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Summary

This thesis deals with the formation of morphological patterns on single-crystal semi

conductor surfaces via self-assembly processes, followed by the subsequent fabrication 

of magnetic nanostruct\ires whose dimensions are defined by the underlying template. 

Stepped surfaces on Si ( H i )  were achieved by high temperature DC annealing of vici

nal Si templates which causes the atomic steps to form step-bunches and/or facets. In 

particular, for templates annealed with the current directed in the ascending step di

rection it was shown that the cooling rate from the annealing tem perature can be used 

as a precise control of step periodicity. A shallow angle deposition technique was used 

to create ordered rows of magnetic nanowires on the step-bunched Si templates, whose 

dimensions are determined by the size of the underlying steps as well as the duration 

and angle of deposition. It is shown tha t wire width can be well defined down to as low 

as 30 uni and that the technique is applicable to a range of magnetic materials. Ordered 

arrays of nanodots can also be grown via shallow angle deposition onto faceted vicinal 

alumina templates, and it is shown tha t the substrate tem perature during deposition 

influences the ellipticity and separation of the nanodots produced.

Magnetic measurements reveal that the nanowires have in-plane magnetic shape anisotropy, 

while measurements of coercivity as a function of tem perature allow the investigation 

of parameters relating to the energy barriers of magnetisation reversal. Henkel analysis 

was used to probe the extent of interwire interactions, and it was shown tha t reducing 

interwire separation led to dipolar coupling, as had been shown in previous studies of 

vertical wire arrays. The samples were also investigated using FMR, with measurements 

being taken as the sample was rotated about each of its principal axes. The results of 

this study indicated that the use of MgO as a capping layer leads to the formation of 

an oxide layer which may reduce the effective thickness of the nanowires, and over time 

gives rise to an additional unidirectional exchange anisotropy. Some preliminary results 

obtained through the analysis of first order reversal curves (FORCs) are also presented. 

This method of analysis has the potential to identify the influence of one-dimensional 

structures as well as superparaniagnetic nanoparticles on the magnetisation of the sys

tem as a whole, and it is likely to be a very useful tool for future investigations into the 

properties of such magnetic nanostructure arrays.

Random arrays of vertical GaAs nanowires are commonly grown via the VLS (vapour- 

liquid-solid) mechanism. The wires grown using this technique have an inherent distri

bution in dimensions due to the non-uniformity of diameter and separation of the seed 

particles. This creates a large uncertainty in any statistical analysis tha t seeks to relate 

the shape and size of the wires with the growth process. In this study, arrays of seed



particles (gold nanodots) are defined using EBL, resulting in far greater wire unifonnity  

and thereby facilitating comparisons between different growth conditions. For example, 

the effects of shadowing as a function of separation between neighbours in the array 

can be quantitatively measured, and a simple model is presented which closely matches 

the experim ental data. The study of GaAs nanowirc growth from prc-pattcrncd seed 

particles is also important from an applications point of view, since most proposed ap

plications require the precise placement of nanowires rather than arbitrary locations. 

Growth in As-lim ited conditions was investigated, a regime which is usually ignored 

in studies of nanowire growth that uses catalyst particles. Many features of previous 

studies were replicated, but at a significantly lower growth temperature allowed through 

the use of Au catalyst particles. Growth under A s2  flux was compared to AS4 . There 

were prominent differences in shape, volume and facets making up the wire sidewalls. 

These findings were related to the different reactivities and diffusion properties of the 

two molecules on the nanowire sidewalls.

The control of shadowing allowed substantial radial growth to occur uniformly along 

the wire sidewalls. This effect resulted in wires which were nmch wider than the seed 

particles (for example wires with diameter of «  300 nm width having droplet diameters 

of only 2 0 nm was common). In all instances, the radial growth occurred epitaxially, 

with no defect planes in the axial direction seen in any sample. Some sam ples had a 

certain density of wurtzite to zincblende defects or zincblende twinning planes. These 

defects traversed the wire width in each case. Moreover, the appearance of these defects 

was closely associated w ith instances where the contact angle between the nanowire 

sidewalls and the alloy droplet atop the wire was significantly greater or less than 90 ° . 

This phenomenon is described in detail in relation to the crystal structure at the growth 

interface.

Finally, in a similar manner to the deposition of Fe onto the step-bunchcd Si tem plates, 

Fe was also deposited onto the sidewalls of the GaAs nanowire arrays, resulting in core

shell GaAs-Fe structures, w ith an additional coating of Au for protective capping. The 

degree to which this aim was successful was investigated using STEM . It was found that 

the procedure was moderately successful, w ith  some areas uniformly coated in Au while 

in other areas the Au seemed to form droplets on the wire sidewalls. A sample having 

an array of GaAs nanowires which had an angle of approximately 35 ° to the substrate 

normal and were coated w ith Fe-Au was investigated using FMR. It w'as found that the 

behaviour of magnitude of the resonance field as a function of the angle of the applied 

field with respect to  the sample corresponded accurately to the wire axis, indicating  

that the Fe-coated nanowires have an easy axis of magnetisation parallel to their length, 

which is likely due to the shape anisotropy of the cylindrical Fe structure.



Acknowledgements

Throughout the past four years I have had the great fortune of m eeting and working 

w ith some wonderful people. I would like to  thank  all those who were so generous with 

their time. They really have been an inspiration for me.

I wo\ild like to  thank  my supervisor Prof. Igor Shvets for all of his support and guidance. 

In all my dealings w ith Igor I have always found him to be very easy to  work with. He 

has always been a good listener and very thoughtful in his approach.

I would like to  thank  everyone in the Applied Physics Research Group for their support, 

advice and good hum our. Their a ttitu d e  has m ade coming to  work every day for the 

last foin- years a very positive experience, and I have always appreciated the  lengths th a t 

they have all gone to  whenever I needed help. Ruggero has been a great friend and a 

valuable source of advice. Corniac has been very helpful with his guidance, particularly 

in practical lab m atters. Sunil contributed to planning and trained me on range of 

equipm ent. K arsten has been very generous, regularly pu tting  aside his work to  help me 

for as long as was needed. C iaran has been a great help w ith adm inistrative issues and 

has saved me countless headaches. In the r\m -up to submission, Barry and Ellen were 

bo th  invaluable sources of support and advice.

I have greatly enjoyed working at CRANN and in the School of Physics. In both  in

stitu tions there is a wealth of experience and advice. I ’d like to  thank all the  staff and 

researchers here who contribute to  the wonderful working environment.

I ’d like to  thank  Prof. Jacek Furdyiia for welcoming me into his group. He has a passion 

for research th a t is contagious and a very warm personality th a t  m ade working w ith him 

a pleasure. I ’d like to  thank  the other professors in the  group; Xinyu Liu, M algorzata 

Uobrowolska, and Tomasz Wojtowicz. Prof. Liu and Prof. W ojtowicz pu t in a great deal 

of work in the  fabrication of samples for my analysis. I ’d like to  thank  Brendan Benapfl, 

Joe Hagm ann, Jon Leiner and Rich Pim pinella for m aking sure th a t I now have great 

memories as well as some good da ta  from my tim e at N otre Dame. I had a great tim e 

getting to  know each of them . I worked closely with Dr. Sergei Rouvimov who took some 

excellent TEM  images. I ’d like to  thank  Sergei for his kind a ttitu d e  and acknowledge his 

talen t and hard work. In general I had a great tim e a t N otre Dame. There was a very 

positive and calm atm osphere.and it was a great place to  work. I ’d like to  thank  all the 

other Ph.D . students there a.s well as the staff a t the D epartm ent of Physics, especially 

Susan and Shari who were very welcoming and helpful.

I would also like to acknowledge the input of all of our collaborators. Pardeep T hakur and 

Nicholas Brookes conducted XMCD m easurem ents for us a t the European Synchrotron



Radiation Facility. Sarnjeet Dhesi carried out some XMCD measurements at the Dia

mond Light Source in Oxfordshire, England. Some TEM images of our nanowire arrays 

were taken by the Atomic Manipulation Spectroscopy Group at the Catalan Institute 

of Nanotechnology. Kritsanu Tivakornsasithorn and Richard Pimpinella participated in 

the FMR and SEM investigations of the Fe-coated GaAs nanowires. FMR measurements 

and analysis were carried out by the group of Oleksandr Tovstolytkin at the Institute 

of Magnetism in the National Academy of Science of Ukraine, in Kiev, Ukraine. EBL 

for the patterned arrays of Au nanodots which formed the seed particles for the GaAs 

nanowire arrays was carried out by the Growth and Physics of Low Dimensional Crystals 

group under Prof. Wojtowicz at the Institute of Physics, Polish Academy of Sciences, 

Warsaw, Poland. I should also mention here that some software was used which was 

free to download, namely Gwyddion which was used for AFM analysis and generating 

FFTs in post-production, and FORCinel for Igor Pro, which which was used to process 

the FORC data.

I would like to thank Zara for her love and support throughout my studies. She has been 

great in every way and is always there for me through all the ups and downs. Thanks 

to all my close friends over the past few years. Thanks to my teachers and lecturers 

through the years. Thanks to my brothers Ciaran, Enda and Patrick, and a huge thanks 

to my parents for all the sacrifices they made for my education.

Finally I ’d like to offer my sincere thanks to the Naughton family, particularly Martin, 

Carmel and Fergal Naughton, and everyone involved with the Naughton Foundation for 

the organisation and funding of the scholarship that made the last four years i)ossible. 

It has been a wonderful experience, in terms of the work that I ’ve been able to do, the 

places I ’ve had the opportunity to visit and the people that I’ve met along the way.



C ontents

D ec la ra tio n  o f  A u th o rsh ip  ill

S u m m ary v

A ck n o w led g em en ts  v ii

L ist o f  F igu res  x iii

L ist o f T ab les x v ii

A b b rev ia tio n s  x ix

P u b lica tio n s  x x i

1 In tro d u ctio n  and  M o tiv a tio n  1
1.1 M anipulation of Semiconductor S u r fa c e s ..............................................................  1
1.2 M agnetic Nanostructures ............................................................................  3
1.3 Thesis Outline ..............................................................................................................  6

2 E x p er im en ta l M eth o d s 9
2.1 Sample F a b ric a tio n ........................................................................................................ 9

2.1.1 Vacuum System for Si Annealing and Glancing Angle
D e p o s itio n s ....................................................................................................... 9

2.1.2 GaAs Nanowire Growth Cham ber ...........................................................  12
2.1.3 Tube F u rn a c e ....................................................................................................  13

2.2 Characterisation of Sample M o rp h o lo g y ................................................................... 13
2.2.1 Atomic Force Microscopy ( A F M ) ............................................................... 13
2.2.2 Scanning Electron Microscopy (SEM) ....................................................  14

2.2.2.1 Additional SEM capabilities ...................................................  17
2.2.3 Transmission Electron Microscopy ( T E M ) .............................................. 18
2.2.4 Scanning Transmission Electron Microscopy (TEM ) ............................... 19
2.2.5 S tatistical Analysis of Nanoparticle D im en sio n s ........................................19

2.3 M agnetic C h arac te risa tio n .............................................................................................. 20
2.3.1 V ibrating Sample M agnetom eter (V S M )..................................................... 20

ix



Contents X

2.3.2 Alternating Gradient Field M agnetom eter................................................21
2.3.2.1 Addition AGFM Measurements ................................................21

2.3.3 Ferromagnetic Resonance (F M R )................................................................ 23

3 T em p la te  P re p a ra t io n  an d  G lancing  A ngle D ep o sitio n  27
3.1 B ackg round .................................................................................................................... 27
3.2 Si Template P re p a ra tio n ............................................................................................. 30

3.2.1 Si ( 1 1 1 ) ..............................................................................................................30
3.2.2 Step Bunching on Si (1 1 1 )............................................................................. 33

3.2.2.1 BCF and Stoyanov T h e o r y ......................................................... 36
3.2.2.2 Faceting in Regime I ...................................................................... 38

3.2.3 Si Annealing P ro c e d u re ................................................................................ 39
3.2.4 Results ..............................................................................................................41

3.3 Sapphire Template P re p a ra tio n ................................................................................ 45
3.3.1 S apphire..............................................................................................................45
3.3.2 Faceting Mechanism on S a p p h ire ................................................................45
3.3.3 Annealing P rocedure .......................................................................................48
3.3.4 Results ..............................................................................................................48

3.4 Glancing Angle Deposition Technique ................................................................... 49
3.4.1 Nanowires Grown on Large-Step S a m p le s ................................................51
3.4.2 Nanowires Grown on Small-Step S a m p le s ................................................51

3.4.2.1 Downhill Depositions on S i ......................................................... 51
3.4.2.2 Uphill Depositions on S i ................................................................57
3.4.2.3 Uphill Depositions on S apph ire ...................................................59

3.5 C onclusions.................................................................................................................... 61

4 M ag n e tic  C h a ra c te r is a tio n  of N anow ire  A rray s  63
4.1 Magnetic Phenomena in Nanowirc A r r a y s .............................................................63

4.1.1 Magnetic A nisotropy.......................................................................................64
4.1.1.1 FMR as a probe of magnetic an iso tropy .................................. 68

4.1.2 Im portant Length Scales in Magnetism ...................................................69
4.1.3 Reversal M echanisms.......................................................................................71
4.1.4 Interwire Interactions ....................................................................................73

4.2 R esu lts .............................................................................................................................. 75
4.2.1 Shape Anisotropy .......................................................................................... 75
4.2.2 Reversal M ech an ism .......................................................................................79
4.2.3 Interwire Interactions ....................................................................................82
4.2.4 F M R .................................................................................................................... 84

4.3 Conclusions and Further Work ................................................................................ 91

5 G aA s N anow ires  99
5.1 GaAs .............................................................................................................................. 99
5.2 Motivation for Ordered Arrays of GaAs n a n o w ire s ............................................ 99
5.3 VLS Method ...............................................................................................................100
5.4 Crystal Structure of GaAs Nanowires Grown in [111] D ire c tio n ................... 106
5.5 GaAs Nanowire Fabrication P ro c e d u re ................................................................. 112
5.6 R esu lts ............................................................................................................................ 114



Contents xi

5.6.1 Ordered Arrays of N a n o w ire s ....................................................................... 114
5.6.2 Pencil-Shaped Nanowires .............................................................................. 117
5.6.3 Exam ination of Efi'ect of Shadowing for Pencil-Shaped Nanowires . 120
5.6.4 Critical Dot D iam eter for Nanowire G ro w th ............................................123
5.6.5 Growth in As-hmited R e g im e ....................................................................... 126
5.6.6 Naiiowire Growth using As D im e r s ............................................................ 136

5.7 Conclusions and Further Work .................................................................................144

6 G aA s N an ow ires C oated  w ith  Fe 147
6.1 In tro d u c tio n .......................................................................................................................147
6.2 Experim ental P r o c e d u re .............................................................................................. 149
6.3 R e su lts ................................................................................................................................ 150

6.3.1 S E M ...................................................................................................................... 150
6.3.2 STEM  and E D X .............................................................................................. 151
6.3.3 FMR........................................................................................................................ 153

6.4 Conclusions and Further Work .................................................................................155

7 C on clu sion s and O u tlook  157

A  D er iv a tio n  o f  M agn etic  R eson an ce  E xp ression  163

B E ffect o f  Shadow ing on  N an ow ire  V olu m e 169

B ib liograp h y 177





List of Figures

1.1 Typical FED design incorporating nanowire a r r a y ............................................  3
1.2 HDD units from 1956 and 2008 ..............................................................................  4

2 . 1  Cham ber for glancing angle deposition and Si a n n e a l in g ............................... 10
2.2 Glancing angle deposition s c h e m a tic ....................................................................  11
2.3 VLS C h a m b e r................................................................................................................  12
2.4 SEM S ch em atic .............................................................................................................  15
2.5 SEM Interaction V olum e............................................................................................  16
2.6 Statistical Analysis using AutoCAD ........................................................................ 20
2.7 Schematic for finding and Mo{H) ..................................................................22
2.8 Schematic for finding FO RCs.........................................................................................23
2.9 FMR Setup S c h e m a tic ................................................................................................... 24

3.1 Unit cell of Si.......................................................................................................................30
3.2 Atomic steps on S i(O O l) ................................................................................................ 31
3.3 The (111) surface of S i ................................................................................................... 31
3.4 Single atomic steps on Si ( 1 1 1 ) .................................................................................. 32
3.5 Si 7x7  reconstructed surface unit cell .....................................................................33
3.6 Cubic model of atom  locations .................................................................................. 35
3.7 Schematic of adatorn gradient effect on terrace of atomic s t e p .......................... 37
3.8 Two Si (111) terraces separated by a (331) facet ................................................ 39
3.9 Samples annealed w'ith step-up current in Regime I w ith different cooling

r a t e s ..................................................................................................................................... 41
3.10 Dependence of periodicity on cooling rate  for step-up current in Regime I 42
3.11 Height and angle profile of a step-bunched sample .............................................43
3.12 Step bunches in Regime I and II ............................................................................... 44
3.13 Crystal s tructu re  of AI2 O3 .............................................................................................46
3.14 Side profile and C-plane of AI2 O 3 ............................................................................... 46
3.15 Dependence of periodicity of annealed AI2 O 3  substra tes on tem perature  . 47
3.16 AFM of faceted AI2 O 3 ................................................................................................... 49
3.17 Glancing Angle Deposition Schematic ..................................................................... 50
3.18 Glancing angle deposition results on large-step sa m p les ...................................... 52
3.19 Single uanowire produced on a large-step s a m p l e ................................................ 52
3.20 Fe nanowires with varying deposition a n g l e ...........................................................53
3.21 Height profiles across nanowires w ith varying deposition angle and thickness 54
3.22 TEM  of Fe nanowires ....................................................................................................55
3.23 TEM  of Co n a n o w ire s ................................................................................................... 56
3.24 AFM d a ta  from Ni nanowire arrays with varying th ic k n e ss ............................... 57



List of Figures xiv

3.25 AFM  d a ta  from arrays of nanowires composed of Co, Fe and Ni deposited
in the  uphill direction ....................................................................................................58

3.26 Co nanowires and nanoparticles on faceted AI2O3 s u b s tra te s ...........................59
3.27 Im portant dimensions of Co n a n o p a rtic le s .............................................................60

4.1 Labels and axes of wire array param eters.................................................................68
4.2 Schematic images of the effect of dipolar coupling with nanowire arrays. . 74
4.3 Shape Anisotropy of Fe nanowire arrays of varying thickness............................76
4.4 Dependency of wire structure on deposition thickness..........................................77
4.5 Shape Anisotropy of Co nanowire arrays of varying thickness........................... 78
4.6 Dependency of coercivity of Fe nanowire arrays as a function of tem pera tu re  80
4.7 SEM images of samples for Henkel analysis............................................................. 82
4.8 M  — H  loops for samples in Henkel analysis............................................................83
4.9 Henkel plots for varying separation.............................................................................84
4.10 Axis and angle labels for FM R.....................................................................................85
4.11 In-plane FM R spectra for Fe nanowire array........................................................... 86
4.12 O ut of plane FM R spectra for Fe nanowire array...................................................87
4.13 Sample of FM R spectra .................................................................................................. 88
4.14 Resonance Field as a function of angle...................................................................... 89
4.15 Resonance Field as a function of angle for sample with ageing effects. . . .  90
4.16 Signatures of magnetic features on a FORC distribution p lo t........................... 94
4.17 FORC plot for Fe nanowire array................................................................................ 95
4.18 FORC distribution plots for different nanowire and nanodot arrays 96

5.1 Routes of Ga to  growth in te r f a c e ............................................................................103
5.2 Unit cell of zincblende GaAs.......................................................................................107
5.3 Different Hexagonal Facet Groups for Zincblende and Wnirtzite S tructiues. 109
5.4 Schematic of contact angle and angle of inclination of sidewalls..................... 110
5.5 Schematic of com peting facet groups during grow th........................................... I l l
5.6 Two possible facets of w urtzite GaAs nanowire sidewalls................................. 112
5.7 Liquid-solid phase boundaries for A uG a and P dG a alloys................................113
5.8 Ordered and Random  Array of GaAs Nanowires..................................................114
5.9 Height D istributions for Ordered and Random Nanowire A rrays...................115
5.10 TEM  analysis of wires in patterned  array...............................................................116
5.11 SEM images of pencil-shaped nanowire array........................................................117
5.12 TEM  images of pencil-shaped nanowire.................................................................. 119
5.13 Dependency of Nanowire Volume w ith Separation .............................................. 121
5.14 Dependency of nanowire volume distribution with separation.........................122
5.15 Nanowire volume vs. separation with numerical m o d e l ...................................123
5.16 Probability of Nanodot initiating W ire Growth vs. Radius of Nanodot. . . 125
5.17 Nanowires grown in As-limited r e g im e ................................................................. 127
5.18 Histogram of heights of nanowires grown in As-limited re g im e ..................... 127
5.19 Nanowires grown from patterned  arrays in As-limited r e g i m e ..................... 129
5.20 STEM  of Nanowires grown in As-limited regime ............................................. 130
5.21 EDX exam ination of Nanowires grown in As-limited r e g im e .........................131
5.22 High resolution TEM  images w ith crystal structure overlay.............................132



List of Figures XV

5.23 High resolution TEM  images taken of a nanowire grown in As-limited 
conditions............................................................................................................................133

5.24 Schematic of nanowire with m ic r o fa c e ts .............................................................. 134
5.25 As-limited growth of shorter duration ................................................................. 134
5.26 Xanowires grown \ising As2 ......................................................................................137
5.27 Volume of cone-shaped nanowires as a function of s e p a r a t i o n ...................... 138
5.28 2D density plot of wire heights and a n g le s ...........................................................139
5.29 2D density plots of wire heights and angles for wires w ith varying droplet 

d ia m e te r .............................................................................................................................140
5.30 TEM  analysis of wire with small droplet grown in As2 .......................... 141
5.31 TEM  analysis of wire with large droplet grown in As2 ..........................142
5.32 Contact angles for wires with varying droplet s iz e ............................................. 143

6.1 Growth directions of GaAs nanowires on various GaAs s u b s tra te s ................ 149
6.2 GaAs Nanowire arra j’s coated in Fe and A u ........................................................150
6.3 STEM  and EDX linescans of Fe/A u coated GaAs n an o w ire s ...........................151
6.4 STEM  and EDX linescans of particular features on Fe/A u coated GaAs

n a n o w ire s ......................................................................................................................... 153
6.5 FMR of Fe-coated GaAs n a n o w ire s .........................................................................154

A.l Spherical co-ordinate system used in F M R ...........................................................163
A.2 Labels and axes of wire array param eters............................................................... 166

B .l Schematic of shadowing co n s id e ra tio n s ..................................................................170
B.2 Effect of varying values for the diffusion length { D ) ............................. 172
B.3 Effect of varying the initial nanowire d ia m e te r .................................................... 173
B.4 N^imerical model with experim ental d a ta  ...........................................................174





List o f Tables

3.1 Si (111) Step-Bunching Tem perature R e g im e s ........................................................34
3.2 Average dimensions of nanoparticles grown a t two different substra te  de

position te m p e r a tu r e s ....................................................................................................60

4.1 Dem agnetising Factors for Common S h a p e s ........................................................... 67
4.2 Useful param eters for common ferromagnetic m a te r ia ls .......................................71
4.3 F itting  param eters of tem perature dependence of c o e rc iv i ty .............................80
4.4 Sum mary of Fe nanowire array samples analysed with FMR................................87
4.5 Param eters determ ined from fitting to  samples with unidirectional anisotropy. 91

xvn



''0 <^



Abbreviat ions

A A O

A F M

A G F M

A T L A S

B S E

C B E

D M A

E E L

E D X

(Soirietiiiies also referred to as EDS or XEDS)

F E D

F M R

G M R

F F T

H A A D F

H D D

L C G

L E D

M B E

M C D

M F M

M O V P E

O A G

P E

P E M

Anodized A lum inium  Oxide

A tom ic Force M icroscope

A lternating  G radient Field M agnetom eter

A tom ic Terrace Low Angle Shadowing

B ack-Scattered E lectrons

Chem ical Beam  E pitaxy

Differential M obility  A nalyser

E lectron B eam  Litfiography

Energy Dispersive X -ray Spectroscopy

Field Em ission D isplay

F errom agnetic  Resonance

G ian t M agnetoresistance

F a s t Fourier Transform

H igh-A ngle A nnular D ark  Field (Imaging)

H ard  D isk Drive

Laser-Assisted C ata ly tic  G row th

Light E m itting  D iode

M olecular B eam  E pitaxy

M agnetic C ircular Dichroism

M agnetic Force M icroscopy

M eta l O rganic V apour P hase  E p itaxy

Oxide A ssisted G row th

P rim ary  Electrons

P h o to  E lastic  M odulator

xix



Abbreviations XX

P P M S Physical Properties Measurement System

SA E D Selective Area Electron Diffraction

SA G Selective Area Growth

SE Secondary Electrons

SE M Scanning Electron Microscope

(S )M O K E (Surface) M agneto Optic K err Effect

S T E M Scanning Transmisison Electron Microscope

S T M Scanning Tunnelling Microscope

T E M Scanning Electron Microscope

U H V U ltra  High Vacuum

VLS V apour Liquid Solid

V SM V ibrating Sample Magnetometer

X A S X-ray Absorption Spectroscopy

X M C D X-ray Magnetic Circular Dichroism

X P S X-ray Photoelectron Spectroscopy



Publications

Arora, S. K., ODowd, B. J., McElligot, P. C., Shvets, I. V., Thakur, P., and Brookes,

N. B. (2011). Magnetic properties of planar arrays of Fe-nanowires grown on oxi

dized vicinal silicon (111) templates. Journal of Applied Physics, 109(7), 07B106. 

doi:10.1063/1.3554264

Arora, S. K., ODowd, B. J., Ballesteros, B., Gambardella, P., and Shvets, I. V. (2012). 

Magnetic properties of planar nanowire arrays of Co fabricated on oxidized step-bunched 

silicon templates. Nanotechnology, 23(23), 235702. doi;10.1088/0957-4484/23/23/235702

Fox, D., Verre, R., ODowd, B. J., Arora, S. K., Faulkner, C. C., Shvets, I. V., and 

Zhang, H. (2012). Investigation of coupled cobaltsilver nanoparticle system by plan 

view TEM. Progress in N atm al Science: Materials International, 22(3), 186192. 

doi:10.1016/j.pnsc.2012.04.001

Arora, S. K., ODowd, B. J., Nistor, C., Balashov, T., Ballesteros, B., Lodi Rizzini, 

a., Shvets, I. V. (2012). Structural and magnetic properties of planar nanowire arrays

of Co grown on oxidized vicinal silicon (111) templates. Journal of Applied Physics,

111(7), 07E342. doi:10.1063/1.3679033

Pimpinella, R. E., Zhang, D., McCartney, M. R., Smith, D. J., Krycka, K. L., Kirby, 

B. J., Furdyna, J. K. (2013). Magnetic properties of GaAs/Fe core/shell nanowires. 

Journal of Applied Physics, 113(17), 17B520. doi:10.1063/1.4799252

Arora, S. K., ODowd, B. J., Polishchuk, D. M., Tovstolytkin, A. I., Thakur, P., Brookes, 

N. B., Shvets, I. V. (2013). Observation of out-of-plane unidirectional anisotropy 

in MgO-capped planar nanowire arrays of Fe. Journal of Applied Physics, 114(13), 

1339031339037. doi:10.1063/1.4823514

XXI



iV; .&S(!ns9S-..V’.i-!Li



For Zara and my parents

X X lll



Chapter 1

Introduction and M otivation

This thesis deals with ordered arrays of m agnetic nanowires and nanoparticles th a t have 

been deposited onto specially prepared crystalline substrates, namely the semiconductors 

Si and GaAs as well as the insulator AI2 O 3 . The nanow ires/nanoparticles take their 

shape from the tex ture of the substrate. As such, the two central them es of this thesis 

are the m anipulation of semiconductor surfaces to  produce ordered morphologies, and 

the subsequent fabrication and analysis of magnetic nanostructures.

1.1 M anipulation of Sem iconductor Surfaces

The control and preparation of highly uniform single crystal structures such as Si has 

been a key enabler of many of the advancem ents th a t underpin the technological rev

olution of the past 50 years. W hile the  first solid-state transistors were m ade using 

germ anium , today Si is the most commonly used m aterial for the integrated circuits 

which today are found in almost all electronic equipm ent, such as computers, radios, 

calculators and many more besides. Si also has im portan t applications in the  solar cell 

industry and a wide variety of sensing apparatus. Silicon’s popularity  is also related 

to  its abundance, being the second m ost common element m aking up the e a rth ’s crust 

(after oxygen) [1 ]. GaAs, while not as ubiquitous as Si, has im portant niche applica

tions where it out-perform s Si. For example, its higher electron mobility makes it a 

suitable candidate for the m anufacture of high-frequency transistors in communications 

electronics.

Central to  the realisation of proposed devices, and the improvement of existing ones, 

has been our growing awareness and ability to  m anipulate behaviour a t the atom ic level. 

