2 . 2  E l e c t r o n  B e a m  L i t h o g r a p h y

Nanowires are deposited onto the now  patterned substrates. The details o f this step w ill be 

described in the relevant sections in chapter 3. In order to contact individual nanow ires, 

nanowires lying within a device area are first located using optical microscopy. The position  

o f these nanowires relative to the neighbouring alignm ent marks is determ ined and used to 

design the structures that w ill connect the nanow ire to the larger pads. The structures are 

then drawn using the Raith M ultibeam  softw are, w hich also drives the beam  and controls 

the exposure.

In this work, a bilayer resist is used (Figure 2 .14) in order to generate an undercut resist 

profile, w hich is ideal for m etal deposition. This prevents m etal adhering to the resist walls 

and creating so-called “rabbit ears” on the m etal profile. The bilayer resist consists o f the 

copolym er poly(m ethyl m ethacrylate - m ethacrylic acid (8.5% )) (MMA) in ethyl lactate 

as the bottom  layer, and poly(m ethyl m ethacrylate) (PMMA) in an isole as the top layer. 

Figure 2 .1 4  show s an SEM im age o f a cleaved sam ple post exposure and developm ent, 

clearly show ing the bilayer structures and undercut profile. Metal contacts on an individual 

nanowire fabricated using EBL and the bilayer resist are show n in Figure 2 .1 4 (c ) .
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F i g u r e  2 . 1 4 .  PMMA/MMA bilayer e-beam resist, (a) SEM image of bilayer resist cross 
section, (b) Bilayer resist mechanism, (c) SEM image of single nanowire contacted with four 
500 nm wide fingers using EBL for resistivity m easurements. The inter-electrode spacing, 
d  is shown.

In order to ensure the accuracy of the exposure relative to the design, careful alignment 
of the sample must be made. This is performed in three steps: compensating for the ro ta­
tion of the sample, defining a 0,0 origin and defining all translations relative to that point, 
and finally alignment to predefined structures immediately prior to exposure. Examples of 
alignment crosses may be seen in Figure 2.13(b) and (c). Once aligned, the Raith software 
then rasters the beam according to the designs. As discussed in section 2.1.2, choice of 

accelerating voltage is key to obtaining high resolution exposures. Another param eter avail­
able to the user is the choice of aperture size. Smaller apertures produce higher resolution 

features, however the current drops off correspondingly, increasing the exposure times.

The recipe followed for correct exposure of the bilayer resist is as follows:

Bi-layer resist recipe

1. Spin MMA EL9 at 6000 rpm for 45 sec, with 5 sec ramp at 500 rpm.

2. Soft-bake on hotplate at 180°C for 120 sec.

3. Spin PMMA A3 at 3000 rpm for 45 sec, with 5 sec ramp at 500 rpm.

4. Soft-bake on hotplace at 180°C for 180 sec.

5. Expose with the following parameters:
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• Accelerating voltage: 10 kV

• Aperture size: 20^xm

• Dose: ISOjJLCcm"^

6. Develop in MIBK;IPA 1:3 for 60 sec. Stop in IPA.

2 . 3  N a n o w i r e  N e t w o r k  F a b r i c a t i o n

The m erits of nanow ire netw orks w ere discussed in chap ter 1; here the m ethods used 

to fabricate such netw orks will be discussed. The form ation of nanow ire netw orks is as 

im portan t as any o ther step in the prepara tion  of a w orking device. How the wires are 

connected to each other, w hether the connections are evenly d istributed yet random , or if 

there is a tendency to aggregate is vital, as it directly affects the connectivity and thus the 

electrical properties of the network.

N um erous m ethods have been used in the lite ra tu re  to fabricate netw orks, including 

doctor blading, spin coating, self-assembled grow th, drop casting, vacuum  

filtration, and spray deposition. M ethods such as doctor blading and drop cast­

ing are highly unreliable for forming highly random , uniform  networks on any scale due to 

effects such as coffee-staining. Spin-coating and  vacuum  filtration m ethods have d em on­

strated  highly uniform  netw orks, how ever these techniques are not suitable for scale up 

to industry, w hile self-assem bled grow th is still purely an  experim ental technique. Spray 

deposition has been proven to produce highly uniform , random  netw orks over large areas, 

suitable for industrial scale-up, and is the m ethod used in this w ork to fabricate netw orks 

of nanow ires.

Spray deposition is a sim ple technique w hereby a d ilute, colloidal dispersion of the 

desired nanom aterial is sprayed onto a surface some centim etres away by a spray gun. The 

dispersion, typically based on a volatile solvent, is atom ised into m icroscopic droplets by 

a large pressure differential created  at a small apertu re , less than  1 mm in diam eter. The 

atom ised dispersion is accelerated tow ard the target surface by a high back pressure, nom i­

nally 1 .5-3  bar. The volatile droplets evaporate im m ediately upon im pact w ith the surface, 

preventing undesirable effects such as coffee-staining or aggregation of the nanom aterial, 

forming truly random ly oriented networks. In this work, a 3-axis robotic gantry, developed 

in collaboration w ith  H ew lett Packard, w as used to fabricate uniform  netw orks over large 

scales (see Figure 2 .15), how ever hand  spraying m ay also be perform ed on sm aller area 

sam ples w ith excellent results. To build the robotic spraying system, a Janom e JR 2300N  

desktop robot was fitted to hold an  artist’s spray gun (Infinity, H arder & Steenbeck), such 

that the spray lever on the gun could be pneum atically operated  (Figure 2 .15(b)). The rate 

of im pingem ent m ay be controlled by adjusting the position of a sharp needle relative to the
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F i g u r e  2 . 1 5 .  Robotic spraying system , (a) 3-axis robot (Janom e) fitted w ith an Infinity 
spray gun (Harder & Steenbeck). A hotplate w as also built into the system  to allow  less 
volatile solvents to be sprayed, (b) Detailed v iew  o f the gun. A pneum atic actuator operates 
the gun, w hile  a graduated reservoir a llow s spray volum e to be accurately m easured. A 
600  x̂m nozzle size was used, and the N 2 backing pressure w as nom inally 2 .75  bar (40 psi). 
(c) Schem atic o f  spray m echanism .

The transm ittance and nanow ire num ber density is displayed for each network.

reservoir aperture (Figure 2 .1 5 (c )) , and is capable o f  spraying continuously  for extended  

periods o f tim e over large areas (>  600  cm^).

In this work, the density o f  a random  netw ork is characterised by tw o parameters: the 

nanow ire num ber density  ( N/ A)  in NWjjim"^; and the percentage transm ittance o f 550  

nm light ( D ,  m easured using a UV-vis spectrom eter. Figure 2 .1 6  show s netw orks o f  Ni 

nanow ires fabricated via the spray deposition  technique just described for three different 

netw ork densities. For each batch o f nanow ires used in this work, a spray calibration w as  

perform ed, w here the transm ittance w as m easured as a function o f volum e sprayed. This 

was then used to determ ine the approxim ate transm ittance for all subsequent networks. It 

has been show n that by m easuring T, one can calculate the num ber density o f nanow ires if 

the dim ensions o f the nanow ires are know n, Equation (2 .2 ) relates T to the network

T = 84%  
N/A = 0 .2 3  NW/um2

F i g u r e  2 . 1 6 .  SEM im ages of sprayed Ni nanowire networks for three network densities.
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th ickness, t ,  by th e  im p ed an ce  o f free space, Zq, and  th e  n e tw o rk  optical conductivity, cTop.

T = [l + ^a,pt f  (2 .2)

The n an o w ire  n u m b er d ensity  is th en  re la ted  to the  n e tw o rk  th ickness th ro u g h  the  nanow ire

d im ensions, r̂ ^vv ^nd  >̂ he ra tio  o f the  n e tw o rk  density, p„et> th e  d ensity  o f the

bu lk  m a te ria l, Pbui^,  via:
  2̂.3)

Pbulk ^NW

De e t al. h av e  show n  th a t for a Ag n an o w ire  n e tw o rk  Pne t lPAg  — 0.04.'-^^^

Once a ne tw o rk  is form ed, in o rd e r to investigate  the  e lec trical p roperties, m etallic  co n ­

tac t m ust be  m ade. This is achieved by ev ap o ra tin g  m eta l co n tac t pads on top  of the  netw ork , 

w hich  are  th e n  co n tac ted  by m icro -need les (see sec tion  2 .4 ). Unlike single nanow ires, con­

ven tional lith o g rap h ic  m ethods are  n o t effective a t m ak ing  co n tac t to  netw orks. N anow ires 

in flush c o n ta c t w ith  a su b s tra te  experience  s trong  Van d e r  W aals forces a d h e rin g  th em  to 

th e  su rface , h o w ev e r as th e  n e tw o rk  d en s ity  in creases , th e  n u m b e r o f  n an o w ire s  m aking  

flush co n tac t w ith  th e  su b stra te  is g rea tly  reduced . The m ajority  o f nanow ires are  thus only 

w eak ly  h e ld  to  the  su b s tra te  th ro u g h  Van d e r  W aals forces. T he lith o g rap h ic  p rocess, and  

in p a rticu la r  the  m eta l lift-off step , th en  has a s tro n g  ten d en cy  to  rem ove these  nanow ires, 

often  b reak in g  connective path s  in an  o th en v ise  perco lative netw ork . In o rd e r to  circum vent 

th is p ro b lem , a sh ad o w  m ask  tech n iq u e  w as used . S h ad o w  m ask ing  u tih ses a lase r-d raw n  

stencil m ask  p laced  in flush co n tac t w ith  a surface, th ro u g h  w hich  m eta l is th en  evapo ra ted . 

M etal is th en  deposited  only  th ro u g h  the  laser-cu t ho les, a llow ing  m etallic  co n tac t pads to be 

p laced  w ith o u t the use of lith o g rap h y  or po lym eric resists. Shadow -m ask ing  is significantly  

fa s te r th a n  UV-lithography, as it is a sing le-step  p rocess, a n d  a sing le m ask  m ay  be used  

m u ltip le  tim es. Due to  d iffusion  o f th e  m eta llic  vapour, th e  re so lu tio n  of sh ad o w  m ask ing  

is lim ited  a n d  fea tu re s  sm alle r th a n  10 [xm are  u n a tta in a b le . An im age o f th e  m ask  design  

used  in th is w ork, alongside an  SEM im age of a 20 x 20 [Jim co n tac ted  ne tw ork  is show n in 

F igure 2 .17 .

The size o f  a given n e tw o rk  is defined  by the ra tio  o f the  in te r-e lec tro d e  d istance , D,  of 

th e  c o n tac tin g  e lec tro d es, a n d  th e  av e rag e  len g th  o f th e  n an o w ire s  be in g  exam in ed , Lf^vv- 

In all cases, a square  n e tw o rk  geom etry  is em ployed , such th a t the  in te r-e lec tro d e  d istance 

is eq u a l to  th e  e lec tro d e  w id th , W . This re la tio n sh ip  b reak s  d o w n  sligh tly  a t sm alle r D 

values d u e  to  the  d iffusion  o f m eta l a t the  sh ad o w  m ask  edge , red u c in g  th e  va lu e  o f D.  As 

th e  sca ling  b e h a v io u r o f  n e tw o rk s  is ex am in ed  in c h a p te rs  4  an d  5, th e  d e fin ition  o f the 

n e tw o rk  size is o f  critica l im p o rtan ce . H ence th e  n e tw o rk s  a re  n o rm alised  in th is  m a n n e r 

to  a cco u n t fo r th e ir  geom etry , in o rd e r  to  focus on th e  b eh av io u ra l d ifferences s tem m in g  

from  chan g es in  the  n e tw o rk  connectivity.
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contact e ectrodes

F i g u r e  2 . 1 7 .  Electrically contacting nanowire networks, (a) Image of shadow mask 
used to make electrical contact to nanowire networks, and design showing square electrode 
and their corresponding sizes. Electrode spacings as small as 10(j,m are possible, (b) SEM 
image of contacted 200 p,m nanowire network.

2 . 4  E l e c t r i c a l  C h a r a c t e r i s a t i o n

The electrical characterisation of devices is the primary investigative m ethod used in this 
thesis. Both AC and DC electrical m easurem ents are performed on single nanowire junc­
tions in chapter 3, while solely DC m ethods are used to study networks of both Ag and Ni 
nanowires in chapters 4 and S. This section shall focus on the equipment and methods used 
to perform these measurements.

2 . 4 . 1  DC E l e c t r i c a l  M e a s u r e m e n t s

Two electrical characterisation systems were used in this work. System I, an image of which 
is shown in Figure 2.18(a) and schematically shown in Figure 2.19(c), consists of a suite 

of source-measure units (SMUs), a current pre-amplifier, and two multimeters. The system 

is controlled by Labview software via GPIB connection to a central computer. Coaxial ca­
bles connect the instruments to the grounding box, and from there are connected to a Karl 

Suss PM-8 probe station. Due to a limitation of the current pre-amplifier, the maximum 

measurable current of this system is 7 mA. System II is a much more advanced system, con­

sisting of the Keithley 4200 Semiconductor Characterisation System (SCS) (Figure 2.18(b) 

and (c)). Four SMUs, containing two current pre-amplifiers, as well as capacitance-voltage 

units (CVUs) for AC measurements, and two nanosecond pulse meters (PMUs) are housed 
within the unit, also containing a PC running Keithley proprietary software to control and 

drive the instruments. Very low noise triaxial (triax) cables connect the SMUs to the probe 

station, while coaxial SMA cables are used for both CVU and PMU operation. At the highest 

sensitivity amplification, currents noise levels as low as 10 fA may be achieved with this 
system.
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isystem II: frontjfc 1 Isystem II: rear| 
BsMUslpre-ampsI

ground unit

F i g u r e  2 . 1 8 .  Images of electrical characterisation systems used in this work, (a) System 
I, consisting of an SMU, two m ultim eters and a curren t pre-am plifier (not show n), (b) 
System II: Keithley 4200 SCS, front view, and (c) rear view. Four SMUs, tw'O pre-amplifiers, 
one CVU, and two PMUs are housed w ithin the unit.

DUT

SMU

current
amplifier

magnifying lens
nnicropositioners

%
prooes

X,x,y- stage manipulators

elvin connection

F i g u r e  2 . 1 9 .  Electrical characterisation  system, (a) A Karl Suss PM-8 probe station 
m akes electrical contact to sam ples via Cascade M icrotech m icropositioners and m icro­
needles (b). (c) Schem atic of system I. A com puter running  Labview softw are instructs a 
source m easure un it (SMU) to drive cu rren t/v o ltag e  across the device under test (DUT). 
The curren t signal is then  am plified, m easured, and read  by the com puter. An additional 
m ultim eter is available for 4-probe m easurem ents.
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2-probe 4-probe

SMU

lead

DUT

DUT

R

SMU

leadlead leadlead

DUT

AA/V
DUT

Rlead

F i g u r e  2 . 2 0 .  Equivalent circuits demonstrating both 2-probe and 4-probe measurement 
regimes. By measuring the voltage drop across the DUT, the contact resistance is removed 
from the measurement.

Both system I and II are connected to a Karl Suss PM-8 probe station (Figure 2.19(a)), 
where electrical contact to samples is made. The probe station houses four micropositioners 
(Cascade Microtech) w îth tungsten micro-needles (Figure 2.19(b)), allowing for accurate 
positioning and gentle contact to samples. The radius of the microneedles is nominally 
20p,m. The signal from each probe may be split a few centimetres from the contact point 
for Kelvin measurements, reducing the noise levels even further.

Resistance measurements may be performed in either a 2-probe geometry, or a 4-probe 
geometry. 2-probe m easurem ents employ a single SMU to drive either current/voltage 
across a sample, determining the resistance by the ratio of the voltage supplied to the current 

measured. For high impedance samples this produces accurate measurements, however for 

low impedance samples (< lO kfi), contact resistance will have an appreciable contribution 
to the measured resistance. In order to remove the effect of contact resistance and accurately 

measure the resistance of a low impedance sample, 4-probe measurements must be made. 

Figure 2.20 schematically illustrates the differences between the two measurement regimes. 

By sourcing current across the outer most contacts, and measuring the corresponding voltage 

drop across the inner contacts, the contact resistance can be effectively removed. The 

resistivity of the material may then be calculated based on the distance between the inner 

contacts, d and cross sectional area of the material. A, according to

Kolesnik et al. showed that for nanoscale m easurem ents of resistivity, it is appropriate to
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take the value of d to be the distance from the outer edges of the inner contacts, as shown 

in Figure 2 .14(c).

Finally, equation (2.4) m ay be rew ritten  in term s of the film thickness, t, as

R = ~ —  (2.5)
t W

where the term  p / t  is known as the sheet resistance, R^, and has units n /D . R^ is a com m on 

param eter used to characterise the resistance of thin films.

2 . 4 . 2  AC E l e c t r i c a l  M e a s u r e m e n t s : I m p e d a n c e  S p e c t r o s c o p y

Sweeping a DC bias across a sam ple provides a simple relationship betw een the voltage and 

the current response. If the sam ple is m etallic, this response will follow Ohm ’s law

V
R = -  (2.6)

I

w here R is the total resistance of the circuit. W ithin this resistance value is contained the 

sam ple resistance, as well as the contact and lead resistances. In order to isolate the sam ple 

resistance 4-probe m easurem ents m ust be m ade, as outlined  in section 2.4.1. H owever 

no inform ation is gathered  about o ther linear circuit com ponents such as capacitors or 

inductors. In order to m easure the response of these elem ents, AC m easurem ents m ust be 

m ade. Under an AC bias, the total electrical im pedance is then  the sum:

Z = R  + j X  (2.7)

w here R is the sam ple resistance, and X  the sam ple reactance -  the opposition of a capaci­

to r/in d u c to r to changes in the v o ltag e /cu rren t respectively. By m easuring Z as a function 

of the applied AC frequency, inform ation regarding the contribution of resistive, capacitive, 

and inductive com ponents m ay be extracted. This is a technique know n as im pedance 

spectroscopy, and is a pow erful technique used to analyse com plex sam ples and extract 

m eaningful inform ation abou t individual com ponents, ultim ately  allow ing the user to d e­

term ine an equivalent circuit for otherw ise highly com plex physical phenom ena. In this 

work, im pedance spectroscopy is used to investigate junctions of Ag and Ni nanow ires, with 

the aim  of learning m ore about the switching phenom ena th a t occur at these interfaces.

In its simplest form, im pedance spectroscopy m easures the total im pedance of a circuit, 

Z, (or the m odulus, |Z |), and the phase angle, 6,  as a function of the frequency of the 

applied signal. In the general form. O hm ’s law looks like

v i t )  = i ( t )R (2.8)

which for the case of a resistor, results in equation (2.6). For the case of a capacitor however.
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we get the time dependen t relationship

!c(t) =  Cdvc(t)
d t

(2.9)

As the voltage signal is v (t)  =  Vp sin (o jt), the ratio of the voltage and curren t is then:

sin(<jjt)H O  ^ ______________
ic ( t)  coC sin(a>t +  j )

which m ay be w ritten  as:
1

^ c a p a c i t o r j coC

(2 .10)

(2 .11 )

Equation (2.10) states tha t the phase angle betw een  the curren t and voltage signals in a 

capacitor is -90 degrees. Similarly, for an  inductor:

Z.i n d u c t o r j o j L (2 .12)

w here the phase angle is + 90  degrees.

Following from equation (2.7), the m easured im pedance of a circuit is equal to the sum 

of the various resistances and reactances present. For a series LCR circuit, such as tha t 

show n in Figure 2.22, this is:

|Z| = « 2 +  ( o j L ) 2
VcoC

(2.13)

w here the phase angle is:

=  tan  M — =  tan  ^ ' — --------
. R J  \  R

For an  RC parallel circuit, such as tha t in Figure 2.22, the situation is m ore complex:

(2.14)

|Z|
Rn coCR„

R$ +
l - { c o C R p )  J  \ l - { c o C R p Y

(2.15)

and

0 =  tan
coCR„

R , { l - { c o C R p f ) + R p j
(2.16)

w here R^ and Rp are the series and  parallel resistances, respectively.

By fitting im pedance da ta  to com plex equations such as these, the param eters R^,  Rp ,  

C etc. m ay be extracted , thereby providing valuable inform ation abou t a system. In o rder 

to determ ine an  equivalent circuit and  ex tract value out of im pedance data , there are a 

num ber o f ways of p lo tting  da ta  w hich will give indications as to the m echanism s at play 

w ithin a system. Figure 2.21 shows tw o com m only used plots for the exam ple of a simple
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Bode plot Nyquist plot
- lin(Z)

Log |Z|

e(d eg)
90-

Log(f)

-90-

F i g u r e  2 . 2 1 .  Im pedance data  plots for an RC parallel circuit. The Bode plot; \Z \ and 0 
plotted as a function of logo;. The Nyquist plot; the negative im aginary im pedance, -Im(Z), 
is plotted as a function of the real im pedance, Re(Z). Sem icircular plots are characteristic of 
RC parallel circuits. The 3D projection plot show n here also dem onstrates Re(Z) vs. logo) 
and -Im(Z) vs. logo) plots.

- lm(Z)

LCR series

0 )  —> OC

Re(Z)
- lm(Z)

RC parallel

H h

CO =  00
Re(Z)

R1+R2

F i g u r e  2 . 2 2 .  Nyquist plot for LCR series circuit and  an RC parallel circuit. The shape 
of the plot is a strong indicator as to the form of the equivalent circuit.
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RC parallel circuit: the Bode plot, and the Nyquist plot. Bode plots display \Z \ and Q against 

frequency, co. As stated above, the phase angle is -90°, 0°, or +90° for capacitors, resistors, 

and inductors respectively. Thus the Bode plot gives users a simple wray to identify if a 

system  is resistive, capacitive, or inductive, and at w ha t frequencies these traits becom e 

dom inant. Nyquist plots display the im aginary com ponent (X) of the im pedance against 

the real com ponent (R), and have characteristic shapes depending on the equivalent circuit. 

In the exam ple show n, a sem icircle is form ed, characteristic of RC parallel circuits, w hile 

RC series circuits display a single vertical line at R (Figure 2.22).

The AC electrical characterisation  in this w ork w as perform ed using the capacitance 

voltage capabilities of system-II. The available frequency range of this un it is 1 kHz -  10 

MHz, how ever due to lim itations of the electrical characterisation system at high frequencies, 

the usable range is reduced to 1 kHz -  1 MHz. Due to the com plexity of equations (2.15) 

and (2 .16), experim ental da ta  is fitted using a com plex non-linear least squares fitting 

program , developed by Jam es Ross MacDonald, called Further details regarding

the im plem entation of these techniques to the m easurem ent of single nanow ire junctions is 

provided in detail in chap ter 3.

2 . 5  C o n c l u s i o n

In this chapter, the w orking principles of the m any techniques used in this thesis have 

been  described in detail. Scanning electron m icroscopy and  atom ic force m icroscopy are 

bo th  ubiquitous tools in the field of nanoscience, providing users w ith  m ultiple im aging 

regim es and m ethods of sam ple characterisation  including elem ental analysis (EDX) and 

conductivity  analysis (CAFM). The helium  ion m icroscope as a com m ercial technology is 

still in its infancy, how ever its dem onstra ted  capabilities m ake it an  exciting prospect for 

the fu ture. The m ethods used to  fabricate contacts on single nanow ires as well as large 

netw orks have both been described, as have the electrical techniques used to m easure the 

resu lting  devices. C hapter 3 tha t follows is the first of th ree experim ental chapters in this 

thesis, and describes the m easurem ent of the junction resistance for junctions of both Ag and 

Ni nanow ires, discussing the im plications of these m easurem ents for transparen t conductor 

research.
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3
R e s i s t a n c e  o f  S i n g l e  Ag & N i  

N a n o w i r e  J u n c t i o n s

This thesis aims to examine the connectivity of nanow ire netw orks, and central to this is an 

understanding of the nanow ire-nanow ire junction. Junctions are critical connecting points 

in a netw ork, and thus not only control the resistance of the film, bu t also the netw ork 

connectivity. Additionally, a full and com plete understanding  of the junctions is essential in 

order to generate accurate models to describe these systems, which thus far in the literature 

have been inconsistent. This chapter will present electrical m easurem ents perform ed on both 

Ag and Ni nanow ire junctions, m easuring accurately the critical param eter, the junction 

resistance. Im pedance spectroscopy m easurem ents of these single nanow ire junctions will 

also be discussed.

3 . 1  M o t i v a t i o n

Explored in chap ter 1, research into nanow ire netw orks for various technological applica­

tions continues to grow year after year. Networks show prom ise for transparen t conductors, 

artificial skin technology, and have been dem onstrated  in m any sensing applications, due to 

their inheren t thin film nature, creating flexible and transparen t m aterials a t low cost w ith 

relative ease of fabrication. Ag nanow ire netw orks are w idely regarded as the successor to 

indium  tin-oxide (ITO) as a high perform ance tran sp a ren t conductor, no t only m atching 

the properties of ITO by achieving sheet resistances o f 1 0 f2 /n  at 90%  transm ittance, b u t 

also providing m echanical flexibility tha t will be essential for next generation electronics.

It is likely tha t netw orks will require d ifferent p roperties for different applications. For 

example, some applications may require extrem ely high transm ittance values while specific 

sheet resistance is not as critical, or vice versa, or certain  appUcations m ay benefit from a 

diffusive transparen t conductor, e ither for practical or aesthetic purposes, for exam ple in 

solar cells. It is im practical to conduct a research project for each individual application, 

particularly  if budget is a lim itation. Rather, a m ore efficient system w ould be a central

67
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database which could be draw n upon to  design a m aterial to a chent’s specifications. To 

achieve such a system, a full and com plete understanding of a netw ork will be required, such 

tha t a com puter m odel m ay generate the required m aterial based on the desired param eters. 

A num ber of studies have already  been  undertaken  determ ining relationships betw een 

physical properties (nanow ire len g th /d iam eter) and param eters such as sheet resistance, 

optical transm ittance, or clarity of the resulting film.^^^^

To com plete the picture, the local nanoscale interactions, such as those at the junctions, 

m ust be correlated  w ith  the m acroscale properties such as sheet resistance. A lready dis­

cussed in chap ter 1, a num ber of studies have been perform ed w ith  this in m ind, focusing 

on a top-dow n sim ulation approach. Lee et al. find their sim ulations m ap onto experim ental 

results for a range o f  Rj^„ values from 1 to  100 They reason tha t at h igher netw ork 

densities, the num ber of junctions per nanow ire is g reater than 1, and therefore the network 

is able to choose the low est resistance junctions, producing a false im pression of the aver­

age. W hile this reasoning is sound, there are still a num ber of issues w ith  this conclusion. 

Firstly, no direct m easurem ent o f  Rj^„  is perform ed, and thus there is no w ay to verify the 

results of the sim ulation. Additionally, it is not specified w hether the m easurem ents m ade 

w ere 4-probe or 2-probe. Not accounting for the contact resistance in such low im pedance 

m easurem ents w ould have a significant im pact on the sheet resistance obtained, and is thus 

a vital piece of inform ation.

M utiso et al. perform ed a com prehensive study com bining sim ulation of random  2-D 

rod netw orks w ith  experim ental sheet resistance m easurem ents, and find tha t an  average 

Rjxn  value of 2kf2 fits the experim ental da ta  m ost accurately. These results represen t a 

valuable contribution tow ard the generation of a m aterials-by-design approach, particularly 

dem onstrating  the value of com bined experim ent and sim ulation. However, there are a 

num ber of lim itations to such a study. In particular, the resistance contribu tion  of each 

nanow ire was set to be zero, assum ing tha t the junction  resistance was m uch larger and 

therefore would have a m uch greater influence on the sheet resistance of the film. Assuming 

a netw ork  size of several hundred  m icrons to several m illim etres, the to tal length  of the 

conducting path is significant, and therefore the resistance contribution from the nanow ires 

them selves cannot be overlooked. It is likely th a t this is the m ain reason for the difference 

in values obtained in this study and those obtained by Lee et al. in 2008.

From these two studies, it is clear th a t there is currently insufficient understanding of the 

nanow ire junction properties, and that top-dow n approaches to m easuring Rj^„  have failed 

to provide consistent results. It is therefore essential to obtain d irect m easurem ents of the 

nanow ire junctions, which m ay then  be com bined with sim ulation techniques, such as those 

used by M utiso et al., to generate  a com plete netw ork  m odel. A num ber of publications 

have a ttem pted  to  address this problem , m easuring the resistance of individual nanow ire 

junctions. I - W i t h  the exception of the study by Hu et al. in 2010, these single junction  

m easurem ents have all been 2-probe m easurem ents, and  thus do no t provide an accurate 

m easurem ent of Rj^n-  Additionally, the m easurem ent perform ed by Song et al. is the only 

one to account for the resistance contribu tion  of the nanow ire length, w hich is show n in
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T a  B L E 3 . 1 .  Sum m ary of Ag nanow ire junction  resistance values in literature

Author Year (f2) Method

Lee et al. 2008 1-100  fitting sim ulations to experim ental Rg values

Hu et al. 2010 450 4-probe m easurem ent of single junction

Garnett et al. 2012 ~  1 X 10“̂ 2-probe m easurem ent of single junction

M utiso et al. 2013 ~  2 X 10^ fitting sim ulations to experim ental Rg values

Song et al. 2014 185 2-probe m easurem ent of single junction

this w ork to be of equal or g reater m agnitude to that of the junction  itself.

The junction  resistance value reported  in each of the studies m entioned thus far has 

been sum^marised in table 3.1. It is clear th a t not only do the top dow n m easurem ents 

produce inconsistent results, bu t d irect m easurem ents of single junctions have also been 

inconsistent to date, w ith only one study perform ing 4-probe m easurem ents to remove 

contributions from the contact resistance. Additionally, it appears tha t only a single value 

was m easured in each study, again placing the results into question. The work presented in 

this chapter attem pts to address this issue by perform ing accurate m easurem ents of single Ag 

nanow ire junctions under a num ber of preparation  conditions, providing the first instance 

of an  accurate distribution.

3 . 1 . 1  B e y o n d  A g: Ni  N A N O W I R E S

It has been established th a t an  understand ing  of the nanow ire junctions is critical to the 

characterisation of a nanow ire netw ork, and th a t this m ay lead to  a m aterials-by-design 

approach. Once this understanding has been developed, it is natural to begin to m anipulate 

the junction  in o rder to add new  properties to the netw ork, potentially  adding new  levels 

of functionality into a nanow ire netw ork and creating applications not previously thought 

possible. This is the m otivation behind extending the study beyond Ag and investigating 

the properties of junctions of Ni nanow ires.

As discussed in chap ter 3, one lim itation of cu rren t nanow ire based thin film technolo­

gies is their tendency to degrade over time w hen exposed to am bient conditions, increasing 

the resistance of the film and thereby  rendering  a device obsolete. One approach to solv­

ing this problem  is to specifically design m aterials to resist o x ida tion /deg rada tion . Both 

Rathm ell et al. and Chen et al. propose a sim ilar approach  to solving this problem , by 

specifically designing and fabricating protective coatings onto copper nanow ires. The 

resulting films display significant resistance to oxidation com pared to e ither pure Cu or 

pure Ag nanow ires at elevated tem peratu res, while re ta in ing  m uch of the conductivity  of 

the pure Cu netw ork. A different approach to solving the problem  of film degradation  

however, is to take advantage of the natu ral oxidation layers displayed by m any m aterials.
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and fabricate connected networks of passivated nanowires. One such m aterial displaying 

a native passivation layer is Ni. A self-limiting layer of NiO, 5-10 nm in thickness, forms 
natively on the surface of Ni under ambient conditions, resulting in a Ni/NiO core-shell 

structure when nanowires of Ni are exposed to air. As already shown by He et al. this thin 

oxide layer acts as an active resistive switching layer when electrically contacted. Indeed 

Cagli et al. demonstrate that two crossed nanowires may be operated as a resistive switch, 

as the nanowire junction naturally creates a metal-oxide-metal structure. The effect 

of incorporating a resistive switching element into a nanowire network is investigated in 

chapter 5. Prior to this however, the junction resistance and resistive switching properties 

of single junctions are first established.

This chapter begins by describing the synthesis methods used to make both Ag and Ni 

nanowires, then the methods used to fabricate single junctions will be described. Following 
this the electrical characterisation of single junctions will be described, and the junction 

resistance m easured for each system. The chapter concludes by examining Ni nanowire 
junctions using impedance spectroscopy.

3 . 2  S i n g l e  N a n o w i r e  J u n c t i o n  F a b r i c a t i o n

3 . 2 . 1  N a n o w i r e  F a b r i c a t i o n  & P r e p a r a t i o n

3.2.1.1 Ag Nanowires

Ag nanowires were purchased from Seashell Technology, dispersed in isopropyl alcohol 
(IPA). Prior to use, the as-received solution is diluted to an approximate concentration of 0.1 
m g/m l. The nanowires are fabricated through the polymer-mediated polyol process. 

AgNOg is reduced by ethylene glycol in the presence of poly (vinyl pyrrolidone) (PVP). At 

a critical concentration of elemental Ag, metallic clusters begin to nucleate. These clusters 
may then continue to grow to form nanostructures in a variety of shapes. The growth of 

nanowires is made favourable by limiting the AgNOg and PVP concentrations, lowering the 

chemical potential for growth such that the thermodynamically favourable multiply-twinned 

decahedra form, rather than the kinetically favoured single-crystal seeds. These elongate 

as further growth occurs on the {111} face. PVP acts as a capping agent, interacting more 

strongly with the {100} face, and further facilitating the growth of the {111} face and the 
elongation of the wire. Figure 3.1 shows SEM and TEM images of the nanowires, clearly dis­

playing pentagonal twinning. As a result of this fabrication process, each nanowire is coated 

in a thin (2-5 nm) layer of PVI’ highlighted in the TEM images shown in Figure 3.1. Length 
and diam eter statistics, generated using both SEM and AFM, are also shown. The nanowires 

have an average length of 7.3 ±  3.4fJim, and an average diam eter of 85.7 ± 17.6 nm.
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F i g u r e  3 . 1 .  Characterisation o f PVP-coated, pentagonally twinned Ag nanowires, (a) 
SEM image of Ag nanowires, (b) High resolution TEM image of a nanowire, clearing showing 
the PVP surface coating. Inset shows a TEM cross-section image o f a nanowire, displaying 
the pentagonally twinned nature, (c) Illustration of the different crystallographic faces of 
a Ag nanowire, (d) and (e) show the length and diameter statistics, respectively, of the Ag 
nanowires used in this work.

3.2.1.2 N i Nanowires

Ni nanowires were purchased from N a n o m a te r ia ls . it .The nanowires are synthesised by 

electrodeposition into nanoporous anodised aluminium oxide (AAO) templates, and are 

received as-fabricated in these templates. The nanowires were removed from the template 

through the following extraction procedure. The Au backing electrode was removed using 

aqua regia (HNOgiHCl 1:3 vol) and a cotton swab. The AAO template was then washed 

in deionised (DI) H 2 O, and placed in a 0.1 M NaOH solution until the template dissolved 

(~  4 hours). M ild sonication was used to help break up the template and accelerate the 

dissolution process. Once dissolved, the nanowires were separated from the NaOH using a 

magnet to collect the nanowires together while the solution was decanted off. The nanowires 

were then washed w ith DI H2 O three times to remove any remaining NaOH, then washed 

w ith HPLC grade IPA three times. Between each wash step the dispersion was centrifuged 

at 4500 rpm for 5 minutes to draw the nanowires to the bottom of the vial so that the 

supernatant could be decanted off. Finally a stock solution was prepared by dispersing the
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StDev = 3.4 ^m
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nanowires in HPLC IPA at a concentration of approximately 2 mg/ml.

For consistency, and unless otherwise stated, all results presented in this thesis are 
from the same batch of nanowires, labelled NB5. The nanowires were characterised by 

SEM, HIM, TEM and EDX, a sample of which are shown in Figure 3.2. SEM and AFM 

were used to develop length and diam eter statistics, while TEM analysis, performed by Dr 

Eoin McCarthy, was used to develop statistics on the oxide thickness. The nanowires are 

polycrystalline in nature, as shown in Figure 3.2(b). The nanowires have an average length 

of 10.6 ± 6.7 jam, an average diam eter of 81.3 ± 6.9 nm, and an average oxide coating of 

thickness 6.0 ± 1.4 nm.

3 . 2 . 2  J u n c t i o n  F a b r i c a t i o n  & C o n t a c t i n g

As m entioned in chapter 2, the fabrication of contacts to individual nanoscale objects 
requires a combination of UV Hthography and EBL. In order to obtain isolated crossed 
nanowires. Si wafers patterned using UV lithography (see Figure 2.13 for mask design), 
were cleaved into individual 6 x 6  device arrays -  approximately 25 mm^ in area. Extremely 
dilute dispersions were made from the stock nanowire solution (~  12 |jLg L“ ^), and then a 
very small volume (~  20 l̂L) of this was dropped onto each individual sample and allowed 
to evaporate in a fume hood. This was repeated multiple times until a sufficient number of 
isolated crossed junctions had been formed. TEM measurements of Ag nanowires that have 
undergone similar steps show no change in the PVP coating following this processing.

In the case of the magnetic Ni nanowires, this process was aided by placing each sample 

on a bar magnet such that the field lines ran parallel with the axes defined on the sample. 
Once the solvent has evaporated, the nanowires lie aligned in the direction of the field. 

The sample is then rotated 90°, and the step repeated. This magnetic alignment procedure 
aided the formation of perpendicular crossed nanowires, and has been previously reported 

by Cagh et al.^^^  ̂ Once located, contacts were then formed onto the junctions using EBL 

and metal evaporation, as outlined in chapter 2. To ensure complete coverage of the metal, 

the thickness of the evaporated layer was set to be approximately twice the diameter of the 

nanowire -  150 nm in most cases. In almost all cases, Ag nanowires were contacted with 

Ag metal lines in order to minimise the contact resistance. Similarly, Ni nanowires were 

contacted almost exclusively with Ni metal. Figure 3.3 shows an example of a contacted 
nanowire junction, showing the progression in feature size from the UV lithographic mask 

to the EBL defined fingers, and finally shows a high magnification image of the junction. To 

enable 4-probe measurements across individual junctions, two metal contacts were formed 

on each nanowire that made up the junction, as can be seen in Figure 3.3(b).
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F i g u r e  3 . 2 .  C haracterisation of extracted  Ni nanow ires, (a) SE im age of Ni nanow ires 
produced  in a HIM. (b) High resolution TEM im age of a Ni nanow ire, show ing the poly­
crystalline nature of the Ni core as well as the am orphous NiO surface coating, (c) EDX 
analysis perform ed on a single Ni nanow ire in a TEM. (d), (e), and (f) show diameter, oxide 
thickness, and length statistics respectively of the Ni nanow ires from batch NB5.



7 4 R e s i s t a n c e  o f  S i n g l e  A g  & N i  N a n o w i r e  J u n c t i o n s

riTl
F i g u r e  3 . 3 .  SEM images of a single Ag nanowire junction with four Ag metal contacts 
fabricated with EBL.

3 . 3  D C  E l e c t r i c a l  M e a s u r e m e n t s ; R e s i s t i v e  S w i t c h i n g  &
p

jxn

The motivation behind performing measurements on single nanowire junctions has been 
described, as have the methods used to fabricate and contact these nanoscale structures. 
The following section will detail the results of the DC electrical measurements on both Ag 
and Ni nanowire junctions.

3 . 3 . 1  Ag N a n o w i r e  J u n c t i o n s

3.3.1.1 Annealed Nanowires

As explained in section 3.2.1, Ag nanowires fabricated through the polyol process are pro­
duced with a thin PVP coating on the surface of the nanowire. In order to ensure ohmic 

contact between the nanowire and the Ag metal contact lines, this PVP layer must be re­
moved. This is performed by annealing the sample in a tube furnace under N2 flow, prior to 

contacting. The wires are heated to 200 °C for 2 hours. Ag nanowire networks fabricated 
for transparent conductor apphcations are routinely subjected to a heat treatment step to 

reduce the junction resistance and increase the conductivity of the network, and this 
step is consistent with this.

Prior to measuring on single junctions, initial measurements were performed on indi­
vidual Ag nanowires in order to determine the resistivity for the subsequent calculations 

of nanowire resistance. Figure 3.4(a) shows an AFM image of a single Ag nanowire con­
tacted with four electrodes for 4-probe measurement of the resistance. The resistivity of 

the nanowire was calculated using equation (2.4), where L was measured from the outside 
edges of the inner electrodes, as per Kolesnik et and shown in the figure. The diame­
ter was measured from AFM analysis at different points along the nanowire, and an average 

value obtained. The results are plotted in Figure 3.4(b) for the five nanowires measured, 
where the diameter of the nanowires was in the range 74—86 nm. The average resistivity



3 . 3  DC E l e c t r i c a l  M e a s u r e m e n t s : R e s i s t i v e  S w i t c h i n g  & Rj^n 75

2 0 8  nm

0 nm

G

S

25-

2 0 -

co
CO 15-1 
CD
q:

10

p = 18.4 ±1.7 nQ-m

^Nw = 7 4 - 8 6  nm

■ ■
_ ■ . ■______"  H----

Bulk

Sample

F i g u r e  3 . 4 .  Resistivity m easurem ents of single Ag nanow ires, (a) AFM topography 
im age of a single Ag nanow ire contacted  w ith  four Ag electrodes for m easurem ent of the 
resistivity, (b) M easured resistivity of five different nanow ires, with d iam eters in the range 
74—86 nm. An average resistivity value of 18.4 ±  1 .7nQ  • m was determ ined.

was found to be 18.4 ±  1.7nf2 ■ m, w ithin experim ental error of that of bulk Ag -  15.9nf2 • m. 

Kolesnik et al. also show no deviation from the bulk resistivity for similar multiply-twinned 

Ag nanowires, consistent w ith this result. The resistivity of the nanow ires was then taken to 

be equal to tha t of bulk Ag, and this value was used to calculate the resistance of a length 

of nanow ire in subsequent m easurem ents of

Following the establishm ent of a nanow ire resistivity, the junction  resistance was then 

m easured. By perform ing a 4-probe m easurem ent across the junction, the 2-probe resis­

tance of the o u ter circuit, Rguf  well as the 4-probe resistance of the inner circuit, 

are  produced -  as depicted  in Figure 3.5. C ontained w ith in  are the resistances of the 

nanow ire lengths (K1 and R2  respectively) and the junction resistance, Rj^n- By m easuring 

the distance betw een the electrode and the junction for each nanow ire (LI and L2, respec­

tively), the average d iam eter of each nanow ire ( d l  and d2,  respectively), and using the 

resistivity of bulk Ag the resistance contributions from K1 and R2  may be accounted for. The 

junction resistance is then isolated through the calculation Rj^„ =  Rj„ —R1 —R2.

The calculated values of Rj^„ are tabu lated  in table 3.2 alongside the m easured resis-
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F i g u r e  3 . 5 .  Junction  resistance experim ental set-up. 4-probe m easurem ent is p e r­
form ed, sensing voltage across inner electrodes. The m easured  resistance is then  the sum  
of three resistances: R l, R2, and Rj^n- R1 and R2 may be calculated and removed from the 
m easured resistance, providing accurate m easurem ent of Rj^n-

tances,i?ou[ and and the contact resistance, where — R o u t ~ ^ i n -  Im m ediately 

apparen t is the range of values obtained, ranging from very small values of only a few ohms 

to hundreds of ohms. The m ajority of the values calculated how ever are below 50 indicat­

ing that the values m easured to date have significantly overestim ated the junction resistance. 

It is also app aren t from  this table tha t the contact resistance rem ains very uniform  for al­

m ost all sam ples m easured, indicating the same m easurem ent environm ent th roughout and 

strengthening the results.

In order to further understand  the results presented  in table 3.2, all m easured junctions 

w ere characterised  w ith  SEM. Figure 3 .6  show s the SEM im ages for nine of the junctions 

listed in table 3.2. TheRj^^n corresponding to each junction is included alongside each image, 

which are arranged  in order of increasing from  left to right. Of particu lar in terest is 

panel (c), as it displays a clear melting, or “w elding” of the junction betw een the two wires, 

which is likely a result of the 200 °C anneahng step. Panels (a), (e), (f), and (g) also display 

sim ilar features indicating localised w elding of the junction, though not quite as apparen t 

as in (b). Sim ilar junction  w elding has been reported  by others, no tably  G arnett e t al. in 

2012, and Song et al. in 2014.'-®’̂  ̂ In bo th  cases, w elding of the junction  is dem onstra ted  

to be the result of trea tm en t by plasm onic excitation and therm al annealing  respectively, 

how ever neither group report values as low as those m easured here, which are an order 

of m agnitude sm aller than the lowest previously reported m easurem ent. It is interesting to 

note th a t even junctions displaying this localised welding still have an  appreciable R j x n ,  as 

high as 51 n  for the junction  in panel (g). Conversely, junctions displaying no such welding
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T a b l e  3 . 2 .  M easured and calculated resistances from 4-probe m easurem ents of single 
Ag nanow ire junctions. and are the 2-probe and 4-probe m easured resistances 
produced from the m easurem ent, and Rcont is the contact resistance. Rj^„ and 
are the junction  resistance and calculated error respectively. The corresponding panels in 
Figure 3.6 are indicated in square brackets.

Sample R o u t R in R con t R^jxn ^ R j x n  ( ^ ) Activation

A120-04;F4 [a] 104.4 14.5 89.9 3.8 0.5 anneal

A120-06;C2 [b] 100 26.7 73.3 6 1 anneal

A120-04;A1 [c] 521 27.5 493.5 8 1 anneal

A120-06;C6 [d] 84.1 31.6 52.5 10 1 anneal

A120-04;F1 112.3 51.6 60.7 12 1 anneal

A120-04;C2T [e] 131.3 51.2 80.1 20 2 anneal

A80-01;D5 [f] 443 44 399 25 1 anneal

A120-04;B6 [g] 191.3 96.3 95 51 5 anneal

A120-04;F1T [h] 300.8 74.5 74.5 93 4 anneal

A120-06;E2 [i] 387.7 309.6 78.1 242 3 anneal

features m ay show very low resistances, such as tha t in panel (b) w here is only 6f2.

This result m ay indicate the presence of con tam inan t m aterials a t the junction . To 

exam ine the com position of the junctions, EDX analysis was perform ed in the SEM chamber. 

The results of this analysis are shown in Figure 3.7 for the junction  in Figure 3 .6(c). At an 

accelerating voltage of 20 kV only Si, O, and Ag peaks appear in the EDX spectrum . As both 

Si and O peaks are expected due to the 300 nm Si02 substrate, it m ay be concluded th a t 

the junction  contains no m etallic im purities, how ever hydrocarbon contam inants m ay still 

be present. A sim ilar analysis was perform ed for the o ther junctions m easured, and in all 

cases no heavy elem ent contam inant m aterial w as detected .

The results p resen ted  above for the case of annealed  w ires presen t a clear picture re ­

garding the state of the junctions w ithin a network. The values obtained have a distribution 

spanning  hundreds of ohm s, w ith the m ajority of values lying below  50 f2. Com paring 

these values to those previously m easured, as well as those th a t have been estim ated from 

com bined experim ent/sim ulation  results, it is clear th a t in the literature to date  there has 

been an overestim ation of the true junction resistance. The implication of this result is that 

future sim ulations perform ed on random  nanow ire netw orks m ust account not only for the 

junction  resistance, bu t also for the intra-w ire resistance. To date this has generally  been 

ignored (w ith the exception of Hu et al.), assum ing a m uch larger contribution from the 

junction . These results show  how ever tha t the resistance of the junction  and th a t of the 

nanow ire are of the sam e order of m agnitude, and  thus both m ust be accounted for if the
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F i g u r e  3 . 6 .  SEM images of annealed Ag nanowire junctions. The images are arranged 
with increasing going from left to right. It is clear that a range of different junction mor­
phologies are obtained following the annealing step. Panels a, c, e, f, and g, are noteworthy 
as they appear to display “welding” at the junction.
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F i g u r e  3 . 7 .  EDX analysis of welded Ag nanowire junction. Scan was performed on 
highlighted area, at an accelerating voltage of 20 kV Apart from Ag, only Si and O peaks 
from the substrate are present, indicating no heavy element contamination of the junction.

model is to be accurate.

Additionally, the simulation results obtained by Hu et al. are vahdated in the context 
of these new findings. In order to fit the experimental data to their simulations, a range of 

values of values were used, namely 1, 40 and 100 Jl. This range of values maps well 
onto the values measured directly in this work. Therefore at higher network densities, there 

will be enough nanowires to connect the lower resistance junctions, thereby shifting the 
total sheet resistance to lower values. This highlights the importance of understanding the 

distribution of values present in a network in order to understand the effect of network 

density on the resistance of the film.

3.3.1.2 Electrically Activated Junctions

The results of the junction resistance obtained for annealed wires are extremely significant 

in the context of understanding the contributions to the sheet resistance from the junctions. 
This also brings into play a question regarding how much of an effect the annealing process 

has on the low junction resistances measured. Furthermore, what effect does the PVP 

have on the conduction properties of non-annealed nanowires, and can this be affected
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F i g u r e  3 . 8 .  I-V curves of a non-annealed Ag nanowire junction, (a) Initial low bias 
sweeps across three electrode pairs: 1-2, 3-4, and 2-3 (junction). Adjacent electrodes (1-2, 
and 3-4) show ohmic behaviour and very low resistances of ~  100 fi, while the junction is 
highly insulating and only noise is measured, (b) Sweeping 2 V across electrodes 2-3, the 
current suddenly jumps to a pre-defined compliance current of 1 |jiA at 620 mV Inset shows 
subsequent low bias I-V sweep showing a resistance of 6 8 6 0 .

through electrical stressing? This section focuses on measuring the junction resistance of 

non-annealed Ag nanowire junctions.