For this reason, a huge vohmie of research continues to  be conducted to  enhance our

1
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fundamental understanding of these materials. In this work, separate investigations are 

carried out into particular nanoscale growth processes of Si and GaAs, which are utilised 

here for the subsequent fabrication of magnetic nanostructures, but are interesting in 

their own right as they further our understanding of the properties of these two important 

materials. W ith regard to Si, an investigation into the migration of surface atoms leading 

to the bunching of atomic steps is carried out as described in the first half of chapter 

3. The desire to investigate and control the behaviour of atomic steps on single crystal 

structures is a natural outcome of the inevitability of their appearance, since, in spite of 

the enormous advances in crystal preparation, for device-sized pieces of Si (> ^.m) it is 

practically impossible to produce atomically flat surfaces. The long-term goals of such 

experiments are to learn about how these surface defects can be managed in such a way 

as to prevent them from influencing the proper functioning of devices, or perhaps even to 

open up new possibilities for functions based on the controlled use of such defects. The 

formation of nanowires and nanoparticles on step-bunched substrates which is described 

in the second half of chapter 3 can be considered a very primitive example of the latter.

W ith regard to GaAs, an investigation is carried out into a very interesting growth 

process known as the Vapour-Liquid-Solid (VLS) mechanism. The full details are given 

in chapter 5. Studies of this sort provide im portant contributions to our fundamental 

understanding of the properties of the material itself, such as surface energies, growth 

modes, stability of facets and diffusion lengths of adatoms on those facets. Moreover, the 

nanowires grown using this mechanism may have direct application uses. Due to their 

sharpness and high aspect ratio the use of crystalline nanopillars has been proposed 

for Atomic Force Microscopy (AFM) tips. Examples of commercialisation initiatives 

include the Trinity College startup company Adama Innovations. The advantages of a 

nanowire or nanopillar in this application is tha t the high aspect ratio of the tip will 

allow the imaging of surfaces with deep indentations such as pore arrays and right-angled 

trenches. Conventional cone or pyramid shaped tips would not be able to reach to the 

bottom of such features and would underestimate the slope of very steep steps. An 

additional benefit is that, provided the radius of the nanowire/pillar is uniform, wearing 

of the tip due to use should not affect its resolution. Another proposed application is 

in the area of solar cells, where the use of core-shell nanowires promise greater surface 

area than flat designs, as well as incorporation into a transparent, flexible polymer 

[2, 3]. Other applications for these structures include a wide range of optoelectronic 

and nanoelectronic applications [4-6], including field emission displays (FED) [7]. A 

diagram of a potential FED device including a vertical nanowire array is shown in figure 

1.1. The design is based on an amalgamation of feat\ires commonly seen in proposed 

devices [8-10].
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F igure 1.1: Typical FED design incorporating nanowire array

Possible FED (Field Emission Display) device based on an ordered array of nanowires. This 
design consists of an amalgamation of features typically seen in proposed FED devices [8-10].

The challenges associated w ith the im plem entation of these applications include our 

understanding and control of the growth process. Specifically, we would like to  be 

able to minimise defects in the crystal structure, and specify the overall shape of the 

nanowire. M any proposed applications also require precise placement of the  nanowires, 

ra ther than simply a disordered array. The experim ents in chapter 5 regularly refer to 

these obstacles.

1.2 M agn etic  N a n o stru ctu res

The study and understanding of m agnetic nanostructures is crucial for a num ber of 

applications and their continued development, in particu lar for the m anufacture of mag

netic da ta  storage devices. Despite a recent slum p in the hard disk drive (HDD) market 

due to the popularity  of sm artphones and tab let com puters (which use flash memory), 

over 550 million hard disk drive (HDD) units are expected to be sold in 2013, with global 

sales of of approxim ately $33 billion [11], The growing trend  of online or ‘cloud’ storage 

is expected to strengthen HDD sales in the coming years.

The rate of improvement in HDD memory density, cost and weight has been extraor

dinary. W hile the  progress of transistor m inimisation is well known, w ith the ‘Moore s 

Law’ prediction of a doubling of component density on integrated circuits every two 

years holding true since 1965 [12], the pace of m inim isation in the field of m agnetic stor

age devices has been even more dram atic, w ith a 50-million-fold increase in b it density 

since 1956 [13]. As a brief example, two hard drives are shown in figure 1.2. The first 

image in figure 1.2(a) is the IBM 305 RAMAC, which was the  first commercial HDD, 

released in 1956. Due to  the high cost of com puters a t the tim e, devices such as this 

were typically rented ra ther than  bought. The 305 RAMAC cost $3,200 a m onth to  rent,
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a)

Model:

Year:

Capacity:

Mass:

Cost

IBM 305 RAMAC 

1956 

4.4 MB 

>1000 kg

$3,200 per month,1957 («  $26,500, 2013)

Western Digital Blue - 500GB Portable SATA 

2008 

500 GB

82g

«$80

F i g u r e  1.2: HDD units from 1956 and 2008

a) Two IBM 305 RAMAC HDDs (foreground) with operator, processing unit and console in 
the background. This photo is in the ptiblic domain and was taken by the U.S. Army Rod 
River Arsenal.
b) Modern 2.5” laptop hard drive, produced by Western Digital. The photo is in the public 
domain. It was obtained from Wikimedia where it was uploaded by tiser Evan-Amos’ as a part 
of Vanamo Media.

approximately equivalent to $26,500 in 2013 after adjusting for inflation ^[14]. It could 

store only 4.4-5 MB of data. Figure 1.2(b) shows a modern 2.5” laptop hard drive, which 

stores 500 GB and weighs less than 100 g. In terms of cost per MB, these tw’o examples 

represent a decrease of over 8 orders of magnitude. The contirnied improvement in HDD 

performance and memory density are some of the main motivations behind many of the 

hot topics in magnetism research today. Two examples of areas of particular interest are 

Heat-Assisted Magnetic Recording (HAMR), which uses a laser or other localised heat 

source to temporarily lower the magnetisation reversal barrier of the bit being written, 

and Bit-Patterned Media (BPM), which uses distinct, patterned bit entities [15]. BPM 

has the potential for greater bit density than current designs employing granular films, 

though implementation of BPM will require a high throughput nanoscale writing tech

nique tha t is also low in cost [16, 17]. One example of a technique hoped to allow the 

definition of theses individual bits is nano-imprint lithography, though further improve

ments in efficiency and reproducibility are still required [18, 19]. The research in this 

thesis is fundamental in nature, and is not specific to any particular device design.

Another potential application for magnetic nanowires is domain wall logic [20, 21]. In 

such devices, Boolean logic functions such as AND, OR, NAND, XOR etc. can be carried

^For effect of inflation, the online Consumer Price Index Inflation Calculator produced by the United 
States Bureau of Labour Statistics was used. (http://wMw.bls.gov/data/inflation_calculator.htin)



Chapter 1. Introduction and M otivation 5

out by propagating a domain wall through a specially designed circuit of m agnetic 

nanowires, which are usually composed of permalloy (N i8oFe2o)- The m agnetisation will 

preferentially lie along one or other direction of the wires involved, corresponding to a 

logical 1 or 0. The initial magnetic ‘inputs’ and the propagation of domain walls are 

governed via the application of external fields, and the logical outcom e at the output 

wire is determined by the manner in which the ‘input’ m agnetisations interact with the 

circuit and each other. Prior to fabrication and testing in the lab, circuit designs are 

usually rigorously tested using a micromagnetic simulation software package such as 

OOMMF (O bject Oriented MicroMagnetic Framework, IT L /N IST ).

Other varied uses for magnetic nanowires include the growing area of spin transfer and 

spintronics [22], high frequency devices [23], m agnetic sensing [24] and cell manipulation  

in biological system s [25].

Prior to implementation in proposed applications, a comprehensive understanding of 

the fundamental behavioiu' of the m agnetisation within the wires will be required. The 

sensitivities of conventional m agnetometers coupled with the tiny volumes of m agnetic 

material in these structures is such that it is far more convenient to measure many thou

sands or millions of wires at once in order to gain an understanding of the behaviour 

of a single entity. Thus it is desirable to quickly produce large arrays of well-aligned  

uanowires w ith minimmn distribution of their dimensions. A background to som e of 

the existing strategies for fabrication of such arrays is given in section 3.1, but here 

it is mentioned that one of the most popular m ethods results in a vertical array of 

nanowires perpendicular to the substrate surface. Far less attention has been paid to  

planar arrays, which may hold important lessons for industry since most mechanized  

jiatterning procedures are tailored towards planar features. In chapter 3, a simple pro

cedure for the fabrication of large (order of mm^) arrays of highly regular nanowire 

arrays is presented. It is shown that the thickness, width and separation can be spec

ified by appropriate choice of tem plate and growth parameters, and moreover that the  

technique is applicable to a wide range of m agnetic materials.

W ith regard to  the magnetic phenomena and their relevance to the challenge of de

vice m inim isation and overall improvement, the central them es explored in the present 

study include m agnetic shape anisotropy, m agnetisation reversal mechanisms and inter

wire interactions. Each of these effects are important considerations for the design of 

many of the proposed applications mentioned above. M agnetic anisotropy is the cause 

of stabilisation of magnetic direction in any structure, and hence the non-volatihty of 

data storage. At dimensions approaching the nanoscale magnetic anisotropy becom es 

increasingly im portant, as thermal effects rival the magnetic reversal barrier in m agnetic 

nanostructures. Studies of reversal mechanisms can reveal the expected form of domain
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walls (if any) during reversal, as well as the energy or applied field required to reverse 

the direction of m agnetisation. The effect of interwire interactions is an im portant con

sideration for the design of devices containing magnetic nanowires, since the  dominance 

of this phenomenon will determine the m aximum  density th a t can be safely achieved be

fore neighbouring particles impede the  proper functionality of constituent components. 

Finally, as is described in chapter 6 , Fe was deposited onto the sidewalls of the vertical 

GaAs nanowires to  form hollow nanowires or nanotubes of Fe. Although only shape 

anisotropy is exhibited in these structures, it may be the case th a t the m agnetisation 

may prefer the arrangem ent of closed loops which would theoretically have a very low 

stray field. Closed magnetic loops in nanostructures have been the basis for investiga

tions into simple spin-valve devices [26], although due to the low stray  field and zero net 

m agnetisation, these closed loops may be difficult to  detect experimentally.

1.3 Thesis O utline

The following chapter will give an outline of the various experim ental apparatus used 

throughout the study. It is roughly divided into sections relating to  the fabrication of 

the samples themselves, the analysis of the structural properties of the samples, and 

finally the tools for magnetic characterisation.

In chapter 3 it will be shown th a t highly regular arrays of bunches of atom ic steps can 

be produced on vicinal Si and AI2 O 3  substrates. It is shown th a t the dimensions of 

these steps including height and separation can be determ ined by appropriate choice of 

the annealing param eters. In the la tte r half of this chapter the technique for producing 

nanowire arrays via glancing angle deposition is described. It is shown th a t the  dimen

sions of these wire are controlled either by the ordered morphology of the tem plate or by 

choice of deposition angle and thickness. It is also shown th a t the technique is applicable 

to  a variety of m agnetic m aterials.

C hapter 4 concentrates on the magnetic analysis of the nanowire arrays through a range 

of different experim ental methods. Particu lar phenom ena th a t are investigated include 

the shape anisotropy arising from the high aspect ratio of the nanowires, the effect 

of tem perature on coercivity and its implications for the modes and energy barriers 

of m agnetisation reversal, the effect of interwire separation on interactions between 

the wires, the effect of ageing on the wire arrays and the resulting appearance of a 

unidirectional m agnetic anisotropy.

In chapter 5 the VLS m ethod for growth of vertical GaAs nanowires is described and 

a sum m ary is given into what is known about how the various param eters affect the
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shape and crystal structure  of the wires. Each study in th is chapter includes the results 

of wires grown from ordered arrays of Au droplets produced using EBL as well as a 

random  array of droplets produced by annealing a th in  Au film. The ordered arrays of 

nanowires are discussed and the effect of shadowing by neighbouring wires is examined. 

The use of ordered arrays of Au nanodots allows for an investigation into the percentage 

of nanodots which successfully prom ote wire growth, which is an area th a t receives 

very little attention. O ther studies include wire growth in As-limited conditions and 

under As -2 rather than  As4 , and the differing shapes achieved are discussed in relation 

to atom istic processes. A common observation is the  effect on the density of defects of 

the contact angle, which is the angle between the  sides of the  droplet atop the wire and 

the solid-liquid interface. It is shown th a t small droplet diam eters are associated with 

smaller contact angles, and consequently with lower defect densities. High resolution 

TEM  images show th a t excellent regularity of crystal s tructu re  can be achieved in certain 

conditions.

C hapter 6 deals w ith random  arrays of GaAs nanowires th a t have been coated in an 

outer layer of Fe (as well as a subsequent protective capping layer of Au). A detailed 

investigation using STEM  and EDX is described, which illustrates the  abilities and 

lim itations of the Fe-coating process. Finally, some prelim inary FM R  results are shown 

which indicate an ea«y axis whose direction corresponds to  th a t of the wire direction.
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Chapter 2

E xperim ental M ethods

Tliis chapter will describe the equipm ent and processes used throughout the entire thesis. 

The principles of operation will be presented, aa well as particular features, capabilities 

and lim itations of the equipm ent in relation to  the  experiments. Theory which is specific 

to  the experim ent, such as the intricacies of the growth processes, will be found in later 

chapters. Also excluded from this chaptcr are precise experim ental procedures which 

vary from one sample to another. These will be found in the chapter corresponding to 

the experiment. The chapter is divided according to  the usual experim ental procedure, 

which is to first fabricate the sample, then check its physical s tructu re  and finally carry 

o\it magnetic analysis. Accordingly, the following sections each deal w ith fabrication 

apparatus, struc tu ra l characterisation and finally m agnetic characterisation.

2.1 Sam ple Fabrication

The procedures used for sample preparation in the studies th a t follow are typical th in  

film fabrication procedures. The first two sections deal w ith M BE growth of planar 

m agnetic nanowire arrays and vertical growth of GaAs nanowires. The final section 

simply deals with high tem perature  annealing of samples which was necessary for certain 

step-bunching and oxidation procedures.

2.1.1 V acuum  S ystem  for Si A n n ea lin g  and G lancing A ngle  

D ep osition s

This section refers to the hardw are used for the  DC annealing of Si samples in order to 

produce step-biuiched tem plates and for the deposition of m aterials onto those tem plates 

a t a shallow angle (<  6°). The exact experim ental procedures for Si annealing and

9
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Deposition
Chamhjer** Annealing

Cliamber

F i g u r e  2.1: Chamber for glancing angle deposition and Si annealing

Photograph of vacuum system with false colour added to indicate uses of the different chamber 
regions. The blue region is used for shallow angle deposition, the red region is the annealing 
chamber for step bunching of Si templates, and the green region is the load-lock for sample 
transfer from the laboratory environment.

glancing angle deposition are best discussed following an introduction to the materials 

involved, motivation, etc. For this reason the experimental procedures are described in 

later sections (annealing Si samples in section 3.2.3 and the gltvncing angle deposition in 

section 3.4) while in the following, the chamber itself itself is described, as well as some 

details on the use of hardware specific to this setup.

A photograph of the vacuum system used for growth of nanowires and nanoparticles 

via the glancing angle deposition technique is shown in Figure 2.1 with colour overlaid 

to indicate the use of the different regions. The main chamber is a custom-designed, 

electro-mechanically polished, internally welded stainless steel chamber. It is evacuated 

by means of an ion pump and turbo-molecular pump which also has a rotary backing 

pump, while the load-lock for sample insertion is evacuated by a smaller turbo-molecular 

pump with a diaphragm backing pump. The diaphragm backing pump is ideal since it 

is oil-free and easily serviced. The chamber is divided into regions for annealing and 

deposition by a pneumatic gate valve. Each of the two regions houses a sample stage 

with electrical connections to pass current through the sample. Samples are delivered 

from the load-lock by one of the two magnetically coupled linear drives. As well as 

several viewports to aid sample manipulation, there is a dedicated strain-free window
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F i g u r e  2.2: Glancing angle deposition schematic

Schematic of deposition setup (not to scale). M aterial is evaporated from a crucible by means 
of an electron beam. The deposition flux then passes through an aperture before landing on 
the template. The sanii)lc stage can be rotated about an axis as shown, which varies the angle 
of incidence of the flux.

next to  ihe sample stage for in situ optical m easurem ents. Following any exposition to 

atm osphere, the chamber is baked out a t 200 °C for 24 hours to  remove m oisture and 

contam ination from the chamber walls. Samples are not loaded in the chamber during 

bake-out to prevent surface contam ination.

A schematic for the deposition system is shown in figure 2.2. M aterial for deposition 

onto the substra te  surface is evaporated by means of a 6 pocket e-beam  evaporator 

(Telemark). This consists of a water-cooled copper hearth  with a row of 6 crucibles 

which are filled with the m aterials for evaporation. Nearby is a tungsten filament which 

is heated up to  produce electrons. A high voltage (6-10 kV) and perm anent m agnets are 

used to dircct the electrons from the tungsten  filament to  the m aterial for evaporation. 

Sweep coils arc also used to  fine-tune the heating spot and to  define a heating pattern . 

The thickness of m aterial deposited is m onitored using a quartz  crystal microbalance 

(Inficon). The sample stage can be ro ta ted  to  vary the angle of the incident flux with 

respcct to  the sample surface with precision of 0 .1°. The source to  sample distance 

is approxim ately 40 cm, which ensures a low distribution in the angle of the flux with 

respect to the surface along its length (20 mm).

Prior to sample insertion for glancing angle deposition, step-bunched tem plates w'ere 

cleaned using isopropanol in an ultrasonic bath . Once loaded onto the sample stage, 

the samples were heated for not less than  3 hours a t approxim ately 300 °C to out gas 

contam ination from the surface.
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2.1 .2  G aA s N anow ire G row th C ham ber

A photo of the chamber used for growth of GaAs nanowires via the Vapour-Liquid-Sohd 

mechanism (see chapter 5) with colour overlaid indicating the purpose of the different re

gions is shown in Figure 2.3(a), and a schematic of this chamber is shown in Figure 2.3(b). 

This setup consists of two separate Riber 32 MBE (Molecular Beam Epitaxy) chambers 

connected by a sample transfer chamber some 2 metres in length. The chambers are 

separately dedicated to the fabrication of II-VI and III-V semiconductor samples. They

(a)

(b)

F i g u r e  2.3: VLS Chamber

(a) Photograph of UHV chamber for MBE growth with false colour added to indicate the 
different regions. The blue areas are two Riber 32 MBE chambers for growth of II-VI and III-V 
materials. They are connected by the sample transfer corridor in red, and in yellow is shown an 
additional annealing chamber.
(b) Schematic plan-view of the UHV system with materials available for deposition indicated.

II-IV Chamber

III-V Chamber

Separate
Annealing
chamber

Sample transfer

II-IV  C ham ber:
Cd Zn Mn Be Se 

Cl Te Mg
III-V  C ham ber:
Sb In Be As Gc 

Al Ga Mn Fe Au

Annealing
chamber
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are evacuated by a com bination of ion, cryogenic and titanium  subhm ation pumps. In 

addition, there is a an inner wall around the sample space (but not obstructing deposi

tion flux and sample manipulation) through which liquid nitrogen is circulated. This is 

designed to trap residual molecules and minimise pressure in the vicinity of the sample. 

Samples are attached to a molybdenum block using a small quantity of melted indium. 

W hen attached to the sample stage the molybdenum blocks can be rotated and heated  

during deposition. M ost of the sources are evaporated by means of Knudsen Cells or 

K-Cells. These are ceramic pockets that are resistively heated to evaporate the material 

within them . Fe and Au could also be deposited by means of an e-beam  evaporator. 

Arsenic is introduced into the chamber using an Arsenic Cracker source, which first sub

limates solid As and then passes the gas through a heating system  whose temperature 

determines the species of As molecule that will eventually make its way into the depo

sition chamber. AS4  and A s2  were produced by using a cracker temperature of 600 °C 

and 1000 °C respectively.

2.1 .3  Tube Furnace

Two tube furnaces were used for different purposes during the studies below. A Py- 

rotherm tube furnace with quartz tube was used for oxidising Si samples prior to their 

use as a substrate for nanowire deposition. Samples were heated to 830 ° C for 15 hours 

in the presence of high purity O 2  at atmospheric pressure. This is carried out to  form 

an oxide layer approxim ately 100 nm thick at the surface of the sample. AFM  is used  

to confirm that this procedure does not affect surface morphology.

A second tube furnace (MTI GSL1600 XL) was used for annealing sapphire substrates. 

Annealing w'as carried out at atmospheric pressure and at a temperature between 1000 °C 

and 1550 °C. Temperature was regulated and calibrated using both  S-type and B-type 

thermocouples. The tube and crucible were both of high-purity alumina to prevent 

contam ination of the sample surface. Cylindrical alumina bricks were used to close 

the tube openings to  further reduce contam ination and to allow a more homogeneous 

temperature profile.

2.2 C haracterisation of Sam ple M orphology  

2.2.1 A tom ic Force M icroscopy (A F M )

An Atom ic Force M icroscope (AFM) is a device used to precisely examine surface mor

phology. By conducting a rastered height profile, it provides a 3-dimensional description
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of the surface. Two AFM devices are available to the group; a Solver Pro, NT MDT 

and an Asylum Research MFP-3D. In AFM, a very sharp tip (radius 20 nm or less) at 

the end of a silicon cantilever is lowered to the surface of the sample to be investigated. 

The tip experiences van der Waals forces due to its proximity to the surface, and the 

cantilever is bent slightly downwards as a result. A laser beam in the visible range is 

directed at the cantilever whose top surface is highly reflective. The reflected laser light 

is measured using a photodiode, thus measuring the deflection of the cantilever. The tip 

is rastered across the surface using piezoelectrics to measure the height of the surface 

at each point. All the AFM imaging in this study was conducted in semi-contact or 

“tapping” mode. In this mode, the cantilever is made to oscillate by applying an alter

nating electric field, with an amplitude of approximately 100-200 nm. This amplitude is 

reduced when the tip is in the vicinity of the sample surface due to van der Waals forces, 

dipole-dipole coupling and electrostatic interactions. Operating an AFM in semi-contact 

mode allows concurrent phase imaging. This procedure measures the phase difference 

of the oscillating tip to the driving signal which is material dependent.

2.2.2 Scanning E lectron  M icroscopy (SEM )

Scanning Electron Microscopy is a very common tool in the area of nanoscience research. 

It provides a quick and relatively easy method for morphological analysis with some 

degree of elemental contrast incorporated. It is adaptable to encompass a range of 

other functions such as quantitative chemical analysis and electron beam lithography 

(EBL). Standard SEMs such as those used throughout this work (Zeiss Ultra Plus, Zeiss 

Supra 40, FEI-Magellan 400 FESEM) are able to resolve details as small as 3nm. A 

schematic illustrating the design of an SEM is shown in Figure 2.4. An SEM consists of 

an evacuated chamber in which the sample is mounted, an electron source, a series of 

lenses and scanning coils to focus the electron flux into a collimated beam and electron 

detection apparatus. The electrons are produced via Schottky Field Emission at a heated 

source (usually a tungsten filament) near the top of the electron column. The Wehnelt 

cap is a cylinder surrounding the electron source at a voltage, known at the extraction 

voltage, which can be varied to control the emission current. The total voltage can be as 

high as 30 kV, as determined by the voltage at the anode. The electron beam is focussed 

using a series of electromagnetic lenses, while the position where it strikes the surface is 

controlled by electrostatic scanning coils.

The detection system of an SEM is based on the collection of electrons, and in certain 

modes of imaging also the x-rays, tha t are emitted from the sample. The resolution of 

the SEM will depend on the volume of the sample from which these electrons and x-rays 

will be emitted. This will in turn  depend on the total volume of the sample which is
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F i g u r e  2,4: SEM Schematic

Schematic of a Scaimirig Electron Microscope showing the various components.

excited by the incident beam, called the “interaction volume” , as well as the variety 

of electrons or x-rays that are being measured. The radius of the effective interaction 

volume ( R i v )  will depend strongly on the energy of the incident electrons {E),  the 
density of the material \mder investigation (p), the relative atomic mass (>1) and atomic 

nimiber (Z).  the following equation for the radius of the interaction volume was derived 

by Kanaya and Okayama and is used here as a guide [27]:

0.0276
R i v  — ^  ^0.89  (M -^) (2 -1)

As can be seen, increasing the voltage will increase the interaction volume resulting in 

poorer resolution, but in practice a more intense signal is achieved due to the greater 

number of backscattered and secondary electrons (see below) tha t can be measured. 

The signal intensity can also be improved by increasing current, but the drawbacks may 

include damaging the sample surface either through heating or build-up or electric charge 

(a conmion phenomenon especially for poorly conducting samples known as “charging” ). 

These are important concepts to understand when using an SEM and analysing data, 

because the region being probed may be orders of magnitude greater in diameter than 

the beam spot size. In the following, the different types of electrons produced and the 

main detection methods associated with them shall be discussed.

When the incident electrons or primary electrons (PE) (orange beam in figure 2.5) hit the
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F igure 2.5: SEM Interaction Volume

The relative sizes (not to scale) of the interaction volume for different types of electron and 
x-ray measurement that may be carried out using an SEM. Red indicates the interaction 
volume for secondary electron, green indicates back-scattered electrons and blue indicates 
characteristic x-rays.

sample surface a large number of secondary electrons (SE) are produced in a cascade-like 

fashion due to inelastic collisions of the PE. Their energy is low (typically < 50 eV) and 

thus their mean-free path and depth from which they can escape is small (red region 

in figure 2.5). The spatial resolution is therefore very good. The Everhart-Thornley 

detector is the most common method of detection for SE. This consists of a metal grid 

at a positive voltage to attract the low energy SE. The SE are accelerated by the grid 

towards a solid-state detector. Since the Everhart-Thornley detector is positioned to one 

side of the sample chamber it draws a larger signal for surfaces tha t are tilted towards it 

than those tilted away from it. Thus this imaging mode has an intrinsic slope-dependent 

contrast which allows good imaging of topographical features.

Some PE hit the sample surface and collide elastically retaining much of their incident 

energy. These are known as backscattered electrons (BSE). Since they have a high 

energy they have a high mean-free path, and so the resolution associated w'ith BSE is 

poorer than for SE (green region in figure 2.5). Since the angle through w'hich BSE 

are scattered is small they form the bulk of the electrons measured by the “In Lens” 

detector, which is situated inside the pole-piece of the electron column. The proportion 

of PE which are backscattered will depend on the atomic mass of the material under 

inspection, so in many circumstances In Lens detection offers a useful intrinsic elemental 

contrast.

X-rays are also produced whose energies are characteristic of the elements under investi

gation. Their measurement is discussed in section 2.2.2.1, but here it is worth mentioning
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th a t  the resohition associated w ith x-ray analysis is relatively poor (blue region in figure 

2.5) due to  the high energies required to  generate the x-rays and the relative ease with 

which x-rays can escape from deep within the sample.

2 .2 .2 .1  A d d itio n a l SE M  cap ab ilities  

• E lectron  B eam  L ithography (E B L )

Electron Beam Lithography is a technique used to  “draw ” patterns of m etal onto 

substrates w ith very small dimensions; as low as 20 nm using the latest equipment. 

Often the patterns are designed to form a circuit enabling nanoscale conductivity 

m easurem ents, bu t may also be used to design a grid of similar shapes such as 

the nanoparticle arrays discussed in chapter 5. EBL begins w ith spin-coating a 

thin layer (« 1 0  nm) of “resist” (polymer liquid) onto the sample surface, which is 

then set by baking the sample a t 180 °C. The key feature of the resist (Polymethyl 

m ethacrylate, PM M A) is th a t it will degrade (the polym er chains are broken down) 

when exposed to the electron beam. The SEM is used to  expose regions of the 

surface to  the electron flux in an autom ated m anner according to  a pa tte rn  de

signed bj" the user. The degraded regions are then  removed by rinsing the sample 

in a solvent known in this procedure aji the “developer” (M ethyl isobutyl ketone, 

MTBK). A resist which is removed in regions exposed to  the beam , such as PMMA, 

is known as a ‘positive’ resist. ‘Negative’ resists also exist, wherein the only re

gions th a t remain post-developm ent are those th a t are exposed to  the beam  during 

exposure. Following development, a layer of the desired film is then deposited over 

the entire sample surface, including regions covered and uncovered by the rem ain

ing resist. The rest of the resist is removed using acetone, leaving the deposited 

layer a ttached  only in regions where the resist had been etched away.

•  E n ergy  D isp ersiv e  X -R ay  S p ectro sco p y  (E D X )

In this technique a high voltage electron beam  either rasters the surface or just 

scans a single line or point according to the user. A t the same tim e an x-ray 

detector in the sample chamber records x-ray spectra specific to  each point as it 

is being scanned. The electron beam  ejects inner electrons from the atom s under 

investigation and outer electrons will subsequently drop down to fill the hole th a t 

has been created. An x-ray photon having an energy equal to  the difference of 

the two shells is em itted and m easured by the detector. The software is able to 

characterise the proportion of elements present according to  the relative intensities 

of the characteristic x-ray peaks measured. Due to  th e  fact th a t m any elements 

will have overlapping peaks and to  reduce com putation tim e, the user is usually
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required to specify which elements they expect to see in their sample. The PE 

must have sufficient energy, greater than the “critical excitation energy” needed 

to eject the inner electrons, in order to make each characteristic peak accessible. 