For the work presented in this section, Ag nanowire junctions were prepared using 
the same m ethod as described in section 3.2.2, however the annealing step was omitted 
to prevent the removal of the PVP layer at the junction. To begin, a low bias sweep was 
performed across each pair of electrodes contacting each nanowire. It was found that in 
the majority of cases there was an ohmic connection between the electrodes, showing a low 
resistance of ~  100 f2 -  shown in Figure 3.8(a) as the red and green trace respectively. This 
indicates the possible breakdown of the PVP layer during the contacting procedure -  likely 
occurring during deposition of the contact metal. The same low' bias sweep was applied 

across the junction (electrodes 2 and 3) as shown by the black trace in Figure 3.8(a). It was 
found that no detectable current flowed through the junction, even at the highest current 

sensitivities.

The PVP passivation layer therefore prevents the flow of current through the junction 

at low bias. To m easure the limits of this conduction barrier, a larger voltage sweep was 

applied across the junction. Figure 3.8(b) shows the I-V behaviour as the voltage is swept 

to 2 V It can be seen that initially no current is detected, m easuring at the noise limits 
of the instrum entation. However at a voltage of 620 m y a sudden jum p in the current is 

seen, rising by five orders of m agnitude to hit the pre-defined compliance current (CC) of 
1 p,A. Following this, another low bias sweep was performed, shown inset in Figure 3.8(b). 

The 2-probe resistance of the junction had now decreased to 686 A subsequent 4-probe 

measurem ent produced an value of 475 O.

As this value was high in comparison to values measured for annealed junctions, current 

was driven through the junction in an attem pt to lower the resistance by strengthening the
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F i g u r e  3 . 9 .  Current driven strengthening o f a Ag nanowire junction. The current- 
voltage and resistance-voltage plots shows an in itia lly  very high resistance (>  G fi) of the 
junction, but this quickly reduces as the voltage is swept, reaching a plateau of 155 Inset: 
4-probe measurements made before and after show a decrease in of 477 fi. It is suspected 
this reduction in the junction resistance is a current driven process.

connection between the nanowires. It is well established in the field of resistive switching, 

that current has a significant effect on the resistance o f the conductive filament. The 

same logic is applied here. Figure 3.9 shows the current and resistance response of the 

junction as the voltage is swept to 1 V across electrodes 2-3 w ith no current compliance 

set. At the beginning o f the voltage sweep, the resistance is approximately 0.1 T fi -  this 

is contrary to the previous figure which demonstrated a resistance of 686 f2. The reason 

for this extreme jum p in resistance is unknown. However, the resistance o f the junction 

quickly drops at 180 m y and continues to decrease until a plateau is reached at 155 

Following this procedure, the 4-probe measurement was repeated and a new value of 

30.2 Q was observed -  Figure 3.9, inset. The total resistance contributed by the nanowires 

was calculated to be 32 ±  2 f^, resulting in a junction resistance o f —2 ±  2 Q, or an effectively 

zero contribution to the measured resistance.

The electroforming process described above demonstrates that it is possible to create 

a highly conductive nanowire junction w ithout the use of a thermal annealing step. The 

behaviour itself shows many similarities to that of resistive switching, as the junction exhibits 

two resistance states which may be switched between under the action o f an electric field, 

while the choice of compliance current affects the strength of the LRS. For the Ag/PVP/Ag 

junction however, the process is irreversible, and it is suspected that the PVP at the junction 

is permanently modified due to the Joule heating that results from the extreme current 

densities. In the following section, the electrical properties o f resistive switching N i/N iO /N i
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Ta B L E 3 . 3 .  Measured resistance values and the calculated Rĵ n for electrically activated 
nanowire junctions. The corresponding panels in Figure 3.10 are indicated in square brack­
ets.

Sample R -O U t (^ ) Rcont Rjxn ( W A V Activation

A120-05;D2 [a] 113.2 30.2 83 -2 2 electroform

A120-05;D4 [b] 100.5 40.7 59.8 23 1 electroform

A120-01;E3 [c] 164 97 67 31 3 electroform

A120-01;C6 [d] 217 124 93 58 6 electroform

A120-02;A2 [e] 1034 328 706 292 3 electroform

nanowire junctions will be discussed, where the system is known to be reversible.

The above electroforming procedure was followed for a number of different Ag nanowire 
junctions, with each showing a similar behaviour, the results of which are tabulated in ta­
ble 3.3. For the five junctions measured, all show reasonably low values, below 60 f2, 
with one exception showing a particularly high value of 2920.. The measured contact resis­

tance for this sample was also extremely high (706 f2), so it is likely that the measurement 
conditions were not ideal, possibly resulting in an artificially high SEM characterisa­
tion of each junction was performed, and is shown in Figure 3.10.

The images reveal a number of interesting properties about the junctions. Firstly, unlike 
the annealed nanowire junctions, no evidence of junction welding is present, despite being 
subjected to high current densities. This indicates then that it is the thermal treatm ent step 
that is the cause of the “welding” features observed previously. This also indicates that 
welded junctions are not required in order to achieve very low junction resistances. This is 

a particularly im portant result for the work presented in chapter 4. In panels (c) and (d) 
in Figure 3.10, there is evidence of folding of the top nanowire around the underlying one. 
This would increase the contact area between the nanowires, and aid in producing a low 

junction resistance, however only thinner nanowires are malleable enough to display this 
behaviour.

Finally, the results obtained for both annealed and electroformed Ag nanowire junctions 

were combined, and are shown in Figure 3.11 as a histogram. While many more data points 

are required to determine the exact form of the distribution, the data collected thus far 

resembles a highly skewed normal distribution. The mean of the distribution was calculated 

to be 58 n  while the median value is 23 Vl. It is clear then, based on the evidence presented 
thus far, that the junction resistance is significantly smaller than previously suggested, imply­

ing that both junction resistance and resistance of the nanowire must be equally accounted 

for when simulating random networks composed of these materials.
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F i g u r e  3 . 1 0 .  SEM characterisation of electroform ed Ag nanow ire junctions. Unlike for 
the annealed  nanow ires, evidence of junction  w elding is no t apparen t, yet low junction  
resistances are still ob tained . In the case of the junction  in panel (a), no m easurable Rj^n 
value was obtained . It is also not clear, based on this evidence, w hy the junction  in panel 
(e) displays a value alm ost 250 0  larger than  all o ther junctions shown.

> s
Oc
13 2 - 

O ’
0

0 -

^M E D IA N  ^

R._.m= 58 Q
I  MEAN

0 50  100  150  200  250  300

Junction Resistance (Q)
F i g u r e  3 . 1 1 .  H istogram  of all Rj^n values m easured for Ag nanow ires. The m ean and 
m edian values are indicated by red dashed vertical lines, and the corresponding values are 
shown in each case.
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3 . 3 . 2  N i  N a n o w i r e  J u n c t i o n s

As m entioned at the beginning of this chapter, there are various reasons to study the junction 

properties of nanow ires m ade of m aterials o ther th an  Ag, and Ni presents an in teresting 

alternative. The presence of a native, passivating oxide on the surface of Ni nanow ires 

presen ts some technologically relevant opportunities, such as oxidation resistant, flexible, 

tran sp a ren t conductors, but also poses challenges as the nanow ire cores are initially elec­

trically isolated and thus m ust be connected. In this section, the electrical properties of Ni 

nanow ire junctions are investigated.

To begin, single nanow ires of Ni w ere electrically contacted using the m ethods described 

previously, w here Ni was chosen as the contact m etal in all cases and  no annealing step 

was perform ed on these wires. As show n in Figure 3.2, the nanow ires have a native NiO 

surface coating, an  average of 6 nm  in thickness. The history and m echanism  of NiO as a 

resistive sw itching m aterial w as described in detail in chap ter 1, bu t will be sum m arised 

again here for clarity. A pplication of an  electric field across a nanoscale NiO film induces 

the form ation of a conductive Ni filam ent which at a voltage, V p q r m , spans the w idth of the 

insulating oxide and creates a low resistance pathw ay for current to flow, know n as the low 

resistance state (LRS). By then  driving sufficient cu rren t through the nanoscale filam ents. 

Joule heating causes the partial dissolution of the filam ent into the surrounding NiO m atrix 

at a curren t, I r e s e T ’ ^nd the high resistance state  (HRS) is generated . R eapplication of a 

sufficient voltage m ay regenerate the LRS as the filaments are reform ed, though the voltage 

required, V g ^ j ,  is lower than  th a t required  during the initial forming.

Therefore, in order to establish an  ohm ic contact betw een the contacting m etal and 

the underly ing Ni core, a voltage w as sw ept across tw o adjacent electrodes on a single 

nanow ire until the sudden decrease in resistance was observed. This is illustra ted  in the 

I-V plot show n in Figure 3.12. A com pliance curren t (CC) is set during each forming or set 

event in order to limit the current passing through the nanow ire and prevent a catastrophic 

failure of the nanostructure. During the initial forming, the CC was sequentially increased 

from 100 nA to 1 nA to 10 fxA. It was found th a t nanow ires have a tendency  to fail if the 

initial CC is too large, hence this sequence of form ing steps. Once a stable filam ent had 

form ed, sequential forming was om itted for subsequent cycles, and instead the CC was set 

to 10 piA.

For the low er values of CC the resistance state  is no t re ta ined  -  a behaviour know n as 

threshold switching -  how ever it is clear from Figure 3.12 tha t the slopes of each sweep are 

d ifferent, indicating th a t a physical change has occurred. It is no t until a cu rren t level of 

10 |jiA is reached tha t the state is retained at zero bias, dem onstrating non-volatile switching. 

This is in contrast to the behaviour w itnessed by He et al. on single N i/N iO  core-shell 

nanow ires, w here a CC value of 100(j,A was required  to establish m em ory switching.

Also included in Figure 3.12 is an  equivalent circuit m odel for a single Ni nanow ire 

contacted  by four electrodes in a 4-probe m easurem ent schem e. Each contact has been 

represen ted  as a switch as each creates an MIM structure , and is therefore capable of
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F i g u r e  3 . 1 2 .  E lectroform ing and ohm ic contact form ation on a single Ni nanow ire, 
(a) I-V curves show  the form ing process used to  generate  an  ohm ic contact betw een  Ni 
contact m etal and a single N i/NiO core-shell nanow ire (AFM im age of w hich is shown in 
(c)). The value of CC is increased step-w ise until m em ory sw itching is achieved, (b) The 
equivalent circuit of a 4-probe m easurem ent on a pristine Ni nanow ire, illustrating the 
possible switching locations.

resistively switching. Once each electrode pair had been form ed fully, the resistivity of the 

nanow ire could then  be m easured. As in the case of Ag nanow ires, it is im portan t to verify 

the resistivity of the nanow ires prior to any m easurem ent of the junction  resistance. Accurate 

length and d iam eter m easurem ents of the nanow ire w ere m ade and the resistivity calculated 

from the 4-probe resistance m easured betw een electrodes 2 and 3 (Figure 3 .12(c)). While 

calculating the radius of the nanowires, the presence o f the passivating oxide m ust be taken 

into account. As the true value of for each nanow ire could not be m easured, an average 

value w as used, and so there is a h igher degree of uncerta in ty  in the final value of P ninw 

obtained. Due to  the difficulty of the m easurem ent, the resistivity of only three nanow ires 

was obtained, the average value of which was 62 ±  19 nO • m. Com pared to the resistivity of 

bulk Ni, 69.3 n fi • m, this result is w ithin the limits of experim ental error, and the resistivity 

of the nanow ire was therefore deem ed not to deviate from th a t of the bulk.

Once the nanow ire resistivity w as established, the junction  resistance of Ni nanow ires 

was then investigated. Unlike Ag nanow ires however, w hich m ay be annealed  to create an 

ohm ic contact, the Ni nanow ire junction  is always highly resistive in the pristine state and 

thus m ust be switched to a LRS before m easurem ent of can be m ade. The m easurem ent 

is further com plicated by the fact that each contact-nanow ire interface m ust also be switched 

to  a LRS prior to  m easurem ent. A strict m easurem ent protocol m ust then  be followed, 

w here each “leg” of the junction is switched independently, following the same procedure as 

outlined above for the single Ni nanow ire m easurem ents, after w hich the junction  m ay be 

addressed. This m easurem ent protocol is sum m arised below, w here the electrodes labelled 

1-4  correspond to those labelled in Figure 3 .13(a).
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ju n c tio n

F i g u r e  3 . 1 3 .  4-probe m easurem ent o f Rĵ n in Ni nanowires, (a) False-colour SEM image 
o f Ni nanow ire junction contacted w ith  four electrodes for 4-probe m easurem ent. Prior to 
m easuring the junction, each electrode pair (1-2, and 3-4) must be formed to the LRS. Inset: 
Equivalent circuit o f the 4-probe m easurem ent, (b) Schem atic o f the junction in the LRS, 
where a thin m etallic filam ent percolates through the insulating NiO layer.

Protocol for the m easurem ent o f  in Ni nanow ires.

1. Form electrode pair 1-2 to 10 p,A.

2. Verify LRS o f 1-2 by perform ing low -bias sw eep . Values b elow  5 kJl 

are typical.

3. Form electrode pair 3-4 to 10 [jlA . Verify LRS w ith low -bias sw eep.

4. Perform low-bias sw eep  across junction (electrodes 2 -3).

5. Sequentially form junction  to 100 nA, 1 (jlA , and 10 piA.

6. Perform low-bias sw eep after each forming step. Verify establishm ent 

of LRS post 10 |jiA form ing step.

7. Perform 4-probe m easurem ent across junction, sourcing across e lec­

trodes 1-4 and sensing across electrodes 2-3.

Figure 3 .13  show s an SEM im age o f a contacted Ni nanow ire junction, w ith  the m etal 

contacts false coloured for clarity. Also show n is the equivalent circuit for this m easurem ent, 

w here each contact-nanow ire interface is represented as a sw itch, and the junction itself is 

considered as a parallel circuit o f tw o resistors and a sw itch. A schem atic o f  the junction  

cross-section is show n in Figure 3 .1 3 (b ), w here the junction  is depicted  as being in the 

LRS. Direct observation o f a conductive filam ent in a nanoscale junction  such as this is 

extrem ely challenging, how ever based on the observations o f  conductive filam ents in Ti0 2  

m ade by others, it is suspected that the filam ents formed through the junction are only  

a few  nanom eters in diameter. It is therefore expected  that the junction resistance for
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T a b l e  3 . 4 .  M easured and calculated resistance values of Ni nanow ire junctions. The 
corresponding panels in Figure 3.14 are indicated in square brackets.

Sample R o u t R ,n  ( ^ ) R con t ( W

NB5-30;C2 [a] 1538 327 1211 194 44

1759 557 1202 423 45

2226 1025 1202 892 45

NB5-25;A1 [b] 3151 459 2692 305 44

6060 800 5260 647 44

NB5-20;D1 [c] 3210 929 2281 435 172

NB5-27;A3 [d] 3434 1395 2039 908 187

NB5-20;D1T [e] 3290 1260 2030 1110 44

NB5-20;B3 [f] 3680 1740 1940 1550 56

Ni nanow ires will be considerably larger than  th a t m easured for Ag nanow ires, w hich are 

expected to have a contact area of the order 40 x 40 nm^, based on their pentagonal geometry.

Table 3.4 shows the m easurem ents obtained on six separate  junctions, including 

also the and R,„ values as well as the calculated contact resistance. It is apparent 

from this table tha t the junction  resistance for Ni is indeed  considerably larger than  that 

of Ag, having an average value of 718 f2, w ith a standard  deviation of 437 H. Such a large 

value is to be expected, given the nanoscale filam ent size and the h igher resistivity of bulk 

Ni. Indeed, it m ay be possible tha t the filam ent is sufficiently small so as to introduce 

electronic confinem ent effects, thereby making the use of the bulk resistivity inappropriate 

in this context. However, values of 194Q  w ere also m easured , indicating th a t relatively 

low junction  resistances are possible, despite the nanoscale natu re  of the junction . Also 

app aren t from table 3 .4  is the very large values obtained  for Rconf  the contact resistance, 

as values as large as 5.2 kfi w ere calculated. This is likely a result of the thin ohm ic contact 

form ed betw een the m etal contact lines and the Ni nanow ire. The m easured  values of 

Rjy„ show  values considerably larger than  a sim ilar m easu rem en t m ade by Cagli et al., 

discussed in chapter 1.^^^^ They m easure a 2-probe resistance of 2 6 5 fi across an  activated 

N i/N iO  core-shell nanow ire junction . Despite no t accounting for the contact resistance in 

the m easurem ent, this value is still close to the low est values m easured  in this study. The 

reason for the discrepancy in these junction resistance values is not clear. It should be noted 

that unlike Ag nanow ire junctions, current-induced enhancem ent of the resistance was not 

observed in Ni nanow ires, as the junctions switch to a HRS at m oderate  to high current 

densities.

For two of the six samples shown in table 3.4, m ultiple values o f  Rj^n are presented. For 

these samples, the resistance state of the device was cycled a num ber of times to investigate
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5Q R =435 0

400 nm

F i g u r e  3 . 1 4 .  SEM analysis of measured Ni nanowire junctions. Junctions are arranged 
left-to-right in order of lowest value obtained. An example of the kind of catastrophic 
failure commonly observed in these systems may be seen in panel (a), while partial failure 
is visible in (c).

how the value of varies between cycles. In both cases it can be seen that there is 
significant variance in Rj^„ from cycle to cycle, differing by as much as 100%. This is 
a particularly interesting result, as based on the work on quantized conductance atomic 
switches, it may be assumed that the variation in Rj^„ is a direct measure of the variation 
in the conductive filament, that is, the lower the resistance, the thicker/wider the filament. 
These nanostructures are extremely fragile, and are prone to failure when placed under 
electrical stress, such as the large current densities experienced during the reset step. As a 
result, very few junctions were found to be capable of multiple RS cycles, hence only two 
are shown here.

The Ni nanowire junctions for which Rjj^„ was measured were characterised with SEM -  
see Figure 3.14. From these images, there appears to be no morphological reason for the 
distribution of Rj^„ values observed. Each junction was formed to the same current level, 
and should therefore have experienced similar current densities and associated Joule heating 
effects. It is well known that resistive switching materials display significant distributions 
in switching parameters, including resistance of the LRS. These systems are therefore 
extremely complex, and much more in depth analysis is required to determine the true 
origin of the variation in values obtained.
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3 . 3 . 3  O u t l o o k

The m easurem ents of the resistance of single nanow ire junctions presented  in this chapter 

have im proved o u r understand ing  of these nanoscale interfacial systems. The for Ag 

nanow ires w as found to be considerably low er than  reported  elsew here for sim ilar m ea­

surem ents. By perform ing m easurem ents on a range of junctions, which w ere “activated” 

through both  therm al and electrical m eans, a distribution of values was determ ined , 

with a m edian value of only 23 Q. This has im portant im plications for those working in the 

field of nanow ire netw orks, particularly for transparen t conductor applications. Sim ulations 

tha t have been perform ed thus far on these systems have overestim ated the contribution 

of the junction  to the to tal resistance of the netw ork. Therefore, using these results it 

should be possible to adjust the curren t sim ulation m odels to reflect the new  findings, and 

thereby establish a universal m odel for the sim ulation and analysis of networks of nanow ires. 

Furtherm ore, using such a universal m odel it will be possible to sim ulate accurately the 

properties of a nanow ire netw ork of any m aterial, as long as critical param eters such as R 

are know n. To this end, m easurem ents on Ni nanow ire junctions have been p resen ted  in 

this chapter. Ni nanow ires are an intriguing m aterial from the point of netw ork fabrication 

as they possess a native passivating oxide w hich m ay be p en e tra ted  w ith the action of an 

electric field, thereby  creating an ohm ic connection betw een nanow ires which is naturally  

resistant to atm ospheric degradation.

3 . 4  I m p e d a n c e  S p e c t r o s c o p y  o f  S i n g l e  N a n o w i r e  J u n c t i o n s

The final section in this chap ter focuses on utilising im pedance spectroscopy to study the 

properties of nanow ire junctions. Im pedance spectroscopy is a challenging technique re ­

quiring precision m easurem ents coupled with a finely calibrated m easurem ent system and 

inform ed analysis in order to extract the m ost im portant, and relevant physical param eters. 

This is particularly  so for m easurem ents on the nanoscale. The details of the m easure­

m ent set-up and calibration, as well as the challenges and lim itations associated w ith such 

precision m easurem ents are described, and som e initial results presented.

M o t i v a t i o n

The Ag/PVP/Ag nanow ire junction as well as the N i/N iO /N i junction  m ay be described, in 

their m ost basic form, as simple capacitors that undergo electrical breakdow n at a voltage, 

Vg. A nanow ire netw ork m ay then be described as a netw ork of capacitors, w ith a distribu­

tion of breakdow n voltages, p ( v g ) ,  and application of a voltage across such a netw ork will 

cause breakdow n of the w eakest junctions, sim ilar to the breakdow n of a dielectric along 

the grain boundaries, i.e. the low est energy path. C hapters 4 and 5 will delve into these 

concepts in detail, probing the DC electrical properties of these networks. For now however, 

it suffices to say th a t DC m easurem ents m ay only probe the properties of a junction, or a n e t­

work, once an ohm ic connection has been formed betw een the interrogating electrodes. No
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information is gained about the physical and chemical processes that are occurring during 
the activation process.

Impedance spectroscopy however may provide a window to these complex events. In 

the context of single junctions, a greater understanding of the breakdown processes may 

be gained, and in the context of networks of nanowires, insight may be gained into the 

activation of junctions prior to formation of a conductive pathway spanning the network. By 
mapping the change in network capacitance with applied voltage, unseen internal changes 

within the network may be probed. This will improve our understanding of the behaviour of 

networks, and thus will lead to further developments in networks as a materials technology.

Before measurements of complex networks may be performed, initial measurements 

of single junctions must first be made, both to understand the limitations of the technique 
on a much simpler system, but also to gain insight into the junction properties in both ON 

and OFF states and extract an equivalent circuit. This section begins by focusing on the 

m easurem ent details, and will conclude with initial results.

3 . 4 . 1  M e a s u r e m e n t  S e t - u p  & C o m p e n s a t i o n

Electrical system II, described in chapter 2, was used to perform the impedance m easure­
ments presented here. A capacitance-voltage unit (CVU), with four unknown terminals (HI 
Cur, HI Pot, LO Cur, and LG Pot), connects to the sample by means of coax SMA cables, triax 
cables, and finally by contacting the sample with tungsten probe needles. This is schem at­
ically illustrated in Figure 3.15. The CVU is calibrated in the factory up to the unknown 
terminals, however beyond this the user must perform their own calibration prior to each 
m easurem ent. Each cable has associated with it a lead inductance, similarly cable pairs 
have an associated capacitance. These are collectively known as residual impedance, and 

if not accounted for can result in distorted measurements by effectively adding a parasitic 
component to the device under test (DUT). By carefully designing the connections however, 

some residuals may be eliminated. For example, the capacitance between SMA or triax 

cables may be eliminated by connecting the grounded shields close to the DUT, as shown in 
Figure 3.15. The residual capacitance of the cables is then reduced to only the remaining 

length of exposed cable -  in this case the tungsten probes. This distance is made as short 

as possible to improve m easurement accuracy.

While m easurem ent set-up may remove some residual impedance from the m easure­

ments, some will always remain. To account for this, compensation techniques are used to 

remove the effect of known residuals from the measured data. This is done in four different 
ways: open, short, cable, and load compensation. Open compensation measures the stray 

admittance, Yq, where Yq  =  Gq + JcoCq, when the circuit is open. Short compensation mea­
sures the residual impedance, Zg, where Zg =  Rg + jcoLg, when the circuit is shorted. By 

accounting for these residuals, the measurement system may calculate the DUT impedance.
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F i g u r e  3 . 1 5 .  Set-up of impedance measurements on a single nanowire junction, (a) 
Schematic o f connections between CVU module and the device-under-test (DUT), illus­
trating sources of residual impedance, (b) SEM images o f the DUT (nanowire junction). 
Electrodes are false coloured for clarity, (c) Photograph showing the contact to the DUT 
via W probes. A cable connects the shields of the HI and LO terminals, as depicted in (a), 
(d) Simplified equivalent circuit of the measurement showing the residual impedance, Z5 , 
stray admittance, Yq , measured impedance, Z x m , and the desired impedance, Z ^ y j .

Z p y j  according to the equation:

"  l - i Z ^ M - Z s ) Y o

where Z x m 's the measured impedance. Z x m  ̂ Yq , Zg,  and Z ^ i j j  are schematically shown 

in Figure 3.15(d).

The instrumentation must also take into account the impedance of the cables being used 

to make the measurement. This is done by specifying the cable length for standardised 

cables (for example, SMA coax cables have a characteristic impedance o f 50 Q), however 

additional cables and connections w ill increase the cable length, and therefore a cable length 

compensation measurement is required. This is performed by sending a signal down an 

open cable and measuring the time required for the reflected signal to return. Finally load 

compensation is used where more complex parasitic circuits are affecting the measurement, 

and open/short compensation methods are not sufficient. Load compensation adds a load 

o f known magnitude, which should be close to that of the DUT, into the circuit in place of 

the DUT in order to measure more accurately the residuals and account for them in the final
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F i g u r e  3 . 1 6 .  Bode plot of | Z | and 6 for a Ni nanowire junction in (a) the pristine state, 
and (b) the LRS for the frequency range 1 kHz -  1 MHz. Both data sets display an RC series 
circuit behaviour, however the capacitance behaviour in (a) has been almost completely 
bypassed in (b), showing purely resistive behaviour, indicated by the phase angle o f 0°.

measurement.

3 . 4 . 2  N i N a n o w i r e  J u n c t i o n

Impedance measurements were performed on the same Ni nanowire junctions described in 

section 3.3.2, in parallel w ith  the DC measurements. A Bode plot showing the impedance 

modulus, |Z|, and phase angle, 9, as a function of frequency is shown in Figure 3.16 for 

a Ni nanowire junction in both the pristine state and the LRS, in the frequency range 1 

kHz -  1 MHz. For this measurement only open and cable compensation are applied, where 

the open compensation measurement was performed by lifting the probes from the sample. 

The plot shape in Figure 3.16(a) indicates an RC series circuit, and the capacitance may 

be extracted from the slope according to equation (2.11). A series capacitance of 6.6 pF, 

and a series resistance o f 832 f l  were determined from this plot. Figure 3.16(b), showing 

the LRS data, also displays RC series circuit behaviour, however the phase angle of 0° is 

characteristic o f purely resistive behaviour, indicating that the capacitive impedance has 

been removed. The 2-probe DC resistance measured for this state was 1389 very similar 

to the total impedance (|Z|) measured of 1242fi. It thus seems reasonable to conclude that 

in the LRS, the circuit can be approximated as a single resistor.

An additional measurement was performed once the nanowire had been switched into 

the HRS, shown in Figure 3.17, for the frequency range 1 kHz -  1 MHz. The data is 

displayed as both a Bode plot, as well as a Nyquist plot where the imaginary component 

o f the impedance is plotted as a function of the real component. The shape o f both plots 

indicates an RC parallel circuit behaviour -  the characteristic semicircular Nyquist plot is 

indicative of an RC parallel circuit. For a simple parallel circuit such as that illustrated 

inset in Figure 3.17(a), the values of R1 and R2 may be found from the x-axis intercepts as 

shown in (b). R1 was found to be 2.2 kn, while R2 was found to be 342 kQ -  a 2-probe DC
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F i g u r e  3 . 1 7 .  Bode (a) and Nyquist (b) plots of a Ni nanow ire junction  in the HRS. 
Both plots indicate an RC parallel circuit, such as that inset in (a). A sem i-circular shape in 
the Nyquist plot is characteristic of RC parallel behaviour. The values R1 and R2 m ay be 
extracted from the x-axis intercepts, as shown.

m easurem ent determ ined the resistance to be 348 kn. The capacitance was determ ined by 

fitting the data  using the LEVM program  described in chap ter and was found to be 

6.6 pF -  equal to th a t m easured for the pristine state.

Section 3.4.1 described the potential parasitic contributions to the m easured im pedance 

in term s of the cables alone, how ever the sam ple itself m ay in troduce significant parasitic 

pathw ays th a t can drastically alter the m easurem ent result. Figure 3.18 illustrates the 

parasitic capacitance resulting from the sam ple substrate  used in this work. 300 nm  of 

therm ally  grown Si02 lies on a heavily doped n-type Si substrate, adding a capacitance 

in parallel w ith the sam ple. For an  electrode area  of 250 x 250 a sim ple calculation 

of the capacitance of two series capacitors, such as th a t show n in Figure 3.18, gives a 

value of 3.5 pF. For com parison, the capacitance of a single junction  was estim ated. For 

simplicity, the overlap area of two crossed nanow ires, each 80 nm in diameter, was assum ed 

to be betw een 5 x 5  nm^ and 80 x 80 nm^. By estim ating the thickness of the NiO layer 

to be 12 nm, and using the relative perm ittivity  for NiO of 11.9,'-^^^ the capacitance is 

calculated to fall in the range 2 x 10“ ^̂  F to 6 x 10“ ^  ̂F. C apacitances on this o rder are 

extrem ely challenging w ith even the m ost sophisticated systems. It is clear th en  tha t the 

series capacitance m easured for the pristine state nanow ire, and th a t m easured in parallel

HlowZ

F i g u r e  3 . 1 8 .  Illustration of parasitic capacitance in troduced by sam ple substrate, and 
the equivalent circuit this approxim ates to.
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F i g u r e  3 . 1 9 .  Fully calibrated impedance measurement of Ni nanowire junction in HRS.

for the LRS were the contributions of the substrate. As stated above, the compensation 

methods implemented prior to acquisition o f the above data were quite basic, and thus 

more specific compensation methods are required to remove the effects o f the substrate.

To account for the parasitics associated w ith the substrate, a dedicated calibration sample 

was fabricated by creating EBL defined Au electrodes on a standard substrate to emulate 

a contacted nanowire sample. This sample contained both open and short compensation 

structures. For the open compensation structure, the electrodes were defined approximately 

2 [Jim apart in an open configuration, w'hile they were connected for the short compensation 

structure. Using this calibration sample, open, short, and cable compensation were all 

implemented. The HRS of a Ni nanowire junction was then measured both w ith  these 

compensation methods and without, for comparison. Figure 3.19 shows the results of this 

measurement.

By analysing the phase plot in the Figure 3.19, it can be seen that upon implementation 

of the open and short compensation methods, the capacitive behaviour -  indicated by a 

phase angle of -90° -  has been removed. The phase rises into positive values at higher fre­

quencies, which maybe an effect o f overcompensation, perhaps as the measured sample and 

calibration sample were fabricated separately and thus there were some small differences 

that are amplified at the higher frequencies.

From these in itia l measurements, a number of conclusions may be drawn. Firstly, it is 

clear that in order to extract valuable information from impedance measurements appropri­

ate calibration and compensation methods must be employed. Furthermore, it is necessary 

to fabricate dedicated calibration samples for each nanowire junction device to be measured.
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and th a t they should m irror the sam ple as closely as possible to obtain the m ost accurate 

calibration. W ith regard  to the m easurem ents perform ed on a Ni nanow ire junction , no 

inform ation w as ob tained  for the pristine state as the parasitic capacitance of the sam ple 

dom inated the m easurem ent. In the case of the LRS, the nanow ire junction  dom inated  

the results, show ing purely resistive behaviour in the chosen frequency range. Prior to 

im plem enting sample-specific com pensation, the HRS of the junction initially displayed RC 

parallel circuit behaviour, how ever once the com pensation was applied the m easurem ent 

displayed largely resistive behaviour, the m agnitude of w hich was approxim ately equal 

to the 2-probe m easured  resistance. These results indicate th a t the im pedance analysis 

of nanow ire netw orks m ay be a viable technique for the analysis of large netw orks w hen 

appropriate  m easurem ent com pensation  is applied, how ever the capacitance of a single 

junction  is sim ply too small to be m easured using the curren t characterisation system.

3 . 5  C o n c l u s i o n s

This chap ter has presented  results of the electrical m easurem ents on single junctions b e­

tween pairs of Ag and Ni nanow ires. The m ost com prehensive study of single Ag nanow ire 

junctions to date  w as perform ed, and it w as found th a t a w ide distribution of resistance 

values exist, having an average of 58 Q and a m edian value of 23 Q. Both annealed  and 

electrically activated junctions w ere m easured, and it was found that electrical activation is 

capable of generating very low junction resistances w ithout inducing morphological changes. 

These results have significant implications for the future study of Ag nanow ire networks, in 

particular the sim ulation o fthese  networks. The junction resistance ofN i nanow ire junctions 

was also m easured, and it was found tha t these junctions are significantly more resistive that 

those of Ag, having a average resistance of 718 f2. This was attributed to the nanoscale con­

ductive filam ent th a t m ust be formed through the native NiO layer coating each nanow ire. 

Additionally, the variation in the junction  resistance v\?as m easured  for m ultiple resistive 

sw itching cycles, giving insight into the variation  in the w id th  of the conductive filam ent. 

Finally, im pedance m easurem ents of single Ni nanow ires w ere perform ed. It was found that, 

w ith appropriate com pensation for parasitic im pedance, im pedance spectroscopy m ay be a 

viable technique to analyse large networks of capacitive junctions, but that single junctions 

are im m easurable w ith curren t technology.
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C o n d u c t i v i t y  i n  A g  N a n o w i r e  

N e t w o r k s

In chap ter 3, it w as established tha t PVP-coated Ag nanow ires are non-conducting in the 

pristine, as-synthesized state, and tha t this state m ay be sw itched by both  therm al and 

electrical m eans to create junctions w ith extrem ely low resistances. Thermal anneaUng is a 

com m on step perform ed on netw orks of nanow ires to  reduce the junction  resistance and 

obtain fully connected, high conductivity netw orks. The electrical activation of networks 

however, has not been studied to date, and it is thus not understood how a netw ork of coated 

nanow ires behaves u n d er electrical stress. The results of this chap ter show  th a t the study 

of the behaviour of such m aterials can provide insight into the m echanism s controlling the 

properties of random  networks, as well as uncovering previously undiscovered phenom ena. 

Specifically, it is show n that a netw ork of PVP-coated Ag nanow ires placed under electrical 

stress distributes this stress th rough  the evolution of connectivity, giving rise to a m aterial 

w hose resistance m ay be arb itrarily  tuned. Part of the w ork presen ted  in this chap ter has 

been published in the journal Nano Letters}^^

4 . 1  P r e f a c e : N e t w o r k  A c t i v a t i o n

4 . 1 . 1  C o n d u c t i v i t y  M a p p i n g  i n  Ag N a n o w i r e  N e t w o r k s

In order to investigate the electrical activation of Ag nanow ire networks, a conductive atomic 

force microscopy (CAFM) study was perform ed by Dr Peter N irmalraj to investigate the con­

nectivity betw een a nanoscale point in the netw ork and a m uch larger p lanar electrode. As 

described in chap ter 2, CAFM sim ultaneously m aps the topography and electrical conduc­

tivity of a sam ple by biasing a conductive AFM tip relative to the sam ple, and m easuring 

the very small curren t response. An illustration of a CAFM experim ental set-up is shown in

99
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F i g u r e  4 . 1 .  Schematic illustration of a CAFM experimental set-up. A conductive tip is 
biased relative to the substrate, allowing simultaneous mapping of both the topography and 
conductivity.

Figure 4.1.

Figure 4.2 shows the results of this CAFM study. A Ag nanowire network, contacted by 
a planar, Pt electrode via shadow masking (top of images, not shown), is biased relative to 
the Pt coated AFM tip placed in contact with the network. In agreement with the results 
of chapter 3, it was found that in the initial state, the network was non-conducting at a 
bias of 200 mV due to the presence of the insulating PVP coating at the nanowire junctions. 
Performing a linear voltage sweep across the network, a threshold voltage, Vj-, was found 
beyond which current flowed through the network and into the tip, consistent with the 
results obtained for single junctions. The power of the CAFM technique is that conductivity 
maps may be generated and allow the electrical connectivity in complex materials such as a 
nanowire network to be visualised. To this end, a detailed topography scan was obtained of 
a 60 X 60 [xm area, shown in Figure 4.2(a). Following this the AFM tip, acting as a mobile 

electrode, was placed at position 1 in Figure 4.2(a) and a 6 y  2 second pulse was applied, 
after which the network was re-imaged in CAFM mode. This pulse scheme was chosen to be 

much greater than V-j-, and therefore was likely to activate wires within the network. This 
process was repeated for positions 2 -  5 in Figure 4.2(a).

Figure 4.2(b -  f) shows the conductivity maps that resulted after each successive pulse, 

imaged at a low bias of 200 mV It is clear that following each pulse, more wires become 

activated and are visible in the conductivity maps, indicating that the PVP has been broken 

down and the nanowires are now electrically connected to each other and to the planar 

electrode. This implies the electrical stimulus is directly modifying the connectivity of the 
random  nanow'ire network. It is also clear that nanowires surrounding the contact point 

are also activated, and not just simply those in a direct line to the electrode.

It is interesting to note that the PVP coating fully encapsulates the nanowires, and 

therefore should prevent electrical contact between the AFM tip and the Ag core of the 
nanowire. One would then expect the nanowires to still appear invisible in conductivity 

maps, even if the PVP at the junction has been broken down following a pulse. However,



F i g u r e  4 . 2 .  CAFM study of Ag nanow ire networks, (a) Topographic image of a network, 
(b) Conductivity m ap of netw ork shown in (a) after a 6 y  2 s pulse at position 1. P lanar 
electrode is at top of image, not shown, (c -  f) Conductivity maps after pulses at positions 2 
-  5. Successive pulsing creates conductive pathw ays betw een AFM tip and electrode, seen 
in the im ages as bright nanow ires.

as CAFM is a contact-m ode AFM technique, high forces (~  50 nN) are applied betw een the 

tip and sam ple and it is therefore likely tha t the tip penetrates the thin PVP coating during 

im aging, enabling cu rren t to flow through the nanow ire core. A nother hypothesis for this 

result is that the sudden current flow through the nanow ires causes the therm al breakdow n 

of the PVP coating via Joule heating , thereby  creating a clean Ag surface w ith w hich the 

AFM tip can make contact.

The voltage threshold  for conduction, Vj ,  shows a strong dependency  on the d istance 

of the AFM tip to the electrode, dem onstrated  in Figure 4.3 (a) and (b). There is also a de­

pendency of the voltage threshold on the nanow ire density, N/A, as shown in Figure 4 .3(b), 

which indicates that Vj  is proportional to the num ber of junctions per nanow ire. The da ta  

in (b) can be rep lo tted  to show  Vj  as a function of N /A.  The result fits well to a pow er 

law w ith exponent, n. Figure 4.3(c) plots this exponent as a function of the in terelectrode 

distance, D. At small D n is equal to —1 and quickly rises to a value of —0.5 at larger D 

values.
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F i g u r e  4 . 3 .  Scaling of V-j- with electrode-tip distance, D. (a) I-V plot showing the 
activation of a Ag nanowire network at two inter-electrode distances: 100 jjim and 700 p,m. 
The activation voltage, Vy appears to scale with D. (b) Vj  plotted as a function of D for 
networks of varying density, from 0.08 -  1.00 NW/jjim^. (c) Data in (b) replotted to show 
the power law exponent, n, as a function of D. At small D, n = —1 but quickly rises to 
n = —0.5 with increasing D.

4 . 1 . 2  N e t w o r k  A c t i v a t i o n  M o d e l

To investigate how a random network such as the one described above will connect between 
the AFM tip and the planar electrode, a model was developed by the Ferreira and Coleman 
groups in the Physics departm ent.

The network may be thought of as a leaky resistor-capacitor network with randomly 
positioned junctions, where p(vg)  is the distribution of breakdown voltages, Vg. Upon 
application of a voltage, V, a number of weaker junctions will be broken down regardless of 
whether a conductive path is formed between electrodes. The number of broken junctions, 
Nj b , per area is given by:

Nj b  N,  f ' '

where N jM  is the total junctions per area. The average distance between activated junctions, 
(dg), is then

A
C4.2,

A network with these properties is simulated by considering a random  ensemble of 
nanowires within a two-dimensional box of arbitrary size. Charge will only flow across a 

junction (considered as a capacitor) if the voltage across it exceeds Vg for that junction. Once 

this occurs, neighbouring nanowires experience a redistribution of voltages. Simulations 

reveal that this redistribution results in a cascade effect creating a localised activation cell, 

of radius R^,  that is bordered by junctions with higher values of Vg, as defined by p(vg) .  
The radius of the cell will depend on the applied voltage, V, according to

R c  =  a V ^  (4 .3 )

where a and a are constants.
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F i g u r e  4 . 4 .  (a) Simulation of connectivity cell scaling, and (b) Vj  replotted as a function 
of D to show the Vj  oc relationship.

The global threshold voltage, Vj,  is reached when activation cells grow such that they 

overlap adjacent cells, that is when (dg) ^  Rc- Following from this, and combining equa­

tions (4.1) to (4.3), we get:

where t j  is the number of junctions per wire.

For the case that the interelectrode distance, D, is very small, it is possible to obtain a 

relationship between Vj  and N/A.  For very small D, such that a single activation cell spans 

the w idth of the electrodes, or R(- >  D, it is assumed that the bounding values of v are quite

Jy
Q dvf jp ivg)  as

being independent of v. Additionally, the experiment shows that at small D, Vj  oc {N/A)~^\ 

which means that the value of a must be 0.5. Simulations reveal that does in fact scale 

w ith V to a power law (see Figure 4.4(a)), and show' an exponent a =  0.43, in very close 

agreement to that predicted by the theory.

A similar analysis to that above shows that at large D, Vj ^  -  see appendix A for

fu ll proof. This is confirmed by re-plotting the data in Figure 4.3(b) in log-log form (see 

Figure 4.4(b)). The data scales as Vj  =  for medium values of D, confirming the

theory. At very large D, this reladonship is expected to break down as the distribution p(vg)  

begins to deviate from a simple power law expression.

The results of the CAFM study and the model developed subsequently provide critical 

insight into the connectivity behaviour o f a random network. The “activation cell” based 

model predicts experimental results remarkably well, and has some interesting implications 

for such systems, such as the existence o f clusters of activated nanowires which do not 

contribute to the in itia l conducting pathway, but are created simply as a result of a sufficient 

voltage drop across the junction. This is shown in the following sections to play an important

(4.4)
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on

F i g u r e  4 . 5 .  Random circuit breaker model developed by Chae et al. describing the 
electroforming in a Ti02 resistive switch. (a) Schematic of circuit breaker arrays (b) 
Progression of conductive pathways connected by on-state circuit breakers may be described 
by an avalanche breakdown mechanism.

role in the behaviour of the network post-activation.

In the context of this result, it would be remiss not to include a discussion of other models 
developed to describe the formation of conductive pathways in other network systems. One 
space where this is of particular relevance is the field of resistive switching, and in particular 
the modelling of the electroforming step. In 2008, Chae et al. developed a random circuit 
breaker (RCB) model to describe the electroforming in a P t/T i02/P t system. In this model 
they describe the system as a 2-D array of circuit breakers, each having one of two resistances 

-  jR/, and R(, where »  R;. The state of each circuit breaker may change if the voltage, A v, 
across it is of a sufficient magnitude, such that:

off-state —> on-state when Av >

and

on-state —> off-state when Av >  ^

where »  v^j j-. In the case of the model developed in this work, no transition to an 

off-state is considered, as the electrical breakdown of PVP is assumed to be irreversible. 

The RCB model was shown to be capable of accurately describing the formation of the 

conductive filament in a resistive switch as the voltage across the network was swept, and 

was also capable of dem onstrating the variation in and ypoRu commonly
associated with unipolar resistive switches. Figure 4.5 shows an example of this RCB model.

One crucial difference between the model described in this work and that developed 

by Chae et al. is the inclusion of a breakdown voltage distribution, p{vg].  This critical
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param eter allows for the form ation of self-limiting cells bounded by junctions w ith Vg values 

a t the higher end of the distribution, and its inclusion also appears to be a m ore accurate 

physical description of a random  nanoscale system. The reset, or sw itching behaviour of 

m etal oxide m aterials under electrical stress is well docum ented, and accounted for in the 

RGB m odel by the inclusion of a reset m echanism , w here Vgj-f <C Vg„. As Ag/PVP is no t 

know n to display such behaviour, no such reset m echanism  is included in the developed 

model. However, the question then arises as to how a random  nanow ire netw ork will behave 

w hen electrically stressed post-activation. The rem ainder of this chap ter focuses on this 

question.

4 . 2  P o s t - A c t i v a t i o n  E l e c t r i c a l  B e h a v i o u r

As highlighted above for the model developed by Chae et al., a nanow ire netw ork, modelled 

as a random  arrangem ent of capacitors, has o ther nanoscale analogues such as insulating 

oxides used in the field of resistive sw itching. This impHes th a t the electrical p roperties 

observed for nanow ire netw ork  system s m ay be transferable to o ther nanoscale systems. 

To study the behaviour of these netw orks, the post-activation current-voltage behaviour 

is exam ined. As is show n in this section, the connectivity w ith in  an  electrically form ed 

random  netw ork is not a fixed quantity, bu t m ay be m anipulated  to give precise control of 

the netw ork conductivity.

In order to investigate the post-activation electrical behaviour of Ag nanow ire networks, 

a p lanar electrode geom etry w ith tw o lateral contacts was em ployed, show n in Figure 4.6, 

ra ther than  the CAFM technique described in the last section. Prior to the acquisition of a 

shadow  m ask w ith fine (sub 100 ^im) features, two separate m ethodologies w ere adopted  

in order to fabricate these samples. For small networks (D <  100 pim), a bottom  contacting 

approach was taken. Ti/A u (5 /3 5  nm ) electrodes w ere fabricated onto  clean 300 nm  

S i02 /S i substrates using EBL, such th a t the in terelectrode distances w ere D =  2 0 |im  and 

D =  40 p,m respectively Onto these a dilute solution of Ag nanow ires (nom inally 0.1 m g/m l) 

was sprayed by hand, such th a t the electrical contact was form ed on the underside of the 

nanow ires.

For large (D >  100 |am) netw orks, a nanow ire dispersion was sprayed onto both  300 nm 

S i02/S i and glass substrates via the robotic spraying system described in chap ter 2. UV-vis 

spectroscopy of the netw orks on glass substrates was used to determ ine the transm ittance, 

T,  at 550 nm  and calibrate the nanow ire dispersion (see Figure 4.7) for subsequent samples. 

Following netw ork deposition, Ti/A u (5 /3 5  nm ) m etal contact electrodes w ere deposited 

via the shadow  m asking technique. SEM and AFM im ages of these netw orks are shown in 

Figure 4.6. The networks w ere characterised according to the netw ork size, D/Lf^y^,  w here 

L was taken to be the average nanow ire length, m easured in chapter 3. System-I was used 

for all electrical characterisation in this chapter (see section 2.4).
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F ig u r e  4 .6 .  SEM and AFM images of Ag nanowire networks, (a) False coloured SEM 
image o f a Ag nanowire network contacted w ith  T i/A u electrodes deposited via a shadow 
mask technique. Network shown has an approximate size o f =  24 (a) AFM height
image of a T =  87% network o f Ag nanowires.
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F i g u r e  4 . 7 .  Calibration of Ag nanowire dispersion, (a) UV-vis spectrum of Ag nanowire 
network showing a transmittance of 75% at 550 nm. (b) Calibration curve. Transmittance 
at 550 nm plotted as a function o f spray volume displaying a linear relationship.

4 . 2 . 1  S m a l l  N e t w o r k s : = 2 .7 4

To begin, the electrical behaviour of a sparse network, where =  2.74, was investi­

gated. Figure 4.8(a) shows the I-V curve for a 1.5 V linear sweep applied across the network 

shown in Figure 4.8(b). At low bias, no current is detected as the PVP coating impedes cur­

rent flow through the junctions, consistent w ith results of single junctions in chapter 3 and 

the CAFM measurements presented in this chapter. At approximately 600 mV the current 

begins to rise steeply as the resistance of the network decreases, h itting the set compliance 

of 10 |jiA at 840 mV The resistance was subsequently measured to be 16 k fi, demonstrating 

that the network had formed a conductive pathway between the electrodes. Post-activation, 

the compliance current was removed and a bipolar voltage sweep to 600 mV was applied 

across the network. The resulting I-V curve is shown in Figure 4.9, black trace, plotted as
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F i g u r e  4 . 8 .  Electrical activation in a D/L^vw =  2.74 Ag nanowire network, (a) I-V curve 
showing the formation of a conductive pathway across the network. The detected current 
rises steeply at 600 mV hitting a compliance current of lOfjiA at 840 mV Sweep rate is ~  
lOOmV/s. (b) SEM of network activated in (a). Network is very sparse (T >  90%), bottom- 
contacted by Au electrodes shown. Inset shows magnified image of a failed nanowire, as 
explained in the text.

absolute current, where the inset illustrates the sawtooth nature of the voltage sweep. Large 
hysteretic current loops are visible at both positive and negative bias. The shape is not that 
of the “pinched hysteresis loop”, which would be indicative of memristive behaviour, 
but rather the current increases at both positive and negative bias as the resistance of the 
network reduces continually under the applied voltage.