In practice the acceleration voltage of the PE is as large as possible, often some 20 

or 30 kV in order to maximise the intensity of each peak. This in turn means that 

the interaction volume is several times greater in diameter than the beam spot 

size, meaning tha t resolution is negatively affected.

2.2.3 T ransm ission E lectron  M icroscopy (T E M )

TEM, like SEM, is a ubiquitous tool in the area of nanoscience research. It can be used 

to provide images with sub-nanometre resolution and can resolve the crystal structure 

of crystalline solids. Since it relies on electron transmission, this technique is applicable 

only to samples tha t are sufficiently thin for a perceptible proportion of the incident 

electrons to pass through. The sample may be cut into a narrow wedge using a FIB 
(Focussed Ion Beam) or if the sample imder investigation consists of a collection of 

nanoparticles then these may be dispersed onto a special grid which is almost transparent 

to the incident electrons. The TEM is operated at high voltages («  300kV) to maximise 

electron transmission and resolution. Like the SEM, the TEM consists of an electron 

source, a column with lenses and focussing apparatus and sample stage. However, 

the voltages involved are much larger and since transm itted electrons are measured, 

the detection equipment lies beneath the sample holder. Another key difference, as 

mentioned above, is tha t the electron beam hits the sample surface not as a finely 

focussed point but as a column tha t illuminates the entire region being imaged at once. 

The most common imaging mode is Bright-Field imaging, wherein electrons that have 

a very small angle of scattering are detected. In this mode empty space appears bright 

(hence the name) while thicker regions appear darker.

One of the key abilities of TEM is diffraction analysis. In this mode, the magnetic lenses 

are adjusted such tha t the back focal plane of the beam lies on the detection apparatus 

rather than the imaging plane. This allows the user to view the diffraction pattern 

from the sample, which contains im portant information such as the symmetry of the 

system and the separation between planes of atoms in the different directions. Typically 

diffraction analysis is used in tandem with bright-field imaging so tha t images can be 

taken along directions of high symmetry. For samples greater than a few monolayers it is 

only along such directions tha t one can identify atomic-scale structure such as individual 

planes.
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2.2 .4  Scanning T ransm ission E lectron  M icroscopy (T E M )

Both SEM and TEM microscopes may offer STEM mode. As the name suggests, this tool 

deals with electrons that pass through the sample rather than those tha t are scattered 

backwards from the surface. Since this procedure is very similar to the conventional 

Transmission Electron Microscope (TEM) which is discussed above, here just the main 

difference distinguishing the two will be outlined, namely tha t while the TEM illuminates 

the entire region being imaged with a column of electrons, in STEM the surface is 

rastered by a point-like beam of electrons. STEM mode on a SEM is useful since it can 

be used to provide some information on the structure of the sample below the surface. 

On a TEM, the resolution is usually worse when switching to STEM mode, but doing 

so allows the user to carry out high resolution EDX linescans.

2.2.5 S ta tistica l A nalysis o f N anop article  D im ensions

When nano])article arrays were grown with slightly different growth parameters resulting 

in variations in their shape and separation, it was necessary to quantify the findings by 

means of an accurate, statistical analysis of specific dimensions of the nanoparticles. 

T.ikewise, for the GaAs NW arrays, a quantitative analysis was needed to study the 

effect of growth conditions on the size and shape of the resulting NWs. The conventional 

approach to this ta.sk would be to convert an image to a binary black and white format 

based on some threshold parameter and then use software to automatically identify 

shapes and distances. However, this is not well-suited to more complicated images 

where human judgement is required to identify features and where only a proportion 

of features are unobscurcd and suitable for measurement. In order to carry out these 

surveys, AutoCAD software was used (AutoCAD 2013, Autodesk). While this software 

is primarily intended for product design and construction planning, its huge array of 

tools makes it suitable for image analysis. Images taken using the SEM were opened in 

AutoCAD and scaled to size so that measurements could easily be read off. Then lines, 

circles or ellipses are drawn over the features of interest until a statistically significant 

quantity were included. Figure 2.6 shows a screenshot of the program being used to 

measure the lengths of cone-shaped GaAs NWs, as well as the diameter of their tips and 

the angle near the top of the cone.

The Extract Data tool was then used to isolate specific dimensions of the objects drawn 

and convert these to a data file. Separate code was written in C-|--f- to perform tasks such 

as generating distributions of the measurements, calculating inter-particle separations 

and finding the density of wires or dots per unit area.
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F i g u r e  2.6: Statistical Analysis using AutoCAD

Screenshot of AutoCAD software being used to specify multiple features in an SEM image of 
an array of GaAs NWs. The dimensions of the features may be extracted to a data file using 
the software for quantitative analysis, which can also correct for shortening caused by the 
viewing angle as in the case above.

2.3 M agn etic  C haracterisation

2.3.1 V ibratin g  Sam ple M agn etom eter  (V SM )

A vibrating sample magnetometer (PPMS, Quantum Design) was used for magnetic 

analysis of samples at temperatures ranging from 300 K to 4K. The device consists of 

a non-magnetic sample holder vertically inserted into the centrc of a superconducting 

magnet which can produce a vertical magnetic field of up to 14 T. A motor at the top of 

the PPMS vibrates the sample causing it to induce a voltage in two pick-up coils which 

is proportional to its magnetic moment. In this way the magnetometer can measure 

magnetic moment as a function of temperature and applied field. While the use of a 

superconducting magnet is advantageous in its ability to produce very large fields, a 

disadvantage associated with it is tha t it takes up to a minute to reach and stabilise at 

the desired field value. This renders it unsuitable for certain types of procedures such 

as sample demagnetisation and remanence measurements where rapid changing of the 

magnetic field is required.
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2 .3 .2  A l t e r n a t i n g  G r a d ie n t  F ie ld  M a g n e t o m e t e r

In short, while a VSM causes the sample to oscillate and measures the  induced field, the 

AGFM applies an oscillating gradient field and measures the resultant vibration of the 

sample. Again a m agnet applies a fixed field on the sample (fixed in the tim efram e of the 

individual m easurem ent), although in this case an electrom agnet w ith m aximum  field 

of 1 T  is used rather than  a superconducting magnet. The alternating gradient field is 

produced by smaller coils positioned at the pole pieces of the electrom agnet. This exerts 

a force f  on the  sample according to  f  =  V (m  ■ B q) where m  is the m agnetic moment 

and B q is the applied m agnetic field. The frequency of the oscillating gradient field 

is chosen to be equal to  the mechanical oscillating resonance frequency of the sample 

together with its non-magnetic holder.

The disadvantages of this system are th a t it is lim ited to  room tem perature  m easure

ments and th a t the maxinunii field is only 1 T. However, since the applied field can be 

changed raj)idly there are several advantages to  the  AGFM. The first is th a t samples can 

bo demagnetised by alternating the direction of the applied field, s tarting  from a value 

large enough to  sa tu ra te  the sample and finishing at zero applied field w ith as many 

intervening stops as practically possible [28]. This process is known as AC dem agnetisa

tion. In cffect, tliis process divides all of the domains into two groups with m agnetisation 

pointing in opposite directions according to  the m agnitude of their switching field. By 

making the increments of the decreasing field m agnitude small enough the end result is 

a practically random  orientation of all the domains.

Another advantage is the potential to carry out additional modes of m easurem ents, two 

of which are outlined below.

2 .3 .2 .1  A d d i t io n  A G F M  M e a s u re m e n ts

• R e m a n e n c e  M e a s u re m e n ts

There arc two types of remanence m easurem ent which are both  necessary for the 

study of interwire interactions. In order to measure the first type, Isotherm al 

Remanence M agnetisation, the sample m ust first undergo AC dem agnetisation 

as described above. A field H  is applied and removed shortly ( « 1  second) after

wards. The remanence m easured is then the Isotherm al Remanence M agnetisation 

A/r ( / / ) .  This is carried out as a function of increasing H . The sample does not 

need to be demagnetised between increasing m easurem ents of H  since domains 

with switching field greater than  previous values of H are unaffected. The second 

type of remanence m easurem ent is DC Dem agnetisation Remanence. F irst the
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Mo( H,)

F ig u re  2.7: Schematic for finding Mft(H)  and

Here a hysteresis loop for a hypothetical system is shown in blue. Also shown are curves in red 
which illustrate how and are experimentally found for an applied field .

sample is saturated in (say) the + x  direction. Then a field H  is applied in the —x 

direction and removed, whereupon the DC demagnetisation reinanence, Mo (H) 

is measured. Figure 2.7 illustrates how and M d are found on an M  — H  graph 
for a hypothetical ferromagnetic system.

Also shown in this figure is the remanence for infinite applied field (or in practice 

a field high enough to saturate the sample). This is labelled ‘A/;j(oo)’ and is in 

actuality just what is normally understood as the remanence, and is, of course, 

equal to M d { o o ). Normalised versions of M f i  and M q  are defined as follows:

m n { H )  =  

m o i H )  =

Mff{oo)
Mg{H)
M n { o c )

(2 .2 )

•  First Order R eversal C urves (FO RCs)

To measure a first order reversal curve the sample is first saturated in, say, the +x  

direction. Then the applied field is reduced to a value Ha known as the “reversal 

field” . The magnetisation is then recorded as the applied field, now labelled H^ 

is increased from Ha back up to saturation. This is repeated for values of Ha 

usually ranging from close to positive and negative saturating fields. A schematic 

illustrating how a single FORC measurement is made for a hypothetical magnetic 

system is shown in figure 2.8.



C hapter 2. Experimental Methods 23

F ig u r e  2.8; Schem atic for finding FORCs.

A hysteresis loop for a hypothetical system  is shown in bhie. The orange curve ilhistrates the  
applied held being reduced from a saturating field to  the reversal field H a -  W hile this curve is 
part of the procedure, it is not part of the m easurem ent, and recording this curve is not 
necessary. The red curve shows a single first order reversal curve (FORC), which m easures the  
m agnetisation M  as the applied field Ht, is increased from Ha back up to  saturation.

2.3.3 Ferrom agnetic R esonance (F M R )

Room tem perature FMR m easurem ents of Fe nanowire arrays and Fe-coated GaAs 

nanowires were carried out using FM R (Bruker EMX, operated at 9.47 GHz) a t the 

University of Notre Dame, Indiana, USA. Further analysis of the Fe nanowire arrays 

was conducted a t the Institu te  of M agnetism a t the National Academy of Sciences in 

Kiev, Ukraine. These m easurem ents were also carried out a t room tem perature  using an 

X-band (9.44 GHz operating frequency) ELEXSYS E500 spectrom eter, which includes 

an autom atic goniometer for sample rotation.

The m athem atical background for the role of the  FM R as a probe of m agnetic anisotropy 

is given in section 4.1.1.1. Here is given a qualitative discussion of its operation for use as 

a probe of magnetic anisotropy and a description of the hardware involved. A schematic 

of the experim ental setup is showm in figure 2.9. The sample is loaded into a quartz  

tube, preferably oriented w ith one of its principal axes parallel to  the tube axis so 

th a t  the resonance field can be probed as the  sample is ro ta ted  about a known axis. 

The tube is filled w ith He gas, sealed and inserted into its holder between the poles of 

the electrom agnet. The m agnet applies a sta tic  field H q, where ‘s ta tic ’ implies th a t  it 

is fixed for the duration of the m easurem ent of a single da ta  point (<  1 second). The 

m agnetic moment of magnetic particles in the sample will precess w ith a frequency called 

the Larm or Frequency, which is proportional to  the applied field. The applied field is 

increased from 0 to 1.2 T. For some value of applied field the Larm or frequency will be 

equal to the frequency of the incoming microwave radiation, and the absorption will 

increase dramatically. Of course the net field experienced by the m agnetic moments is
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F igure 2.9: FMR Setup Schematic

not just the apphed field but also included a contribution from the internal demagnetising 

field, Hd- The magnitude of the demagnetising field depends on the demagnetising 

factors of the sample, and thus the resonance frequency will depend on the magnetic 

anisotropy of the system. In addition to the ‘static’ magnetic field, there is a time-varying 

field of lower amplitude produced by modulating coils so that the refiected microwave 

amplitude is modulated at the same frequency. The frequency of this modulating field 

is usually 100 kHz. The signal to noise ratio is improved by reading the diode current 

with an amplifier locked in to the AC oscillator. In addition, this causes the output 

signal to be the derivative of the actual absorbance spectrum. While it can be easily 

integrated, it is often easier to accurately extract data such as absorption peak width, 

from the differentiated signal provided.

The microwaves are guided from the klystron source to the sample in the FMR cavity 

via a waveguide. A certain proportion is reflected and makes its way back to a detector 

diode. A microwave signal is also sent to the detector diode along a “reference arm” 

within the microwave bridge. This is done to provide sufficient power to the diode so that 

it is operating in its linear regime (at low power levels the diode operates as a square law 

detector, which is not optimal). Attenuators along the main waveguide and the reference 

arm control the relative power along each path, while a phase shifter ensures tha t both 

signals are in phase when they arrive at the detector. An “iris” is a screw which controls 

the opening from the waveguide to the cavity, thereby adjusting the impedance so tha t
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the cavity is critically coupled w ith the waveguide. Critical coupling means th a t the 

powder transfer between the microwave source and the sample cavity is maximised.
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Chapter 3

Tem plate Preparation and  

G lancing A ngle D eposition

This chapter covers the fabrication procedure for ordered arrays of nanowires and nano

particle arrays, which consisted of two key procedures. The first is the preparation of a 

step-bunched substrate , which was achieved by annealing vicinal silicon or sapphire (a- 

AI2 O 3 ). These procedures are outlined in sections 3.2 and 3.3 respectively. In the case of 

the preparation of sapphire tem plates, the procedure and apparatus are alm ost identical 

to  th a t used in a study by Verre et al. [29] and so some representative results will be 

shown rather than  an in-depth study into the dependencies of the various param eters.

The second key procedure is the deposition at glancing angle onto the step-bunched 

tem plates, which is described in section 3.4. As shall be shown, the advantages of this 

approach include its ability to define a well-ordered nanowire array w ith good control 

over the width, separation and thickness of the wires, and its applicability to  a range of 

choices for nanow'ire m aterial as well as substrate  m aterial.

3,1 B ackground

The fabrication and study of nanowires is a very wide and active area of research, w ith 

a m yriad of proposed applications. As mentioned in chapter 1 , the study of m agnetic 

nanoparticles is im portant for the hard  disk dive (HDD) industry since it provides a 

means for examining and overcoming the obstacles associated with device minimisation, 

as well as exploring the range of exciting effects a t the  atom ic level th a t can be employed 

in future designs. O ther areas with application potential include dom ain wall logic 

devices [20, 21], m agnetic sensing [24], devices for high-frequency signal processing [23],

27
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spin-polarised electronics [22] and devices employing giant magnetoresistance (GMR) 

[30].

The ubiquity of Si for production of electronic devices makes it attractive for use as a 

template for growth of nanowires for two reasons. Firstly, because of the existing knowl

edge and experience within the scientific community of working with and understanding 

this material, and secondly due to the potential for bridging the gap between prototype 

and device by using the existing substrate of choice of the electronics industry. While 

similar templates may be produced using oxides or metals, these specific advantages 

make Si attractive for use as the underlying material for our arrays.

There is much interest in producing magnetic nanowires that have a width on the order 

of a few nanometres, but they should also be sufficiently thick in order to overcome 

superparamagnetism at room temperature if they are to be of use in practical applica

tions. Superparamagnetism is when a ferromagnetic particle is small enough for thermal 

effects to cause its magnetisation to randomly flip ^[31, 32]. This will be discussed in 

more detail in section 4.1.3, but for now it suffices to say that the wire thickness will 

typically need to be on the order of nm in order to exhibit ferromagnetic behaviour at 

room temperature, and this is a significant challenge for various methods of nanowire 

fabrication.

Production of arrays of nanowires can be done using bottom-up or top-down approaches. 

A typical top-down approach is Electron Beam Lithography (EBL). Featiu'e size using 

EBL is limited by beam spot size, around 20 nm diameter for most up-to-date devices. 

EBL is also a relatively slow and expensive process.

Bottom-up approaches, with the possibility of smaller feature size and greater through

put, are an attractive option. A fast and cheap self-assembly method for generating 

nanowire arrays would potentially allow for an exploration of the key dimensions and 

how they affect the behaviour of the overall system. Findings from such experiments 

are of academic importance since it provides an avenue for exploration of nano-scale 

magnetic processes, and from an industrial perspective it is also useful since it presents 

a ‘playground’ in which to quickly and easily probe certain dependencies. Magnetic 

nanowire arrays of varying wire/stripe width ranging from single atom (1-D atomic 

chains) to several hundred nm are reported on a variety of templates. Vertical pillars of 

Fe, Ni and Co have been formed in porous alumina [33 -38]. In this approach, alumina is 

anodized in an acid electrolyte which results in highly regular vertical cavities through

out the alumina layer. A similar array of vertical pores can be produced by exposing 

polycarbonate films to a beam of particles which leave tracks in the film. These tracks

^Strictly speaking, the definition of superparamagnetic depends on tlie niea-snreinent time. For mag
netic recording apphcations the average flipping tim e should be on the order of decades.
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can be widened to create cylindrical pores by etching the film. These films are known 

as ‘track-etched m em branes’ [39-43]. Both anodized alum inium  oxide (AAO) nanopore 

arrays and track-etched porous membranes are commercially available ^[41], The pores 

of the arrays are filled via electro-deposition using aqueous salt solutions of the wire 

m aterial. Perpendicular magnetic anisotropy (out-of-plane) has been dem onstrated us

ing this approach. For in-plane anisotropy, fabrication of planar arrays of nanowires is 

required.

Glancing angle depositions have been used in the past to  create nanowires inclined at 

an angle to  the substrate. Combined with a ro ta ting  substrate , this technique can be 

used to produce vertical spirals w ith interesting optical properties [44-46]. However, 

unless ordered arrays of nuclei are produced (e.g. by EBL), the locations of the  resulting 

nanow'ires will be random.

W ith regard to  the fabrication of p lanar arrays of nanowires, deposition onto vicinal 

substrates has been a very a ttractive m ethod in the past. M any of the procedures rely 

on the preferential a ttachm ent of deposited m aterial to  the  groove of the step, which 

is at a lower energy due to  reduced surface area. Depending on the m aterials used 

for the substra te  and adsorbate, elevated tem peratures may be needed to  acquire the 

necessary diffusion to allow the adsorbate to  travel to  the step edge; otherwise islands of 

adsorbate on the terraces occurs. The m aterial gathered a t the edge can be the nanowires 

themselves, or it can form a tem plate for subsequent nanowire deposition. Using this 

technique, G am bardella et al. succeeded in producing arrays of m onatomic Co nanowires 

on a vicinal P t substra te  [47]. Their m agnetic properties were investigated at 10 K using 

XMCD. Using vicinal W (llO ) substrates, Elmers et al. also grew m onatomic nanowires 

of Fe [48]. These wires were found to  have an easy axis of m agnetisation in-plane, 

perpendicular to  the wire direction, bu t again, these were not ferromagnetic a t room 

tem perature. Cheng et al. went further, depositing Fe nanowires th a t were as thick 

as four monolayers [49]. The ferromagnetism of these wire arrays was studied in situ  

using surface m agneto-optical Kerr effect (SMOKE) at 35 K. They were found to  have 

an easy axis which pointed out of plane for th in  wires bu t w ith greater thickness (>  2 

monolayers) the  easy axis switched to  a  direction in-plane and parallel to  the w ires’ 

axis. Fruchart et al. deposited Fe on vicinal AI2O3 (with an interm ediate layer of Mo 

or W) and then annealed the sample, resulting in m agnetic nanowire arrays th a t were 

ferromagnetic at room tem perature [31]. However, the fluctuation of wire w idth is large 

(20-200% of average wire w idth). Glancing angle deposition of Fe and Nb onto faceted

^AAO tem plates are available from companies such as Enable IPC, SmartMembranes GmbH, and SPI 
Supplies (‘Anopore’). Track-etched membranes are available from W hatm an, part of GE Healthcare, 
under the trade name Nuclepore. and also from Maine M anufacturing and Poretics.
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AI2 O3  was carried out by Huth et a l ,  though the magnetic properties of the nanowires 

were not investigated [50].

A more elaborate technique described by Lin et al. involves epitaxial deposition of C aF 2  

onto vicinal Si (111) [51]. The C aF 2  self-organises on the Si (111) leading to periodic 

arrays of narrow rectangular trenches at the step edge. Iron is then deposited into the

trenches to  produce nanowires as narrow as 3nm with ISnni spacing.

3.2 Si Tem plate Preparation

3.2.1 Si (111)

Bulk crystalline Si has a diamond cubic crystal structure with a lattice spacing of 5.431 A 
and a bond-length of 2.352 A. The two m ost common surfaces of Si produced for appli

cation purposes are the (001) and (111) planes. Because of the stringent demands of 

the semiconductor industry, these planes are commonly made to a very high standard  

in terms of the level of control over orientation and density of defects. The unit cell of 

Si is shown in figure 3.1. The (001) and (111) planes are indicated by the pink square 

and light grey triangle respectively.

No m atter how careful the preparation procedure, no surface will be a perfectly uniform 

plane on a macroscopic scale and there will always be som e atomic steps. It is therefore 

attractive to work with high sym m etry planes such as (0 0 1 ) and ( 1 1 1 ) which have an 

intentional miscut at a small angle in some direction. This, in principle, will yield rows 

of atom ic steps which we seek to manipulate. For Si (001) miscut in the (110) directions

(111) Plane (001) Plane

F i g u r e  3.1: Unit cell of Si.

The unit cell of Si, with the (111) plane and (001) planes indicated by the light grey triangle 
and the pink square respectively.
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F i g u r e  3.2; Atomic steps on Si(OOl)

STM image of atomic steps on Si(OOl) misciit in the [110] direction taken from Swartzentruber 
et al. [52]. The surface steps down from top left to bottom  right. Labels have been added to 
indicate the species of the dimers present on the surface. As can be seen the Sa dimer regions 
have straight step edges while the So dimers end in rough step edges.

F i g u r e  3 .3: The (111) surface of Si

Two views of the (111) surface of Si. On the left is a top-down view and on the right is a 
perspective view at an angle between the [ i l l ]  and [110] directions. In both images the [112] 
direction is to the left. The darker dots arc slightly below the (111) surface and have no 
dangling bonds, while the paler dots are slightly raised from the (111) and have one dangling 
bond each.

th is  resu lts  in 2 subsets of 2 x 2 d im er reconstructions o rien ted  e ither parallel (so-called 

Sa dirners) or perpend icu lar (Sb dim ers) to  th e  m iscu t d irection  [52], U nfortunately , 

th e  Sb subset produces rough  step  edges as show n in figure 3.2 (which is taken  from  

S w artzen tru b er et al. [52]). T h is  m akes th e  (001) surface u n a ttra c tiv e  for use as a 

s tep-bunched  tem pla te .

A schem atic of th e  atom ic (111) surface is show n in figure 3.3. This surface is com posed
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F i g u r e  3.4: Single atomic steps on Si (111)

The (111) surface of Si with a single (un-reconstructed) atojiiic step caused by a iiiiscut of the 
crystal in the [112] (left) and [112] (right) directions. The step-edge atoms (coloured in blue) 
have a different termination and number of dangling bonds in each case.

of two subsets of atoms which make up two planes at slightly different distances along 

the [111] direction. The paler dots are higher and have one dangling bond each, while 

the darker dots are slightly lower and have no dangling bonds. This is im portant since 

it implies tha t the symmetry of the surface is not six-fold as it appears from directly 

above but three-fold.

Figure 3.4 shows two single atomic steps caused by a niiscut in the [112] (left) and 

[112] (right) directions. It is important to note that these miscut directions are not 

equivalent. We see tha t the chemical bond configuration is different for the step edge 

atoms (highlighted in blue) in each case. The sample miscut in the [112] direction has 

one dangling bond per step edge atom while there are two dangling bonds per edge atom 

in the [112] case.

The bulk truncated (111) face reconstructs in a 2x1 dimer pattern. Above 670°C 

however, it will adopt the 7x7 Takayanagi reconstruction, sometimes known as the 

Dimer-Adatom-Stacking-Fault (DAS) model, as shown in figure 3.5 [53]. Since Si is 

commonly deoxidised at 800 °C or above, this is often the reconstruction tha t is dealt 

with experimentally. It is composed of two triangles with holes at the corners and 

divided by dimer rows. The triangle on the right hand side of figure 3.5 has a stacking 

fault (faulted half) while the triangle on the left does not (unfaulted half). Step edges 

running through the middle of the 7x7 unit cell (along the dimer rows shown in blue 

in figure 3.5) are strongly stabilized by the reconstructed surface pattern. These step 

edges correspond to the [110] direction, and can be exposed by choosing a small miscut 

in the [112] or [112] directions. These step edges will be terminated, respectively, by the 

unfaulted and faulted halves of the 7x7 unit cell, and as a result the behaviour of the 

surface depends on the choice of miscut direction.
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F i g u r e  3.5: Si 7 x 7  reconstructed surface unit cell

The \m it cell of the 7 x 7  reconstructed surface of Si ( HI ) -  T he left hand side is the unfaulted  
half while the right hand side has a stacking fault (faulted half). The [112] direction is to  the  
right. This im age is taken from a publication by D .P. W oodruff in the journal Surface Science, 
2002 [54],

Atomic steps caused by a miscut in both the [112] and [112] directions can be induced 

to group together in so called “step bunches” by heating to temperatures above 850 °C. 

Above this temperature the 7x7 reconstructed (111) surface becomes a 1x1 disordered 

phase [55-57]. In the case of miscuts towards the [112] direction, however, triple steps 

are more favourable for miscut angles greater than 1.5° [58], and so for controlled step 

bunched vicinal surfaces with miscuts in excess of 1.5° the [112] miscut direction is the 

more favom'able option.

3 .2 .2  S te p  B u n c h in g  on  Si (111)

The first study to observe and identify step-bunching on vicinal Si (111) was carried out 

by Latyshev et al. in 1989 [59]. In a STM study of miscut Si (111), they noticed that 

the atomic steps could be caused to bunch together by passing a DC current through 

the sample. They identified some of the temperature dependencies which would be 

examined in further detail in the following years [60, 61]. They noted tha t in Regime I, 

bunches containing a greater number of steps moved more slowly, and tha t monatomic 

step velocity is proportional to the distance between the steps.

The fact tha t studies arc still regularly being published about fundamental aspects of 

step bunching on Si is testament to the complexity of the problem. There is a rich 

variety of different regimes strongly dependent on temperature, electric field, miscut 

angle and current direction. It is this zoo of regimes tha t has made it very difficult to
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T a b l e  3.1: Si (111) Step>-Bunching Temperature Regimes

Occurrences of step bunching on Si (111) miscut in the [112] direction for 4 different 
temperature regimes. “SB” indicates that step bunching occurs for the specified current 
direction and temperature, while “R” stands for a Regular array of atomic steps. This tabic is 
adapted from Yagi [61] who compiled it from experiments carried out to that point.

Regime I II III IV
Temperature ( °C) 850 - 950 1040-1190 1200-1300 >1300
Current in step-up direction R SB R SB
Current in step-down direction SB R SB R

formulate an all-encompassing theory, and so despite significant interest and examina

tion, no conclusive model has been found which satisfies all the observed phenomena. 

In this work we concern ourselves solely with step-bunching effects on Si (111) miscut 

in the [112] direction with current passing perpendic\ilarly to the step-edges. We call 

the two current directions “step-up” and “step-down” referring to current in the [112] 

and [112] directions respectively. In these cases there are four temperature regimes as 

follows: Regime I from 850 - 950 °C, Regime II from 1040 - 1190 °C, Regime III from 

1200 - 1300 °C and Regime IV from 1300 °C upwards. These regimes are summarised in 
table 3.1. Step-bunching can occur with a step-up current in Regime II and IV and with 

a step-down current in Regimes I and III. When the current is applied in the opposite 

direction to that described here for a specific regime and the miscut angle is less than 

1 we get a regular array of single atomic steps.

In all regimes it is assumed tha t the energy of an atom will depend on the number of its 

bonds which are saturated. A simple cubic model is introduced in figure 3.6 to dcscribc 

this idea. A single atom in the system is represented by the red cube. The images (i)-(vi) 

are arranged in order of increasing number of exposed sides, which corresponds to an 

increasing number of dangling bonds and therefore increasing free energy. In figure 3.6(i) 

the atom is encapsulated within the solid and is at its lowest possible energy state. In 

figure 3.6(ii) the atom forms part of the surface of the crystal and in 3.6(iii) it forms part 

of a step edge which is running across the crystal surface. In 3.6(iv) the atom is located 

at a kink in the step edge, while in 3.6(v) it is attached to a step edge but exposed on 

4 sides. Finally a solitary atom on the surface of the crystal is shown in 3.6(vi). By 

supplying energy to the atom, typically in the form of heat, it may move between these 

6 states, with a preference for moving to a lower energy state as described by figure 3.6. 