The network was stressed further by performing subsequent sweeps, increasing the 

value of V^ax in each case. The I-V curves show the hysteredc behaviour continues as 
is increased, though the degree of hysteresis lessens with each subsequent sweep. It is also 

evident that there is a greater level of resistance change at positive voltage, though the 
behaviour is present for both positive and negative bias. It is also im portant to note that 

the resistance state of the network does not change when the bias is removed, indicating 
a perm anent change in the network, and a demonstration of memory. The final sweep 

performed on this network is shown by the dark green trace in Figure 4.9, where the 

current can be seen to drop suddenly at 925 mV

To explain this behaviour, it is helpful to revisit the activation theory developed in sec­

tion 4.1. It was established that a random network becomes activated due to the formation 

of activation cells, and a conductive pathway through the network is formed when adjacent 

cells grow to the point that they overlap, that is, when (dg)  Re-  Thus outside of the initial 
percolating path, activation cells may exist that have not yet become connected to this path, 

and there will be a voltage, Vg g, required to complete the connection. Associated with these 
cells then will be a distribution of voltages, p ( v g ^ ) ,  a subset of p ( v g ) ,  required to connect 

these activadon cells to the main conducting path. It is also likely that p ( v g  exists in the
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F i g u r e  4 . 9 .  Network evolution in a D/L/vw =  2.74 Ag nanow ire network. As the voltage 
across the netw ork is swept, the addition  of further activation cells to the conductive path 
results in a non-linear curren t response, producing hysteretic I-V traces. Arrows indicate 
direction of current increase. V^ax is increased w ith each subsequent sweep, causing further 
evolution of the connectivity. Inset: voltage-tim e trace. Sweep rate is ~  25 mV/s.

upper lim its of p (v g ) . As the netw ork  is electrically stressed post-activation, the addition  

of these activation cells to the m ain conducting path  adds parallel conductive pathw ays to 

the netw ork, thereby  reducing the resistance o f the netw ork. This is m anifested in the I-V 

plot as a non-linear increase in cu rren t w ith  applied voltage, producing hysteretic curves. 

This hypothesis is fu rther s treng thened  by the observed unipolar na tu re  of the effect. As 

Vg is considered by to independen t of bias polarity, hysteresis should be observed a t both 

positive and negative bias, w ith the m ost prom inent effect occurring in the direction of the 

initial sweep, which is the case.

In chap te r 3, it w as established th a t the resistance of a junction  m ay be low ered by 

driving cu rren t through tha t junction , and th a t for the case show n mA curren t levels w ere 

required to reach the lowest resistance, though such high currents w ere no t required  in all 

cases. It should then follow tha t driving curren t through a netw ork will have a sim ilar effect 

and enhance the conductance of the junctions, resulting again in hysteretic I-V curves. The 

hysteresis dem onstrated  by small, sparse netw orks near the percolation threshold will then 

be dom inated  by junction  enhancem ent, ra th e r than  the activation of parallel pathw ays as 

these are few  in num ber. However, parallel pathw ay  activation is expected to dom inate 

in larger, denser netw orks w here m any po ten tial parallel paths exist. The connectivity  in 

random  nanow ire netw orks m ay thus be m anipulated, or evolved, through both the addition
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F i g u r e  4 . 1 0 .  Evolution of netw ork resistance w ith sw eep num ber. Data in Figure 4.9 
rep lo tted  to show the resistance at for each sw eep. The resistance approaches a
m inim um  value of ~  130 Q.

of neighbouring activation cells and the current-driven enhancem ent of individual junctions. 

This behaviour has been term ed connectivity evolution.

The converging hysteresis loops with increasing in Figure 4.9 suggest that the net­

work approaches its m inim um  resistance, w here all junctions have been activated and their 

resistance minim ised. Figure 4.10 replots the data  in Figure 4.9 to show the netw ork resis­

tance at for each sweep, w here and —Vmax considered as separate sweeps.

The resistance of the netw ork asym ptotically approaches a value, Rfinah approxim ately 

130 n . In the context of the connectivity evolution hypothesis this m ay be explained as 

a gradual approach tow ard  the m inim um  junction  resistance, assum ing a curren t driven 

junction  enhancem ent m echanism.

The sudden loss of cu rren t at 925 mV is though t to be the result of a hard  failure of 

a nanow ire som ew here w ith in  the netw ork. Inspection of the netw ork w ith  SEM (Fig­

ure 4 .8(b)) shows this to be the case. The inset in (b) shows a magnified im age of a blown 

nanow ire, presum ably a result of the extrem e current densities and the resulting Joule h ea t­

ing. In a small, sparse netw ork such as this, the probability for the existence of a botdeneck 

point, tha t is, a single nanow ire or junction , is quite high. At high curren ts the current 

densities through such a bottleneck are then extrem ely high, and are thus prone to failure. 

Estimating a d iam eter of 80 nm, the current density at the point of failure is ~  10^^ A m “ ^. 

At such extrem e cu rren t densities, it is unsurprising th a t a failure occurred. Indeed, the 

ability of the nanow ire to sustain such extrem e currents poses som e in teresting  questions 

regarding the energy dissipation in these nanostructures, which are unfortunate ly  beyond
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F i g u r e  4 . 1 1 .  Dark field optical microscope image of =  5.48 network, the edges
of which have been cut using a FIB. This is done to prevent contributions to the conductance 
from outside the netw ork  area. In this case, the top edge w as m issed slightly, and the cut 
was therefore unsuccessful.

the scope of this work.

4 . 2 . 2  S c a l i n g  o f  C o n n e c t i v i t y  E v o l u t i o n

The results of electrically stressing a sm all netw ork p resen t som e in teresting  findings re­

garding the connectivity of random  networks, and how this m ay be affected by an external 

stimulus. In order to study this behaviour further, the scaling of the phenom enon was inves­

tigated. Based on the activation cell theory, it is expected that a far g reater num ber of cells 

will be present in a larger netw ork, how ever the vast m ajority of these are expected to be 

disconnected from the prim ary conducting path im m ediately following activation. It should 

then be possible to evolve the connectivity w ithin a larger netw ork to a greater degree than 

for a sm aller netw ork.

In order to directly com pare the results from separate networks, two netw ork sizes were 

prepared on the same spray-deposited netw ork, w here T  =  75%. A D/ Lf ^ w =  5.48 network 

was prepared via bottom  contacting followed by spray deposition, and a D / L ^ ^  ~  137 net­

w ork was subsequently  p repared  on the sam e netw ork by the shadow  m ask technique. Of 

these two contacting m ethods, bottom -contacting is expected to have the highest associated 

contact resistance due to im perfect connections betw een the Au pad and  the nanow ires, 

how ever as will be show n, this does not im pact the results obtained. One challenge asso­

ciated w ith  the characterisation  of confined netw orks is th a t conductive paths m ay form 

outside the defined netw ork  area, possibly reducing the validity of any argum ents m ade. 

To prevent external conduction  paths contributing  to the conductance of the netw ork, the 

edges of the defined netw ork w ere cut using a FIB, thereby elim inating any possible contri­

butions from outside the netw ork  area. A dark  field optical m icroscope im age of one such 

FIB-cut netw ork is shown in Figure 4.11, w here D / L ĵ ^y =  5.48.

Figure 4 .12(a) and (b) show  the I-V curves for the post-activation electrical stressing 

behaviour of the D/Ljvw =  5.48 and D/Ljvw =  137 netw orks, respectively. It is clear th a t
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F i g u r e  4 . 1 2 .  I-V curves showing hysteresis in D/Ljwv =  5.48 and D/Lf^w =  137 net­
works fabricated on the same sample, where T =  75%. (a) Relatively small levels of 
hysteresis are present in I-V sweeps, indicating very small degree o f connectivity evolution. 
Sweep rate was 25 mV s~^ (b) Significantly larger hysteresis loops are present, confirming 
the hypothesis that large networks have many alternate pathways to conduction that may 
be activated under electrical stress. Sweep rate was 250 mV s“ .̂ Insets show the forming 
sweeps in each case.
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F i g u r e  4 . 1 3 .  Network sheet resistance, Rg, as a function of the maximum electric 
field experienced during each sweep for both D / L ^ ^  =  5.48 and 137 networks shown in 
Figure 4.12.

in both cases hysteresis is present in the I-V curves. In these measurements, the current was 
limited to 7 mA whilst performing voltage sweeps due to the limitations of the electrical 
characterisation system. The two network sizes evolve connectivity, and therefore change 
their resistance, to very different degrees. In the case of the smaller, D/Lf^^ =  5.48 network, 
the resistance of the network does not change significantly from the initial sweep to when 
the current limit of 7 mA is reached. However, the D/L;vn, = 137 network shows a resistance 
change of over an order of magnitude prior to hitting the current limit.

As the voltages applied in both cases differ significantly, it is far more appropriate to 
compare the behaviour in terms of electric field. Figure 4.13 re-plots the data in Figure 4.12 
and compares the change in sheet resistance as a function of the maximum electric field 
experienced during each sweep. It is clear that, despite experiencing almost equivalent 
electric fields, the degree of change in the sheet resistance varies significantly for the two 
network sizes examined. This result confirms the previous assumption that a large network 
is capable of significantly higher levels of connectivity evolution, as there are a larger number 
of parallel pathways available to the network which may be activated under electrical stress.

It is also apparent that neither network shown in Figure 4.12 experiences a failure, as 
was the case for the D/Lfj^ =  2.74 network, despite higher current levels being achieved 
in both cases. It is hypothesised that this is due to the formation of parallel pathways within 
the network, reducing the total current through any particular nanowire or junction, and 
thereby limiting the Joule heating effect. The capacity of a network to evolve connectivity 
can thus be thought of as a redistribution of the electrical stress through the activation of 
alternate pathways.
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F i g u r e  4 . 1 4 .  Electrically stressing Ag nanowire networks to failure. Current and sheet 
resistance plotted as a function ofelectric field for (a) =  5.48, and =  137
networks.

4 . 2 . 3  L i m i t a t i o n s  o f  C o n n e c t i v i t y  E v o l u t i o n

The lack of a clear convergence o f the I-V curves in Figure 4.12(b) would suggest that 

the network connectivity has the capacity to evolve further. To investigate the lim its of 

connectivity evolution, the networks were electrically stressed to the point o f failure. For 

this, a single Keithley SMU was employed to apply a voltage across each network. Use of 

a single SMU in this way removes the current lim itations inherent in the more complex 

electrical characterisation system (system-I), though current sensitivity is sacrificed as a 

result. The electrical stress curves, plotting both current and sheet resistance as functions 

of the applied field, are shown in Figure 4.14 for both D/Lf^y^ =  5.48 and D/L j^^  =  137 

networks. The networks were driven to the point that failure occurred and the resistance 

rose significantly, the lowest sheet resistance observed was deemed to represent the lim it 

of the connectivity.

The D/L;vw =  5.48 network reached a minimum sheet resistance of 63 f i /D  at an electric 

field o f 40 kV m“ ,̂ however immediately following this the resistance increased suddenly, 

presumably due to nanowire failure in a critical path. As the applied field increased however, 

the sheet resistance recovered and remained stable at 4 15 n /D . The network eventually 

failed completely under an extremely high field of 500 kV m“  ̂ while passing a current 

o f 60 mA. The larger D/Lf^yj — 137 network reached a minimum sheet resistance of 

315 Q /n  at a field of 32 kV m“  ̂ and passing a current of 100 mA, before failing completely. 

It is interesting to note that both networks reached a minimum sheet resistance at very 

similar fields: 40 kV m“  ̂ and 32 kV m“  ̂ respectively, though it is not clear if  this is merely 

coincidence, or if  it reflects lim itations inherent to the material.

In order to draw conclusions about the levels of connectivity reached by each o f these 

networks, conditions for complete connectivity must first be established. To do this, a 

network of equal density {T =  75%) was thermally treated to remove the PVP coating.
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The as-sprayed netw orks w ere placed in a furnace under N 2 flow  for 2 hours at 2 0 0  °C. 

Electrodes w ere subsequently deposited and sheet resistance m easurem ents perform ed. It 

w as established in chapter 3 that an annealing step produces very low  junction resistances, 

therefore a sim ilar treatm ent w ill result in the highest possible sheet resistance for a given  

netw ork by optim ising the junctions. The perform ance o f the annealed netw ork is then  

considered to be the benchm ark for optim al connectivity. Results of these m easurem ents 

show ed an average 2-probe sheet resistance o f 77 ± 4 0 / 0  and a 4-probe resistance of 

21 n / n .  These num bers are approxim ately an order o f m agnitude higher than those of 

state-of-the-art films, and this reflects the rather low  aspect ratios o f  the w ires used in 

this study ^  85 ).

Com paring the results of the electrical stressing experim ents w ith these annealed  net­

works, a num ber o f conclusions m ay be drawn. Firstly, based on these results it appears 

that the D / L j ^ w  — 5-48 network achieves approxim ately com plete connectivity, as the m ea­

sured m inim um  sheet resistance of 63 Q /n  is very close to the 77  ±  4 Q /D  m easured for the 

annealed  netw ork. The m uch larger, D / L f ^ y j  =  137 netw ork how ever does not appear to 

achieve com plete connectivity, only achieving a m inim um  sh eet resistance approxim ately  

four tim es that o f the annealed  network, indicating the connectivity w as far from com ­

plete. This result w ould  indicate that in a large netw ork such as this there rem ain m any  

nanowires or activation cells that exist too far from the conductive pathw ay to contribute to 

the conductance o f the network, thereby lim iting the extent to w hich the connectivity may 

be m anipulated. This conclusion is strengthened as the D/L^,w =  5 .48  netw ork w as bottom- 

contacted, and is thus expected to have a higher associated contact resistance com pared to 

that o f the larger, top-contacted network.

Figure 4 .15  show s the data in Figure 4 .13  replotted to include this m axim al stress data. 

It is clear from these results that through controlling the electrical stress, the connectivity, 

and therefore the conductivity, o f various netw orks m ay be m anipulated  and controlled  

with a high degree o f  precision; although the direction o f this control is lim ited due to the 

irreversible nature o f the PVP breakdown m echanism . Additionally, the degree to w hich  

this m ay be controlled depends strongly on the network size. By incorporating a non-linear 

com ponent such as PVP at the nanow ire junctions, the behaviour o f the netw ork is altered  

from that o f  an ohm ic conductor to create a material w hose resistance is electrically tunable.

4 . 3  P a s s i v e  V o l t a g e  C o n t r a s t  I m a g i n g  o f  A g  N a n o w i r e  N e t ­

w o r k s

Passive voltage contrast (PVC) im aging in SEM w as introduced in chapter 2 as a technique 

initially developed to qualitatively analyse a m icrochip and identify faults such as shorts or 

opens in a m icroscopic or nanoscopic circuit. In this section, PVC im aging is used to im age  

netw orks o f  Ag nanow ires, enabling the visualisation o f conductive pathw ays in random  

nanowire networks, w hich supports the argum ents m ade thus far in this chapter The work 

presented in this section was perform ed in collaboration w ith  Dr Jessam yn Fairfield.
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F i g u r e  4 . 1 5 .  Re-plot of Figure 4.13 to include maximum stress data. The data shows 
that the sheet resistance of the film may be controlled with a high degree of accuracy, by 
controlling the applied electric field. A tunable material such as this is extremely valuable 
from a technological perspective.

As explained in chapter 2, the conventional mechanism for PVC operation is the gen­
eration of a positive charge on a surface due to the incident beam generating a greater 
number of secondary electrons than impinge the surface for a small range of accelerating 
voltages (typically 1-2 kV). This positive charge, if not grounded, then impedes the escape 
of further electrons thereby creating a darkened region in the image. This work employs a 
different mechanism for contrast generation however, as rather than appearing darkened, 
floating objects appear as bright regions within the image relative to their surroundings. 
The mechanism for this contrast is simple electrostatics, as those objects not connected to 
ground generate a negative charge build up due to electron bombardment. This negative 
charge results in an enhanced scattering of the incident electrons, creating bright regions 
in the image. Grounded objects do not build up charge in this way, scattering incident 
electrons to a smaller degree and thereby generating regions of differing contrast in the 
image. Figure 4.16(a) schematically illustrates this mechanism. To achieve contrast using 
this technique, the In-lens detector must be used as it is most sensitive to primary scat­
tered electrons. The differences in SE2 and In-lens signals are highhghted in Figure 4.17, 
demonstrating the strength of the technique.

A PVC SEM image of a D/Lf^yj =  4.11 Ag nanowire network is shown in Figure 4.16(b), 
demonstrating this contrast mechanism. The Au electrodes are connected to ground by 
contacting micro-needles, and as such all objects that have an ohmic connection to these 
electrodes appear darkened relative to floating objects. The network in this image was 
electrically activated and the connectivity evolved prior to acquiring the image. The PVC 
image clearly shows a region of darkened nanowires spanning the two electrodes, as well as
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so u rce

Inlens
detec to r

\ l x l /
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F i g u r e  4 . 1 6 .  Passive voltage contrast imaging of activation cells in a Ag nanowire 
network, (a) Schematic illustration of PVC mechanism, (b) PVC SEM image of an activated 
D/L^vv =  4.11 Ag nanowire network. Micro-needles connect both electrodes to ground 
inducing the PVC mechanism. Activation cells connected to the Au electrodes are clearly 
visible as darkened regions relative to the rest of the network.

extended regions of darkened wires on all sides of the electrodes. This clearly demonstrates 
the existence of activation cells, and is consistent with the model developed to explain 
the results of electrical characterisation, though it should be noted that only those cells 
that are connected to either electrode are visible. The presence of significant clusters of 
activated nanowires that lie outside of the network area demonstrates that pathways do not 
necessarily take the shortest path between electrodes. This also confirms the need to isolate 
the network area with the use of FIB cuts, as described previously, when performing accurate 
sheet resistance measurements of small networks such as these, as significant contributions 

to the conductance may exist far outside the network area.

The PVC imaging technique is a powerful tool, and may be used to verify and expand 
upon many of the hypotheses presented thus far in this chapter. Figure 4.17 shows both 

SE2 and Inlens (PVC) SEM images of the D/Ijwy =  2.74 network presented in section 4.2. 
Viewing the two images side-by-side in this fashion highlights the strength of the PVC 
technique to clearly distinguish between activated and non-activated nanowires. It was 

argued in section 4.2 that given the sparsity of the network, the primary mechanism for the 
connectivity evolution observed in the I-V behaviour (Figure 4.9) was most likely current 

induced junction enhancement. As the PVC image allows complete visualisation of the 

conductive pathways, it can be clearly seen that very few nanowires contribute to the 

conduction of the network. While based on this evidence alone no definitive conclusions 

can be made, it would appear that the decrease in network resistance (over two orders of 

m agnitude) observed in Figure 4.9 is a result of junction enhancement, rather than due to 
the activation of parallel pathways.

PVC imaging may also be used to visualise the activation and evolution processes of 

larger networks. Figure 4.18 shows the electrical activation and evolution of a D/Ljvw =
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F i g u r e  4 . 1 7 .  SE2 (a), an d  In-lens PVC (b) im ages of the  =  2 .74  ne tw o rk  show n
in F igure 4.8. PVC im aging  clearly  h igh ligh ts those nanow ires th a t are  electrically  co nnec ted  
to  th e  e lec trodes w hich  th e re fo re  co n trib u te  to  conduction .

5 .74 , T  =  85%  ne tw o rk  visualised  in situ  using  PVC im aging. Prior to  im aging, the ne tw ork  

w as b iased  w ith  severa l h u n d re d  m illivolts in o rd e r to  s tim u la te  ac tiv a tio n  cell fo rm atio n , 

b u t p re v e n t co m p le te  n e tw o rk  ac tiv a tio n . F igure 4 .1 8 (a )  show s th e  su b se q u e n t PVC im ­

age. Tw o la rg e  c lu ste rs  o f ac tiv a ted  n an o w ire s  a re  visib le co n n ec ted  to  b o th  left an d  rig h t 

e lec tro d es, th o u g h  th ey  do n o t overlap . T he n e tw o rk  w as th e n  ac tiv a ted  to  a co m pliance  

c u rren t o f 10 |jlA and  re-im aged , show n in F igure 4 .1 8 (b ). The fo rm ation  o f a new  nanow ire  

ac tiva tion -cell is visible, sp an n in g  th e  p rev iously  d isco n n ec ted  n an o w ire s  an d  co m p le tin g  

th e  co n d u c tio n  p a th . Finally, th e  n e tw o rk  w as s tre ssed  b ey o n d  ac tiv a tio n  to  force c o n n ec ­

tiv ity  evo lu tion ; F igure 4 .1 8 (c )  show s the  re su ltin g  im age. An ad d itio n a l ac tiv a tio n  cell is 

n o w  visibly co n n ec ted  to  th e  u p p e r p o rtio n  o f  th e  rig h t e lec tro d e . T hese re su lts  p rov ide  

conclusive ev idence as to  th e  physical m echan ism s u n d erly ing  the  h ystere tic  I-V behaviour, 

an d  verify  the  connectiv ity  evo lu tio n  hypo thesis.

T he passive v o ltag e  c o n tra s t te ch n iq u e  p re se n te d  in  th is  sec tion  p rov ides a novel, ye t 

con v en ien t m ethod  to  visualise n an o w ire  netw orks, and  in  p a rticu la r to exam ine the  effects 

o f connectiv ity  m an ip u la tio n  th ro u g h  electrical stressing. Use o f  PVC im aging  provides visual 

ev idence  for the  m ech an ism s th a t cou ld  p rev io u sly  on ly  be p red ic ted  from  a th eo re tica l 

m odel. W hile conductive  AFM prov ides a sim ilar ab ility  to  v isualise  the  connectivity, it is a 

n o to riously  difficult techn ique  to  p erfo rm  on  a n an o w ire  netw ork , w hile  also being  lim ited  

in scan area  and  speed  o f im age acquisition . The v e rsa tility  o f SEM allow s in situ  e lectrical 

m easu rem en ts  to be perfo rm ed  via the  co n tac ting  p robes, w h ilst sim u ltaneously  im aging  the 

ne tw o rk  to  observe the  co rrespond ing  changes in connec tiv ity  In ch ap te r  5, these  concepts 

a re  d raw n  upon  as a helium  ion m icroscope PVC techn ique  is p resen ted , u tilising  the  un ique  

p ro p ertie s  o f the  ion beam , d e m o n s tra tin g  s tro n g e r c o n tra s t th a n  th a t p re sen ted  he re , and  

p ro v id ing  a u n iq u e  w ay  to  con tro l an d  m odel connectiv ity  evo lu tion .



118 M a n i p u l a t i n g  C o n n e c t i v i t y  &  C o n d u c t i v i t y  i n  A g N W  N e t w o r k s

F i g u r e  4 . 1 8 .  Visualising activation and connectivity evolution in a Ag nanowire network 
=  5.48; T = 85%). (a) PVC image of a pre-activation network. Activation cells 

are visibly connected to both left and right electrodes, (b) Upon activation, a new cell of 
nanowires is visible (circled), completing the conduction path, (c) Formation of a new 
activated nanowire cell on the right hand electrode (circled) is the result of electrically 
stressing the network beyond activation, verifying the theory of connectivity evolution 
through the addition of parallel pathways.

4 . 4  C o n c l u s i o n s

In this chapter, the electrical behaviour of PVP-coated Ag nanowire networks was presented. 
Building upon the results of chapter 3, the scaling of electrical breakdown in Ag nanowire 
networks was studied using conductive atomic force microscopy. A theoretical model, devel­
oped to explain the results of the CAFM study, found that a voltage applied across a network 
of nanowires, modelled as capacitors with a distribution of breakdown voltages, stimulates 
the formation of activation cells through a local cascade effect. As the applied voltage is 
increased, these activation cells overlap eventually forming a conductive pathway between 
two interrogating electrodes.

The post-activation electrical behaviour of these networks was then examined. Per­

forming voltage sweeps across an activated network resulted in hysteretic I-V curves as the 
resistance of the network lowered under electrical stress at both positive and negative bias -  

a phenomenon dubbed connectivity evolution. Based on the previously developed theoret­

ical model, this suggested the addition of activated nanowires to the conduction path. In 

the case of a very sparse network, where D/Lf jw =  2.74, it was found that the resistance 
approached a minimum value before failure occurred at high current density. The activated 

networks were also characterised using a novel passive voltage contrast imaging technique, 

that allows clear visualisation of the nanowires contributing to the conductive pathway. It 

was concluded that the connectivity evolution observed was a combination of additional 

nanowire activation and the current-induced junction enhancem ent observed in chapter 3.

The post-activation behaviour was compared for two nanowire networks, of equal den­

sity, of size D/Li^w =  5.48 and D/L,^w — 137 respectively. It was found that through 
controlling the electric field across a network, the connectivity, and thus the conductivity.



4 . 4  C o n c l u s i o n s 1 1 9

of a network may be arbitrarily increased, and that the degree of control strongly depends 
upon network size. The limits of connectivity evolution were also investigated by electri­

cally stressing each network to the point of failure. Comparing the lowest sheet resistance 

obtained with that measured for an annealed network of equal density, it was observed that 
smaller networks may be driven to achieve complete connectivity, however the degree to 

which the connectivity may be evolved by an electric field is limited for larger networks.

The results of this chapter are developed upon in chapter 5, where the electrical be­

haviour of Ni nanowire networks is examined. It was established in chapter 3 that Ni 

nanowire junctions display reversible resistive switching behaviour, and the addition of this 

functionality is examined in the context of network evolution.
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5
T h e  E m e r g e n t  P r o p e r t i e s  o f  N i  

N a n o w i r e  N e t w o r k s

The evolutionary behaviour exhibited by networks of Ag nanowires is a fascinating phe­
nom enon both from the point of view of understanding connectivity in complex networks 
and how this may be manipulated, but also from a novel device perspective as the behaviour 
is analogous to the famed memriston However, due to the electrical breakdown mechanism 
of PVR reversible switching in the Ag-PVP system is not possible at this time. Ni nanowires, 
as shown in chapter 3, display reversible resistive switching, and are thus an ideal candidate 
to investigate evolutionary behaviour in a reversible system, and are the focus of this chapter. 
In order to fully characterise the scaling behaviour of Ni nanowire networks, this chapter 
begins by studying the activation of Ni nanowire networks as a function of network size 
and the nanowire dimensions. The behaviour of networks under electrical stress is then 
examined as a function of network size, and it is shown that the incorporation of a resistive 
switching element at the junction results in the emergence of distinct behavioural regimes 

determ ined by the network size. The work presented in this chapter is published in the 
journal NanoscaleS^^

5 . 1  E l e c t r i c a l  A c t i v a t i o n  o f  N i  N a n o w i r e  N e t w o r k s

Before the behaviour of Ni nanowire networks under electrical stress can be studied, those 

same networks must first be electrically activated. It was established in chapter 3 that 
the Ni nanowires used in this work have a native NiO passivation layer. Under the action 

of a sufficiently large bias a conductive filament forms through this oxide, producing an 

ohmic connection between the Ni core and the contacting electrode. In order to study the 

electrical activation of Ni nanowire networks, networks were fabricated via spray deposition 

and contacted with Ni electrodes deposited through a shadow mask. For this study, a new 
shadow mask design was developed that allowed for the fabrication of networks as small 

as 10 X 10 p,m^ in area. An image of this mask design is shown in chapter 2, Figure 2.17.

121
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F i g u r e  5 . 1 .  SEM im ages of Ni nanow ire networks of various sizes: (a) =  0.94;
(b) DjLt^yj  =  1.88; and (c) DlLf^y^ =  18.9. The nanow ires are from batch NB5 in all three 
cases.

SEM im ages of various nanow ire netw ork  sizes fabricated in this m anner are included in 

Figure 5.1.

As was discussed in chapter 3, it was established by Sorel et al. that the sheet resistance 

of a conducting netw ork m ay be reduced by increasing the length of the nanow ire, and it was 

postu lated  th a t this w as due to few er junctions spanning the electrode w idth . It is then  

reasonable to assum e tha t the voltage, VpoRM> required to activate or form the netw ork will 

show  a dependence on nanow ire length for sim ilar reasons. Similarly, VpoRM will depend 

on the activation voltage per junction, determ ined  by the oxide thickness, To test this, 

VpoRM was m easured for a range of different inter-electrode distances (and hence netw ork 

sizes) on netw orks m ade from th ree separate  batches of nanow ires. These th ree batches, 

labelled NB3, NB5, and NB7, all dem onstrated  variations in length and oxide thickness after 

being ex tracted  from  the AAO tem plate. The statistics for these th ree nanow ire batches 

are detailed in table 5.1. Nanowire d iam eter and oxide thickness m easurem ents w ere both 

m ade using the TEM, w hile nanow ire length m easurem ents w ere m ade using the SEM.

As explained in chap ter 3, to form a nanow ire junction , or a nanow ire netw ork  in this 

case, a voltage is sw ept across the device until a change of resistance occurs, and  a p re ­

defined com pliance cu rren t (CC) is reached. A CC of lOjaA was used to form all of the
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T a  B L E 5 . 1 .  Length, diameter, and oxide thickness statistics of different nanow ire batches

Batch Length (^xm) Diameter (nm) t o x  (nrn)

NB3 4.9 ± 3 .0 8 1 .5 ± 8 .0 7 .7 ± 2 .1

NB5 10.6 ± 6 .7 8 1 .4 ± 6 .9 6.0 ± 1 .4

NB7 9.6 ± 4 .2 87.0 ± 9 .3 8.6 ± 3 .7

networks dem onstrated in this work, as it is the lowest current for which non-volatile m em ­

ory of the resistance state could be achieved. A plot of VpQf^M as a function of inter-electrode 

d istance is show n in Figure 5 .2(a) for each of the three batches, w here approxim ately the 

same nanow ire density (T =  82 ±  3 %) was used in each case. The data  for all three batches 

of nanow ires show n follows a linear relationship, w hile the slope varies significantly be­

tw een each. From table 5.1 it is clear that the nanow ire length varies from batch to batch, 

particularly  for the batch labelled NB3, w hich has an average length  of only 4.9 ±  3.0 p,m. 

Correspondingly NB3 also shows the steepest slope in Figure 5.2. In an attem pt to norm alise 

the data, the netw ork size, D/Lf^y^,  was plotted  against VpoRM (Figure 5 .2 (b )), to take ac­

count of the variance in nanow ire length. The results from this show th a t the data  from 

batches NB5 and NB7 now lie on top of one another, while there is still som e deviation for 

batch NB3. Despite this small deviation however, this result indicates tha t norm alising the 

netw ork size in this m anner is appropriate to  account for variations in nanow ire geometry.

From these plots it is clear tha t the voltages required to activate Ni nanow ire networks 

are substantially higher than  those required to activate Ag nanow ire networks of equal sizes; 

^FORM — 8 4 0 mV for a D / L ^ w  =  2 .74 Ag netw ork  (Figure 4 .8). This is due to the m uch 

larger energy barrier to conduction presented by the NiO layer, com pared to tha t of PVR The 

result of this is tha t the in ter-electrode distance, or netw ork size, available to be activated 

and thus to be studied, is severely hm ited by the high voltages required . The electrical
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F i g u r e  5 . 2 .  Forming voltage, VpoRu > plotted against (a) inter-electrode distance, D, and 
(b) the norm alised netw ork size, D /L ,^ w
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F i g u r e  5 . 3 .  Scaling of V f o r m  w ith network size for different nanowire densities. Data 
from 0.38 NW set shows a slope of 3.7 ±  0.1 V/NW  Inset: histogram of forming vo lt­
ages for single Ni nanowires shows a normal distribution, with a mean value of 3.7 ±  1.3 V.

characterisation systems used in this work are lim ited to ±210 V, and thus networks of size 

D / L { ^ ^  >  50 are unavailable for study.

Based on the results shown for Ag nanowire networks in chapter 4, Vf q r m  should 

show a strong dependency on nanowire density. To test this, networks of different den­

sity from a single batch of nanowires, namely NB5, were fabricated and VpoRM measured 

as a function o f network size. For each network fabricated, the nanowire density, p , 

and the optical transmittance were both measured. The densities fabricated were p =  

0.23 ±0 .06 , 0.38 ±0.03, and 0.64 ±0 .05  NW |i.m“ ^, corresponding to transmittance val­

ues o f T =  84%, 78%, and 68% respectively. The results are plotted in Figure 5.3.

From this plot, a weak dependence o f the slope on network density can be seen. The 

slope o f this plot, which is the effective breakdown voltage per length of nanowire, should 

reflect the distribution of breakdown voltages present in the system. At low network density, 

close to percolation, few pathways are available thereby forcing both weak (small Vg) and 

strong (large Vg) junctions to be activated in order to create a conductive pathway. At higher 

network densities however, the conductive path is more likely to form due to the breakdown 

of primarily weak junctions. Therefore, lower densities w ill display a slope equal to the aver­

age breakdown voltage, while higher densities w ill show smaller values, which are reflective 

o f the distribution. To test this, Vpqrm was measured for a range o f single Ni nanowires, 

and the average value was found to be 3.7 ±  1.3 V -  this is the voltage required to form 

an electrical contact between two electrodes contacting a single nanowire, the distribution 

for which is shown inset in Figure 5.3. The measured slope of the 0.38 NW ĵim“  ̂ data set 

in Figure 5.3 was 3.7 ±  0.1 V/NW , showing excellent correspondence to that measured for

■ 0.64 ± 0.05 NW/|.im^
O 0.38 ± 0.03 NW/^m^
A 0.23 ± 0.06 NW/|.im  ̂ ■

3 .7 V /N W
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F i g u r e  5 . 4 .  Resistive sw itch ing  in a single Ni nanow ire  ju n c tio n , (a) I-V curves show ing 
th e  form ing, se t an d  re se t steps, (b) SEM im age o f Ni n an o w ire  ju n c tio n .

single n an o w ires . As th e  n e tw o rk  d en sity  is in c reased  to  0 .6 4  ±  0 .05  NW )j,m “  ̂ th e  slope 

co rresp o n d in g ly  d ec reased  to  3.2  ±  0.1 V /N W , reflecting  th e  g re a te r  availab ility  o f  w eak er 

ju n c tio n s  th a t m ay  be b ro k en  dow n . This th en  verifies th e  h y po thesis  th a t  th e  d is trib u tio n  

o f b reak  d ow n  vo ltages, p (v g ) , is reflected  in th e  slope o f a VpoRM  vs. n e tw o rk  size p lot.

5 . 2  R e s i s t i v e  S w i t c h i n g  i n  Ni N a n o w i r e  N e t w o r k s

5 . 2 . 1  S m a l l  N e t w o r k s ; D /L ;v w  <  2

U pon estab lish in g  a cond u c tiv e  p a th w a y  th ro u g h  the  n e tw o rk , th e  b eh av io u r u n d e r  e lec­

trica l s tress can  th e n  be  ex am in ed  as a fu nc tion  o f n e tw o rk  size. For th is, n an o w ire s  from  

b a tch  NB5 w ere  u sed  exclusively  to  p rev en t effects a rising  d u e  to  d ifferences in n an o w ire  

leng th  o r It w as m en tio n ed  in ch ap te r  3 th a t single ju n c tio n s  o f Ni nan o w ires  undergo  

resistive  sw itch ing  (RS) behav iour. This is d e m o n s tra te d  in F igure 5 .4  for th e  ju n c tio n  

show n. As discussed in ch a p te r  3, to  g en era te  a stable filam en t th ro u g h  the  ju n c tio n  w hich 

is held  a t zero-bias, th ree  fo rm ing  steps are perfo rm ed  by increasing  the com pliance cu rren t 

sequentially . T he final fo rm in g  sw eep  to  lOfxA is sh o w n  in F igure 5 .4 (a , b lack  circles), 

w hich is reach ed  a t a vo ltage o f  3.91 V A su b seq u en t sw eep confirm s the s ta te  o f the  device, 

th a t th e  ju n c tio n  is ohm ic  a n d  th e  re sis tan ce  is 1.4  k fi. By su b seq u en tly  d riv ing  c u rre n t 

th ro u g h  the  ju n c tio n  in th e  LRS (F igure 5.4 , red  circles) th e  ju n c tio n  is rese t as it sw itches 

to  the  HRS (R =  1 M n ) a t a 1 -0 1 V an d  an  I r e s e t  o f 650  |j-A. As w as d iscussed  in

ch ap te r 1, the  precise  m echan ism  for filam ent destru c tio n  has ye t to  be confirm ed, how ever 

it is w idely  he ld  th a t  it is in d u ced  th ro u g h  Jo u le  h e a tin g  cau sed  by  h igh  c u rre n t d ensities 

in th e  n an o sca le  filam ent. T he ju n c tio n  m ay  be sw itch ed  back  to  th e  LRS by  sw eep ing  

voltage  across th e  device su ch  th a t  th e  filam en t form s an d  th e  CC is reach ed  a t  a vo ltage, 

Vs e t  (F igure 5 .4 , b lue c irc les). T he v o ltage  req u ired  to  set th e  ju n c tio n  is lo w er th a n  th a t 

requ ired  to  form  the  device initially, as the  filam ent is n o t com plete ly  d estroyed  d u rin g  the

L R S ^ d̂ reset
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F i g u r e  5 . 5 .  Resistive switching in a small (D/Li^w =  1-88) Ni nanowire network. Com­
parison of resistive switching I-V behaviour o f a nanowire network and that o f a single 
junction.

reset process.

It was discovered that electrically stressing a small (D/L^fw <  2) Ni nanowire network, 

caused the same resistive switching behaviour to be displayed. This is in contrast to the be­

haviour observed for small Ag nanowire networks which show evolution of the connectivity, 

dominated by current-induced junction enhancement. Figure 5.5 shows the resistive switch­

ing I-V behaviour of a =  1.88 network (black diamonds) compared to that o f a single

junction (red circles). An SEM image of a network similar to this is provided in Figure 5.1(b). 

The nanowire density for all networks described in this chapter was p =  0.38NWp,m“ ,̂ 

unless otherwise stated. Comparing the nanowire network and single junction, the resistive 

switching properties remain largely the same. It is well known even for planar devices that 

there exist large variations in the switching parameters V;?£S£7-, and I r e s e t )  from

device to device, but also w ith in  individual devices. This remains a major challenge to 

the widespread implementation of resistive switch-based technology. Given this standard 

variation in parameters, the differences in V s ^ t  seen for a single junction and that o f a 

network are not significant. Additionally, given the difference in path length between a 

single junction and a conductive network, a higher resistance associated w ith the LRS of 

the network compared to that of the junction would be expected. The reset current, I h e s e t >  

observed does not appear to vary significantly and in fact is almost identical for both junc­

tion and network devices: 348|jlA and 366 [jlA, respectively. The implication of this is that 

a single junction is in fact responsible for the RS behaviour observed in both cases.

Combining what is already understood for Ag nanowire networks w ith the RS behaviour 

demonstrated here, a mechanism is proposed to explain the RS behaviour observed in 

networks, schematically illustrated in Figure 5.6. It was established in chapter 4 that under
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F i g u r e  5 . 6 .  Schematic of =  2 nanow ire netw ork illustrating the proposed m ech­
anism  for RS in netw orks. An activation cell (red wires) forms, spanning the w idth  of the 
electrodes, bu t is re liant upon a single junction  (circled). This junction, if stressed, will 
switch and  produce the RS behaviour seen in Figure 5.5

th e  action of an electric field, cells of activated nanow ires form due to a local cascade 

m echanism  (show n as red wires in Figure 5.6). For small networks, such as th a t described 

above, it is likely that very few nanow ires span the inter-electrode distance. It was found that 

very small netw orks of Ag nanow ires exhibit catastrophic failure under high currents and this 

w as a ttribu ted  to the curren t being forced through  a bottle-neck point, creating very high 

curren t densities. Translating this same behaviour into a RS system, ra ther than  resulting in 

a nanow ire failure, bottle-neck form ation will result in the Joule heating induced dissolution 

of the conductive filament, switching the junction, and therefore the entire netw ork, to the 

HRS. This hypothesis is strengthened by the lack of variance in I r e s e t  betw een both junction 

and netw ork switches, pointing to the switching of a single junction  in both cases.

To dem onstrate  the fidelity of this RS behaviour over m any cycles, a plot of HRS and 

LRS curren t as a function of sw itching cycle is show n in Figure 5.7, for a read voltage of 

1.5 V It is clear that the RS behaviour of this netw ork device is extrem ely well defined, and 

exhibits very high ON/OFF curren t ratios of ~  10^. The ON/OFF ratio of any RS device is 

controlled by the device cross-sectional area w hich determ ines the leakage cu rren t in the 

HRS. For a netw ork, this area is defined by the tw o crossed nanow ires tha t undergo RS. It 

is proposed that the nanoscale nature of this contact leads to minim al leakage current, and 

thus is responsible for the exceptionally high ratios seen in this netw ork device. W hile no 

definitive conclusions can be m ade at this point, the high fidelity of the cu rren t levels in 

the LRS indicates that the same set of junctions are involved in establishing the LRS, hence 

the properties of the conductive filaments involved do not vary significantly betw een cycles. 

The small variation seen m ay simply be accounted for by the know n variation in the LRS 

from cycle to cycle, as it was already shown in chapter 3 that the LRS resistance associated 

w ith a single junction does indeed vary betw een cycles. The observed variation  in current
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F i g u r e  5 . 7 .  ON/OFF curren t ratio  for a nanow ire netw ork resistive switch. A ratio  of 
10^ is dem onstrated  for over 20 cycles of the nanow ire netw ork RS (read voltage =  1.5 V). 
Inset: and values for the device as a function of cycle number.

levels in the HRS of alm ost two orders of m agnitude confirms the large variance of the HRS 

seen by others, as the degree to w hich the filam ent is destroyed varies from cycle to cycle. 

The inset in Figure 5.7 shows the and values for this sam e netw ork device,

exhibiting tight clustering of the param eters that improves as the device is cycled.

5 . 2 . 2  R e s i s t i v e  S w i t c h i n g  &  P r o b a b i l i t y  i n  N e t w o r k s  

( D / < 1 0 )

The RS behaviour dem onstrated above f or a  D/L/^w =  1-88 netw ork is also seen in networks 

as large as D / =  9.43. Figure 5.8 com pares the RS operation param eters V r e s e T ’ P r e s e t > 

and VgET for a num ber of devices at a range of netw ork sizes alongside those of a single 

junction  { D/ L f j y ^  — 0). To collect this data , each device w as cycled a m inim um  of 10 

times, and these data  points therefore represent the m ean value of each param eter for that 

device, w hile the erro r bars are generated  from  the standard  deviation of values for th a t 

device. Both and  V g g j  show  a dependence on netw ork  size, consistent w ith  the

larger applied voltage necessary to create the required  voltage drop across the individual 

junctions th a t com prise the switching network. These voltage levels are m uch sm aller than 

those required  to form  the initial conducting pathway, consistent w ith  the hypothesis tha t 

the vast m ajority of nanow ires rem ain unaffected by the switching event. The voltage drop 

is th en  largely across the sw itching junction , w ith  only a small contribution falling across 

the rest of the network. The spread in values observed, while large, is of a similar m agnitude 

to tha t seen for single junctions, dem onstrating  once again the inheren t variability  of RS 

devices. This is likely com pounded in this case by variation in the junction interface caused 

by inconsistencies in the oxide thickness. It is in teresting to note a larger spread  in V g ^ j

LRS ON/OFF ̂ 10^

>
0 ) 5CD

O On^ ^  0 0 ^ 0 0 0  O HRS

0 Cycle # 20 
OO OOOOCXDO

T----------------------- 1----------------------- 1----------------------- r
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than  tha t observed for again reflecting the variance of the HRS.

For larger networks to display RS behaviour, it m ust be concluded that single junctions 

are once again the source of the behaviour. This is in stark  contrast to the evolutionary 

behaviour exhibited by Ag networks of similar size and density. These conclusions are con­

firmed by the observed independence o f o n  netw ork size, as shown in Figure 5.8. In 

the absence of parallel paths, the failure of a single junction  is sufficient to switch the n e t­

work from the LRS to the HRS. Since these junctions are essentially in series this precludes 

the resetting  of m ultiple junctions along the path , hence the near constan t IfiESET levels 

shown. In the context of the connectivity evolution argum ent presented in chapter 4, break­

dow n voltages are considerably h igher for Ni junctions, therefore the netw ork is unable 

to create the additional pathw ays necessary for connectivity evolution below  To

relieve the electrical stress, the critical junction resets and the netw ork is switched into the 

HRS. Therefore, even for larger netw orks w here evolution through the addition of parallel 

paths w'as observed in Ag nanow ire networks, RS dom inates the behaviour in Ni nanow ire 

networks.

It w as dem onstrated  in chap ter 4 tha t the degree to w hich a netw ork  m ay evolve in­

creases with increasing network size, as the num ber of available parallel paths increases. In 

Ni nanow ire networks, this phenom enon m anifests itself as a decreasing tendency tow ard 

RS behaviour with increasing netw ork size. In larger Ni netw orks there are significant num ­

bers of junctions that are not connected to the conducting paths w ithin the network, and the 

netw ork  responds to the increasing levels of electrical stress by connecting these junctions 

ra th e r than  causing junctions w ith in  the conducting path  to undergo  RS. This behaviour 

reflects the intrinsic level of redundancy  th a t exists in larger netw orks and becom es more 

pronounced at h igher NW densities. This is illustrated  in Figure 5.9 w here the probability 

of switching, P^g, is plotted as a function of netw ork size. The RS probability is defined as:

=  ^  (S.1)n(T )

w here n{RS)  is the num ber of sam ples w here RS was observed, and n (T ) is the total num ber 

of sam ples m easured. A device is defined as being capable of RS if it dem onstrates at least 

tw o com plete RS cycles, i.e. LRS ^  HRS LRS HRS, and the RS param eters fall 

in the ranges set ou t in Figure 5.8. This definition is no t m ean t to be com pared  w ith  the 

state-of-the-art, bu t ra ther is a m eans to categorize behaviour w ithin these netw ork systems.

The initial conducting pa th  (LRS) th a t is established following the form ation process 

is essentially a percolative connectivity path  tha t spans the netw ork betw een the two elec­

trodes. W hen D/Lf^w ^  1 the m ajority of the junctions betw een the electrodes participate 

in the percolative pathway, so w hen the netw ork  is electrically stressed there is a strong 

tendency to undergo RS. The failure of a single junction w ithin the percolative connectivity 

path  causes the netw ork  to switch to the HRS. However, in the case of a large netw ork 

[D/Lf^w ^  1) there rem ain w ith in  the area of netw ork  defined by the electrodes m any 

junctions tha t are not connected to the conducting path . U nder electrical stressing these
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F i g u r e  5 . 8 . Scaling of RS parameters I r e s e t > arid as a function of network
size. Data from multiple devices at various network sizes, where each data point represents 
the mean value of a device (typically cycled ~  10 times), while the error bars are generated 
from the standard deviation. Values for single junctions are also shown (D/Ly^w — 0)- A 
clear dependence on network size is apparent for both V r ^ s e t  and Vs£t> but not for I r e s e t - 

Given the similar values of I  r e s e t  shown for single junctions and all network sizes, it may be 
concluded that a single junction is responsible for the switching seen in each case. Voltage 
sweep rates were ~  5 0  mV s“ ^.
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F i g u r e  5 . 9 .  Plot of switching probability, against netw ork size, D/Lj^yy (log scale). 
A sharp decrease in sw itching probability is seen at D/L[^w ~  4.7. Beyond this point, the 
capacity of the netw ork to increase the connectivity begins to outw eigh the tendency tow ards 
RS behaviour. Voltage sw eep rate was ~  50 mV s“  ̂ for all data.

networks tend to add additional junctions to the connectivity path, thereby densifying the 

conducting pathw ay w ithin the netw ork. Consequently, the failure of any one junction  

w ithin this path  has an increasingly reduced probability of causing the netw ork  to switch 

betw een the LRS and HRS, consistent w ith  the data  in Figure 5.9. As the evolutionary 

capacity of a netw ork is d ependen t upon netw ork density, it is predicted  tha t the netw ork 

size for which P r s  < 0.5 will shift to sm aller values as netw ork density increases. This is due 

to an increasing num ber of parallel pathw ays available to red istribu te the electrical stress 

resulting in a reduced switching probability.

The plot in Figure 5.9 show s an intriguing result, w hich is th a t a random  nanow ire 

netw ork dem onstrates two distinct behavioural regimes defined by the size of the netw ork 

addressed. It should be no ted  th a t none of the netw orks m easured in this chap ter w ere 

cut using a FIB, and are therefore effectively infinite in size outside the area of the defined 

electrodes. Despite this however, controllable behaviour em erges, w hich is a direct result 

of the incorporation of a resistive sw itching elem ent into the nanow ire junction . The fol­

lowing section exam ines m ore closely the behaviour of larger networks, exhibiting non-RS 

behaviour.