The supply of heat will also cause the desorption of atoms from the surface, which may 

be considered a 7*̂  ̂ state having the greatest energy.
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Since there is an electric field, the surface atom s will experience a force depending on 

their “effective charge” ^cffC and the electric field E:

(3.1)

The velocity of the adatonis is called the drift velocity, and is related to  the force 

v ia a surface diffusion coefficient Ds as follows:

^d
DsF
knT

(3.2)

T he effective charge can be thought of as the sum of two term s, one due to  electrostatic 

interactions, and the other due to  the “wind force” applied to the atom  by the flow 

of charge carriers, Z-^. The com petition between these two components will determine 

th e  net sign of and the direction of travel of the adatom s. One m ight imagine th a t  it 

is this effective charge th a t is changing values a t the  regime tem perature  boundaries th a t 

gives rise to the apj^earance and absence of step-bunching, and this has been examined 

theoretically by Kandel et al. [62]. An experim ental study  was carried out by Degawa 

et al. [63] who etchcd a trcnch into the vicinal (111) surface and examined its profile 

following DC current anneal. They fomid th a t the drift direction was parallel to  the 

current direction in regimes I, II and III, suggesting th a t while might change in 

m agnitude, it docs not change in sign as a function of tem perature in the regimes 

studied.

F i g u r e  3 .6:  Cubic model of atom locations

This schematic illustrates a simple cubic model of an atom (red cube) on or in a crystal. The 
images (i)-(vi) are arranged in order of increasing number of exposed sides of the atom and 
thus increasing energy.
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3.2.2.1 B C F and Stoyanov Theory

Burton, Cabrera and Frank [64] laid some of the groundwork for our understanding of 

the processes occurring at step edges on the surface of single crystals. They considered 

the advancement of a row of equally spaced steps as the crystal grows via the arrival 

of adatoms from the vapour, and showed tha t this depends on the initial separation of 

the steps. However, the potential for this effect to lead to an array of step-bunches was 

not addressed in their work. When reporting the discovery of step-bunches, Latyshev 

suggested tha t the role of the effective charge of the adatoms w'as central. Stoyanov 

undertook a detailed inspection involving the distribution of adatoms on the terraces of 

the steps and its effect on the motion of the step edges. The origin of the adatom gradient 

is discussed in reference to figure 3.7(a) which shows two atomic step edges on a vicinal 

substrate. This figure is adapted from an image in a publication from 1991 by Stoyanov 

et al. [65]. In this figure the adatoms (blue circles) can diffuse/desorb in the direction of 

the arrows. They experience a force F  due to the electric field. The separation between 

step edges along the x  direction is I. Central to the explanation for the origin of step- 

bunches is the concept that the rates of release and arrival of adatoms at step edges 

are both finite. When an atom leaves A its replacement by the step edge will not be 
immediate, and likewise when an adatom arrives at the top of step edge B it will not be 

accepted immediately. Thus a gradient with increasing adatom concentration along x  

appears naturally, and is illustrated in figure 3.7(b). This gives rise to a back-diffusion 

of adatoms that marginally counteracts the flux in the -l-x direction. The gradient is less 

prevalent as I increases, and so the flux is reduced to a lesser extent by back-diffusion 

for greater terrace sizes. Thus, taking only the effect of back-diffusion and the force F  

into consideration, we have described a regime where wider steps will grow wider at the 

expense of narrower steps, giving rise to step-bunching. If the force is reversed, then 

the net flux including back-diffusion from B to A will be an increasing function of I, 

and the surface will be stable against step-bunching. This mechanism may therefore be 

sufficient to describe the effects seen in Regime I.

The effect of desorption due to the heating can have a pronounced effect on the mecha

nism of step bunching. If desorption is great enough then the adatom concentration 

will be less than the equilibrium value, n®, across the entire terrace, as illustrated in fig

ure 3.7(c). In this circumstance back-diffusion will be negligible. Since atoms being lost 

by desorption and are not being replaced, the average step velocity v will be in the —x 

direction. We are interested in whether individual step velocities are greater or less than 

V and how this depends on their individual terrace size I. This w'ill depend on the net 

number of atoms leaving a step edge per unit time. In figure 3.7(a), since A is supplying 

atoms to B it is retarding B’s velocity Vb - The supply is greater when I is smaller since
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F 'ig u re  3.7: Schematic of aclatom gradient effect on terrace of atom ic step

a) Schematic cross-section of the Si (111) surface w ith two atom ic steps, A and B. The arrows 
indicate th a t the potential directions of diffusion/desorption. T he label Tj indicates the  average 
tim e for desorption of an adatom  on the flat terrace.
b) Illustration of the  gradient of adatom  surface density n,, along the  terrace of the step  which 
has length I. The dashed line indicates the equilibrium  value for adatom  concentration n% 
whereon the net flux of adatom s is zero. The concentration increases along x  causing a 
back-diffusion of adatom s th a t m arginally coim teracts the  flux tow ard +x.
c) Adatom  concentration along x  again bu t significantly reduced due to  heating  desorption.
The concentration is below n j along the entire terrace and back-diffusion can be ignored.

fewer atoms are lost to desorption en-route to B. Thus narrower terraces are more likely 

to grow and wider terraces will shrink, so for a step down force the surface as a whole 

is stable against step-bimching. When the force is in the step-up direction, however, A 

receives a greater supply of atoms from B the smaller I is, and thus smaller terrace are 

likely to be reduced (though not to a width of exactly zero) at the expense of terraces 

with a larger initial size. Hence we have described a desorption dependent mechanism 

tha t may be responsible for one of the regime changes.

For a full mathematical description of step-bunching, one may follow Stoyanov with the 

following expression for the adatom density Ug along the x-axis as a starting point [66]:

^  <fins _  D sF d Us _
 ̂ dx'^ k s T  dx Tg

(3.3)
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where D q is the coefficient of surface diffusion and the other term s are as previously 

described. The first term  describes a diffusion of adatom s due to  the curvature of 

adatom  concentration. The second term  describes the effect of the force F  due to the 

presence of the electric field, and the  th ird  term  is related to  the desorption of adatom s 

due to heating. Further pursuit of the m athem atical model will require the description 

of step edges along x  and the boundary conditions for adatom s at these step edges, bu t 

this is a considerable task  in itself and is not the focus of the present study. In fact, 

the step-bunched tem plates used for the m ajority  of samples described in this thesis are 

formed in Regime I w ith a step-up current. As described in table 3.1, one would expect 

a regular array of atom ic-height steps, and yet step-bunched tem plates are obtained. 

The theory behind these step bunches is different to  th a t for ‘conventional’ step bunch 

arrays (which have periodicity on the order of jxm), as shall be described in the following 

section.

3.2.2.2 Faceting in R egim e I

As mentioned above, when annealing in Regime 1 with a step-up current one expects 

to  get an array of atom ic height steps. One study with experim ental evidence of this 

was conducted by by Yang, Fu and W illiams [67], who annealed samples with a step-up 

current a t 945 °C and used a very fast cooling rate  of approxim ately 100°C /s in order 

to  “preserve the step structure  at the  annealing tem perat\u 'e” . It has also been shown, 

however, th a t by carefully cooling through the 1x1 to  7x7  transition  which is a t around 

870 °C, small step bunches can be formed on these samples [55, 68-70]. In many of these 

studies, the heat is applied either by purely resistive heating or by DC heating with the 

current parallel to  the step-edge direction, suggesting th a t the role of electromigration 

is not central to  the  process. Thus a rapid quenching as used by Yang et al. seems to 

be a requirem ent for atom ic-height steps.

The im portance of the cooling ra te  is m entioned in passing in a num ber of studies deal

ing with step-bunching. Homma et al. m ention th a t the cooling ra te  is one of the main 

influences on the facet structure  for their step-bunched tem plates, and m ention tha t 

their terrace w idth is associated w ith a particular cooling rate, bu t do not give details 

on the dependency [60]. Lin et al. m ention th a t the cooling rate  is “particularly im por

ta n t” and describe how a cooling ra te  through the transition  tem perature  of 0.5 °C /s  or 

less is needed for ordered step bunches. They report th a t faster cooling rates prevent 

many steps from joining bunches, and rapid quenching preserves single step heights [55]. 

Petrovykh m entioned th a t the establishm ent of the (7x7) reconstruction relies on slow 

cooling [71], and so it would appear th a t increasing the cooling rate  lim its the extent of 

the reconstruction which is necessary to  stabilise the step bunches.
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F ig u r e  3.8: Two Si (111) terraces separated by a (331) facet

Two Si (111) terraces separated by a (331) facet. Portions of the (111) and (331) surfaces are 
shaded red and bhie respectively. The (331) facet may assume an ordering other than the 
unreconstructed arrangement as shown, but this is beyond the scope of our aims.

To siunmarise these various studies, it seems that step-bunching in any regime is sta

bilised by the 7x7 reconstruction that comes about as the Si is cooled through 870°C. 

In the case of a downhill directed current in Regime I this reconstruction has the effect 

of preserving the steps that are brought about by bunching during the anneal, but with 

step-up current it is the reconstruction itself tha t brings about the steps. The 1 x l —>7x7 

transition acts as a quasi-equilibrium state during which the 7x7 reconstructed areas 

can form, grow and produce ordered steps. In some studies these step bunches, which 

are on the order of nanometres or a few tens of nanometres, have been identified as 

(331) facets [68, 72, 73], while in other studies [55, 70] the stepped surface more closely 

resembles what one would call a bunching of atomic steps, with visible roughness within 

the bunch and an angle to the (111) surface of significantly less than tha t of the (331) 

facet, which is exactly 22°. A 3D image of an unreconstructed (331) facet between two 

(111) terraces is shown in figure 3.8. Ordered arrays of these facets have not been stud

ied nearly as extensively as the large-sized (orders of microns) step bunches produced by 

using a step-down current in Regime I or step-up current in Regime II. Since the cooling 

rate seems to play a pivotal role, it is interesting to study its effects on the outcome of 

the step-bunch pattern.

3.2 .3  Si A nn ealin g  P roced ure

Samples were taken from n-typc doped 0.525mm thick Si (111) wafers {Siltronix, resis

tivity «  1 cm) with nhscut angles of between 1.5° and 4° in the [112] direction. The 

wafers were cut into rectangular samples using an automated wafer dicing tool (Disco
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DAD 3220 wafer dicer) measuring 20 mm in length and 2.5 mm in width, with the long 

side of the sample parallel to the miscut direction. The accuracy of the dicing tool is 

5 fi.m or less, ensuring reproducible results. Following dicing, the samples underwent 

3 ultrasonic cleaning cycles of 15 minutes each in acetone, methanol and isopropanol. 

They were blown dry with nitrogen and clamped to the sample stage for loading into 

the vacuum chamber. Once loaded in the annealing stage, current was passed through  

the sample and surface temperature was monitored using an infra-red pyrometer (Ircon 

M ultimax U X 20P). No other source of heating apart from DC-annealing is applied.

The sample first underwent a pre-anneal at 650 °C for 12 hours. The purpose of the pre

anneal is to deoxidise the sample surface and remove defects which can act as pinning 

sites during step motion. The samples are then fiash-annealed 30 tim es to 1250 °C. The 

flashes are 10 seconds in duration with pauses of 30 seconds between. Flash-annealing 

is a common technique to de-oxidise the surface and drive residual carbon into the bulk 

[69, 74]. Detailed discussions on this procedure are available elsewhere [75, 76]. The brief 

tim e spent at the raised temperature ensures that step-bunching does not corrmience. 

For an anneal in Regime I, the sample is heated to 920 °C and kept at this temperature 

for 6 hours. For Regime II the anneal temperature used is 1120 °C. After the primary 

anneal, the sample is cooled at a specific rate (0.2 °C /second - 100 °C /second). The 

cooling rate is chosen to fine-tune the periodicity of the tem plates, w’ith a faster cooling 

rate giving smaller periodicity. In the case of samples annealed in Regime II the cool

down is fast (10 seconds) in order to prevent de-bunching while passing through Regime 

I. The sample then undergoes a post-anneal at 650 °C for 6 hours. The purpose of the 

post-anneal is to sm ooth out step edges and allow the (7x7)  domains to  grow as large 

as possible in order to stabilise the step edges [55]. The sample was then brought to 

room temperature and removed via the load lock for AFM analysis.

Following AFM  imaging, the step-bunched silicon sample was oxidised by placing it in 

a tube furnace at 830 °C for 15 hours in the presence of high purity O2 at atmospheric 

pressure. This creates a SiO layer around lOOnm thick. The oxide thickness was later 

confirmed using TEM. However, the precise thickness of the oxide layer is not important; 

its purpose is simply to prevent the formation of silicide compounds at the interface 

between the wires and the substrate. A visual inspection was sufficient to confirm the 

formation of the SiO layer, since as it increases in thickness, the sample changes colour 

due to  optical interference from silver to tan, to brown, to violet, to blue [77]. The sample 

was again exam ined using AFM  following the oxidation to ensure that the procedure 

had no effect on the morphology.
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F i g u r e  3.9: Samples annealed with step-up current in Regime I with different cooling
rates

A series of topographical AFM images of Si samples with a miscut of 3.5 "annealed with a step 
up current in Regime I and a variety of cooling rates. From a) to f) the cooling rates were
0 .43°C /s. 2.1 °C /s, 4 .3 °C /s, 8 .5 °C /s , 21 .3°C /s and 4 3 °C /s . The step-\ip direction is to the 
right in each case. The scale bar is 200 nm and all images are to the same scale.

3.2.4 R esults

A large number of step-bunched templates were produced with a diversity of annealing 

parameters. As mentioned previously, one of the key investigations that was planned 

was a variation of cooling rate for samples annealed with a step-up current in Regime

1. Several samples were taken from a wafer with a 3.5° miscut in the 112 direction 

and annealed as described in section 3.2.3 with a step-up current in Regime I, but 

with the cooling rate varied from 0.43 °C /s to 43°C/s. Topographical AFM results are 

shown in figure 3.9. First we notice tha t ordered rows of step-bunches have been grown 

with a reasonably low distribution in step-edge to step-edge distance. We also see that 

there is a continuous decrease in the average step-edge to step-edge distance (or the 

“periodicity” ) as the cooling rate is increased. Using AutoCAD software, AFM images 

from these samples were scaled and the step-edge to step-edge distance for hundreds 

of steps were measured. The average value gives the periodicity of each sample. The 

black and red data points in figure 3.10 show the dependence of periodicity on cooling 

rate on a semi-log plot for samples with 3.5° and 2.5° miscuts respectively. The shape 

of the plot suggests tha t there is a power law dependency on cooling rate. One also
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F i g u r e  3 . 1 0 :  Dependence of periodicity on cooling rate for step-up current in Regime
I

Periodicity of step-bunched Si templates plotted as a function of the cooling rate used for 
samples annealed in Regime I with a step-up current. The error bars represent the standard 
deviation of the step size data. The miscut angle of the samples in these images was 3.5

immediately notices that there appears to be no dependency of the periodicity on the 

miscut angle in this range. This periodicity independence has been noted previously 

by a number of studies for samples which were resistively annealed or annealed with 

the current perpendicular to the step-edges [55, 70, 71], but not for the case of step-up 

current.

One notices tha t the cooling rate has to be altered quite significantly in order to change 

the periodicity by a noticeable amount. For example, in order to halve the periodicity, 

the cooling rate needs to be increased by two orders of magnitude. This makes it an 

attractive parameter for fine-tuning of the periodicity. This result also shows the im

portance of recording the coohng rate when carrying out an analysis on a stcp-bunching 

mechanism, since it may play an im portant role in the outcome. As far as wc are 

aware this is the first such study on the dependence of cooling rate on periodicity of a 

step-bunched Si template.

The fact that the periodicity increases with slower cooling rate supports the suggestion 

tha t the mechanism for step-bunching in this manner is brought about by prolonging 

the quasi-equilibrium state around the 1x1 to 7x7 transition. By moving more slowly 

through this tem perature region, we allow the 7x7 reconstruction to expand and stabilise 

the step-bunch pattern.
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F ' i g u r e  3.11: Height and angle profile of a step-bunched sample

Height and associated angle jsrofile of a 3.5 ° miscut step-bunched sample as a function of 
distance in the direction perpendicular to the step edges. The sample was annealed in Regime I 
with a step-up current. Superimposed on the angle profile is the -3 .5° (red) and 18.5° (blue) 
angles. The -3 .5° angle should correspond to the (111) terraces, since the miscut angle of the 
sample is 3 .5°. The 18.5° angle is highlighted since it is inclined at 22° to the (111) plane, and 
this is the angle one would expect to find a (331) facet.

Shown in figure 3.11 are height and angle profiles across one of the samples used in the 

cooling rate study with a 3.5 ° miscut. The angle profile is produced by simply taking the 

first derivative of the height profile. Two angles are superimposed in the angle profile. 

In red is -3.5° which corresponds to the angle of the (111) plane, since the miscut of 

this sample is 3.5 °. In blue is 18.5 °, which is at 22 ° to the (111) plane, and equal to the 

angle that one would expect to find a (331) plane, as shown in figure 3.8. As can be seen, 

the dashed red line at -3.5 ° matches up well with the terraces between the step-bunches, 

confirming tha t they are indeed (111) facets. The angle of the step-bunches, meanwhile, 

is quite close to the angle expected for (331) facets. Previous studies using techniques 

including STM, LEED and RHEED have confirmed tha t the (331) surface may come 

about for vicinal Si annealed in this way, although in some studies the (331) surface 

was found to be slightly rough [55, 56, 68, 72]. Thus we could plausibly state tha t the 

step-bunches produced in Regime I with a step-up current are actually facets. However,
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F i g u r e  3.12: Step bunches in Regime I and II

(a) and (b): Topographical AFM images of samples annealed in Regimes I and II respectively. 
The (111) templates have a miscut of 3 .5° in the [H2] direction.
(c) and (d); Phase images corresponding to the images directly above.

for smaller periodicities the angle cannot be measured precisely since the tip of the AFM 

is comparable in size to the step-bunch. We also have no way of determining the atomic 

roughness of these surfaces or whether the (331) surface undergoes any reconstruction. 

For these reasons we shall refer to these surfaces as step-bunches and suggest that further 

experiments would be necessary to determine their exact nature.

As mentioned above, samples were also annealed in Regime I with step-down current 

and Regime II with step-up current to produce the sort of step-bunched arrays most 

commonly seen in the scientific literature. These have periodicity on the order of mi

crons. Examples are shown in figure 3.12. In (a) and (c) are height and phase images 

respectively of a sample annealed in Regime I (at 920 °C) with a step-down current, pro

ducing large step bunches with a periodicity on the order of approximately 1.1 p.m, while

(b) and (c) show height and phase images respectively of a sample annealed in Regime 

II (at 1120 °C) with a step-up current. These steps have a periodicity of approximately 

2.9 |J.m. As can be seen from the phase images, the step bimches are visibly rough, and
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may well be formed of bunches within the bunch itself. The roughness of the bunch 

has been noted by previo\is studies of steps of this size [55, 70]. Also visible in (d) are 

monatomic steps which cross the terraces called ‘crossing steps’. Their behaviour has 

been linked to the formation of ‘antibands’ and critical electromigration fields [78, 79], 

but these are not the focus of this study.

3.3 Sapphire Tem plate Preparation

3.3 .1  S ap p h ire

Sapphire or a-Al20,3 has many qualities that makes it an attractive material for use as 

a substrate in a large number of materials science applications. It is chemically stable 

and is an electrical insulator but has good thermal conductivity. It has high mechanical 

strength and a high molting point (~  2(370 °C) and is transparent across the visible range. 

The crystal struct\ue is hexagonal with a rhombohedral primitive cell as shown in figure 

3.13(a). The lattice vectors of the basal plane, oi, and are indicated, and have a 

length of 4.578 A, while the vertical lattice vector ^  has a length of 12.992A. The 

anions form a distorted hexagonal close-packed lattice, with the Al^+ filling two thirds of 

the octahedral hollows. The strong oxygen bonding lends the material its hardness and 

insulating properties. Figure 3.13(b) shows the most commonly used planes of sapphire 

(reconstructions neglected). We deal with C-plane sapphire due to the ability to form 

ordered steps on its surface.

Figure 3.14(a) shows the side profile of the unit cell. We can see the 6 oxygen layers and 

the aluminium bilayers tliat separate them. The dotted lines show the three different 

surface terminations tha t are possible, each exposing a different surface crystal structure. 

We may have an oxygen layer (A, in figure 3.14(c)), a double aluminium layer (B) or 

a single aluminium layer (C), which turns out to be the most energetically favourable 

option [80], and therefore the most commonly used in research. The crystal structure of 

the surface corresponding to termination C is shown in figure 3.14(b).

3 .3 .2  F a cetin g  M ech a n ism  on  S ap ph ire

The behaviour of vicinal sapphire w'hen annealed is a fairly well understood process com

pared to the complex nature of step-bunching on vicinal silicon. Mechanically polished 

C-plane samples can be ordered from manufacturers with a well-defined miscut angle 

in the [1210] direction, producing single steps with height c/6, i.e. one-sixth the unit 

cell height. Heating the sapphire increases the energy of the surface atoms, allowing the
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F i g u r e  3 .1 3 :  Crystal structure o f  A I 2 O 3

a) Rhombohedral primitive cell of Q-AI2 O 3 . Lattice vectors of the basal plane (cii, 0 2  and 0 3  

are indicated, 8 ;S is the vertical lattice vector ^ ).
b) Unit cell of a-A l2 0 3  with four most commonly used planes indicated as follows. Red: 
C-plane (0001), green: M-plane (1100), blue: A-plane (1120). yellow: R-plane (1102).
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F i g u r e  3.14: Side profile and C-plane of AI2 O 3

a) Side profile of AI2 O3  unit cell. The 6  oxygen layers separated by aluminium bilayers can be 
clearly seen. The dotted lines A, B and C indicate the three possible terminations of the 
crystal surface, each of which will result in a slightly different surface crystal structure.
b) C-plane surface of AI2 O3  when terminated between the aluminium layers as indicated by the 
dotted line C in (a).
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F i g u r e  3 .15: Dependence of periodicity of annealed AI2 O 3  substrates on tem perature

Temperature dependency of the periodicity for 6  ° m iscut AI2 O 3  sam ples. There is an 
oxponcntial increase in periodicity w ith tem perature. Following equation 3.4 an Arrhenius plot 
is used (see inset) to calculate the activation energy for surface atom  diffusion. This plot is 
taken fiom  Verve et al. which used the sam e experim ental setup for preparation of AI2 O 3  

sam ples as the current study [29].

surface to reach a thennodyiiam ic ec|uihbrium sta te  composed of lower energy facets. 

There are conflicting reports about interm ediate sta tes where the atom ic steps may join 

to  form double-steps of height 2 c/ 6  [81], with another study going further to  sta te  th a t 

step heiglits continue to prefer to be an even m ultiple of c/ 6  [82]. A nother report sug

gests th a t the interm ediate phase consists of roughly shaped islands on the terraces of 

height c / 6 . Since this study is concerncd only with the production of these stepped- 

surfaces for use as a deposition tem plate, the intricacies of the faceting mechanism are 

unim portant.

Various reports have been carried out investigating the effect of tem peratu re  [29, 82- 

85] and tim e [81, 83, 85, 8 6 ] on the periodicity of the step arrays formed. W ith  a 

small num ber of contradictions, the trend is towards greater periodicity w ith higher 

tem perature (the references cited here include tem peratures in the range of 1100 °C to 

1550 °C). Figure 3.15 is taken from a study  by Verre et al. [29] and shows the dependence 

of periodicity on tem perature for AI2O 3 substrates w ith a 6 ° miscut. As can be seen 

from the graph, there is an exponential increase in periodicity w ith tem perature. It 

is suggested th a t the faceting mechanism is a therm ally activated diffusion process in 

which the periodicity is assumed to be equivalent to  the average displacem ent of the 

adatom s. The periodicity is therefore proportional to  an effective diffusion constant D
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which can be given by

D  = Do exp { -E a c /kB T )  (3.4)

where Eac is the activation energy, is the Boltzm ann constant and T  is the tem per

ature. According to  this equation, p lo tting the natu ral log of the periodicity against 

the  inverse of the tem perature should give a straight line graph whose slope is equal to 

—Eac/ks-  This graph, which is an example of an Arrhenius plot, is shown in the inset 

of figure 3.15. Prom the fit the activation energj^ was found to be 2.8 eV ±0.8eV, which 

is close to  the 2.0 eV reported for nominally flat sapphire [82].

Most studies agree th a t periodicity increases with the annealing tim e up to a point, 

beyond which additional annealing has little affect on the outcome [85]. W hile the 

periodicity might not increase much beyond a certain point, Cuccureddu et al. found 

th a t prolonged annealing did have the effect of narrowing the terracc-w idth distribution 

[86]. In an isolated finding, one study  found a decrease in periodicity for very long anneal 

tim es a t their highest anneal tem perature  [83]. O ther studies have looked at the effect 

on faceting by atm osphere [84] and pressure [87].

3.3 .3  A nn ealin g  P roced ure

Single crystal C-plane a-A l203 substrates {M T I  USA) with a 6 ° m iscut (±  0.1 °) in the 

[1210] direction were cleaned using a similar procedure to  th a t used for Si samples (see 

section 3.2.3). The samples, 10 mm x 10 mm in size, were slowly loaded into the tube 

furnace which was already at a tem perature  of 700 °C. The sample was then heated to  

the  desired annealing tem perature  at a ra te  of 5°C /m inu te , and was also cooled at this 

ra te  a t the end of the annealing period to  bring the sample back to  700 °C. After removal 

from the  furnace the samples were analysed using AFM in tapping mode.

3.3 .4  R esu lts

Figure 3.16(a) shows a typical AFM image taken of a (0001) AI2O3 sample which has a 

miscut of 6 ° in the [l210] direction following a 15 hour anneal a t 1400 °C. This rather 

straightforw ard procedure (compared to  the Si annealing procedure) has resulted in a 

well-ordered array of terraces and step-bunches/facets. A line profile taken across the 

image in (a) is shown in figure 3.16(b). In this case, the periodicity is approxim ately 

120 nm, which is in good agreement w ith the previous study by Verre et al. (see graph 

in figure 3.15) [29]. Prom a differentiation of this plot (not shown) it can be seen th a t 

the  terraces correspond to  the 6 ° miscut as expected, but tlie angle of the step-bunched 

facet is not reliably found from AFM. The facet angle is known from TEM  to be 42
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F ig u r e  3.16: AFM  of faceted AI2 O 3

a) Typical AFM  image of faceted vicinal AI2 O 3 tem plate following an annealing process. The 
area of the image is 800nn ix500nm .
b) Height profile across the image in (a). The average periodicity for th is sam ple is 
approxim ately 1 2 0  nm.

corresponding to the (1216) facet [29]. Therefore it is not surprising th a t  such a steep 

slope which is also quite narrow ( ~ 2 0 n m )  is not reflected in an exam ination by AFM 

w ith a tip  diam eter of only 20 nm.

3.4 G lancing A ngle D eposition  Technique

W ith  our tem plates of step-bunched Si and faceted AI2O3 , a num ber of different options 

were available to  us to with regard to  glancing angle deposition. As m entioned in section 

3.2.3, steps w ith a periodicity of approxim ately 1 |j.m or larger can be grown by annealing 

w ith a step-down current in Regime I or a step-up current in Regime II, while steps w ith 

a periodicity of 50-150 nm can be grown using a step-up current in Regime I. Hereafter 

tliese two groups shall be referred to as ‘large-step’ and ‘sm all-step’ samples respectively.

The formation of nanowire or nanoparticle arrays on these tem plates can be performed 

by depositing a t a glancing angle in either the uphill or downhill direction, as shown 

in figure 3.17. In this figure the deposition flux is given by the black arrow and the



Chapter 3. Template Preparation and Glancing Angle Deposition 50

b) D o w nh i l l  d e p o s i t i o na) Uphil l  d e p o s i t i o n

M acro sco p ic  
s a m p le  su r face

F i g u r e  3.17: Glancing Angle Deposition Schematic

Schematic images of an uphill (a) and downhill (b) deposition. Here the dashed lines indicate 
the macroscopic sample surface. is the deposition angle and Om is the miscnt angle.

macroscopic sample surface is shown as a da^shed black line, and the deposition tmgle 

9d  is the angle between these two. Uphill depositions were never carried on large- 

step samples due to the roughness of the step-bunches, as can be seen in figure 3.12, 

but we regularly carried out uphill depositions on small step-sam ples and on faceted 

AI2 O 3  samples. Since in these cases the step bunch was on the order of a few tens of 

nanometres in width, the entire step-bunch was covered with the deposited material. For 

uphill depositions it was found that it was best to deposit with a deposition angle equal 

to the miscut angle 6m - Depositing at a greater angle than 0m  results in deposition on 

the terraces, while using a smaller angle than 6m  results in a distribution of wire widths 

which is even greater than the distribution of step-bunch widths due to self-shadowing.

Downhill depositions were carried out on both large- and sm all-step samples. As shown 

in figure 3.17(b), the deposition angle 9m  can be chosen to expose only a certain pro

portion of the terrace width, thereby allowing us to specify the wire w idth for a given 

sample.

In most circumstances involving thin film deposition, the thickness T  is determined 

simply by the deposition flux incident on a flat substrate, / ,  in units of nm /m inute for 

example, multiplied by the duration of the deposition (in m inutes for this example). 

Since we are dealing with partial coverage and a deposition flux which is directed at a 

very shallow angle, some adjustments are required to calculate the resultant wire height, 

but it is helpful to consider the thickness T  that would be deposited onto a flat substrate 

located at the same position in the chamber as our step-bunched tem plate. W ire height 

h can be expressed in relation to T  via
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where is the proportion of the terraces which is covered. For example, if the periodicity 

is 130 mn and the deposition fliix is only incident on the step-bunches which have a w idth 

of 30 mn, then ft  = 30/130 ~  0.23.

Samples for m agnetic analysis were covered in a capping layer of MgO or Ag which was 

deposited a t normal incidence. This was done w ithout removing the sample from the 

vacuum to prevent oxidation of the nanowire m aterial.

3.4.1 N anow ires G row n on L arge-Step  Sam ples

Figure 3.18 shows two examples of nanowire arrays produced by using glancing angle 

deposition onto step-bunched Si substrates. These are bo th  AFM phase images carried 

out in tapping mode. The tem plate in figure 3.18(a) was achieved by annealing w ith a 

step-down current in Regime I to produce a large-step array w ith a periodicity of approx

imately 840 mn, while the tem plate in 3.18(b) was created by annealing w ith a step-up 

current in Regime II to  a tta in  a periodicity of approxim ately 2.7 |J.m. Both tem plates 

were oxidised cis described in section 3.2.3, and subsequently examined using AFM to 

ensure th a t the oxidation procedure liad no adverse effect on the step morphology. Fe 

was deposited in tlie downhill direction at room tem perature  a t an angle of 1.5 ° with re

spect to  the macroscopic sami)le surface. The results show successful im plem entation of 

the glancing angle deposition technique, producing ordered rows of wires w ith w idths on 

the order of himdreds of nanom etres, and thicknesses which can be specified by choosing 

an appropriate  duration of deposition. From the phase images above, it appears th a t the 

wires are quite rough. Figure 3.19, which shows a height profile of a single Fe nanowire

from this sample, gives a clearer indication of the roughness of the nanowires produced

using this m ethod. We can see th a t it is composed of an aggregation of Fe grains. It is 

understandable th a t the  growth is not epitaxial, given th a t the Si surface is oxidised and 

most likely am orphous as a result. The finding also suggests th a t the crystalline axes 

of the nanowire m aterial arc random ly oriented, and so the role of m agnetocrystalline 

anisotropy of the system  can safely be neglected.

3.4 .2  N anow ires G row n on S m all-S tep  Sam ples  

3 .4 .2 .1  D o w n h ill  D e p o s it io n s  o n  Si

Four identical tem plates were prepared for downhill depositions by annealing Si sub

stra tes w ith a rniscut of 2.5 ° in the [H2] direction in Regime I w ith a step-up current. 

This ])roduced step-bunched tem plates w'ith a periodicity of approxim ately 140 nm, sim

ilar to  th a t seen in figure 3.9(a).
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F i g u r e  3.18: Glancing angle deposition results on large-step samples

AFM phase images of large-step Si step-bunched templates with nanowire arrays produced via 
glancing angle deposition. The regions are labelled “SB” , for stcp-bimchcs, “NW’' for 
nanowires and “BT" for Bare Terrace, which are the regions of the terraces that have been 
shadowed by the preceding step.
(a) Sample annealed in Regime I with periodicity of approximately 850 nm. Fe has been 
deposited at 1.5° resulting in coverage of approximately 70% of the terrace surface, yielding 
wires of 260 nm width.
(b) Sample annealed in Regime II with periodicity of approximately 2.7 ^im. Fe has been 
deposited at 1.5° resulting in coverage of approximately 80% of the terrace surface, yielding 
wires of 900 nm width.

F i g u r e  3.19: Single nanowire produced on a large-step sample

Height profile of a single nanowire deposited on a large-step sample whose periodicity is 
850 nm. The surface of the nanowire surface appears rough, suggesting tha t it is composed of 
an agglomeration of grains. The slopes to  the left and right do not represent the entirety of the 
neighbouring step-bunches.
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F igure 3.20: Fe nanowires with varying deposition angle

Topographical AFM images of Fe nanowire arrays produced by depositing in the downhill 
direction on four samples. The deposition angle used for each sample was (a) 2 .5°, (b) 1 .5°,
(c) 1.0° and (d) 0 .5°. Each image is lOOOxTOOnm.

Fe was deposited in the downhill direction on the four samples, a, b, c and d, using a 

dej)osition angle 0d , of 2.5°, 1.5°, 1.0° and 0.5° respectively. AFM results are shown 

in figure 3.20. As can be seen, the technique successfully resulted in ordered rows of 

Fe-nanowires with good regularity of direction and size. For (a) and (b) where is at 

leaat 1.5°, it is apparent that the entire terrace is covered in Fe, with only small gaps 

between the wires at the step-bunches. In (c) we can see a reduction in terrace coverage 

with regions of bare terrace visible. In (d), the proportion of the terrace which is covered 

in Fe has been further reduced. It is also evident tha t the wires seem to be formed of 

grains of Fe, similar to the case of wires deposited on large-step samples (e.g. figure 

3.19).

A selection of inchvidual height profiles from three of the four samples are shown in 

figure 3.21(a). In these three height profiles, the nanowires are labelled ‘NW ’, the step- 

bimches are labelled ‘SB’ and the regions of bare terrace, if present, are labelled ‘B T ’. 

It is evident that the region of the terrace covered by nanowire material decreases with 

deposition angle. Thus, using this technique we are able to specify the wire width of an 

airay through appropriate choice of deposition angle.

In addition, we can alter the deposition time to control the thickness of the wires within 

the array. For this study, three step-bunched templates were produced having a period

icity of approximately 90 nm. Downhill Fe depositions were carried out with Od equal 

to 0.5°. The thickness deposited onto the three samples was equivalent to a normal 

deposition thickness (i.e. T, in equation 3.5) of 75, 100 and 150 nm. Figure 3.21(b) 

shows height profile scans across nanowires from each of the three samples. The height
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F i g u r e  3 .21 :  Height profiles across nanowires with varying deposition angle and thick
ness

a) Height profiles from three Fe nanowire array samples with different deposition angles used. 
The angle of deposition for each sample is indicated by the black, red and blue arrows. As the 
deposition angle is reduced, the portion of the terrace covered by nanowire material (labelled 
‘NW ’) is reduced, and the bare regions of the terraccs (labelled ‘B T ’) increa-ses. Also labelled 
are the step-bunches, ‘SB’.
b) Height profiles of Fe nanowires taken from three nanowire arrays with periodicities of 90 run 
and varying deposition time. The deposited thickness given is ecjuivalent to that which would 
be measured on a a substrate aligned normally to the deposition flux. The region between the 
dotted line and the height profile represents the cross-section of the wire in each case. The 
arrow indicates the angle of the deposition flux for all three samples.

profiles illustrate how the wire thickness increases with deposition time. In addition, 

for the thickest sample (figure 3.21(b)(iii)) we see that the width of the wire is slightly 

increased. This is understandable, considering that the flux is directed at only 3 ° from 

the plane of the terrace.

Fe nanowire arrays were also examined using High Resolution Transmission Electron 

Microscopy (HRTEM, FEI Tecnai F30 operated at 300 kV). Prior to TEM examination, 

the samples were prepared using a Focussed Ion Beam (FIB) on a Helios Nanolab mi

croscope. The preparation involves first coating the sample surface with a layer of Au 

and P t, which protect the sample details and provide contrast while imaging. Then the 

FIB is used to cut a thin electron-transparent lamella from the sample whose long edge 

is perpendicular to the step-edges. The results of the TEM study arc shown in figure 

3.22. In figure 3.22(a) we see the cross section of about 5 wires from the sample. The 

wires appear as granular stripes close to the surface. Figure 3.22(b) shows a single Fe
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F igure 3.22: TEM of Fe nanowires

a) TEM  cross-section of several Fc nanowircs in a nanowire array.
b) Close-iip image of a single grain from one of the  wires shown in (a).
c) F F T  of the  Fe grain shown in (b). The p a tte rn  indicates th a t the  grain is bcc and th a t we 
are viewing along the [H i] axis.

grain approxim ately 4 inn in diam eter, and the F F T  of th is region is shown in 3.22(c). 

From the F F T  we can tell th a t the grain in (b) is body-centred cubic (bcc) in structure, 

and th a t the direction along which we are viewing is the [111] axis.

A part from Fe, other m aterials for the nanowire arrays were also investigated. Figure 

3.23 show’s some typical images from a TEM  exam ination of a Co nanowire array. In 

figure 3.23(a) we see the Co nanowire as a dark stripe which covers almost the entire 

step terrace. The widths of the nanowires vary from 50 to  70 nm  due to  statistical

fluctuations in the periodicity of the Si tem plate. We can also see th a t the  Si02 layer

which was caused by annealing the tem plate in 0 2 -rich atm osphere is approxim ately 

110 nm in thickness. Figure 3.23(b) shows a close-up of one of these nanowires. We 

can see th a t it is composed of small regions (ss5nm ) of continuous crystallinity. This 

reinforces our earlier suspicion th a t the wires were polycrystalline, as suggested by the 

grain}’ structures seen in figure 3.20, for example. Figure 3.23(c) shows a close-up of 

one of these grains, and its Fast Fourier Transform (FFT) is shown in 3.23(d). From 

the F F T  we can identify the crystal structure  as hep (hexagonal close-packed) and the 

direction along which we are viewing as the [112] axis. A few regions exhibited fee (face- 

centred cubic) structure, as determ ined from selected area diffraction analysis, while 

other areas were fee CoO, where oxidation was most likely due to  the interface w’ith  the 

MgO capping layer or Si0 2  siibstrate.
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F igure 3.23: TEM of Co nanowires

a) TEM cross-section of nanowire array showing several nanowires grown by depositing Co 
onto a step-bunched Si template in the downhill direction,
b) Close-up image of some of the Co grains comprising the nanowire. We can see tha t the 
crystallinity is continuous only over short ranges (« 5 n m ) indicating that the nanowires are 
polycrystalhne.
c) Close-up of a single Co grain.
d) FFT  of the Co grain shown in (c). The pattern  tells us that we are viewing the Co grain 
along the [121] axis.
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F igure 3.24: AFM data from Ni nanowire arrays with varying thickness

a) and b): 3D AFM images of Ni nanowire arrays produced by using a effective normal 
incidence thickness of 125 and 250 nm respectively. The areas are 500x500nm  in size, and the 
z-axis is to the same scale for both images. The Ni is deposited on identical Si step-bunched 
templates with a periodicity of approximately 140 nm. We can see that the nanowires are very 
straight, regular and well-separated.
c) Height profiles across each of the two samples in (a) and (b) are shown in black and red 
respectively. The grey and pink shaded regions in the two profiles correspond to the cross 
sections of the Ni nanowires.

3 .4 .2 .2  U p h ill D e p o s itio n s  on  Si

A number of experiments were carried out to explore the variety of nanowire arrays 

tha t could be produced by depositing in the uphill direction. The effect of deposition 

time was examined by carrying out two Ni depositions in the uphill direction, with 

deposition thicknesses at normal incidence of 125 and 250 nm. 3D AFM images of the 

resulting nanowire arrays are shown in figure 3.24(a) and (b). As can be seen from these 

images, the method results in ordered rows of Ni nanowires which are very straight and 

well separated. From these images we can see an increase in width and thickness of 

the Ni nanowires which is more evident in figure 3.24(c), which shows height profiles
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F igure 3.25: AFM data from arrays of nanowires composed of Co, Fe and Ni deposited
in the uphill direction

Arrays of nanowires composed of Co, Fe and Ni are shown in a), b) and c) respectively. The 
material is deposited in the uphill direction onto samples with similar periodicity and 
deposition time. The areas shown are 500x500nm in size.

across these two samples. In these profiles, the miscut angle of the Si substrate has 

been subtracted, and the regions corresponding to the wire cross-sections have been 

shaded in. We can analyse the shaded regions in this image and show tha t the grey 

areas are 57% the area of the pink regions, which is close to the 50% that we expected, 

although local variations in wire and step dimensions are expected. Here it is assumed 

tha t the beginning of the wire is the point where the height increases above that of the 
flat terrace. From separate TEM inspections of samples produced using this system, 

this assumption is reasonable [88]. The wires do not seem to be affected by shadowing 

arising from the portion of the leading wire tha t is slightly above the terrace height.

In order to show the applicability of the glancing angle technique to various wire materi

als, uphill depositions were carried out on similar step-bunched templates by evaporating 

Fe, Co and Ni. Typical AFM images of the resulting arrays are shown in figure 3.25. 

As can be seen, ordered rows were successfully grown of these three materials. Wires 

of non-magnetic materials can also be grown with similar results. This demonstrates 

the versatility of the method and show tha t there is a broad potential for this simple 

technique in terms of the range of systems tha t can be investigated.
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3 .4 .2 .3  U p h il l  D e p o s it io n s  on  Sapphire

Glancing angle depositions on faceted AI2 O3  templates has previously been shown to 

produce ordered arrays of nanoparticles of a variety of materials, including Cu, Ag and 

Au [89]. The focus of previous work on these nanoparticles has been the analysis of their 

optical properties. Hence, AI2 O3  is the material chosen for the substrate rather than 

Si, since it is transparent in the visible range and does ont contribute to the reflectance 

anisotropy of the system. In this work we focus solely on nanoparticle arrays of magnetic 

materials. To demonstrate the applicability of the technique for fabrication of ordered 

rows of nanoparticles, and to examine one of the key parameters, we carried out three 

Co uphill depositions, each differing only by substrate temperature, on faceted AI2 O3  

templates which have a periodicity of approximately 70 nm. The deposition angle in 

each case was equal to the niiscut angle (6 °). Sample A was at room tem perature 

dining the deposition, sample B at 260°C, and sample C at 400°C. SEM images from 

the 3 samples are shown in figure 3.26. One can see tha t the depositions have resulted 

in ordered rows of nanowires in the case of sample A, and nanoparticles for samples 

B and C. The locations of the wires and particles are confined by the dimensions of 

the step-edge facet, with verj- little material on the (0001) terraces. From the close-up 

image 3.26A(ii), it can be seen that the wires are composed of grains ( ~ 5 n m  or less in 

diameter), and figures 3.26B(ii) and C(ii) show tha t the droplets are slightly elliptical in 

shape with their long axis parallel to the step-edges. It seems that the diffusion length

A(i)

(ii)

F i g u r e  3.2G: Co nanowires and nanoparticles on faceted AI2 O3 substrates

Arrays of nanowircs (A) and nanoparticles (B and C) produced by depositing Co in the uphill 
direction on faceted AI2 O3 tem plates. Part (i) im ages are 5 0 0 x 5 0 0 nm and part (ii) im ages are 
2 0 0 x 2 0 0 nm.
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F ig u r e  3 .27: Im portant dim ensions of Co nanoparticles

D im ensions of nanoparticles which will be referred to  throughout the present text. and D y  

are the lengths of the major and minor axes respectively. is the centre-to-centre separation  
of neighbouring nanoparticles along the step-edge direction, and is the interparticle 
separation.

of the Co atom s has increased w ith tem perature, allowing them  to form droplets which 

lowers the surface energy of the system. As the tem perature is increased further, one 

would expect the droplets to  become slightly rounder, and comparing 3.26B(ii) and C(ii) 

this seems to  be the case. To sta te  this with certainty, it was decided to carry out a full 

analysis on the dimensions of the ellipses. Figure 3.27 shows the relevant dimensions 

superimposed on an SEM image of three Co nanoparticles. Tn this figure, and Dy 

are the lengths of the m ajor and m inor axes respectively. is the centre-to-centre 

separation of neighbouring nanoparticles along the step-edge direction, and Sx is the 

interparticle separation. Over 400 nanoparticles from each of the two samples were 

examined using AutoCAD software. The average values for the m ajor and m inor axes 

{Dx) and {Dy),  as well as their standard  deviations (cr), average interparticle separation 

{sx) and average eccentricity, (e), (calculated by equation 3.6) arc shown in table 3.2.

(3.6)

The d a ta  for D^  and Dy  show th a t the average nanoparticle size has increased. This can 

be explained by the increasing tem perature  causing some of the nanoparticles to coalesce.

T a b l e  3 .2: Average dim ensions of nanoparticles grown at two different substrate de
position tem peratures

Average major and minor axis values for elHptical nanoparticles grown at 260 °C and 4 0 0 °C. 
Also shown for each sam ple is th e average interparticle separation s and eccentricity, e.

Temperature {Dx) -  nm (cr) {Dy) -  nm ( a ) (sx) - nm {e)
260 °C 18.2 (4.6) 13.6 (1.8) 3.1 0.60
400 °C 18.5 (3.7) 15.5 (2.4) 4.5 0.49
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Furthermore there is a decrease in eccentricity. This is caused by the increased mobihty 

of the Co atoms, which allows the nanoparticles to assume a rounder shape which has 

lower surface energy. The interparticle separation increases with temperature, which is 

linked to the previously mentioned findings as the total Co volume remains constant. 

These results are important, since the shape and separation of these nanostructures will 

determine their magnetic behaviour, as shown in section 4.3, as well as their optical 

response, as has been demonstrated in separate studies [89, 90].

3.5 C onclusions

The main findings of this chapter relate to the preparation of step-bunched Si templates 

and the formation of ordered arrays of nanowires and nanodots. W ith regard to the 

former, it was shown that highly ordered rows of step-bunches could be formed on 

templates with a miscut in the [H2] direction by annealing with a current in the step- 

up or step-down directions. Step bTinches with a periodicity of 50-150 nm were achieved 

with a step-up current in Regime I (as defined in table 3.1). Larger step-bunches having 

a periodicity of 1.1 |ini were attained by annealing with a step-down current in Regime I, 

and still larger bunches with a periodicity of 2.9 (j.m were achieved with step-up current 

by annealing in Regime II.

Previous studies have focused on the effect of tem perature and annealing time on the 

resulting morphology. Here, it was shown how the cooling rate from the annealing 

temperature to a lower resting temperature below the lx l -> 7 x 7  transition tempera

ture can affect the periodicity of the resulting step array. Specifically, it was found 

tha t the periodicity was smaller for faster cooling rates. Assuming tha t quenching the 

sample preserves its higher temperature morphology, this indicates tha t the surface at 

the annealing temperature is a uniform array of single atomic height steps, and tha t the 

bunching is a process that occurs during cooling across the 1x1—>7x7 transition. Slower 

cooling rates prolong the time spent at this quasi-equilibrium state, allowing the 7x7 

facets to expand, thereby giving rise to greater periodicity. By analysing the slope across 

the sample, it was noted tha t the difference between the angles of the bunches and the 

terraces was approximately 22°. This suggests tha t the bunches witnessed may in fact 

be (331) facets, and that the bunching procedure may be a period of co-stabilisation of 

the two facet groups. Other studies of Si samples prepared in a very similar manner 

have demonstrated the formation of (331) facets [68].

The use of cooling rate as a functional parameter for periodicity control is attractive 

d\ie to the small change of periodicity as a function of the control, i.e. varying the 

cooling rate by an order of magnitude changes the periodicity by a relatively small
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amount. This makes it useful for fine-tuning of the periodicity, and furthermore makes 

it a useful parameter for obtaining reproducible results across several annealing systems, 

where exact definition of other parameters such as temperature may be problematic. 

Additionally, the finding highlights tha t it is im portant that the cooling rate is considered 

and reported in any experiment where Si (111) is annealed at high temperatures and 

subsequently cooled. While no variation in periodicity was noticed as a function of angle, 

the range investigated was very narrow and further experiments will need to be carried 

out to check for dependency.

In relation to the formation of wire arrays, it was shown tha t well ordered rows of 

nanowires of a variety of materials could be grown. It was also shown how wire width 

and thickness could be controlled by choice of deposition angle and duration respectively. 

TEM images of Fe and Co nanowire arrays revealed tha t the wires are polycrystalline 

as suspected from the AFM images.

The ability to grow ordered arrays of nanoparticles on faceted AI2 O3  templates was 

demonstrated. It was shown that carrying out the deposition at higher temperatures 

resulted in rounder nanoparticles due to the increased mobility of the adatoms on the 

surface of the template. This is expected to alter the absorption resonance frequency 

of the nanoparticles. The heating also results in an increased average inter-particle 

separation, which will affect the level of dipolar coupling between nanoparticles. This 

is expected to have consequences both for the resonant frequency of the nanoparticles 

as well as the magnetic shape anisotropy of the array as a whole, which may act as a 

system of disconnected particles whose magnetic shape anisotropy is primarily due to 

inter-particle interactions [91].



C hapter 4

M agnetic Characterisation of 
Nanowire Arrays

M inimisation of feature size in electronic devices is a ttractive for reasons of bo th  con

venience of smaller device volmne and due to the exciting phenom ena th a t emerge at 

the nanoscale which we seek to  control and m anipulate [13]. The study of m agnetism , 

which has im portant applications in existing technologies such as memory storage, and 

emerging fields such as spintronics, is no different this respect [92], A challenge asso

ciated w ith minimisation is th a t as dimensions arc reduced, therm al energy rivals the 

m agnetostatic energies th a t stabilise m agnetisation. Nanowires of m agnetic m aterials 

arc a ttractive in this area since their shape anisotropy can stabilise the direction of 

m agnetisation more effectively than  isotropic structures. Since the m agnetisation will 

typically be aligned in specific directions, they are naturally  a ttractive for use in logic 

or storage devices which require binary expression (although ternary  and quaternary  

m agnetic storage devices have also been proposed [93-96]). This chapter begins w ith a 

discussion of the origin of shape-induced m agnetic anisotropy and two im portan t effects 

relating to  m agnetic nanowires, namely reversal mechanisms and interwire interactions. 

In the second half of this chapter experim ental d a ta  from m easurem ents of the nanowire 

arrays whose fabrication was described in the previous chapter will be shown relating to 

each of these topics.

4.1 IMagnetic P henom ena in N anow ire Arrays

This section will look at some of the aspects of m agnetisation which are expected to  arise 

in studies of m agnetic naiiowire arrays. Much of the more general details can be found 

in good books on magnetism  such as Introduction to the Theory of Ferromagnetism  by

63
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Amikam Aharoni, Physics of Ferromagnetism by Soshin Chikazumi and Magnetism and 

Magnetic Materials by J.M.D. Coey [97-99]. Other references are given for more specific 

details.

4 .1 .1  M a g n etic  A n iso tr o p y

Magnetic anisotropy is the energy dependence of the direction of magnetisation, 

with respect to certain axes. The directions which are energetically favourable and 

unfavourable for the magnetisation to point towards are called ‘easy axes’ and ‘hard 

axes’ respectively. The anisotropy energy density, Ea, is related to the angle 0 between 

the magnetisation and the easy axis via the anisotropy coefficient K ,  which has unit 

J m~^. Magnetic anisotropy is key to the stabilisation of the direction of magnetisation, 

Gm , in a particular direction. W ithout some source of anisotropy, would fluctuate 

randomly, as the switching field and energy of reversal would both be zero. There are 

several different sources of magnetic anisotropy, which are outlined in the following. 

More than one source of anisotropy may be present for a given system.

• Shape A nisotropy

Shape anisotropy is due to the energy of a sample in its ow'n demagnetising field 

Hd, which is brought about by dipole-dipole interactions between spins. The de

magnetising field is lowest when the magnetisation is aligned with the longest 

dimension of the magnetic particle, and hence this is the lowest energy configura

tion. This form of anisotropy is the main focus of the experiments on magnetic 

nanowires described in this chapter. Further discussion, including the expressions 

for self-energy as a function of the demagnetising field will be given later. The 

coefficient for shape anisotropy is denoted K sh-

• M agnetocrystalline A nisotropy

Magnetocrystalline anisotropy is the dependence of the energy on the direction 

of 6m with respect to the principal axes of the crystal structure. It is due to 

the interaction of the crystal field with the electronic orbitals, and therefore with 

the spin, via spin-orbit coupling. In the case of crystal structures with uniaxial 

anisotropy, such as hexagonal crystals, interatomic dipole-dipole interactions also 

contribute. Magnetocrystalline anisotropy is an intrinsic property of a material, 

and the anisotropy coefficient is denoted K ^ a -

• Induced A nisotropy

These are anisotropies that are brought about during the growth of the magnetic 

material. Induced anisotropy may be due to stress brought about by epitaxial
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growth on a shghtly niisuiatched substrate. This is also called strain-induced 

anisotropy and is an example of a magnetoelastic effect. Anisotropy can also be 

induced through texturing or by annealing certain films in the presence of large 

magnetic fields.

• S urface  A n iso tro p y

For thin films and nanoparticles, surface anisotropy must also be considered, which 

is caused by the broken symmetry of the crystal at surfaces. In this case the energy 

density term, K s a , has units of J m “ ,̂ and the surface anisotropy energy is

where e„ is the unit vector pointing normal to the surface. For positive K sa , this is 

minimised by having the magnetisation pointing normally to the surface, whereas 

parallel alignment is preferred for K sa < 0- Positive K sa is the norm for most 

ferromagnetic materials [100, 101], but this is commonly overwhelmed for very 

thin films and at certain interfaces due to magnetoelastic strain [32, 102, 103].

• E xchange  A n iso tro p y

Exchange anisotropy is brought about due to exchange interactions at an interface 
between ferromagnetic and antiferromagnetic materials. Unlike other sources of 

anisotropy it is unidirectional, with the easy direction being defined by the direc

tion of the spins of the antiferromagnetic layer at the interface. It may also arise 

at a hard/soft magnetic interface, in which case the easy direction is defined by 

the direction of magnetisation in the hard layer. If 9 is the angle between the easy 

direction and ê vf, then the exchange anisotropy energy is

where K ea is the anisotropy energy coefficient. In the case of a ferromagnet

ic/antiferromagnetic interface, the direction of the antiferromagnetic spins at the 

interface is ‘set’ by cooling the system across its Neel temperature in the presence 

of a magnetic field. This antiferromagnetic interface will then ‘pin’ the ferromag

netic layer via exchange coupling, causing a shift of its hysteresis loop in the + H  

ov —H  direction, depending on the direction of the applied field during cooling. 

An im portant application of exchange pinning is the ‘spin valve’, a device whose 

resistance depends on the relative directions of magnetisation between a ferromag

netic ‘pinned layer’ whose direction is exchange coupled by an antiferromagnetic 

layer, and another ferromagnetic ‘free layer’ which is separated from the pinned 

layer by a metallic or insulating thin spacer layer [92, 104].

(4.1)

(4.2)



Chapter 4. Magnetic Characterisation of Nanowire Arrays 66

For hard/soft magnetic interfaces, for example a bilayer interface, the system is 

first saturated in a particular direction, and thereafter the hard magnetic region 

will influence an exchange anisotropy on the soft magnetic layer, provided the 

applied field does not exceed the switching field of the hard layer.

This formalism can be used to describe any unidirectional anisotropy which may 

come about for a variety of reasons.

Since the wires in the present study, which are grown on oxidised, step-bunched Si tem

plates, axe composed of randomly oriented crystalline grains with no long-range order 

(as evidenced by results in the previous chapter such as figures 3.20 and 3.23), the possi

bility of a ‘net’ easy axis arising from from magnetocrystalline anisotropy is discounted. 

However, the distribution of easy axis direction at the scale of the individual grains may 

impinge on the effect of shape anisotropy, for example by reducing remanence due to 

a localised preference for magnetisation direction which may be different from the wire 

axis. Typical sources of stress or strain such as epitaxial growth on a slightly mismatched 

substrate are absent, ruling out the potential for induced anisotropy. Therefore in the 

following analysis, the main source of anisotropy is assumed to be shape anisotropy, al

though due to the small thicknesses involved and the presence of oxide interfaces, there 

may also be an influence from surface and exchange anisotropies.

As mentioned above, magnetic shape anisotropy is due to the energy of a sample in its 

own demagnetising field The magnetostatic energy due to shape anisotropy can be 
given by

=  5^0 /  H r f -Md^ r  (4.3)
Jv

where H j is the demagnetising field, M  is the magnetisation and the integral is over 

the entire volume of the ferromagnet, V . The demagnetising field is the field created by 

the magnetisation of the object itself. It is also called the stray field. Usually the terms 

‘demagnetising field’ and ‘stray field’ are used in relation to the field inside and outside 

the magnet respectively. The demagnetising field (inside the magnet) can be given by

Hdi = i , j  = x , y , z  (4.4)

where A/ij is the demagnetising tensor. For an ellipsoidal ferromagnetic particle, and 

M  are uniform throughout the entire volume, and A f  is diagonal with entries, A/"x, M y ,  

Nz  , known as demagnetising factors. The trace of AA is 1, and so by sj^mmetry, a sphere 

has Mx — Ny = Mz — The demagnetising factors for some other simple shapes are 

shown in table 4.1. Long axes of ferromagnetic shapes, such as the long axis of a rod or 

wire, or a planar axis of a thin film, have correspondingly low demagnetisation factors,
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T a b l e  4.1: Demagnetising Factors for Common Shapes

Demagnetising factors for some common shapes. The 2  axis is chosen to be perpendicular to 
tlie plane of the film and parallel to the long axis of the rod. The oblate/prolate spheroid has 
X, y and 2  semi-axes of length a, b and c with a = b and a.