5 . 3  B e h a v i o u r  o f  L a r g e  N e t w o r k s  ( D / L ^ , w >  1 0 )

As the netw ork is m ade even larger, the form ation of parallel pathw ays, e ither during the 

electroform ing step, or under the action of an applied bias post-activation, becomes increas­

ingly m ore likely. In the presence of parallel paths, the probability  of resistive sw itching
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F i g u r e  5 . 1 0 .  RS and connectivity evolution behaviour in a D/Lj^y^ =  9.43 Ni nanowire 
network. Transitionary network sizes, where 0 < P r s  <  1, may evolve their connectivity 
through the addition of nanowires to existing conducting paths, indicated by hysteretic 
behaviour in the I-V curves (see black trace). As P^s is non-zero at this network size, RS 
behaviour may still be observed; the network switches from a LRS to a HRS as a critical 
junction is reset (green trace). A subsequent sweep recovers the LRS (blue trace), and the 
network evolves even further to a resistance of 5.6 kf2. Voltage sweep rates ranged from 
125 mV s“  ̂ at 5 y  to 500 mV at 20 V
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behaviour being observed drops to zero, as there are no longer any “critical junctions” acting 

as a bottle-neck point. Additionally, parallel paths distribute the current load, reducing the 

current density, and hence the magnitude of the Joule heating effect in the junctions. Thus 

it is possible to drive higher electric fields across a network, which may result in the addi­

tion o f further parallel paths, and a reduction in the current load even further. Figure 5.10 

shows the I-V traces of sequential voltage sweeps on a D/L^fw =  9.43 network, where the 

sweeps followed the sequence 0 V —> +Vn,ax ^  0 V ^  ~Vjj,ax —> 0 V. As the voltage is swept, 

hysteresis in the I-V curves is apparent, demonstrating the effect o f addition o f parallel 

paths.

For a network of this size, while is significantly less than unity it remains finite, as 

seen in the green trace in Figure 5.10. The network is seen to suddenly jum p to a HRS 

at an I  r e s e t  of 1.1 mA. It is proposed that at this point, the voltage required to evolve 

the network further was greater than that required to reset the weakest junction in the 

dominant conducting path. This, however, is a reversible phenomenon as can be seen in 

the subsequent I-V sweep. The network switched back to a LRS at 17 V (blue trace), much 

lower than VpofiM) indicating the re-establishment of a previous conducting path rather than 

the formation o f a new one, which is consistent w ith  the earlier conclusion that the vast 

majority o f the conducting path remains unaffected by prior switching event. Following the 

re-establishment o f the LRS, the network was stressed further to a of ±20 y  and was
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F i g u r e  5 . 1 1 .  Hysteretic nature of very large (D/Ljvw = 4 7 .1 7 ) networks. Very large 
networks provide numerous pathways to current flow, such that the connectivity may be 
evolved w ith a high degree of control and the resistance is tunable over a v̂ îde range. Sudden 
increases in current (see arrow) demonstrate the addition o f pathways as the voltage is 
increased. Sweep rates ranged from 25 mV s“  ̂ at 5 V to 250 mV s“  ̂ at 100 V

able to evolve connectivity to reach a final resistance of 5.6 kJl.

Finally, at voltages below the current shows exceptional stability, demonstrating 

that once a network has expanded the connectivity and achieved a new resistance level, this 

state is stable undercurrent stressing, even at mA level currents. Again, this is expected to be 

due to the multiple paths over which the network may distribute the current load, creating a 

behaviour more akin to that of a simple, ohmic material than a non-linear device. Networks 

of this size then, lying w ith in  the transitional region between Prs =  1 and Prs — display 

a hybrid behaviour of both regions. While connectivity evolution through the addition of 

activation cells may occur producing material-like properties, there is still a finite probability 

that the network may switch to a HRS under high stress.

The electrical characteristics of a very large network (D /L [^ w  — 47.17) were also exam­

ined, where VpQf^f^ =  175 V -  close to the lim its o f the applicable voltage (see Figure 5.3), 

and thus this represents the upper lim it of measurable network sizes. As can be seen from 

Figure 5.9, the switching probability falls to zero in this range, indicating that behaviour 

purely controlled by connectivity evolution should be observed. Figure 5.11 shows the I-V 

curves from sequential voltage sweeps w ith  increasing Vmar- It is clear that the hysteresis 

displayed by this network is far more pronounced than that shown in Figure 5.10, allowing 

precise control over the resistance, and mirroring that seen for large Ag nanowire networks.

One unique feature of Ni nanowire networks are the sudden jumps in current observed, 

an example of which is highlighted by the arrow in Figure 5.11. This is in comparison 

to the rather smooth hysteretic loops observed for Ag networks. This is indicative o f the
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F i g u r e  5 . 1 2 .  Plot of netw ork  resistance as a function of electric field dem onstrating  
connectivity  evolution in D/Lf^yy =  9 .43 and 47.17 netw orks. Due to the far g reater num ­
ber of junctions available in the larger netw ork, the connectivity, and hence the  netw ork 
resistance, m ay be controlled w ith a greater level of precision. However, the ultim ate level 
of connectivity, and thus the m inim um  resistance, is achieved for the sm aller netw ork, with 
few er junctions to  be activated. These results are consistent w ith those observed for Ag 
netw orks.

discrete addition of conductive paths, each with a well defined resistance. It is know n for Ag 

netw orks that connectivity evolution is a result of contributions from activation cell addition 

as well as curren t-induced  junction  enhancem ent, w hich m ay account for the continuous 

reduction in resistance observed. C urrent induced enhancem ent has not been observed for 

Ni junctions as m oderate-to-high cu rren t densities cause the junction  to reset ra th e r than  

im prove the contact, thus the m inim um  resistance of an  activation cell is defined prior to 

becom ing connected to the m ain path  and  passing any appreciable curren t. It m ay also 

be seen th a t the jum ps in cu rren t occur at voltages equal to or above the previous value 

of Vmax> again a clear indication of connectivity evolution through the addition of parallel 

conducting channels. The larger hysteresis loops observed at positive bias are a result of the 

sweep direction, and are consistent with unipolar RS being dependent upon the m agnitude, 

b u t not the direction of the applied bias.

The connectivity evolution behaviour exhibited by large Ni nanow ire netw orks, as in 

the case of Ag netw orks, suggests a m aterial w ith  a tunab le resistance. To illustra te  the 

tunab ility  of the connectivity, and  to  exam ine the effect of netw ork size on this tunability, 

the netw ork resistance was plotted as a function of electric field for both D / L ^ w  =  9.43 and 

D/ Lf j w  =  47.17 netw orks discussed already, shown in Figure 5.12. From this plot it w ould 

appear tha t the m inim um  resistance achievable scales w ith netw ork size, consistent w ith the 

results from chapter 4  which show a sim ilar dependence of the m axim um  connectivity w ith
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F i g u r e  5 . 1 3 .  Resistance -  time measurements demonstrating the stabihty of Ni 
nanowire networks. An evolved nanowire network, with an initial resistance of 29 kf2, 
was measured at different times over an 80 day test period while the sample was left open 
to atmosphere. No loss of conductivity was observed over the test period, demonstrating 
good resistance to oxidation.

network size. It is also clear that there is a greater control over the network conductivity for 

the larger, D /L f^ w  — 47.17 network. This greater level of control is again consistent with 
the results from chapter 4, as the number of available junctions and activation cells scales 
with D^,  resulting in smaller, discrete steps in the conductance of the network.

For the analysis of Ag networks in chapter 4, the sheet resistance of maximally evolved 
networks was compared with those that had been thermally treated in order to assess the 

levels of connectivity achievable through electrical means alone. Unfortunately a similar 
analysis is not possible for Ni nanowire networks, as there is at present no known method 
to create a fully connected and conductive Ni nanowire network. This presents a significant 

barrier to any im plem entation of this material, and work is currently under way to try to 

overcome this limitation. Additionally, the extreme electric fields required to push large Ni 
nanowire networks to maximal connectivity damage the contacting metal electrodes. At 

electric fields greater than 200 kV m“ \  the Ni  contact electrodes began to degrade such that 

often ohmic contact was no longer assured, and thus the results of any stress measurements 
would be in question, thereby preventing any comparison with a fully optimized network.

As discussed in chapter 3, there is a strong motivation to investigate the properties of 

Ni nanowire networks due to the formation of the self-limiting NiO layer on the surface of 

the nanowires, which presents an interesting alternative to other approaches at developing 
oxidation resistant transparent conductors. To test the stability of an evolved Ni nanowire 

network over time, a resistance measurement was performed on a D/Ljvw =  9.43 network at 
different times over a total period of 80 days while the sample was left open to atmosphere,
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F i g u r e  5 . 1 4 .  Adaptive nature of connectivity in large (D/L/^w =  47.17) networks. 
Enlarged portion of I-V curve (blue trace) demonstrates the modest effect of individual 
switching events on the conductivity of the network, illustrating the level of redundancy 
present in such large networks.

the results of which are shown in Figure 5.13. It is clear that the resistance of the network 
does not increase over the test period but in fact shows a slight decrease, averaging ~  20 kQ 
as time increased. This demonstrates that, despite each junction consisting of a nanoscale 
conductive filament, no loss of conductivity is observed and these nanowire networks thus 
show a good resistance to degradation. This is consistent with retention studies performed 
on planar NiO RS devices, which show excellent data retention greater than 10^ seconds at 
125°C.t^J

A large Ni nanowire network therefore demonstrates the properties of an evolutionary 
material, displaying excellent stability under current loads, and exhibiting good resistance 
to degradation over time. Thus far the effect of the RS properties of the junctions on 
the properties of a very large network (D/Ljvw 50) have not been considered, as the 
level of connectivity is such that it is not possible to switch the network to a HRS, even 
under high applied voltages. Localised RS within the network may still occur, but the 
resulting changes in network connectivity induced by these events result in only a modest 
and temporary reduction in conductivity. The inherent redundancy within these large 
networks enables them to spontaneously program or reconfigure by activating alternate 
connectivity pathways or reactivating junctions that had previously been reset. An enlarged 
view of an I-V curve is shown in Figure 5.14 which demonstrates this behaviour. The 
conductance of the network rises sharply, only to fall again moments later. This behaviour 
continues until a stable resistance state is achieved, illustrating a dynamic reconfigurability 
of the network connectivity under electrical stress.

The scaling phenomena governing the properties of nanowire networks produces two 
behavioural regimes upon incorporation of RS elements to the nanowire junctions. Larger 
networks, such as those described in this section, display a connectivity evolution response
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F i g u r e  5 . 1 5 .  Helium ion microscope passive voltage contrast images of a Ni nanowire 
network, (a) Pre-dose, the nanowire network and square electrode (top) show no contrast, 
(b) By dosing the electrode with He ions (dosing point indicated with arrow) the positive 
charge distributes to all electrically connected objects, impeding the escape of secondary 
electrons and producing an extremely strong contrast mechanism in the secondary electron 
image. A halo of connected nanowires is visible around the electrode, dem onstrating the 
capability of this technique to map connectivity.

to electrical stress that produces materials with tunable resistance that are resistant to 
degradation over long periods. In addition to this, RS behaviour produces an adaptive 
behaviour in larger networks where the network dynamically reconfigures the conductive 
paths in response to high stress. The following section explores the use of a novel helium 
ion imaging technique to investigate the properties of network connectivity further

5 . 4  H e l i u m  I o n  P V C  I m a g i n g  o f  N i  N a n o w i r e  N e t w o r k s

A passive voltage contrast imaging technique, based on the helium ion microscope, was 

introduced in chapter 2. By bombarding a metal electrode with He ions, a positive charge 
is built up which impedes the escape of secondary electrons, generating a very strong 

contrast in the SE image. This charge is distributed across all objects that are connected 

to the electrode through a low resistance, thereby generating contrast in these objects also. 

Figure 5.15 shows the HIM PVP contrast generated upon dosing a 200 x 200|j,m square 

electrode contacting a Ni nanowire network with He ions. Prior to dosing, the electrode 

and underlying nanowire network show no contrast; the electrode at the bottom  of the 

image was previously dosed and therefore does show contrast. Upon dosing however, a 

large halo of connected nanowires is visible. In this section, this novel PVC technique is 

used to visualise and map the connectivity in Ni nanowire networks. This work was carried 
out in collaboration with Dr Alan Bell.
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F i g u r e  5 . 1 6 .  The effect of dose charge on contrast in HIM PVC images. Dosing a previ­
ously activated and evolved network with small, incremental amounts of charge (amounting 
to a total charge of 55 pC) shows the increasing levels of contrast between activated and 
non-activated nanowires with charge. The scan time was increased for the image in (d) to 
improve the quality of the connectivity map.

5 . 4 . 1  E f f e c t  o f  C h a r g e  D o s i n g

Unlike the SEM PVC technique described in the previous chapter which does not affect the 
sample, the HIM PVC technique may affect the properties of the network being imaged as the 

contrast mechanism is dependent upon the magnitude of charge dosed into the electrode. 
In order to generate a strong enough contrast mechanism, a certain m agnitude of charge 

must be supplied to the sample. Panels a -  d in Figure 5.16 show the incremental addition of 

charge to a previously activated and evolved Ni nanowire network, where the total charge 
dosed was 55 pC. It is clear that as the dose is increased, the contrast between activated and 

non-activated wires increases, providing an accurate picture of the network connectivity, 

and showing that many nanowires that lie outside of the network area have also become 

activated. Images such as these provide valuable insight into the connectivity of networks.

However, if too much charge is supplied, the potential difference generated may be 

sufficient to cause charge to hop to nanowires that had not been electrically activated, 
resulting in a false visualisation of the connectivity -  this is termed over-dosing. Figure 5.17 

shows the effect of sequentially over-dosing an electrode contacting a p  =  0 .15N W pm “  ̂

network. The electrode, connected to a previously non-activated network, was dosed with a 

much larger charge than in Figure 5.16. The arrow indicates the dosing centre in each case.
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F i g u r e  5 . 1 7 .  Sequential dosing of a non-activated network (p =  0 .1 5 N W . Im­
ages show the expansion of the connectivity cloud for doses of (a) 150 pC, (b) 450 pC, (c) 
600 pC, (d) 750 pC, (e) 1350 pC, and (f) 1800 pC. Arrows indicate the dosing centre, that 
is the point where the beam was focused, in each case.

that is, the point at which the ion beam was focused in order to supply the specified dose. 
This resulted in a halo or cloud of nanowires surrounding the electrode appearing in the 
PVC image. As the dose increased to 450 pC, the cloud also increased such that it grew large 
enough to spread to an adjacent electrode (indicated by the darkening of the neighbouring 

electrode). The implication of this result is that high dosing levels results in the formation 
of a conductive pathway between electrodes, however subsequent measurements showed 

the resistance of the network to be high. It may be that, given the low currents involved, 
the behaviour observed is a result of junctions undergoing threshold switching, which is 

unstable at zero bias, and thus the network was subsequently m easured in the HRS as 

the charge had dissipated. To prevent this artificial connectivity evolution from occurring 

during HIM PVC analysis of networks, it was therefore concluded that the dose should be 
kept below 50 pC.

The effect of high dose levels on the observed connectivity, while unwanted for visual­

ising pre-activated networks, may provide an alternative method to study the connectivity 

of these networks. Figure 5.17 (c -  f) shows the growth of the connectivity cloud as the 
dose is increased further, to a maximum of 1800 pC. While these are only initial results, 

it is clear that there is a relationship between the radius of the connectivity cloud and the 

supplied dose. Detailed analysis of this phenomenon on an appropriately structured sample
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F i g u r e  5 . 1 8 .  Comparison of connectivity in two separate networks that have been 
activated and evolved, respectively, using HIM PVC imaging, (a) PVC image of a network 
immediately post-activation (D/L^vw =  9.43; p  =  0.64NW^xm“ ^), where the resistance 
is still high (201 klQ). A thin conductive path is visible spanning the electrodes, (b) PVC 
image of a highly evolved (R = 2 5 kn ) network {D/L[^w = 9.43; p  =  0.23NWfjim~^). The 
expansion of the connectivity due to electrical stressing is quite clear, extending beyond the 
confines of the defined network area.

should thus allow for information regarding the breakdown mechanisms to be elucidated, 
though this is currently beyond the scope of this work.

5 . 4 . 2  C h a r a c t e r i s i n g  N e t w o r k  C o n n e c t i v i t y  w i t h  H I M  PVC 
I m a g i n g

It has been estabhshed that by using small (<  50 pC) doses, HIM PVC imaging allows 
for visualisation of the network connectivity. This may then be used to characterise the 

connectivity within networks and provide visual evidence for the phenomena described 

thus far. Figure 5.18 compares the connectivity of two separate D/Ljyw =  9.43 Ni nanowire 
networks that have been evolved to different resistance states. Shown in Figure 5.18(a), the 

network was formed to a current level of 1 0 |jlA and the resistance measured to be 201 kn . 

Beyond this no electrical stressing was performed, and thus the connectivity of the network 

should be quite limited. This is confirmed by the PVC image, as a single conductive pathway 

is observed spanning the electrodes (highlighted in image). Also visible in this image are two 
incomplete activation pathways (also highlighted). It is likely that when stressed electrically, 

these pathways will connect and this network will therefore be incapable of exhibiting RS 

behaviour due to the presence of parallel paths.

In Figure 5.18(b), a fully evolved network is shown. This network was evolved by 

sweeping a voltage across the electrodes, up to a maximum electric field of 200 kV m“ ,̂ 
resulting in a final network resistance of 25 kil. It is immediately obvious from the PVC
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im age tha t the connectivity of this netw ork is extensive, reflecting the low er resistance 

m easured. It is also clear that, as in Figure 5.16, connectivity paths extend beyond the area 

defined by the electrodes, dem onstrating  the ability of the netw ork  to relax the electrical 

stress by creating m any alternative pathways.

The PVC im aging techniques, developed in this w ork for the study of nanow ire n e t­

works, provide a unique insight into the behaviour of these fascinating m aterials, and while 

each has its ow n advantages, the results obtained through both  techniques described thus 

far com plem ent each other. It is clear from the im ages p resented  in this section tha t the 

HIM based PVC im aging technique provides a m uch stronger contrast betw een activated 

and non-activated nanow ires com pared to those im ages presen ted  in chap ter 4 obtained 

through SEM PVC im aging. There are a num ber of reasons for this enhanced  contrast. As 

discussed in chapter 2, the secondary electron yield from HIM bom bardm ent ranges from 3 

to 10.1̂ ^̂  There are thus m any m ore electrons contributing  to  the im age of uncharged ob ­

jects, producing a stronger signal, g reater signal-to-noise ratio, and ultim ately an enhanced 

contrast. Additionally, SEM PVC im aging is based on connecting objects to ground, ra ther 

than  generating a charge to im pede the escape of secondary electrons, and is thus a less 

effective m ethod of m odifying electron yield in o rder to produce contrast. HIM PVC m ay 

also provide a unique m ethod of studying netw ork connectivity, as it has been shown tha t 

controlled over-dosing of a netw ork produces a connectivity evolution response which may 

be m onitored in real time.

SEM based PVC im aging on the o ther hand has its own advantages. As only the Inlens 

detector is sensitive to the enhanced scattering from negatively charged objects, both SE2 

and Inlens detectors m ay be used sim ultaneously to obtain both  detailed  topographic and 

PVC images of the network. By not supplying the sample w ith excess charge, modification of 

the netw ork properties through artificial connectivity evolution is not a concern. Additionally, 

as each electrode m ust be contacted w ith a m icro-needle attached to ground, in situ electrical 

m easurem ents are m ade possible, allow ing for the d irect study of connectivity evolution 

w ith applied bias. Finally, SEM PVC is necessary for the study of low energy barrier m aterials, 

such as PVP-coated Ag nanow ires, as the charge levels required to produce sufficient levels 

of contrast in HIM PVC im aging m ay result in undesired activation/electrical breakdow n.

PVC im aging is thus a pow erful tool tha t can not only provide visual confirm ation of 

theories developed thus far in this thesis, but may also be used as an quantitative analytical 

tool to develop fu rther the ideas of netw ork  connectivity. The final section in this chap ter 

draw s together the concepts in troduced  thus far in o rder to program  specific behaviours 

into a random  nanow ire netw ork, and dem onstrate their sim ultaneous operation through a 

simple series circuit.
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F i g u r e  5 . 1 9 .  Programming a nanowire network -  part 1. Ni electrodes (labelled I, II, 
and III) deposited on a p  =  0.15NW p,m“  ̂ network define two network sizes: D/Ljvw =  
0.94 and D/Lf^w ~  9.43 respectively. By structuring the electrodes in this fashion it is 
possible to program different behaviours into the same network. High magnification image 
of I-II is shown in inset; scale bar is 5 ^im.

5 . 5  P r o g r a m m i n g  a  N a n o w i r e  N e t w o r k

Thus far it has been established in this chapter that a Ni nanowire network exhibits different 
behavioural regimes depending upon the size of the network defined through the electrodes 
deposited onto it. At small network sizes deterministic RS behaviour is observed, where 
the resistances of the high and low resistance states are extremely well defined and depend 
on the length of the conductive path. The reset current however remains constant at all 
network sizes, implying that a single junction produces the RS behaviour observed. Larger 
networks, beyond the RS regime, show evolutionary behaviour akin to that exhibited by Ag 

nanowire networks. The RS character of the junctions shows up in these large networks 
as an adaptive reconfigurability under large electrical stresses. This ability to control the 
behaviour demonstrates an intrinsic programmability which stems from the incorporation of 

resistive switching material at the nanowire junctions, is controlled by the natural geometry 

of the nanowires, and is thus a fundamental property of networks.

To demonstrate this programmability, a p  =  0.15 NW network was fabricated and 

two network sizes of D/ Lf j ^  =  0-94 and D/L,^w = 9.43 were defined by three electrodes 
labelled I, II, and III respectively, as shown in Figure 5.19. Once formed, the behaviour of 

the two networks was established by sweeping a voltage across each. The repeatable, deter­
ministic RS behaviour of the network defined by electrodes I-II is shown in Figure 5.20(a). 

Both VgEj and V^^ggj demonstrate very tight clustering over the three cycles shown, which 

indicates that the same junctions are switching with each cycle. Under electrical stress, the 

larger network, defined by electrodes II-III, displayed evolution of the connectivity, achiev­
ing a minimum resistance of 29 kQ. An I-V curve in the voltage range ±25 V is shown in 

Figure 5.20(b), showing the linear nature of the I-V response, and demonstrating the stabil-
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F i g u r e  5 . 2 0 .  Program m ing a nanow ire netw ork -  p art 2. (a) I-V plot m easured across 
electrodes I-II shows repeatable RS, exhibiting the behaviour of a device. The tight cluster­
ing of the VsET and Vf^^sET a strong indicator tha t the same junction is causing the netw ork 
to sw itch in each case, (b) I-V curve taken across electrodes II-III after the netw ork was 
activated and evolved to its maxim um  extent, showing a resistance of 29kJl. The current is 
stable in the voltage range ± 25  V, exhibiting the behaviour of a m aterial. Sweep rate was 
50 mV s“  ̂ for all data.

ity of the curren t in this voltage range. This netw ork thus displays m aterial-like behaviour, 

in s tark  con trast to the device-like behaviour exhibited by the adjacent netw ork in close 

proximity.

To illustrate further the stability of each of these program m ed behaviours, a voltage 

was driven across electrodes I and III. The resulting behaviour was a linear com bination 

of the tw o program m ed regions, dem onstrating the device-like characteristics of a RS w ith 

the add ition  of an  ohm ic load in series. This is show n in Figure 5 .21 (a), w here the RS 

properties dem onstrated  by electrodes I-II and I-III are com pared. W ith the RS device 

in the HRS, a voltage of 11 V applied across electrodes I-III switches the device into the 

LRS (inset, red circles), approxim ately equal to the voltage required to set the RS netw ork 

on its own. As the resistance of the device in the HRS is ~ 10^  g reater than  th a t of the 

netw ork, the relative voltage drop across the larger netw ork  is negligible, resulting in no 

contribution to the observed behaviour in this state. The voltage required to reset the device 

increased considerably however, as the 29 kf2 load now contributed to the total resistance 

of the system . The value of I r e s e t  was observed not to change, highlighting the dom inant 

role played by the RS device in controlling the behaviour of a large network. Figure 5.21(b) 

shows the m easured current in both HRS and LRS for m ultiple cycles of the device through 

electrodes I-III, w here the read voltage was 1 V ON/OFF current ratios greater than  10^ are 

dem onstra ted  by the device, even w hen the LRS resistance is increased due to the added  

load.

Finally, the program m ed netw ork  was visualised w ith  PVC im aging. Figure 5 .22(a) 

shows electrodes I, II and II prior to dosing, dem onstrating alm ost no contrast in the image.
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F i g u r e  5 . 2 1 .  Program m ing a nanow ire netw ork -  part 3. (a) The RS device I-II (black 
circles) m ay be operated  by addressing electrodes I-III (red circles). The switching p ro p ­
erties are m odified only slightly, as the resistance of the LRS has increased, thereby push ­
ing to larger values, w hile I r e s e t  ^nd rem ain constant, (b) ON/OFF curren t
ratios g reater than  10^ are observed even while operating  across electrodes I-III, w here 
^READ =  1 V. Sweep ra te was 50 mV s“  ̂ for all data.