Shape K K
Sphere 1 /3 1 /3 1 /3

Thin Film 0 0 1
Narrow Rod 1 /2 1 /2 0
Oblate/Prolate Spheroid Afa Ma

and vice versa. Axes w ith low and high dem agnetisation factors are said to  be ‘easy’ 

and ‘h a rd ’ axes respectively.

For an ellipsoidal particle, the general form for the demagnetising field energy is

V M ‘̂ +  ^fymy + Afzm f)  (4.5)

where the rrii {i = x ,y ,z)  are the projections of the unit vector of the m agnetisation (m ) 

along the x, y  and z axes. If we assume a particular axis w ith the demagnetising factor 

given simply by Af, we have

=  y , V N M ‘̂ (4.6)

where M  is for the shared axis of M  and The difference in energy between alignment

of m agnetisation along an easy and a hard  axis may now be calculated for this case. Let 

us suppose th a t the dem agnetisation factor along an easy axis is J\f, and along two 

equivalent hard axes it is M '  =  1 /2  (1 — M ).  Then the difference in m agnetostatic energy 

between the cases where the m agnetisation is aligned along the hard and easy axes, A e^ , 

is given by

= (4.7)

Dividing this value by V  gives the m agnetostatic energy density Ea, which can be 

described in relation to  the angle between the m agnetisation M  and the easy-axis;

= K sh sin^ (6>) (4.8)

where K sh is the anisotropy constant in units of J m “  ̂ and is equal to

h'sH =  (1 -  3 X ) . (4.9)

The preference for m agnetisation to lie along the  long axes of ferromagnetic shapes can 

also be understood by considering the phenomenon of ‘charge avoidance’. The m agnetic 

surface charge can be given by M  • e,i where e„ is the surface normal vector. The energy
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z

F igure 4.1: Labels and axes of wire array parameters.

cost is associated with the stray field H^, which can be used to give an alternative, yet 

equivalent expression for

where the integral is over the all space. Thus a ferromagnetic particle will seek to

Minimising surface charge will mean aligning magnetisation parallel to its longest sides, 

which gives a qualitative explanation for the observed behaviour.

4 .1 .1 .1  F M R  as a p robe o f  m a g n etic  an iso trop y

The resonance condition of a ferromagnetic system can be described using the Smit- 

Beljers formalism. The full derivation of this is given in Appendix A. Here, only the 

definition of the co-ordinate system and the final result are given. The co-ordinates and 

their relation to the sample axes are as shown in figure 4.1. As can be seen the sample 

surface is described by the x — y plane, with the wires being parallel to the y —axis. 

Also included in this images are the labels for the wire width, separation and thickness, 

which are denoted w, s and t respectively.

For the case of elongated nanowires, the demagnetising factor corresponding to the 

direction parallel to the axis of the nanowires, J\fy, is assumed to be zero, meaning 

tha t the other demagnetising factors are related by Afx =  1 — A4- The model was 

fitted to experimental data taken when the applied field was directed in the xz  plane,

(4.10)

avoid surface charge by preferentially ahgning its magnetisation parallel to its sides.
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meaning tha t (p^ =  0. Given these conditions, the final expressions using the Smit- 

Beljers formalism are:

where Hj^ is the value of the applied field at which resonance occurs, u  is the resonance 

frequency and M  is the magnitude of the magnetisation.

4.1 .2  Im portant L ength  Scales in M agnetism

This section contains a brief review of length scales that are relevant for magnetic nanos

tructures. These will be referred to in later discussion and analysis. The following closely 

follows Magnetism and Magnetic Materials by J. M. D. Coey [32] and a review paper by 

C.TT. Marrows [105].

A useful starting point for length scales is the ‘exchange length’, lex, which charac
terises the relative competition between the exchange energy and the dipolar energy. 

On a length scale of lex within a material the exchange dominates the direction of 

magnetisation e^/. It is given by

Here, A is the exchange stiffness, which is proportional to both the Curie temperature 

Tc and the exchange constant J .  Two evaluations for A  axe Tc/2ao,  where Oq is the 

lattice parameter of the unit cell, and J  Zda^ ,  where J  is the exchange constant, S  

is the spin quantum number and Zc is the number of atoms per unit cell.

As mentioned in section 4.1.1, without magnetic anisotropy the magnetisation would not 

have a preferred direction and its direction would fluctuate randomly due to thermal 

effects. Thus anisotropy is intrinsically linked with stability of the direction of magneti

sation. Even with some anisotropy, there will be a certain size below which the thermal 

effects will overcome the magnetostatic energy and will cause the the magnetisation to 

flip randomly. Such a particle is said to be superparamagnetic, since it no longer exhibits 

typical ferromagnetic traits such as hysteresis and remanence. The superparamagnetic 

blocking radius, is the radius below which a particle will undergo the spontaneous

//fl sin {Oh -  9) -  2A/;) M sin (20) =  0

f ^ y  =  [ / / ; ,c o s (0 -0 „ )  +  ( l-2 A 4 )M c o s(2 0 )]  x \ H -  M  {1 K ) ]  ,
\  ' / sm d

(4.11)

(4.12)
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fluctuations of ejv̂  and it is given by

(4.13)

where K i is the anisotropy constant.

Since domain walls are regions where the magnetisation turns between two preferred 

directions, the anisotropy constant also has a role to play in their width. Here a Bloch

magnetisation rotates in the plane of the wall. The beauty of the Bloch wall is tha t even 

though the direction of magnetisation (e^^) rotates, we still have V ■ M  =  0 everywhere, 

and so there is no magnetostatic energy cost associated with the wall apart from the 

exchange energy cost. In the strictest sense, a domain wall has infinite width since the 

rotation asymptotically approaches the anti-symmetric directions on either side of the 

wall. However, useful values for domain wall width can be calculated by weighing the 

exchange energy cost versus the anisotropy energy cost for a number of planes in the 

domain wall [105]. The result is a domain wall width 6^ given by

As it happens, the exchange stiffness A  does not vary a great deal from one material to

for a particle tha t may be single-domain in equilibrium, Particles which are in

by inclusion of at least one domain wall, with the increase in exchange energy offset by 

the reduction of magnetostatic energy associated with the stray field. Rgd is given by

wall is considered, which is the most common variety of domain wall. In a Bloch wall, the

(4.14)

another, while K  may vary over several orders of magnitude, and is therefore the key 

parameter for determining the width of a domain wall.

The ‘hardness param eter’ k is a useful parameter which gives the ratio of anisotropy to 

dipole energy. It is equal to

(4.15)

The hardness parameter is directly related to the ‘quality factor’, Q, w’hich is equal 

to 2/c .̂ This parameter gives us a convenient way of expressing the maximum radius

equilibrium and have diameter greater than this value always reduce their total energy

^sd  — 34 K Iqx (4.16)

If a particle is sufficiently small, then its direction of magnetisation may be changed 

uniformly within the entire body of the nanoparticle, i.e. the direction of magnetisation 

6m does not depend on location within the nanoparticle. This is known as coherent
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T a b l e  4 .2 :  Useful parameters for common ferromagnetic materials

Values for saturation magnetisation Ms,  exchange length /exiGxchange stiffness A,  hardness 
parameter k , Hiaxiinum radius for coherent rotation maximum radius for a single domain 
particle at equilibrium width of Bloch domain wall 5̂  ̂ and Curie tem perature T^.

Material
Unit

M s
MA m -i

lex
mn

A
p j  m"^

K Rb
rmi

Rcoh
iim

Rsd
nm nm

Tc
°C

Fe 1.71 2.4 21 0.12 8 12 10 64 771
Co 1.44 3.4 31 0.45 4 17 56 24 1117
Ni 0.485 5.1 8 0.13 17 25 24 125 358
î«oFe-2() 0.84 3.4 10 0.01 55 17 1.6 800 450

rotation, and the maximum radius for a particle whose magnetisation may rotate co

herently is known as the coherent radius, Rcoh, and is related to the exchange length as 

follows;

I^cnh — ex- (4.17)

Values for lex, A, k , Ecoin l^sd a-nd 6^ are given in table 4.2. Also included for 

convenience in tlie table is the Curie temperature, Tc-

4 .1 .3  R ev ersa l M ech a n ism s

Understanding the reversal mechanism of magnetic nanowires is important, since this 

will influence the switching time as well as the stability of the magnetisation, which are 

both im portant considerations for application purposes. As mentioned above, ferromag

netic particles with radii below Rcoh niay rotate coherently and without the need for a 

domain wall. For larger particles where magnetostatic self-energy becomes more impor

tant, reversal may take place ‘incoherently’, whereby the magnetisation may rotate at 

different rates throughout the material. For still larger particles or nanowires, a domain 

may micleate at one end of the particle and propagate along the length of the body until 

the magnetisation is completely reversed. This form of reversal is known as ‘nucleation- 

propagation’ reversal. Identifying whether coherent or nucleation-propagation mode 

reversal in nanowires is of interest to researchers and is commonly investigated by ex

amining the tem perature dependence of coercivity. In principle the coercivity can be 

found by first finding the shape anisotropy for an infinite wire using equation 4.9. Letting 

J\f = [) in this equation gives \is

R s h  —  4 / ^ 0  ■ (4.18)
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Following Brown [106], for a uniformly magnetised ellipsoid the coercivity is given by

Hq M s

2

In reality, coercivities never reach such values, a phenomenon known as Brown’s Paradox 

[33, 100, 107]. This is due to a range of reasons, including shapes being inhomogeneous, 

deviations from ideal ellipsoidal shapes, the need to first nucleate a domain and local 

variations in anisotropy. Thermal effects also play a role in reducing coercivity from 

theoretical values, yet fortunately this behaviour is relatively more predictable and can 

yield useful insights as shall be illustrated.

Following Neel, the energy barrier for magnetisation reversal Eg can expressed as a 

power law

( H \  ^
1 - — j  (4.20)

where H q is the switching field at T =  OK and Eg is the energy barrier when the applied 

field is zero [108, 109]. The factor m  is equal to 2 in the case of aligned Stoner-Wolfarth 

particles undergoing coherent reversal provided that the applied field is directed parallel 

to the easy axis. Howver, for reversal via nucleation of a domain wall which propagates

along the length of the particle (nucleation-propagation reversal) m  is reduced to 3/2

[110]. Assuming an attem pt frequency /□ for crossing the energy barrier, then there is 

an associated relaxation time r ,  given by

Using typical values for /o and assuming a measurement time on the order of 100 s, this 

can be re-arranged to get

E b ^  25 ksT .  (4.22)

Substituting this value back into 4.20 gives

■ /"

The temperature dependencies of Hq and E q can be related to that of Afg, which is more 

user-friendly, by assuming tha t H q is proportional to Mg and E q is proportional to M ^ . 

Setting Hq{T) = Hc{0)Ms{T)/Mso and E q{T) = E qqM ‘̂ / M ‘̂q (where H cq, M so and E qq 

are the OK values of coercivity, saturation magnetisation and energy barrier height in
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zero applied field, respectively), the following expression for Hc{T) is obtained.

By fitting coercivity to this equation we have a means of finding m  and thus we have 

a means of identifying the reversal mechanism, which is a central to our understanding 

of magnetic behaviour at a fundamental level. This approach has been used is the past 

by studies investigating polycrystalline magnetic nanowires grown via electrodeposition 

into porous Anodized Aluminium Oxide (AAO) templates [37, 110-112].

4.1 .4  Interw ire Interactions

Most of us are aware that wlieii tw'o bar magnets are brought close together, tha t the 

opi)osite poles will attract, and if they are allowed to move freely then they will align with 

their magnetisation pointing in opposite directions. This is an effort by the system to 

reduce its magnetostatic dipolar energy. On the nanoscale where positions of magnetic 

nanowires are fixed, they may still attem pt to rcduce the dipolar energy by opting 

for anti-symmetric alignment of magnetisation in neighbouring nanowires. This effect is 

expected to increase as a function of decreasing distance between the nanowires. As such, 

the study of interwirc interactions is hugely im portant for application purposes since 

reducing bit density means decreasing the separation between magnetic components. 

While a number of studies have been carried out on coupling between wires in vertical 

nanowire arrays [34, 113-117], there has been very little examination of coupling in 

planar arrays of magnetic nanowires, which for some application purposes may more 

accurately represent the end-product. A series of studies by Elmers, Hauschild et al. 

found a transition from superparamagnetic to ferromagnetic behaviour in their thin (2 

monolayers or less) nanowires of Fe on W (llO), which they say is due to dipolar coupling 

between wires [118-121]. However, there is little direct evidence provided for dipolar 

coupling at room temperature.

The effect of dipolar coupling in nanowire arrays is illustrated schematically in figure 

4.2. In this figure, the arrows represent the direction of magnetisation in neighbouring 

nanowires within an array. The blue wires (4.2a(i) and 4.2a(ii)) have a large separation 

between them so that they are effectively isolated or non-interacting, whereas the green 

wires (4.2b(i) and 4.2b(ii)) are close together and are interacting. For the non-interacting 

case, both the parallel and anti-parallel alignments of magnetisation have a similar 

magnetostatic energy E  (see points a(i) and a(ii) in the energy graph on the right-hand 

panel of figure 4.2). Since the wires have an easy axis parallel to their length, there 

is an energy barrier associated with the transition between parallel and anti-parallel

(4.24)
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F i g u r e  4 .2 :  Schematic images of the effect of dipolar coupling with nanowire arrays.

Schematic images showing the stray fields of nanowires in planar arrays. The arrows 
correspond to the direction of the magnetisation of the nanowircs. The blue wires (a(i) and 
a(ii)) represent wires which are sufficiently separated so that they are effectively isolated, while 
the green wires (a(i) and a(ii)) have a small separation and are influenced by the stray field of 
their neighbours (black arrows). There is little difference between the energy levels of both 
configurations of the non-interacting wires (blue dots in panel on right), while the anti-parallel 
alignment is energetically preferred over the parallel alignment in the case of interacting wires 
(green dots in panel on right).

alignments and so both arrangements are energetically stable. For the interacting case 

(green wires), however, the anti-parallel alignment more energetically favoiirable than 

the parallel alignment, depending on the specific dimensions and conditions, there might 

not be an energy barrier between the two states (right-hand panel, green curve) and the 

system may freely adopt an anti-parallel configuration from an initial parallel one. Note 

tha t these curves and the positioning of the coloured dots on the right-hand panel of 

figure 4.2 are for illustration purposes only.

Thus, if an external field is apphed in the plane of the array parallel to the axis of the 

wires (the y-axis according to figure 4.1) and subsequently removed, then the magneti

sation of the wires will remain in a parallel alignment in the case of non-interacting 

wires, but for wires which are closer together and are interacting there will be a greater 

probability tha t neighbouring wires will adopt the anti-parallel configuration. This will 

result in lower remanence and coercivity for wires with smaller separation. Adeyeye et 

al. showed tha t this effect becomes noticeable in stripe-like wire (such as those described 

here) for s/ti; < 1 [122].

However, when the external field is directed in the direction in-plane perpendicular to 

the axis of the wires (the x-axis in figure 4.1) the case may be different. This was 

shown by Zighem et al. who conducted a series of simulations investigating the effects 

of dipolar coupling in arrays of ferromagnetic nanowires [114]. They found tha t in the
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case of applied field being applied along x, tha t coercivity and remanence increased 

for reduced separation compared to the isolated case. They explained the finding by 

showing that the stray fields favour alignment, and that in the limit s —)• 0 the array 

becomes a contirmous film and x  is an easy axis like y. Some of these predictions have 

been confirmed experimentally [35] though most studies of interwire interactions which 

are carried out in AAO templates vary wire width in order to vary separation, so the 

wire volume for each case is different, which somewhat complicates the analysis.

The study of interwire interactions using Henkel analysis is based on a manipulation of 

the two different remanence measurements described in section 2.3.2.1, i.e. the isother

mal remanent magnetisation and DC demagnetisation remanence mo{H).  The

lowercase ‘m ’ here indicates that both values are normalised with respect to the rema

nence for infinite applied field, Mfi{oo).

Henkel showed that the quantity 6m given by

5in{H) =  r u o i H )  — (1 — 2mji{H)) (4.25)

should be equal to zero for all II [123]. Deviations from zero are usually considered 

evidence of dipolar or exchange interactions between particles in the system, and plots 
of 6rn versus / / ,  known as ‘Henkel Plots’ are widely used to investigate interwire in

teractions [34, 116, 117, 124-127]. Strictly speaking, deviations may also be caused by 

non-uriiaxial anisotropy and deviations from the single domain state, so care must be 

taken when making comparisons. Positive and negative peaks in the Henkel plot point 

to ‘cooperative-’ and ‘non-cooperative reversal’ respectively [125]. In cooperative rever

sal the dominant interaction is exchange interaction and particles prefer to be aligned 

throughout the reversal whereas in non-cooperative mode the dipolar interaction is dom

inant and particles prefer to by aligned anti-symmetrically. The distinction depends on 

the aligmnent for the lowest energy state at zero applied field. The position of the peak 

along the H  axis should theoretically he a,t H  = He [33, 128] and this has also been 

shown experimentally for vertical arrays [117].

4.2 Results

4.2 .1  Shape A nisotropy

In order to investigate the existence of shape anisotropy in our nanowire arrays, it was 

decided to produce five samples while varying only one deposition parameter, namely the 

deposited thickness of Fe [129]. Identical Si templates were cut from a wafer with a 3.5 °
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F igure 4.3: Shape Anisotropy of Fe nanowire arrays of varying thickness.

Here (a)-(e) show hysteresis loops taken at 300 K for Fe naiiowire arrays measured with the 
magnetisation ahgned in-plane parallel (black) and perpendicular (red) to the direction of the 
wires. Thickness increases gradually from 4 .0 nm (a) to 12.1 nm (e), while wire width and 
separation are kept fixed at 30 nm and 100 nm respectively.
The graph in (f) shows the behaviour of coercivity as a function of the deposited thickness.

miscut in the [112] direction. These were individually annealed with a step-up current as 

described in section 3.2.3, resulting in regular step-bunches with a periodicity of 128 nm 

(± 24nm). Following oxidation, deposition was carried out in the uphill direction at 

an angle equal to the wafer miscut, producing Fe nanowires with a thickness equal to 

the step-bunch width («30nm ). The deposition time was adjusted for samples A, B, 

C, D and E in order to produce wires with a vertical thickness of 4.0, 6.3, 8.0, 9 and 

12.1 nm respectively. Samples were subsequently capped with a 10 nm protective layer of 

either Ag or MgO. Smaller pieces measuring 3x2.5 mm of each of the samples were cut 

from the larger sample for magnetic analysis. Hysteresis loops were measured at 300 K 

using the magnetometer described in section 2.3. Measurements were taken with the 

magnetic field applied in-plane, both parallel and perpendicular to the wire direction. 

The results for the five samples are shown in figure 4.3. The coercivity in the parallel 

and perpendicular directions shall be denoted H q and respectively, and similarly the 

remanence in both directions are denoted by and M ^. As can be seen, for all samples 

the parallel direction to the wires (black curves) is the easy axis, with greater coercivity 

and remanence compared to the in-plane perpendicular direction (red curves). One 

can see tha t and initially increase with deposited thickness (figures a-c) but as 

thickness is increased further, both coercivity and remanence decrease. The behaviours
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F igure 4.4: Dcpcndcncy of wire structure on deposition thickness. 

SEjM images of nanowire arrays with wire thicknesses of (a) 2.7nm  and (b) 10 nm.

of //(I and A/JI as finictions of nanowire thickness are shown in figure 4.3(f). The decrease 

in Illj and at low thicknesses is most likely due to a proportion of the grains within 

the wire behaving superijararnagnetically. As thickness increases the grains grow in size 

and coalesce, resulting in wires composed of strongly interacting grains. This causes 

and Af'^ to increase as shape anisotropy becomes more influential.

Most unusually, for the greatest thickness, the hysteresis loop seems to be constricted or 

‘pinched’ in the centre (figure 4.3(e)). Some studies have found shifted hysteresis loops 

due to the behaviour of domain walls at junctions between nanowires [130, 131]. For the 

present system however, the geometry of the nanowire junctions is not tightly controlled. 

Other studies have observed pinched loops in cases where magnetocrystalline anisotropy 

ŵ as present, sometimes brought about by carrying out an epitaxial deposition onto a 

lattice-matched substrate [132-135]. However in the present case, there is no evidence 

nor any reason to suspect tha t the grains of which the nanowires are composed have 

long-range order of their crystal axes. In order to investigate the cause of the pinched 

loop obsevered for the thickest sample in figure 4.3(e), SEM was carried out on two un

capped samples grown on similar step-bunched templates with deposition times yielding 

wire thicknesses of 2.7nm and 10.9 nm. The results are shown in figures 4.4(a) and 

4.4(b) respectively. As can be seen from these images, there is a large increase in the 

number of nanoparticles situated on the terraces as deposition thickness is increased. 

While just a few small particles can be seen on the terrace for the thinner sample, in 

figure 4.4(b) we can see that the material on the terraces comprises a sizeable proportion 

of the total magnetic material. Hence the “pinched” hysteresis loop seen in figure 4.3(e) 

is likely to be a superposition of hysteresis loops belonging to the nanowires which are 

well aligned with the step-bunches and the magnetic nanoparticles which decorate the 

terraces. These particles would also have the effect of reducing the coercivity of the
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F i g u r e  4.5: Shape Anisotropy of Co nanowire arrays of varying thickness.

Shown here are hysteresis loops for four samples A, B, C and D with wire thicknesses of 4, 6, 9 
and 13nin respectively. Black and red curves correspond to magnetisation measured with the 
applied field directed parallel and perpendicular (respectively) to the axis of the wires.

wires themselves by promoting interwire interaction and reducing shape anisotropy due 
to localised variations in wire width. Their presence may explain the reduced coercivity 

and remanence of sample D compared to sample C. In fact, hysteresis loops with very 

similar shape were noted in a study by Tauxe et al. with the reason given being the pres

ence of superparamagnetic particles alongside single-domain particles [136]. Neglecting 

nanoparticles on the terraces, the increased wire thickness may also have reduced co

ercivity and remanence via dipolar coupling between the wires [114]. Most likely, the 

behaviour observed is due to a combination of these effects.

A similar experiment was carried out with arrays of Co nanowires [137]. Four step- 

bunched Si templates with periodicity of approximately 130 nm were produced in the 

same manner as those used for the Fe nanowire experiments described above. Following 

oxidation of the templates, Co was deposited in the uphill direction with deposition 

times chosen to produce wire thicknesses of 4nm, 6nm, 9nm  and 13 nm for samples 

which shall be referred to as A, B, C and D respectively. Each sample was also covered 

in a 10 nm protective capping layer. Magnetisation measurements were conducted in 

the same manner as before, i.e. at 300 K with the field applied in-plane both parallel 

and perpendicular to the wire direction. The results for the four samples are shown in 

figure 4.5. The behaviour is very similar to tha t seen in the case of Fe nanowire arrays. 

The easy axis corresponds to the direction parallel to the axis of the nanowires. Initially 

the curves for parallel and perpendicular directions are quite similar, bu t as thickness
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increases the  shape anisotropy becomes more prevalent, and the surface anisotropy effect 

becomes less im portan t as the surface to  volume ratio decreases. This causes the large 

increase of and Mj, in figure 4.5(b) and (c). As thickness is further increased both 

and A/][ decrease (see figure 4.5(d)). The ‘pinching’ of the hysteresis loop which was 

very clear in the case of the Fe nanowire array in figure 4.3(e) is very slight in this case, 

visible only as a slight dip in the curve near the y-axis. Again this is likely to  be due to  

the growing num ber and size of particles on the terraces, as well as the effect of dipolar 

coupling between wires. The fact th a t the pinching is less noticeable in the case of Co 

may be associated w ith the fact th a t the crystal s tructu re  is fee ra ther th an  bcc as is 

the case of Fe. Since the crystal structu re  is different, so too is the  m agnetocrystalline 

anisotropy which will influence behaviour a t the scale of the individual grains.

4.2.2 R eversal M echanism

The reversal mechanism of Fe naiiowire arrays was investigated by m easuring H q as a 

fmiction of tem peratu re  as described in section 4.1.3. This was carried out for four of 

the five nanowire samples described in the study above, on the effect of thickness on 

m agnetisation at 300 K, namely the samples A, B, C and E. The results of this study 

are shown in figure 4.6. As can be seen, the effect of increasing tem perature  causes a 

moiiotonic reduction in for each sample. The decrease becomes less dram atic for 

thicker samples, indicating th a t the therm al effects have a greater influence on thinner 

samples, as would be expected.

As m entioned in section 4.1.3, ecjuation 4.24 can be used to  predict the reversal mecha

nism of nanowire arrays based on the tem peratu re  dependence of He, w ith the param eter 

m  eqiial to  1.5 and 2 for nucleation-propagation mode and coherent mode reversal mech

anisms respectively. To determ ine the reversal mechanism, this equation was fitted with 

the value of m  fixed for each of the two mechanisms. The results of the fitting for m  

equal to  1.5 and 2 are shown by the red and blue curves (respectively) in figure 4.6. As 

can be seen, there appears to  be little difference between the two plots. The results for 

the fittings are shown in table 4.3. The values for the curves w ith m  = 2 and m  = 1.5 

are denoted Xm= 2  Xm=i 5 respectively, and the ratio  between the two (Xm=2 /Xm=i 5 ) 

is given in the th ird  column of table 4.3. As can be seen this value is between 0.7 and 

0.48 for the four samples, indicating th a t the coherent reversal mode is the be tte r fit for 

the d a ta  for each of the four samples. The value of initially increases w ith increasing 

wire thickness, in agreement with the findings of Zeng et a /.[ I ll] , bu t is lower for the 

final sample. The breakdown of this trend is due to the abundance of nanoparticles on 

the terraces as shown in figme 4.4. It is expected th a t these nanoparticles, due to  their
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F ig u r e  4 ,6: Dependency of coercivity of Fe nanowirc arrays as a function of tem per
atu re

D ata  points for He  as a function of tem pera tu re  for four of the  five Fe nanowire array samples 
described in section 4.2.1. The four samples are prepared in an identical m anner except for the  
deposited thickness of the nanowires, t. The functions fitted correspond to  equation  4.24 w ith 
the  param eter m  fixed w ith a value of 1.5 (red line) and 2 (blue line).

T a ble  4.3: F ittin g  param eters of tem pera tu re  dependence of coercivity

F ittin g  param eters of curves shown in figure 4.6, which were fitted according to  equation 4.24. 
T he columns refer to  nanowire thickness in the  out-of-plane direction, the  ra tio  of the  values 
for the two models (Xm=2 /X m =i.5 )i coercivity at OK (Hen),  the energy barrier for 
m agnetisation reversal at OK in zero apphed field (£qo), the effective volume of m agnetisation 
reversal Ve/zi and finally V^ff divided by the product of wire thickness and w idth. The last four 
columns give values for the model of coherent reversal (m  =  2)

Sample Wire Thickness 
(nm)

Xm=2lXm=l.S Hco (.m =  2) 
i f ioH .T)

E o o im  =  2) 
(eV)

V e f f i m  = 2 )
(nm^)

Veff/i t  X »v) 
(nm’)

A 4.0 0.53 0.064 1.58 2350 19.6

B 6.3 0.48 0.140 3.85 2600 13.7

C 8.0 0.69 0.145 24.46 15870 66,1

E 12.1 0.42 0.102 9.18 8520 23.5
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roiiiid shape and small size, would have a low barrier for magnetisation reversal, and 

hence the value of E’no for the sample as a whole is reduced.

Following Zeng et al. and Wernsdorfer et al. [ I l l ,  138], the ‘effective volume’ for mag

netisation reversal at OK, V,,ff may be calculated via

V . f ,  =  „  5 ° °  n , ■ (4.26)
Mo -“ CO

The calculated values for are shown in the 6*̂  column of table 4.3. In line with 

the findings of Zeng et o/., this increases with wire thickness for the first three samples, 

suggesting tha t the volume of material which reverses coherently increases with greater 

wire thickness, as would be expected due to the increasing size of grains of which the wires 

are comprised. This value falls for the thickest sample, which again is due to the influence 

of the small, isolated particles on the terraces, both in terms of their superparamagnetic 

behaviour and their potential to affect the magnetostatic interactions between the wires. 

The final column shows the wire length associated with the effective volume, which was 
found by dividing V^fj by the product of the nanowire width and thickness for each 

sample. This value wo\ild be expected to behave like and K //, and increase with 

thickness for samples A to C but decrease for sample E. This trend is not realised exactly, 

however, perhaps due to the imcertainties accumulated in the calculation of this value.