Electrode II was then dosed w ith 40 pC of charge generating contrast in all connected objects 

(Figure 5 .22 (b )). It is clear th a t electrodes II and III, as well as the surrounding netw ork, 

show a strong con trast illustrating th a t the netw ork  has been evolved to a high degree. 

Electrode I how ever shows no contrast, reflecting the fact that the RS device was in the HRS. 

The visible dam age to  the electrodes is due to scraping of the m etal by the sharp probe 

needles used w hen m aking contact. The device was then  rem oved from the HIM chamber, 

sw itched to the LRS via a probe station , and then  re-im aged (Figure 5 .22(c)). Electrode 

I now  displays strong contrast, reflecting the low resistance connection to electrode II. A 

surprising result is the num ber of nanow ires connected to electrode I tha t now display 

contrast, indicating th a t they had  previously been activated. It is possible, by com paring 

panels (b) and (c), to see tha t m any nanow ires lie adjacent to each other betw een electrodes 

I and II, yet rem ain  electrically d isconnected, as dem onstrated  by the break  in contrast in 

panel (b). As a resu lt of this, identification of the sw itching junction  was not possible. 

This resu lt m akes the highly contro llable na tu re  of the RS phenom enon in netw orks even 

m ore surprising, as it shows th a t the nanow ire connectivity m ay grow  under an electrical 

stress, yet single junction behaviour will continue to dom inate the properties, as long as the 

netw ork is small enough.
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F i g u r e  5 . 2 2 .  PVC v isualisation  o f  a p ro g ram m ed  nanow ire  netw ork , (a) HIM secondary  
e lec tro n  im age of the  n e tw o rk  show n  in F igure 5 .1 9 , p rio r to  dosing , (b) PVC HIM im age 
o f  th e  sam e n e tw o rk  post-dosing  40  pC in to  e lec tro d e  II, as ind ica ted  by arrow . C on trast is 
c learly  visible in  the D / L / ^ w  =  9 .43  n e tw o rk  be tw een  e lec trodes II an d  III. The connectiv ity  
ex ten d s fa r o u ts id e  the  defined  ne tw o rk  a rea , reflecting  th e  evolved n a tu re  of the  netw ork . 
The D / L f ^ y ^  — 0 .9 4  ne tw o rk  RS device is in the  HRS, show n clearly  by the lack o f  co n trast in 
e lec tro d e  I. (c) The ne tw ork  w as re-im aged  post se ttin g  the  RS device to the LRS. C ontrast 
in e lec tro d e  I and  the  su rro u n d in g  n e tw o rk  illu stra tes the  LRS o f the  device. D osing cen tre  
again  in d ica ted  by arrow .
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5 . 6  D i s c u s s i o n  &  O u t l o o k

The high voltages required to activate Ni nanowire networks pose a significant challenge to 
the viability of these materials as oxidation resistant transparent conductors. It was found 

that the voltage required to activate networks is strongly dependent upon the number of 

junctions, and that a slope of Vfqrm vs. D/Ljvw produces a slope that reflects the value 

of VfORM for a single nanowire quite closely. Due to the high value of VpoRM (3.7 V), it is 
not possible to activate networks much larger than D/Lf^w > 5 0  as voltages greater than 

210 V are required. Additionally, it has been shown in both this and the previous chapter 

that electrical stressing alone is not sufficient to maximally evolve the connectivity of a 
large network. To overcome these limitations, methods are currently being developed to 

achieve network wide junction activation, however for now Ni nanowire networks are not a 
viable material for use as oxidation resistant transparent conductors despite their excellent 

resistance to atmospheric degradation.

The HIM PVC technique developed in this work to visualise the connectivity is an ex­
tremely powerful one, and has many potential applications outside the study of networks. 
The contrast generated through dosing a sample with charge is much greater than that 
obtainable through an equivalent SEM technique due to the greater num ber of secondary 
electrons produced. While the technique may not be viable for certain sensitive device appli­
cations due to the potential risk of dielectric breakdown caused by excessive charging, it has 
been demonstrated here that it is possible to carefully limit the charge dose such that this is 
avoided. This technique is therefore expected to be extremely valuable for the mapping of 
electrical connectivity in complex systems. The result of PVC imaging in both this chapter 
and those presented in chapter 4 dem onstrate that driving connectivity evolution results 

in the formation of conductive pathways far outside the active device area defined by the 
electrodes. This highlights the need to develop methods to define isolated networks in order 
to study more quantitatively these materials, but also for any future device applications. To 
this end, methods are currently being developed using a combination of EBL in conjunction 

with existing spraying techniques to fabricate isolated networks of arbitrary shape and size.

The central result of this chapter is the discovery that a random network of nanowires 
may be programmed to exhibit multiple behavioural states, based on the scale of the network 

addressed. It has been clearly shown that small networks demonstrate the RS properties of 

single Ni/NiO/Ni junctions, and that as the network is made larger these junction properties 

cease to dominate the network behaviour, ultimately producing two behavioural regimes 

displaying device-like, and material-like properties respectively. Programmability is thus a 
direct result of the incorporation of a unipolar RS element at the nanowire junctions. The 

results presented here are in contrast with those published by Gimzewski and Stieg et al. 

at UCLA. Discussed in chapter 1, they show that a network of bipolar resistive switching 

junctions, when addressed electrically, exhibits a global response consisting of contributions 

from the entire network, rather than the discrete activation pathways observed in this 
work. Additionally, they show a large network (exact size not defined) exhibiting a bipolar
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RS response, ra ther than  the evolutionary m aterial-like behaviour observed in this w ork 

for large netw ork sizes. These com parisons highlight the need to identify behaviour in 

individual systems so that the overarching laws governing the properties of random  networks 

m ay be elucidated. These results dem onstrate that small variations in the properties of the 

junctions can result in vastly d ifferent properties of the netw ork.

N etw ork program m ability  is thus a novel discovery, and the results p resen ted  here 

are transferab le to o ther netw ork systems, thus providing a b lueprin t for the design of 

program m able m aterials from random  percolative netw orks. Program m ability will en ­

able application in technologies w here ease of fabrication, low cost, and m axim um  tran s­

parency/flexibility are a high priority such as artificial skin and sensing applications. Indeed, 

the dem onstrated  ability to act as both device and interconnect suggests very low cost sensor 

technologies.

5 . 7  C o n c l u s i o n s

The w ork presen ted  in this chap ter focused on studying the electrical behaviour of Ni 

nanow ire netw orks as a function of netw ork  sizes. It was found th a t scales lin ­

early w ith netw ork size, also showing a dependence on netw ork density, consistent w ith the 

results obtained in chap ter 4. The behaviour of small (D/L;vw ^  10) netw orks was found 

to be dom inated by the resistive switching properties of the individual junctions, and it was 

concluded tha t single junctions are responsible for the behaviour observed even at the larger 

netw ork sizes. For larger netw orks (10 <  D/Ljvw ^  50), it was found tha t the connectivity 

evolution behaviour observed for PVP-coated Ag nanow ires dom inates the properties of 

the Ni nanow ire network. By com bining electrical characterisation with a novel helium  ion 

m icroscope based passive voltage contrast imaging technique, the evolutionary behaviour of 

these networks was characterised. Additionally it was dem onstrated  that dosing a netw ork 

with charge in a HIM caused the connectivity to grow, allowing for step-wise characterisation 

of the connectivity evolution, and this is a potential area of further study.

Ultimately, it has been shown th a t these networks exhibit properties tha t not only evolve 

and adap t in response to electrical stimuli, leading to controlled levels of connectivity and 

conductivity, but that the incorporation of RS elem ents introduces levels of program m ability 

no t available in conventional m aterials. Netw orks are intrinsically program m able due to 

their capacity to dynam ically reconfigure the distribution of ON and OFF junctions leading 

to fault-tolerant and adaptive behaviours. The natural length scales defined by the nanow ire 

dim ensions, the size of the connectivity cells and the separations betw een electrodes define a 

physical program m ability w hereby the properties of the confined netw ork can be controlled 

and exploited for m aterial and device applications.
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This thesis has explored the field of nanow ire netw orks, and attem pted  to answ er certain  

questions regarding the connectivity of nanow ires within networks, and how this may be af­

fected through m anipulation of the nanow ire junction. Networks are a m aterial of growing 

technological in terest due to their inherent properties of high transparency, flexibility, ease 

of fabrication, and in certain  cases extrem ely low resistance. N otable technologies w here 

nanow ire netw orks have been incorporated , in a lab setting at least, include transparen t 

conducting screens, solar cells, e lectronic/artificial skin, and various sensing technologies. 

To date, the study of these m aterials has largely focused on optimising these bulk properdes 

by m anipulating nanow ire geometry, fabrication conditions, or post-fabrication treatm ents 

and processing. This represen ts a top-dow n approach to optim isation; and w hile this ap ­

proach has produced som e rem arkably  high perform ing m aterials, shortcom ings rem ain. 

In particular, com bining experim ent and sim ulation to achieve a m ore fundam ental u nder­

standing of the netw ork properties has thus far produced inconsistent results. At the heart 

of the m atte r is the understand ing  of the nanow ire-nanow ire junction . The fundam ental 

unit of a netw ork, junctions play a pivotal role in determ ining the u ltim ate perform ance of 

the film. This thesis took a bottom -up approach to studying netw orks by focusing on ind i­

vidual junctions, and beyond this looked at networks of increasingly larger size to develop 

a thorough understand ing  of the im pact that junction  properties have on the behaviour of 

the netw ork as a whole.

Ag nanow ire networks are currently  the highest perform ing transparen t conducting m a­

terial com pared to indium  tin oxide, the current industry standard. The junction resistance 

of Ag nanow ires reported in the literature is still a m atter of debate, w ith no studies to date 

reporting m easurem ents on m ultiple junctions. Typically fabricated through the well-known 

polyol process, Ag nanow ires are form ed with a thin (1 -2  nm ) coating of polyvinylpyrroli­

done (PVP), an insulating polym er tha t in norm al use m ust be rem oved through a post­

fabrication trea tm en t in o rder to create a high perform ance conductive netw ork. For this 

w ork how ever it provided the perfect system to study the resistance properties of single
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junctions by com paring the junction resistance of nanow ires that had been therm ally treated  

to rem ove the PV^ and those tha t had n ’t. In order to accurately m easure the resistance of 

individual junctions, a com bination of UV lithography and electron beam  lithography was 

em ployed to fabricate thin m etal contacts onto the nanow ires tha t formed a junction  in a 

4-probe geometry. This allowed resistance m easurem ents to be m ade that took account of 

the contact resistance. The resistance contribution  from the nanow ires was accounted for 

by confirm ing the resistivity to  be tha t of bulk Ag, and perform ing accurate m easurem ents 

of the nanow ire geom etry using AFM and SEM, thereby allowing an accurate value for the 

resistance of the junction  to be extracted.

Junction  resistance m easurem ents w ere perform ed on m ultiple nanow ires th a t had 

been bo th  therm ally  annealed  to rem ove the PVP layer, and  those tha t had undergone no 

processing prior to being contacted. The results of the therm ally annealed wires showed very 

low junction  resistances below 50 Q. It was found that non-annealed junctions dem onstrated 

an irreversible switching of the resistance from the pristine, non-conducting state to a highly 

conductive state upon application of a sufficiently large voltage across the junction. It was 

found tha t the resistance of this electro formed junction could be optimised by driving current 

th rough it, and it w as proposed th a t the m echanism  behind  this current-induced junction  

enhancem ent was the Joule heating  resulting from the high curren t densities experienced 

at the nanoscale interface, effectively perform ing a localised anneal. A lthough on average 

not as low as the therm ally annealed  junctions, the electroform ed junctions still produced 

low resistances, typically displaying values below  60 Cl. The results of both  therm ally  and 

electrically activated junctions w ere com bined to produce the first distribution of m easured 

junction  resistances consisting of 16 junctions, dem onstrating  a m ean value of 58 and 

a m edian  value of only 23 An SEM study of the m easured  junctions showed th a t the 

therm al annealing step tends to create w elded junctions, and while these dem onstrated  low 

resistances, w elding was not necessary to obtain highly conductive junctions.

This result has significant im plications for research on Ag nanow ire netw orks. Prior 

studies have consistently  overestim ated the resistance contribution of the junction. This is 

p rim arily  due to a failure to perform  4-probe m easurem ents and therefore not taking the 

contact resistance into account, in addition  to only reporting  results of a single junction . 

The results obtained in this work align well w ith those presented  in a study by Lee et al. in 

2008, w hich estim ate the junction resistance from bulk sheet resistance m easurem ents and 

find it to lie in the range 1-100 f2, consistent w ith these findings. These results have ano ther 

im portant im plication for the field of transparen t conductor research. The spread in junction  

resistance values obtained  in this study suggests th a t a large proportion of the junctions 

w ithin a so-called optim ised netw ork are still relatively highly resistive, and therefore imply 

tha t the  low est sheet resistances are not yet being obtained. This suggests tha t there  is 

further room  to im prove the resistance of these networks, and thus the developm ent of new  

m ethods to optim ise netw ork  resistance m ust be a key area of focus in the com ing years. 

This w ork  therefore represents a significant contribution  to the field of nanow ire netw ork  

research.
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Ni nanowires represent a material system that is structurally quite similar to, but be- 

haviourally very different from PVP-coated Ag nanowires. Having a thin layer of naturally 
forming insulating oxide, Ni nanowires are core-shell structures and thus an as-formed junc­

tion is non-conducting in the pristine state, as for Ag. NiO is a material well known to display 

resistive switching (RS) properties when sandwiched between two metal electrodes, and 

thus a Ni nanowire junction, consisting of two Ni cores separated by a layer of NiO, forms 

a natural RS structure. The resistance of such a junction then depends on the properties of 

the metallic filament spanning the oxide, thereby providing a means to indirectly analyse 
the properties of the filament. M easurement of the junction resistance for Ni nanowires 

is significantly more complicated than the Ag equivalent, as each m etal-nanowire contact 

must be switched to a conducting state. Additionally, the oxide thickness of the nanowires, 

measured by TEM analysis, must be taken into account while computing the resistance of 
the nanowire length, introducing greater uncertainty to the final measurements. The junc­

tion resistance of Ni nanowires was found to be much higher than that of Ag, as expected, 
averaging 718 D. with a standard deviation of 437 fi. It was also shown that after cycling 

the resistive switching junction multiple times, the junction resistance varied by as much as 
100 %, demonstrating that the properties of the filament are continually fluctuating between 
cycles despite no change in external conditions. These are the first measurements of their 
kind, and thus represent a novel contribution not only to the field of nanowire networks, 
but to that of resistive switching.

Core-shell, metal-insulator systems such as PVP-coated Ag nanowires provide an excel­
lent model from which to begin studying connectivity in random networks. It was established 
that non-annealed Ag nanowires provide a barrier to conduction in the initial state, but that 
through the action of an electric field this may be broken down to produce a highly conduc­
tive connection. The same must also be true of a network of these materials. By studying 
the activation and subsequent electrical stressing of these networks, information was gained 
regarding the interplay between the properties of the junction and those of the network as 

a whole. A conductive-AFM study mapped the activation of nanowires at various distances 
from a contacting electrode, showing that the activation voltage is dependent upon both 

the inter-electrode distance and the nanowire density. Using the results of this study as a 
basis, a model was developed to describe the activation of networks. It was concluded that 

small cells of activated nanowires form through a local cascade mechanism, and that the 

size of these cells is a function of both the applied voltage and the distribution of junction 

breakdown voltages, p(vg), present in the system. Ultimately a conductive path is formed 
between interrogating electrodes when these activation cells grow to such a size that they 

overlap.

Building upon this earlier work on network activation, the post-activation electrical 

behaviour of Ag nanowire networks was examined as a function of network size. The elec­

trical behaviour of networks, fabricated using spray deposition, was examined by contacting 
electrodes formed by metal evaporation through a shadow mask, where the inter-electrode 

distance defined the network size. By monitoring the current-voltage response of the net-
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w ork  under electrical stress, it w as found th a t netw orks of all sizes display hysteresis in 

the current response, described as connectivity evolution. To help explain this behaviour, a 

novel SEM-based passive voltage contrast im aging technique was developed that enabled 

the visualisation of conductive pathw ays through a network. Combining the results of elec­

trical m easurem ents w ith PVC images, it was concluded that connectivity evolution occurs 

due to contributions from tw o phenom ena: current-induced junction  resistance enhance­

m ent, and activation of alternate  conductive pathw ays. By com paring m axim ally stressed 

netw orks w ith  therm ally  annealed  netw orks of equal density, it w as show n th a t the resis­

tance to w hich a netw ork m ay be evolved (taken as a proxy for degree of connectivity) is 

dependent upon netw ork size. A D/L;vw =  5.48 netw ork was driven to achieve a m inimum 

resistance of 63 Q /D , approxim ately equal to the annealed  netw ork  resistance of 77 f i / n ,  

w hile a D /L^jy =  137 netw ork reached a m inim um  resistance of 315 0 / 0 ,  indicating that 

there rem ain m any more nanow ires yet to be activated. It was thus shown that the connec­

tivity, and thus the conductivity, of PVP-coated Ag nanow ire networks m ay be m anipulated 

th rough  the action of an electric field. This dem onstrates a novel m aterial w ith a tunable 

resistance, w here the precision to w hich the resistance m ay be tuned is a function of both  

netw ork size and density.

Passivation layers are ubiquitous th roughou t the field of nanoscience. In order to p re ­

vent aggregation of nanostructures, a surface layer (such as PVI? but o ther examples include 

citra te  or thiol m olecules) m ust be used to functionalise the surface. W hile beneficial for 

fabricating and stabilising nanostructu res, these passivation layers m ust then  be rem oved 

before a functional device or technology can be realised, and thus present a m ajor barrier 

to the im plem entation of nano-m aterials in new  technologies. The work on PVP-coated Ag 

nanow ires presented in this thesis dem onstrates that passivation layers are not necessarily 

always an  obstacle, bu t in fact m ay be u tilised to produce new  m aterials w ith novel b e ­

haviours. The electrical b reakdow n of PVP is an  irreversible process however, resulting  in 

unidirectional netw ork behaviour. As a reversible, resistive switching passivation layer, NiO 

presents an alternative to PVP to study the effect of a reversible junction  on the behaviour 

of a larger network. It was shown that, while still governed by the sam e laws as that of the 

Ag-PVP system, the incorporation of a RS elem ent at the junction  introduces the ability to 

program  a netw ork for d ifferent behaviours.

To investigate the effect of reversible junctions on netw ork properties, the electrical 

behav iour of Ni nanow ire netw orks w as studied as a function of netw ork size. It was 

found th a t sm all netw orks (D/L^vw <  10) exhibit the sam e resistive sw itching behaviour 

as in single junctions, and dem onstrate  a scaling of the param eters and  V r e s e t  w ith 

increasing netw ork size. How ever I r e s e t  was shown to be independen t of netw ork size as 

all netw ork  sizes w ere observed to  have reset cu rren t values equivalent to those observed 

for single junctions. It was therefore concluded that single junctions are responsible for the 

switching behaviour observed, even at the larger netw ork sizes. By establishing the switching 

probability, P r s > it w as found th a t the tendency  to dem onstrate  RS drops off significantly 

beyond a netw ork  size of D / L p ^ w  ^  5. R ather than  resistive sw itching, larger netw orks
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{ D / L i^\y  >  10) display hysteretic current-voltage behaviour, m irroring the behaviour of Ag 

netvi^orks, and indicating the evolution of connectivity.

A novel passive voltage contrast technique, based on the helium  ion microscope, was 

developed to image the connectivity in Ni nanow ire netw orks. This PVC technique dem on­

strated  substantially  greater contrast betw een activated and non-activated nanow ires than  

th a t show n for SEM-based PVC, allowing the netw ork paths to  be easily m apped, and the 

connectivity evolution concepts to be clearly visualised. Additionally, it was found th a t the 

connectivity  of a non-activated netw ork  could be artificially developed by dosing it w ith 

large am ounts of charge via the He ion gun -  a process term ed over-dosing. A lthough only 

early  results w ere presented , this m ethod provides a unique w ay to qualitatively m ap the 

connectivity evolution in these m aterials. These results dem onstrate that the incorporation 

of a resistive switching elem ent at the nanow ire junction results in the em ergence of distinct 

behavioural regim es tha t are a function of the netw ork size; this ultim ately dem onstrates 

an  inheren t program m ability  of the netw ork behaviour th a t originates from the properties 

of the junctions, and w hich is controlled by the geom etry of both  nanow ire and  netw ork. 

These concepts w ere ultim ately brought together to show  tha t the sam e netw ork could be 

program m ed to act as both a RS device and a m etallic in terconnect m aterial.

The results presen ted  in this thesis pose m ore in teresting questions to be answ ered in 

fu ture work. For exam ple, the effect of incorporating  both  inter-w ire and  junction  resis­

tances into calculations of the to tal netw ork  resistance m ust be understood. As discussed 

in chapter 3, previous attem pts to m odel these systems have produced inconsistent results. 

To this end, the fruitful collaboration w ith Prof. M auro Ferreira will continue in o rder to 

com bine the bottom -up experim ental results obtained in this w ork w ith a rigorous com pu­

tational m odel, and create a powerful new approach to netw ork design. This new  approach 

will enable the com plete range of properties exhibited by a random  netw ork of m etallic 

nanow ires to be com puted, as long as fundam ental param eters such as the junction  resis­

tance are know n. This m elding of experim ent and com putational pow er holds enorm ous 

poten tial to com pletely transform  the way these m aterials are studied.

One topic no t discussed at any real length  in this w ork is threshold  sw itching, i.e. the 

deactivation of a conductive pathw ay (or filam ent) upon removal of an external bias. This 

behaviour, along w ith resistive sw itching, appears to be som ew hat ubiquitous in nature . 

By lim iting the curren t passing through  a thin filam ent, for exam ple in a single nanow ire 

junction , the size and strength  of th a t filam ent are also lim ited. At room  tem peratu re, 

the diffusion of the constituen t atom s m ay proceed to dissolve the filam ent, breaking the 

electrical connection and returning the device to a high resistance state. This phenom enon 

is of g reat technological im portance, as the linear com bination of m em ory and threshold  

switching elem ents m ay enable extrem ely high density, non-volatile m em ory arrays. Further 

study of this phenom enon in the context of single nanow ire junctions is proposed for both Ag 

and Ni nanow ires. Both the current dependence and tem poral dependence of the threshold 

sw itching phenom enon  shall be explored, w ith  the aim  of developing an em pirical m odel 

for this process. This w ork will enable fu rther optim ization of the netw ork  resistance for
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transparen t conducting applications.

Finally, w hilst the im pedance spectroscopy analysis of single junctions presen ted  in 

chapter 3 was not successful in m easuring the capacitance contribution of a single junction, 

it rem ains a question of considerable im portance, and as such work in this area shall continue. 

In collaboration w ith Dr Paul Hurley in Tyndall National Institute, the substrate and device 

geom etry will be com pletely revised, reducing the parasitic capacitance as much as possible 

and therefore enabling these extrem ely sensitive m easurem ents to take place. Additionally, 

the possibility of m onitoring the pre-activation breakdow n behaviour of a netw ork shall be 

explored by m onitoring the tran sien t currents generated  as individual junctions becom e 

shorted. This will add to the grow ing know ledge base of these m aterial systems and  help 

further develop the physics governing their behaviour.

The nanow ire junction is the fundam ental building block of a nanow ire network, and its 

properties are the determ ining factor behind the perform ance of tha t network. This thesis 

has shown that it is not only vital to perform  direct, fundam ental m easurem ents of individual 

junctions, but tha t incorporation of novel m aterials that modify the junction behaviour allow 

us to study otherw ise hidden properties such as netw ork connectivity, which in tu rn  lead to 

new m aterial behaviours such as connectivity evolution. By developing our understanding  

of the nanow ire junction  and its role in determ ining netw ork behaviour, it is then possible 

to begin to modify the junction  to add new, novel functionality into these m aterials which 

ultim ately leads to the ability to program  a random  netw ork.



A
S c a l i n g  o f  Vj- a t  i n t e r m e d i a t e  

I N T E R E L E C T R O D E  S P A C I N G S

The following proof was provided in the supplem entary inform ation in Nirm alraj, 2012.

In order to evaluate the integral in equation (4.4), the functional form of both the local 

voltage drop, v, and the distribution, p (v g ) , m ust be known. It is suggested that v depends 

on the in tere lectrode spacing, D and the average inter-junction separation  (5), according 

to;

trailing sides of the function respectively. Evaluating equation (4.4) then produces:

It was shown experim entally (Figure 4 .3(b)) that at large D, Vj  oc (N /A )  Therefore 

15 =  — and Vj oc

It is also assum ed tha t p (v g )  =  b v^ ,  w here the sign of 15 determ ines the rising and

ttk f  N~\ 2(/3+2)
q 2 0 + 2 ) £ ) P + 2 (A.2)
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