In simnnary, this technique w’as not successful in conclusively proving which reversal 

mechanism was dominant for each sample. More data points between 0 K and 100 K 

would provide the means to state more decisively which model was a closer fit to the data. 

It was noticed that for all four samples the 10 K measurement for was consistently 

higher than the fitted curve. It is possible, therefore, tha t there is some systematic 

error in the measurement process. For example, it may be necessary to conduct careful 

temperature calibration of the apparatus. Another possibility is that there is a significant 

proportion of particles or parts of the nanow'ires which are superparamagnetic, and 

contribute to the coercivity only at low temperatures. In spite of this, the fittings 

did yield meaningful parameters relating to the energy barrier and effective volume of 

magnetisation reversal at OK. Both of these increased with wire thickness as expected 

an in accordance with previous findings, except for the last sample, whose values of E qq 

and V^ff are reduced. This break in trend can be explained as being due to the influence 

of the nanoparticles on the substrate terraces which have small volume and low energy 

barrier for magnetisation reversal compared to the nanowires making up the array.
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F igure 4.7: SEM images of samples for Henkel analysis.

SEM images of two samples which were uncapped but otherwise identically prepared to 
samples used for a Henkel analysis investigation of dipolar coupling between nanowircs. Both 
samples have a wire width of 30 nm. Sample A has a separation of 60 nm while sample B has a 
separation of 15 nm. The scale bar in each case is 200 nm.

4.2.3 Interw ire Interactions

To investigate the effect of dipolar coupling between naiiowires in an array, two samples 

were created having equal wire w idth but two different separations. For sample A, Fe 

was deposited in the uphill direction onto a step-bunched vicinal tem plate w ith 90 imi 

periodicity. This resulted in wires having 30 nm  width and 60 nm separation. For sample 

B, Fe was deposited in the downhill direction tem plate with a periodicity of 45nrn. 

Again this yielded 30 nm  w idth b u t a separation of only 15 nm. As m entioned in section 

4.1.4, Adeyeye et al. found a change in behaviour when separation was reduced below 

the wire w idth [122], so the two samples here should correspond to  interacting and 

isolated regimes. Deposition tim e was chosen to  achieve identical wire thickness for the 

two samples (4 .4nm ). Prior to  growth of the capped samples for m agnetic analysis, 

uncapped samples were produced for SEM analysis to  confirm the growth process. The 

SEM results are shown in figure 4.7. W hile is appears from the SEM images of the two 

samples th a t  sample B is more granular or rough than  sample A, this is related to the 

the fact th a t the resolution of the  SEM is lim ited in this case by the percentage coverage 

of the surface in metallic m aterial. Since the substrates are oxidised Si, these samples 

are very prone to  charging when imaging using SEM, and so the greater the coverage 

the more this effect is reduced and the b e tte r imaging becomes.

All magnetic m easurem ents were carried out on the AGFM described in section 2.3.2. 

Prior to  the remanence m easurem ents, hysteresis loops were first recorded to  examine 

the effects of dipolar coupling. The M  — H  loops for the in-plane directions bo th  parallel 

and perpendicular to  the long wire axes are shown in figure 4.8. As can be seen in the 

M  — H  loops for sample A, there is clear shape anisotropy with noticeably greater
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F i g u r e  4 . 8 :  M  — H  loops for samples in Henkel analysis.

Hysteresis loops for two Fe nanowire arrays samples. Samples A and B have an interwire 
separation of 60 nni and 15 nm respectively. Both samples exhibit an easy axis parallel to the 
wire direction, but for small separation (sample B) the He  is reduced and is increased 
compared to wider separation (sample A).

than (Mo^c =  63.3 and 11.1 mT respectively) as well as a marked difference in 

renianence (60.5% vs. 13%). The difference in magnetic behaviour between parallel and 

perpendicular directions is much more subtle in the case of sample B which has smaller 

interwire separation. Comparing sample A to sample B, one notices a decrease in 

and M l,  with /io-^c reducing from 63.3 to 22.6 mT, and M][ reducing from 60.5% to 

30%. Meanwhile in the perpendicular direction there is an increase in coercivity from 

sample A to sample B, where = 11.1 to 24.5mT) as well as (13% to 28%).

This has been predicted theoretically as was mentioned in section 4.1.4.

The plots for ttid (as defined by 2.2) and Sm  (as defined by 4.25) are shown in 

figure 4.9. As can be seen from this image, the plot for Sm  for sample A is a fiat line 

with no clear peak, as expected for the case of isolated nanowires, while with sample B, 

there is a noticeable negative peak centred around H/Hc  =  1, as expected for a peak 

originating from dipolar coupling. In a similar Henkel analysis study by Fodor et al. 

cylindrical wires having width of 35 mn and separation of 20 nm, the dm  plot had a
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F i g u r e  4 .9 :  Henkel plots for varying separation.

Plots of mR, me and dm obtained with applied field directed parallel to the wire direction, for 
samples having wire width of 30 nm and separation 60nni (sample A) and 15nin (sample B).

negative peak with amplitude of approximately 0.85 [117]. While the amplitude of the 

peak shown here is small by comparison, this is not altogether unexpected, since the 

wires in the present study have a thickness of only 4.4 nni and therefore have a much 

smaller cross-sectional area. Furthermore, for each of the wires in this study there are 

two nearest neighbours whereas in a vertical array there are six.

In conclusion it has been shown tha t Henkel analysis can be used to differentiate between 

interacting and non-interacting arrays of magnetic nanowires caused by dipolar coupling, 

and this is the first such finding for a self-assembled planar array of nanowires. This 

finding paves the way for a full investigation of intermediate separations. It would 

also be interesting to examine the tem perature dependence of this effect, which was 

not available to us at the time of writing. By removing thermal effects all measured 

remanences should be greater, and while this might not necessarily correspond to larger 

peaks in Sm vs H  plots, it should at least reduce the noise level in the data.

4.2.4 F M R

A preliminary FMR examination of Fe nanowire arrays was carried out using the Bruker 

EMX device at the University of Notre Dame, Indiana, USA. FMR spectra were mea

sured as the sample was rotated about various axes. The labelling of the axes and angles 

between them are shown in figure 4.10. The first sample measured was an Fe nanowire 

array deposited onto a step-bunched vicinal Si template which had a step periodicity 

of 140 nm. The Fe was deposited in the uphill direction yielding wires with a width of 

30 nm and a thickness of 6.3 nm. In-plane FMR spectra were measured with the angle



Chapter 4. Magnetic Characterisation of Nanowire Arrays 85

Z

F igure 4.10: Axis and angle labels for FMR.

9j:y varied in increments of 5°. The results are shown in figure 4.11. Also shown in 

red in this figure is the background signal for this sample which is angle invariant and 

has been subtracted from the other spectra. As can be seen, there is unfortunately no 

observable angular variation in these spectra. The spectra measured under variation of 

9zy produced similar results. These findings were unexpected since the greatest variation 

in the anisotropy was expected to involve the axis parallel to the wires (see table 4.1). It 

may have been the case tha t the resonance peaks were not observed because of a large 

distribution in the continuous length of the nanowires along the y-axis. This may cause 

very wide resonance peaks whose amplitude are too wide to be measured.

However, the FMR spectra did exhibit angular variation for sample rotation about the 

y-axis. Figure 4.12(a) shows the spectra as Ô x is rotated through 360 ° in steps of 5 °. In 

this study the sample was almost identical to that which provided the data in figure 4.11, 

but with a wire thickness of 4 rnn rather than 6.3 nm. There are two features which do not 

vary with angle, a peak at approximately 0.25 T and a slope from 0 to 0.2 T. These are 

part of the background signal and are ignored in further discussion. More interestingly, 

there is a dip in the plot which can be seen moving from one spectrum to the next, with 

a period of 180°. Usually a resonance on an FMR spectrum has a peak and a trough, 

but here only the position of the trough can be seen. Thus one cannot reliably make 

calculated fittings to the resonance position. A qualitative discussion on the position of 

the trough as a function of angle is possible, however. By comparing the behaviour of 

the trough with the the schematic in figure 4.12(b), one can see that the angles where the 

trough is close to LOT correspond to the out-of plane direction, while the angles when 

the trough is lowest (« 0 .5 T ) correspond to the in-plane direction perpendicular to the 

wires. Thus it seems that the anisotropy measured in this case is due to the fact that 

the thickness is less than the width of the nanowires (thickness =  6.3 nm, while width 

ss 30 nm). The value of the applied field corresponding to the position of the trough seen 

in the spectra (figure 4.12(a)) is plotted as a function of angle in figure 4.12(c). It can be 

seen that maximum and minimum positions of the trough are offset from 0° and 180°
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F i g u r e  4 . 11 :  In-plane FMR spectra for Fe nanowirc array.

In-plane FM R  spectra of a Fe nanowire array w ith the angle 0^y varied in steps of 5 ° . The 
background signal, which has been subtracted from the raw data to produce the spectra  
plotted here, is shown at the top in red.

by approximately 15 °. This is close to the value of 18.5 ° made by the stcp-bunches and 

the macroscopic sample surface (see figure 3.11). Thus the hard axis of the sample is 

not precisely the out-of-plane direction, but the direction normal to the surface of the 

step bunches.

For a more in-depth investigation, FMR was carried out at the Institute of Magnetism 

at the National Academy of Sciences in Kiev, Ukraine [139]. Four Fe nanowire array 

samples were measured using FMR, shall be referred to as samples lA, IB, 2A and 

2B. Each of the arrays were fabricated on step-bunched vicinal Si templates which were 

prepared in an identical manner. The miscut angle of the templates was 3.5°, and the 

periodicity following the annealing sequence was w l30nm . Fe was deposited in the 

uphill direction at an angle equal to the miscut angle, with the deposition time chosen 

to achieve a wire thickness of 4.2 nm for samples lA  and 2A and 7nm for samples IB 

and 2B. Samples lA  and IB were then coated in 10 nm of Ag, while samples 2A and 

2B were coated in a similar thickness of MgO. The sample preparation description is
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F i g u r e  4 .1 2 :  O ut o f  plane FM R  spectra  for Fe nanowire array.

a) FIVIR spectra  of an Fe nanowire array with the angle 6 z x  varied in steps of 5 ° .
b) Schem atic of sam ple w ith relevant a^ces and angle of ro ta tion  { 6 z x )  labelled.
c) Polar plot of position of trough seen in (a) as a function of angle.

T a b l e  4.4: Sum m ary of Fe nanowire array  sam ples analysed w ith FM R.

Sample name lA IB 2A 2B

Wire thickness (nm) 4.5 7 4.5 7

Capping Material Ag Ag MgO MgO

summarised in table 4.4. This device was also unable to detect or track a resonance peak 

while rotating the sample in plane (x-axis to y-axis as described by figure 4.10) or from 

the in-plane parallel (^-axis) to the out of plane direction (z-axis). Like the previous 

experiments, angular variation was measurable while rotating about the y-axis, and in 

this case it was possible to determine both peaks and troughs. As an example, 6 spectra 

measured using sample IB which were taken while varying 9zx in 15° steps are showm 

in figure 4.13. The 'X 's in this image indicate the centre of the resonance point for each 

spectnmi. The value of the resonance field was measured as the sample was rotated
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F i g u r e  4.13: Sample o f FMR spectra.

FMR spectra measured for sample IB while rotating between 30° and 105°. The position 
of the resonance peak for each spectrum is marked by an ‘X ’. The schematic on the right 
illustrates the plane in which the sample is being rotated.

through the zx  plane for each of the four samples listed in table 4.4. The results for 

samples lA  and 2A are shown in figure 4.14(a). As can be seen there is a clear anisotropy 

caused by the difference in wire dimension in the z and x  directions. It should be noted 

that the offset of 15 ° between the surface normal and the direction corresponding to 

the largest value of the resonance field (hard axis) was also found using this measurement 

setup. In the following graphs this offset has been subtracted with 0 ° corresponding 

to the direction of maximum resonance field. The fit to the data was calculated using 

equation 4.11. As can be seen, the theory matches the data very well. It is noticed that 

there is a greater anisotropy for sample lA, which was coated with MgO, compared to 

sample 2A, which was coated with the same quantity of Ag. This could be due to the 

formation of an Fe-oxide interface between the MgO capping layer and the underlying 

Fe nanowires, which may reduce the effective thickness of the Fe nanowires. A similar 

increase in anisotropy was noticed in samples IB and 2B (see figure 4.14(b)).

FMR measurements were also carried out on samples 2A and 2B (MgO coated samples) 

after a duration of two months and five months after the initial measurement to study 

the effect of ageing on the anisotropy. The results for 2A and sample 2B are shown 

in figure 4.15(a) and (b) respectively. As can be seen, in the initial measurements the 

results are much like those seen in figure 4.14, with symmetry about 90° which is well 

explained by the shape anisotropy of the nanowire cross-section. However, for the later 

measurements (2 months and 5 months following sample fabrication indicated by the 

red circles and blue triangles respectively), there is an asymmetry about 90 ° , with a 

noticeably lower resonance field Hu for 180° compared to 0°. The appearance of this 

asymmetry indicates the introduction of unidirectional anisotropy with ageing. This 

is modelled by adding an additional term ‘L^ud’ to the expression for free energy in
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F igure 4.14: Resonance Field as a function of angle.

a) I In  as a function of angle for sample lA  (black sq\iares) and sample 2A (red circles) as 
described in table 4.4. The fits are calculated using equation 4.11.
b) Hn  versus angle for samples IR (black squares) and sample 2B (red circles). Again, the fits 
are calculated using equation 4.11.
c) Schematic of the sample, ajccs and angle being varied {Ozx)-

equation A .26, which now is given by

U ^ U ^  +  UsH +  Uun (4.27)

where [/yo  is given by

Uyu =  M  Hui)Cos {6 ^c/d) (4.28)

where H yo  is the unidirectional anisotropy field, and 9ud is the direction of the hard

axis, which in the present case is equal to  0. The condition for resonance given in

equation 4.11 must be modified to include the unidirectional anisotropy as follows:

{Oh — 0) -  5 (1 — 2J\fz) M sin  {26)  — H m ^ s i n O  — 0

=  [Hucos {0 — 9fi) +  (1 — 2A/"z) M co s  {29) — Huo  cos0] x Hh^ - m (i - a4)sm 9

(4.29)

These equations were used to provide the fitted curves shown in figure 4.15. The param

eters derived from the fitting are given in table 4.5. In this table, it is interesting to note
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F igure 4.15: Resonance Field as a function of angle for sample with ageing effects.

//fl as a function of angle for sample 2A (a) and 2B (h). The black symbols correspond to the 
measurements taken initially following sample fabrication, while the red and blue symbols 
correspond to measurements taken after a period of 2 months and 5 months following the 
initial measurements. The schematic in (c) shows the angle being varied in relation to the
axes and the sample layout.

the effect of ageing the demagnetising factor Mz for the two samples. For the thicker 

nanowires, the value of A/’̂ is almost constant, which indicates that the reduction in 

wire thickness associated with oxidation is small relative to the nanowire thickness. For 

sample 2A, which had thinner wires, A/"z decreases rather than increases as the sample 

ages. This suggests tha t the oxidation not only reduces wire thickness but also affects 

wire width or the continuity of the wires across their width. The observation of unidi

rectional anisotropy is unusual. It is clear from the above that it is related to the ageing 

of the sample, and therefore related to the partial oxidation of the Fe nanowires. The 

appearance of unidirectional anisotropy was not noticed in the case of the Ag capped Fe 

nanowire arrays. This would seem to indicate that, over time, MgO does not perform 

as well as Ag in protecting the Fe from oxidation. Exchange bias is the usual causc of 

unidirectional anisotropy in nanoparticle systems that include an interface between Fe 

and FeO [140-144], The most likely source of the unidirectional anisotropy seems to be 

tha t following the initial measurement, the sample was left in a magnetised state with a 

certain remanence. As the Fe oxidised, this directionality may have become ‘stored’ in 

the oxide layer, and pins the underlying unoxidised Fe to a degree for subsequent series of
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T a b l e  4.5: P aram eters cietermined from fitting  to  samples w ith unidirectional
anisotropy.

Param eters determ ined from fitting equation 4.29 to  the experim ental d a ta  shown in figure 
4.15.

Sample Age (Months) Ho M (mT) Ho Hu„(m T)

2A 0 0.76 99

2 0.74 84 86

5 0.72 79 42

2B 0 0.82 110

2 0.81 97 38

5 0.8 92 40

measurements. Further magnetic measurements, including M  — H  measurements taken 

at a range of tem perature as a sample ages, may be necessary to confirm this interesting 

finding.

4.3 C onclusions and Further Work

It has been shown that the one-dimensional structures fabricated using the glancing 

angle deposition technique described in the previous chapter has successfidly given rise 

to an in-plane magnetic shape anisotropy due to the large aspect ratio of the nanowires. 

An attem pt was made to ascertain the reversal mechanism in these structures through 

analysis of the coercivity as temperature is reduced from 300 K down to 10 K, with 

theoretical fittings corresponding to both coherent reversal and nucleation-propagation 

reversal modes fitted to the experimental data. It was expected tha t the nucleation- 

propagation reversal mode would become more dominant as thickness was increased over 

several samples. Unfortimately neither model fitted the data precisely, with the coherent 

reversal mode being statistically closer to the data points over the entire sample range. 

This is thought to be due to either a systematic error in the measurement, or possibly 

due the presence of superparamagnetic nanoparticles as well as the one-dimensional 

nanowire structures. Nonetheless, the fitting parameters provided meaningful results, 

with an increase in the effective volume of magnetisation reversal (K //)  and the energy 

barrier for magnetisation reversal at OK (£'oo) as thickness was increased. This trend 

was continuous, with the exception of the thickest sample, which is thought to be have 

had its coercivity reduced due to the influence of magnetic nanoparticles on the step 

terraces between the wires. In the future, the reversal mechanisms in the arrays may 

be more accurately investigated by conducting coercivity measurements at a greater 

number of temperatures, particularly in the range from 0-100 K.
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The effect of interwire interactions was investigated by fabricating two Fe iianowire 

array samples which were identical except for the interwire separation. It was noted 

tha t this caused a marked reduction in as well as an increase in , as the nanowire 

array gradually approaches the limit of a uniform Fe layer. A Henkel plot was also 

used to show tha t the array with reduced separation preferred anti-parallel alignment 

of magnetisations in neighbouring nanowires. This type of measurement has not been 

carried out for self-assembled planar arrays of nanowires before. There is great scope 

for further studies in this area, such as conducting remanence measurements on wire 

arrays of incremental interwire separation, and investigating the effect of varying wire 

thickness.

The findings from the FMR analysis were surprising, in the sense tha t no identifiable 

resonance was noticed for sample rotation in planes which include the direction parallel 

to the axis of the wires. However, the anisotropy between the in-plane perpendicular and 

out-of-plane perpendicular directions was successfully probed. It was found that the hard 

axis corresponded not exactly to the surface normal direction, but to the direction which 

is normal to the surface of the step-bunches onto which the nanowires were deposited. 

The effect of capping with Ag compared to MgO was investigated with FMR. It was 

found tha t the anisotropy (in-plane perpendicular vs. out-of-plane perpendicular) was 

more pronounced for MgO capped samples, which may be due to the reduced effective 

thickness of the nanowires due to the formation of an oxide layer at the Fe-MgO interface. 

Furthermore, it was noticed tha t a unidirectional anisotropy appeared over the course of 

several months for the MgO capped nanowire samples. The cause must be related to the 

ageing of the sample, and therefore is likely due to the formation of an oxide layer at the 

top of the nanowires. The remanent magnetisation of the wires following measurements 

may influence the magnetisation of the oxide layer as it grows with time, which in turn 

partially pins the Fe nanowires during subsequent measurements. Further magnetisation 

measurements may be carried o\it to investigate this interesting finding in further detail. 

It would be interesting to see if the direction of anisotropy can be manipulated to point 

in other directions. The study could be corroborated by measuring M{ H)  loops as a 

function of angle using either VSM or AGFM. A small number of such studies have 

been carried out on nanowire arrays and have shown the potential of this technique to 

provide insight into reversal mechanism as well as the parameters relating to anisotropy 

[145, 146].

Another technique for analysis of magnetic nanowire arrays is the use of FORC distribu

tions. First order reversal curves (FORCs) are measured as described in section 2.3.2.1. 

To produce a FORC distribution, the partial derivative of the magnetisation with re

spect to the reversal field Ha and the applied field Hf, is calculated. The distribution is
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denoted by p, so
02 M

where, by definition, lit, always greater than or equal to Ha- FORC distributions are 

usuallj' plotted via a change of co-ordinates from {Ha, Hf,} to {Her, Hu} where Her and 

Hu are the ‘critical axis’ and the ‘interaction axis’ respectively, and are given by:

He r  =  k i f f a -  Hb )

Hu = k i ^ a  + Hb) (4.31)

where H^- > 0. Other studies which do not carry out this change of co-ordinates usually 

include a factor of 1/2  in the definition for p given in equation 4.30, but here we follow 

Pike et al. in which the 1 /2 is omitted [147-150]. The distinction is not critical since, in 

this study, features on the FORC diagram will be discussed in relative terms.

The FORC distribution plot p {Her, Hu) may contain a variety of different peaks and 

ridges. The nature of these features in terms of their position and symmetry allows 

us to identify the magnetic phenomena tha t caused them. Roberts et al. carried out 

a useful surmnary on the signature features on a FORC distribution plot caused by 
magnetic components such as siiperparamagnetic particles, single domain particles and 

one-dimensional structures [151]. A schematic representation of the different features 

described by Roberts et al. is shown in figure 4.16. It is undoubtable tha t there will be 

some discrepancies between the experimental data and this simplistic interpretation, but 

this will serve as a starting point in deciphering the results. The irreversible reversal of 

magnetisation gives rise to a peak along the Her axis, as illustrated by the green ellipse 

in figure 4.16. The width of this peak indicates the distribution of the coercivities of 

the constituent elements of the system. The average coercivity of the system can be 

interpreted as being equal to the maximum point of this peak or a weighted average 

of the values along the //cr-axis. Discrepancies between coercivity measured in this 

way and the ‘conventional’ coercivity (measured at the point where the hysteresis loop 

crosses the //-axis) has been the focus of previous studies [152]. The spread of this peak 

in the //„  direction is related to the magnetostatic and exchange interactions within 

the system. The width of this peak has previously been analysed to investigate dipolar 

coupling between nanowires in regular arrays [153]. The main peak (green ellipse) may 

be offset from the //^-ax is for several reasons. A stabilising mean interaction field may 

cause the peak to have a negative //„  value, while the presence of multidomain structures 

may cause the peak to be shifted to positive //„  [151].

Superparamagnetic particles, having zero or near-zero coercivity, appear as a concen

trated  peak about the origin. This peak may include a ridge which runs parallel to the



C hapter 4. Magnetic Characterisation o f Nanowire Arrays 94

T h erm a l re la x a tio n  of 
uniaxiaiiy  a n is o tro p ic  single 
d o m a in  p a rtic le s

S u p e rp a ra m a g n e tic
p a rtic le s

between

Distribution in 
coercivity

M u ltid o m a in  p a rtic le s

^  30

mT ^  
(approx) 20

10 Interactions 
between particles

0 >

-10

-20

-30

'  t

F ig u r e  4 .16: Signatures of magnetic features on a FORC distribution plot.

Different peaks and ridges that may be expected on a FORC distribution plot and the 
magnetic components that may give rise to them.

//u-axis, though usually this only appears predom inantly in the — direction and does 

not extend much further than  — lOm T. Therm al relaxation of m ultidom ain x)articles or 

uniaxial particles can produce a longer ridge along the f/u-axis which typically extends 

beyond ± 3 0 m T  (pink and blue regions in figure 4.16 respectively). In the case of a ridge 

due to m ultidom ain particles this often is connected to  the main peak at the //cr-axis.

For an example, a FORC plot for an Fe nanowire array with applied field directed along 

the axis of the nanowires is shown in figure 4.17. There are 113 individual FORCs in 

this plot, w ith yUo Ha increasing in increments of 5 niT. The FORC distribution plot 

for this Fe nanowire array calculated using equation 4.30 is shown in figure 4.18(a).  ̂

This array was formed of 30 nm  wide wires on a step-bunched tem plate with 100 nm 

periodicity (=^ 70nm  interwire separation). The wire thickness is 5 .4nm. As can be 

seen, some of the features in the schematic in figure 4.16 are present. There is a slightly 

elliptical peak along the //cr-axis which represents the coercivity of the wires in the 

array. The peak of this ellipse shape m atches closely with the actual coercivity m easured 

separately via hysteresis m easurem ent {H ^ fiQ — 63 m T). There is pronounced peak 

near the origin, indicating th a t the sample includes a certain am ount of param agnetic 

m aterial, or particles w ith low coercivity. This may be due to  small particles on the

'These FORC distribution plots were generated from the raw data using an algorithm called 
FORCinel which was developed by the NanoPaleoMag project lead by Dr. Richard Harrison at the 
Department of Earth Sciences, University of Cambridge [154]
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F tg i 'R E  4.17: FO RC plot for Fe nanowire array.

FORC plot for Fe nanowire array comprising 113 individual FORCs w ith Ha increasing in 
5 n iT  increm ents. The substra te  is oxidised, step-bunched vicinal Si. Nanowire w idth, thickness 
and separation arc 30nni, 5.4 nni and 70nni respectively. Deposition was carried out a t room 
tcni])oraturc.

terraces between the wires, or parts of the wires themselves which are poorly coupled. 

There is also a long ridge which extends along the muo //„-ax is as far as ±  100 mT. This 

is likely due to therm al rehixation of m agnetisation in one-dimensional structures. For 

comparison, a FORC distribution plot was also produced for a Co nanodot array which 

was deposited on faceted AI2O3, similar to  those shown in figure 3.26. For this sample 

the step-edge periodicity was 75 nm and the Co was deposited in the uphill direction to 

produce nanoparticle rows approxim ately 10 nm  wide. The substra te  tem perature  during 

deposition was 200 °C, and the sample was capped with 20 nm  of MgO. The FORC 

distribution plot for this sample is shown in figure 4.18(b). In th is plot it can be seen th a t, 

like in figure 4.18(a), there is an elongated ellipse which is centred around the  coercivity 

of the sample, which was found via separate hysteresis m easurem ents {H}. /Xq =  38 m T). 

Here is it noticeable th a t the ridge present in (a) which corresponds to  m ultidom ain 

structures or one-dimensional anisotropic structures is much less pronounced. This is 

expected since the aspect ratio  of the ellipses is likely to  be significantly less than  th a t  of 

the F’e nanowires, and as shown in table 4.2, the expected w idth of a domain wall in bulk 

Co is approxim ately 24 nm, which is greater than  the  size of the particles themselves.

A nother Co nanodot sample was produced in an identical m anner to  th a t described 

above, bu t with a substra te  tem perature during deposition of 500 °C rather th an  200 °C. 

As shown in section 3.4.2.3, this is known to result in nanodots th a t have a lower ellip- 

ticity  (and therefore lower magnetic shape anisotropy) as well as a greater interparticle 

separation at fixed volume, which is expected to reduce coupling between nanodots and 

thereby further reduce the anisotropy of the system. The FORC distribution plot for
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F igure 4.18: FORC distribution plots for different nanowire and nanodot arrays.

a) FORC distribution plot for Fe nanowire array on oxidised, step-bunched vicinal Si.
Nanowire width, thickness and separation are 30 nm, 5.4 nm and 70 nm respectively. Deposition 
was carried out at room temperature.
b) FORC distribution plot for Co nanodot array deposited onto a faceted AI2 O3  template.
Deposition was carried out at 200 °C to produce elliptical Co nanodots.
c) FORC distribution plot for Co nanodot array produced as for (b) but with a substrate
temperature of 500 °C during deposition.
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this sample is shown in figure 4.18(c). As can be seen, the ellipse representing irre- 

^•ersible m agnetisation change is barely visible, while the main feature is the peak near 

the origin representing the contribution coming from superparamagnetic nanodots or 

nanodots with very low coercivity. The ridge corresponding to multidomain particles 

or one-dimensional structure is also no longer visible, suggesting that the anisotropy 

and m agnetostatic coupling of the nanodots has been significantly reduced compared to  

figure 4.18(b).

These preliminary results show that FORC distribution analysis may be a very useful 

tool for probing the behaviour of arrays of m agnetic nanostructures. FORC analysis may 

be used to clarify unusual behaviour seen in other studies, such as in figure 4.3 where it 

was suspected that the influence of superparamagnetic particles caused a reduction in 

coercivity. It would also be interesting to carry out these measurements as a function  

of temperature, to see if the ridge along the Hu-axis and the peak at the origin reduce 

as T  —> 0. Pike et al. used FORC distribution plots to analyse arrays of Co ellipses 

similar to those shown here, but an order of m agnitude greater in size [149]. The study  

fomid a range of features on the FORC plots related to the geom etry and the extent 

of m agnetostatic coupling between the ellipses. The fabrication of Co nanodots via  

glancing angle deposition onto faceted surfaces provides a great opportunity for further 

exploration of these effects.

Another type of measurement that can be carried out using the AGFM is the tim e re

laxation of magnetisation. In these measurements, the sample is first saturated w ith a 

large applied field in one direction. Then the applied field is reduced to a smaller value 

in the opposite direction, and the m agnetisation is measured as a function of tim e, often  

for periods of an hour or more. The behaviour of this plot will depend on the m agnetic 

viscosity of the system , which depends on the m agnetisation reversal mechanism [155]. 

This method has been used in the past to  complement an investigation of reversal mech

anism via measurements of coercivity versus tem perature as was attem pted in section  

4.2.2. This mode of analysis has also been used to  investigate ‘exchange-spring mag

nets’, which are nanostructured materials consisting of a layer with very high anisotropy 

(such as Nd 2 F ei4 B) exchange coupled with a soft ferromagnet which has high saturation  

m agnetisation (such as Fe) [156]. Tim e-dependent measurements have also been used  

to investigate the asj'mmetry in reversal mechanisms in exchange-biased bilayers [157].
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Chapter 5

G aAs Nanowires

5.1 G aA s

GaAs is a III-V semiconductor with a bandgap of 1.424 eV at 300K. While Si is ubiqui

tous owing to its abundance [I] and the abihty to produce near perfect boules with very 

high yield [158], there are several characteristics of GaAs that give it an advantage over 

Si in certain niche applications. For example, the bandgap of GaAs is direct and higher 

than that of Si, meaning tha t it can emit light efficiently and is useful for applications 

such as lasers and LEDs [159]. Its electron mobility is also higher, making it useful for 

high frequency transistors in communication devices [160, 161]. Another benefit of the 

wider bandgap is tha t GaAs is more resistant to radiation damage, allowing opportuni

ties for use in space electronics and other high intensity environments [162]. The crystal 

structure of GaAs is normally zincblende in the bulk, but for nanostructures it may be 

wurtzite. These structures will be described in more detail in section 5.4.

5.2 IMotivation for Ordered Arrays o f G aA s nanowires

The bulk of studies into the growth processes of GaAs nanowires have a starting point 

consisting of a random dispersal of Au droplets for nanowire growth. The most common 

method of producing these droplets is to deposit a thin ( « l n m )  layer of Au which, 

when heated, results in a layer of droplets which have no pre-determined position and 

varying diameter. Since wire length is related to diameter there is little control over wire 

dimensions. Nanowire arrays produced in this method are typically quite dense, and the 

effect of shadowing caused by neighbouring nanowires is usually unavoidable for lengths 

exceeding 1 |J.m. Nanowire arrays are also commonly grown from Au droplets synthesised 

in solution and drop-cast onto GaAs substrates. While significant advances in droplet

99
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synthesis mean that diameter can be tightly controlled in this method, locations of 

nanowires are still random.

Attempts are often made to conduct a study by analysing a subset of wires in a random 

array. This is prone to errors, however, since certain wire sizes may be affected by 

nearby neighbours with different properties. A number of parameters may be shifted 

in a non-uniform way across the sample-space. For example, droplets could become 

slightly enlarged due to dissolved Ga increasing their volume, or the ability of initial 

droplets to successfully produce wires (as opposed to becoming buried imder the flux 

of Ga and As) may be size-dependent. As an example, a work by Plante and Pierre 

found a broad distribution of tapering ratios for a specific droplet diameter [163], and 

this was proposed to have originated from the effect of having non-uniform neighbouring 

nanowires. For reasons such as this it is preferable to have a well-defined pattern of Au 

droplets to begin with so tha t subsequent data can be correctly interpreted.

From an applications point of view it is highly desirable to be able to specify precisely 

the locations of individual nanowires. Proposed Field-Emission Display (FED) devices 

require specific sites for either individual nanowires or groups of nanowires [7, 164]. Solar 

cell applications for vertical nanowires are also likely to require ordered rather than 

random arrays [2, 5, 165-167]. Another proposed application is the use of a nanowire as 

an AFM tip [168]. Again, this would require nanowire growth in a precise location.

5.3 VLS Method

There are a number of methods for fabrication of vertical GaAs nanowires. Here will 

be a brief description of a few of the main approaches, followed by a more in-depth 

discussion of the VLS process with atomistic deposition in UHV.

One of most studied mechanisms for GaAs nanowire growth is metal-organic vapour 

phase epitaxy (MOVPE). Some of these approaches use Au catalysts for the growth 

sites [169-171] while others use a selective-area growth (SAG) process by defining the 

growth sites using EBL and a wet etching technique [172-176]. MOVPE is usually carried 

out in a partially evaporated, tube-like reaction chamber with the precursor molecules 

flowing across the heated substrate. The vast majority of these studies found zincblende 

structure with twinning defects, which are common for zincblende nanowire growth in 

the [111] direction. The production of wurtzite type nanow’ires using MOVPE was not 

achieved until recently; in 2008 Moewe et al. recorded needle-like wurtzite nanowires 

which were grown without catalysts or selective-area growth [177]. In 2010, Bauer et al. 

presented findings of wurtzite nanowires grown using Au catalysts [172]. The change



Chapter 5. GaAs Nanowires 101

from zincblende to wurtzite seems to have been brought about by increasing the V /III 

partial pressure ratio to 40 (values of 1.5 to 20 are common). One of the drawbacks of 

the MOVPE process is the potential for inclusion of contaminants into the nanowires, 

arising from the precursor gases (usually trimethylgallium (TMG) and AsHs (arsine)) 

[178].

Another approach is Laser-Assisted Catalytic Growth (LCG) wherein a laser ablation is 

carried out using a GaAs target containing small quantities of Au [159, 179]. This 

approach produces disordered networks of nanowires and so far has only produced 

zincblende GaAs nanowires (although wurtzite wires have been grown for CdS and 

CdSe). Similar results are achieved using the slightly different approach known as oxide- 

assisted growth (OAG) wherein GaOs replaces the Au in the target [180, 181]. These 

two techniques, which are still somew'hat in their infancy, are useful for high-throughput 

of disordered nanowires but so far have not been shown capable of producing ordered 

arrays of nanowires.

Chemical Beam Epitaxy (CBE) has also been used to grow GaAs nanowires [182]. This 

method uses precursors similar to those in MOVPE while carried out in a chamber more 

closely resembling an MBE setup, although with higher pressures. The As precursor 

is cracked as it enters the growth chamber while the Ga precursor decomposes on the 

substrate. Fine examples of an InAs nanowire arrays produced using EBL in tandem 

with CBE have been shown in studies by Jensen et al. and Persson et al. [183, 184].

The above-mentioned approaches may be described as VLS, or vapour-liquid-solid, pro

cesses, if all three phases are present and growth occurs preferentially at the triple-phase 

line. Here we now refer to VLS growth under UHV conditions with pure deposition 

sources (atomistic Ga and dimer or tetramer As). The substrate in this procedure is 

usually GaAs ( ll l)B . Au nanodots are first formed on the substrate usually via one of 

the following methods

• Annealing a continuous, thin (Rilnm) film of Au. Upon heating this forms a 

disordered array of Au nanodroplets. This can be done in the same chamber as is 

used for the nanowire growth if it includes a heated stage and Au source.

• Au nanoparticles are produced via colloidal chemistry and drop-cast onto the sub

strate.

• The aerosol method described by Magnusson et al. [185]. Au nanoparticles are pro

duced by heating a crucible of Au, and together with a carrier gas these nanopar

ticles form an aerosol. The desired diameter of Au particles is specified by first 

('harging the particles and then passing the aerosol through a differential mobility
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analyser (DM A). Here the application of an electric field allows only a specific 

mass:charge ratio to emerge from the DM A. The aerosol is passed through a fur

nace to sinter the particles and finally introduced to the deposition chamber.

•  Au nanodiscs are defined precisely using EBL. This is the focus of the present 

study.

W ith the Au catalysts on the substrate, the sample is loaded into a UHV chamber with  

Ga and As evaporation sources. Prior to entry into the deposition chamber, the As 

undergoes a ‘cracking’ procedure which determines whether A s2 or As4 molccules rcach 

the substrate. After a usual deoxidation anneal (which may also produce Au droplets if 

the sample is covorcd in a thin layer of Au) the sample is then exposed to the Ga and 

As fluxes. The Au nanodots form a Au-G a liquid alloy droplet. These droplets act as 

preferential sites for adsorption for the incoming As. W hen a supersaturation is reached, 

the Ga and As atom s condense at the solid-liquid interface, driving the droplet upwards 

as each new layer is formed. The result is a free-standing GaAs nanowire with a Au-Ga 

droplet left at its top.

VLS growth without the use of a catalyst material is also possible. In this mode the 

droplet is composed entirely of Ga and the As concentration must be very carefully 

maintained so there is steady state growth. Otherwise the droplet can become consumed  

and nanowire growth will stop. Catalyst-free VLS growth of nanowires is usually carried 

out on Si or GaAs substrates covered in a thin (5-40nm) layer of S i02- The Ga makes 

its way to the underlying substrate through pores in the Si0 2  and nanowire growth then  

begins. Recent examples of wires grown in this way can be seen in the work of Colombo 

et al. [186], Rieger et al. [187] and Gibson and LaPierre who formed ordered arrays of 

GaAs nanowires by using EBL to define a grid of holes in the Si02[188]. Ga is very 

mobile on S i02 , and can migrate several microns to the nearest nanowire. For large 

nanowire separations, excess Ga may form crystallite lumps between the nanowires. 

Catalyst-free VLS growth of nanowires can also be achieved without the S i02  layer, 

although growth rates are poor and, so far, positions cannot be defined [189].

The remainder of the discussion shall focus on GaAs nanowire growth which is catalysed  

by Au droplets, although many of the principles discussed are also relevant to catalyst- 

free growth.

There are a number of pathways for adatoms to find their way to the Au-Ga droplet, 

but first it is worth discussing precisely which adatoms are doing the migrating. W’hile 

some papers discuss the importance of considering the ability of As migrating along 

surfaces towards the droplet [190], most publications focus on the migration of Ga in 

particular [182, 191-193]. This is because Ga is assumed to have a significantly longer
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lifetime and diffusion length on the surface involved, whereas As may quickly desorb 

[193, 194]. One study by Ram dani et al. [195] found th a t As diffusion to  the catalyst is 

negligible, and furtherm ore th a t direct impingement on the  catalyst was insufficient to 

explain the growth rate. They concluded th a t the necessary supply of As was m aintained 

by a contribution from As desorbing from the nearby surfaces such as the  substra te  and 

nanowire sidew'alls. Due to its poorer ability to  m igrate. As partial pressures are typically 

higher than  those for Ga, i.e. growth is carried out in an As-rich regime. This is not 

to say th a t As pressure is arbitrary, since it can affect Ga diffusion [194], growth rate 

[195, 196] and crystal s tructu re  [172]. In M OVPE growth, increased As pressure may 

also suppress TM G decomposition [182], Thus, the  following discussion will describe the 

pathways of Ga from the source to the point of incorporation, while it is acknowledged 

th a t there is an outside possibility of As behaving in a  similar m anner.

The possible routes of incident Ga to the growth interface are shown in figure 5.1. As 

can be seen, the Ga adatom s may land directly on the Au-Ga catalyst droplet on top of 

the wire. This droplet can act as a reservoir, storing Ga before it diffuses through the 

droj)let to the growth interface. Ga may also land on the wire sidewalls if the  angle of 

incidence is not normal to the substra te  plane. Once on the sidewalls they may m igrate 

to the droplet, or, particularly if the length of the wire has exceeded the diffusion length 

of Ga on the sidewalls, may nucleate on the sidewall and contribute to  radial growth. 

Finally Ga adatom s may also m igrate onto the wire sidewalls from the substra te  ‘floor’. 

This is probably an im portant mechanism in the early stages of growth and may become 

negligible when the wire height and density has increased to  the point where the floor is

1. Material lands directly on Au 
droplet and contributes to axial growth

2. Material lands on sidewall and 
migrates to Au droplet where it 
contributes to axial growth.

3. Material lands on sidewall and 
incorporates there, contributing to 
radial growth,

4. Material lands on floor and makes its 
way onto wire sidewalls. Then it may 
contribute to radial or axial growth.

F i g u r e  5 . 1 :  Routes of Ga to growth interface

Four pos.sihle routes that Ga adatoms may take before incorporating into the solid crystal. Not 
shown is the migration of As adatoms, which is assumed to be negligible, or desorption of 
adatoms. which may occur at any stage during migration with varying rate.
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no longer ‘visible’ to the Ga source. There is a question surrounding the energy barrier

confronting the adatoms as they transition from the floor to the sidewalls, and this effect

four routes will be discussed regularly when analysing the results of nanowire growths. 

Desorption is not shown in this image, but is possible during any of these four routes, 

although some findings suggest that Ga desorption is not significant below temperatures

well-known relationship between nanowire height and diameter. The rate of arrival of 

adatoms, d V / d t  (where V  is volum e), onto nanowire sidewalls depends on the sidewall 

area. This is proportional to the circumference of the nanowire which varies as d, 

where d  is the diameter of the Au-G a droplet. W hen this material incorporates into the  

nanowire crystal it contributes to the volume which, assuming constant radius, is given  

by Tr{d/2)'^H, where H  is the height. Thus we have

This { l / d )  dependence is very commonly observed in VLS growth when the angle of 

incidence for Ga flux is not normal to the substrate surface. Discrepancies from this de

pendence have been studied in the past and, depending on the circumstances, have been  

linked to the nucleation mechanism within the Au-Ga droplet [190, 198], com petition  

between radial and axial growth [199] and the rate of Ga consumption by the Au-Ga  

droplet at its perimeter [191]. Most studies find that the the [ l / d )  dependence fits the 

data well up to a critical diameter, w ith typical values between 100-400 nm, depending 

on the mechanism causing the divergence.

The species of As plays an important role in the VLS process. The As is introduced  

into the chamber using an effusion cell in series with an intermediate high-temperature 

chamber called a ‘cracker’. W hen the cracker is operated above 750 °C, As2 dimers arc 

produced, but below this temperature A s4  emerges [200]. For the experiments described  

here, the cracker temperature was kept at either 600 °C for As4 or 1000‘’C for A s2 . A 

detailed study into the effect of As species on the kinetics of GaAs nanowire growth was 

carried out by Sartel et al. [197]. They found axial growth rates for A s4  of approximately 

double that for A s2  gas. They found significant radial growth resulting in tapered  

nanowires when A s2  was used, while w ith A s4  the nanowires had near-uniform width

may lead to mounds or pyramids of growth at the base of the wires [163, 192]. These

of around 650 °C [197], which is at the upper end of temperatures used during nanowire 

growth in the present study.

The ability of adatoms to migrate from the sidewalls to the growth interface leads to  a

(5.1)

d H  1
—r-  oc -
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along their entire length. The findings were put down to the higher reactivity of Ga with  

A s2 than As4 , causing a shorter diffusion length and leading to radial growth [201, 202]. 

The exception is on the ( l l l ) B  surface, where A s2 can cause a reconstruction that 

impedes Ga incorporation [197, 202].

During growth, it is possil)le that the length of the nanowires exceeds the diffusion length  

of Ga on the sidewalls. If so, material landing on the sidewalls may not able to migrate 

to the Au-Ga droplet for incorporation at the growth plane. Instead it may desorb 

or also may becom e incorporated at the sidewall, thereby increasing the wire radius 

beyond the droplet radius. Near the droplet, however, the adatoms are able to migrate 

to the growth interface and so in this area the diameter is equal to the droplet diameter. 

The result is a tapering near the tip of the wire yielding a ‘pencil-shape’ overall. This 

has been noticed in separate studies by Plante and Pierre [163] and Sibirev et al. [203]. 

Plante and Pierre state that the the straight sidewalls of pencil-shaped nanowires are due 

to the preference of adatoms to incorporate at step-edges, thereby preventing tapering 

away from the droplet region (provided there are no stacking faults), whereas Sibirev 

et al. state that the sidewalls are straight only due to the effect of shadowing from 

neighbouring wires, and that otherwise the wires would be conical. By using EBL to 

define the wire sites and thereby control the effect of shadowing, it is hoped to  determine 

which of these explanations is responsible.

W ith regard to crystal structure and radial growth, an interesting paper by Shtrikman  

et al. [204] found that near-perfect wurtzite nanowires w ith a minimum of zincblende 

defects could be grown by using small droplet diameter, in their case s i l Onm.  They  

propose that these wurtzite wires be used as a sort of shell from which to grow thicker 

wurtzite structures via radial growth, which, as mentioned above, occurs when the 

nanowire length exceeds the diffusion length of Ga on the wire sidewalls. They suggest 

that lateral growth may occur epitaxially with the crystal structure being defined by the 

sidewall facets, and predict a minimum of stacking faults for this lateral growth mode. 

W hile limited radial growth has been shown in the studies of Plante and Pierre [163] and 

Sibirev et al. [203], and epitaxial grow'th has been dem onstrated for core-shell nanowires 

(for example in the work of Tambe et al. [205]), here the focus is on the fabrication  

of perfect wurtzite structures having a width on the order of hundreds of nanometres, 

which has not yet been demonstrated. EBL defined catalyst sites present an attractive 

starting point since the effect of shadowing, which lim its nanowire diameter for high 

density arrays, can be avoided.
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5.4 C rystal Structure o f G aA s N anowires Grown in [111] 

D irection

The crystal structure of bulk GaAs is zincblende^. It has a cubic unit cell similar to Si as 

shown in figure 5.2(a) (cf. unit cell of Si in figure 3.1). The (111) surface of zincblende 

GaAs is shown in figure 5.2(c). Like Si, this surface appears to be hexagonal when 

viewed from above but is in fact three-fold symmetric, with one element slightly above 

the other. For GaAs, this means that the two (111) directions are distinct, with the 

Ga-terminated face known as (111)A and the As-terminated surface known as ( l l l)B . 

The full structure of zincblende GaAs can be considered a stacking of these (111) layers 

with a spacing of 3.26 A in an ABCABC ordering as shown in figure 5.2(d).

In certain cases, particularly in smaller structures such as nanowires, studies have found 

that the crystal structure may take the wurtzite form [172, 196, 197, 204, 206-210]. 

Wurtzite is simply the same (111) layer as shown in figure 5.2(c) stacked in an ABABAB 

ordering shown in figure 5.2(e), with the .same interlayer spacing (3.26 A). From the 

perspective of an individual atom in the crystal, the structure is the same until the tliird 

nearest neighbour is reached, and as a result the cohesive energies of the structures differs 

by a relatively small amount, just 24meV per pair ([207, 211]). More importantly, the 

band structure may also depend on the specific crystal structure [212]. The crystal 

structure of wurtzite is not cubic like zincblende but hexagonal, with the unit cell shown 

in figure 5.2(b). As a result, the Miller indices for the common planes arc different, with 

the (111) plane of zincblende corresponding to the (0001) plane of wurtzite, for example.

The fact that the difference between wurtzite and zincblende GaAs structures can be 

reduced to a different stacking order of (111) planes means that the two structures can 

coexist, especially when the growth direction is along the [111]- The ability of a crystal 

to change structure by changing the stacking sequence is called ‘polytypism’. It is this 

polytypism that also allows the growth of wurtzite nanowires on zincblende substrates. A 

‘twinning defect’ can be formed when the stacking order of zincblende GaAs reverses via 

a single layer defect, called the twin plane. In addition, the structure is mirrored at the 

twin plane. The stacking order therefore proceeds: ABC ABC ABCBA CBA CBA, where 

C is the twin plane and the dot indicates a reflection of the original layer. Examples 

will be given later.

The exact reasons for the preference of wurtzite over zincblende for small structures is 

an interesting question. One would assume tha t this is due to a lower surface or edge

^Zincblende is also known as sphallerite. GaAs with wurtzite crystal structure will also be discussed. 
Although in mineralogy ‘zincblende’ and ‘wurtzite’ refer to compounds of Fe, S and Zn, here these 
expressions will refer solely to GaAs crystal structures having the architecture of those compounds.
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a)

A  [001]

b)

[0001] 

[0100]

[1000]

c)

d)

[ l l 2

e)
[0001]

— >
[1 0 1 0 ]

Zincblende Wurtzite

F i g u r e  5.2: Unit cell of zincblende GaAs.

a) and b): The unit cells of GaAs zincblende and wurtzite crystal structures respectively.
c): The (111) plane of zincblende GaAs, or alternatively, the (0001) plane of wurtzite GaAs. If 
the cyan and red spheres represent the Ga and As atoms respectively, then this plane would be 
the ( l l l ) A  face of zincblende GaAs, and vicc versa for ( l l l ) B .
d) and e): Views of zincblende and wurtzite GaAs crystals, looking along the [110] and [ll20 ]  
directions respectively. The letters indicate layers that are identical by vertical translation 
only. It takes three layers for zincblende GaAs to repeat and only two for wurtzite GaAs.

energy for wurtzite whicli outweighs the bulk energy difference at high surface to volume 

ratios, and tha t there exists a critical diameter, dc, below which wurtzite growth is more 

energetically favourable. How'ever, a few studies have followed this argument only to find 

dc values much lower than those seen in experiments (e.g. 11.2nm [161], 5nm  [213]).

An in-depth nucleation-based study into some more subtle reasons for the occurrence of 

wurtzite structure for GaAs nanostructures was carried out by Glas et al. [207]. Their 

examination is specific to the Vapour-Liquid-Solid (VLS) growth mechanism of GaAs 

nanowires as was used in the present study. They looked in detail at the various energy
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densities a t play in the vicinity of the nucleus. They concluded th a t there were two 

conditions necessary for the preferential growth of w urtzite structure over zincblende. 

One was th a t the supersaturation of Ga needed to be higher than  a critical value, 

which they showed was the case for their experim ental values. The second conclusion 

relates to  the areal energy density of the nucleus-vapour interface 7 j, where j  = W  for 

w urtzite and j  = Z B  for zincblende. For w urtzite growth to  dom inate, one requires 

7 w < i z B -  Im portantly, the value of ^ zb is dependent on the contact angle betw'een the 

nanowire sidewall and the droplet which is on top  of the nanowire during its grow'th. 

This contact angle is dependent on the diam eter of the droplet relative to  the diam eter 

of the nanowire. Since the inequality between 7 -̂ and 7 ^ 3  is, according to  the authors, 

quite closely m atched, it is conceivable th a t the crystal structure might depend on the 

ratio of the size of the droplet a t the top of the GaAs nanow'ire to the w idth of the body 

of the wire itself.

As mentioned, GaAs is zincblende in the bulk, while the nanowires can have zincblende 

or w urtzite crystal structure. Both of these structures are composed of stacked (111) 

planes (or (0 0 0 1 ) planes in the case of w urtzite), and so there are, in principle, two 

possible hexagonal sets of facets for each struct\ire  which can make up the sidewalls 

of GaAs nanowires. These two facet families, which here are referred to as “Type 1” 

and “Type 2 ” , are symbolised by the two blue hexagons superimposed on the (111) 

plane shown in figure 5.3. W hether nanowires have Type 1 or Type 2 facets can be 

determ ined by comparing the nanowire sidewalls to  the cleavage edges of the substrate, 

which are the {HO} facets. Type 1 facets correspond to  {H 2} for zincblende and 

{lO lOjfor w urtzite, while Type 2 facets are {HO} in the case of zincblende and {1120} 

in the case of wurtzite. For w urtzite structures there is only a marginal difference 

in the surface energies for Type 1 and Type 2 facets, so the outcome will depend on 

phenomenological growth processes. For zincblende structures, however, it has been 

shown th a t the Type I or {112} surface has approxim ately 15% more dangling bonds 

per unit area, and a surface energy approxim ately 33% greater, when compared to 

Type II surfaces [214, 215]. They are therefore more likely to reconstruct, bu t it has 

also been shown th a t the resulting microfacets, due to their larger surfacc area, are 

still energetically less favourable th an  Type 2 or {HO} facets [216]. Therefore, if a 

particular growth results in nanowires with Type 1 facets then one would expect the 

crystal structure  to  be w urtzite ra ther th an  zincblende. Note th a t the edges (corners of 

hexagons) in figure 5.3 were chosen at random  and are not representative of the lowest 

energy options, which in any case play a very m inor role for wire diam eters greater than 

5nm  [215].
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Type 1 Type 2
{112} (Zincblende) {110} (Zincblende)
{1010} (Wurtzite) {1120} (Wurtzite)

F i g u r e  5.3: Different Hexagonal Facet Groups for Zincblende and Wurtzite Structures.

This figure shows a ball and stick model of the (111) zincblende plane, or equivalently the 
(0001) wurtzite plane, with blue hexagons indicating the possible facet groups for terminating 
the sidewalls of nanowires grown in the ( l l l ) B  direction.

In fluid mechanics the contact angle for a droplet lying on a flat surface, 9ca, is given by 

Young’s equation [217, 218];

' y ^ v  cos { O c a )  =  7sv -  7sl (5.2)

where 7 is the inter facial energy, and the suffixes S, L and V denote th a t  the interface

is between solid, liquid and vapour, respectively. Two modifications can be m ade to

this equation to  more accurately represent the  circum stances for a droplet on top of a 

nanowire [219- 221]. Firstly, an effect known as line tension, represented by r ,  becomes 

relevant on the nanoscale. This tension acts along the solid-liquid interface and can be 

directed inw'ards or outw^ards on the circumference of the droplet base, thereby altering 

the contact angle. It varies as 1/ro, where ro is the  contact area radius th a t the droplet 

would have if it were on a perfectly flat surface (see figure 5.4(a)). Thus for macroscopic 

droplets (ro oc) the term  can be neglected. The second m odification takes into 

account the fact th a t the surface on which the droplet rests is not entirely flat, bu t the 

droplet is essentially pinned by the boundaries of the solid-liquid interface. This term  

depends on the inclination angle of the wire sidewalls, a, as shown in figure 5.4(b). 

Including these term s gives us the modified Young’s equation:

7“

7 i ,v  c o s  (6>ca) =  7 s v  COS ( a )  -  J s l ----  (5.3)
r

A full theoretical modelling of the contact angle as a function of height and droplet 

radius will not be pursued here, bu t there are some findings from other studies and 

general comments based on equation 5.3 th a t will be relevant for later findings here.
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a)

F i g u r e  5.4: Schematic of contact angle and angle of inclination of sidewalls.

a) Droplet on a flat surface. Labelled are its contact angle, 6c„, and the radius of the contact 
area Tq, where the 0 suffix denotes the value of r  specifically for the case of the flat surface.
b) Nanowire with contact angle, 6ca, and the radius of the contact area r, labelled as shown. 
Also labelled is the angle of inclination between the nanowire sidewall and the solid-liquid 
interface, a.

Firstly, the introduction of the line tension term  introduces a size dependency of contact 

angle on the the droplet volume. If r  is positive then the contact angle is increased for 

very small droplets. However, except for values close to  zero, a positive r  will result in 

a term ination of growth a t a certain height, and so for steady sta te  growth r  is usually 

assumed to  be negative [217, 220, 222, 223].

A study by Schmidt, Senz and Gosele used equation 5.3 to describe the appearance 

of a wider base at the foot of nanowires [220]. As m entioned above, the mounds at 

the  base of nanowires are sometimes thought to  be caused by adatom s arriving a t the 

wires via m igration across the surface (pathway 4 in figure 5.1). However, Schm idt et 

al. pointed out th a t this effect is not tem perature  dependent, as would be expected 

for a diffusion activated process. Furtherm ore they show th a t since the base diam eter 

scales approxim ately w ith the diam eter of the droplet, it cannot be caused exclusively 

by overgrowth on the  sidewalls. Under the assum ption th a t the wide base has a contact 

angle related origin, they go on to  calculate the radius of the wire as a function of height 

(i.e. tapering) and show how it m atches well w ith experimental m easurem ents of wires 

which are a t an early stage of their growth.

The cross-sectional shape of GaAs nanowires grown in the [111] direction varies from 

cylindrical to  hexagonal, although some studies reporting cylindrical nanowires were 

carried out w ithout the means to  examine w hether or not the nanowire sidewalls were 

faceted [224, 225]. For growth of crystalline nanowires in which there is some element of 

radial growth, it is generally the case th a t it is the slowest growing facet group th a t  ends 

up dom inating the resulting structure. The reason for this is shown in figure 5.5. This 

series of images shows a cross-sectional view of part of a nanowire in its early stages
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of growth. There are two faniihes of facets, red and blue, which have high and low

F i g u r e  5 .5 :  Schematic of competing facet groups during growth.

Cross section of part of a nanowire during early stages of its growth. There are two competing 
families of faccts with faster and slower radial growth rates (red and blue respectively, with 
relative growth rates symbolised by the arrows). Because the red facet has a higher growth 
rate, it grows outwards (2) imtil it is flush with the slower-growing facets (3), leaving only the 
blue facets remaining (4).

growth rates respectively, as symbolised by the  arrows (5.5(1)). Since more m aterial 

is incorporated at the red facet, it grows outw ards fastest (5.5(2)) until eventually the 

region grown is flush with the slower-growing facets (5.5(3)). Then the red facet has 

extinguished itself leaving only the blue facets rem aining (5.5(4)).

Identification of sidewall facets is im portant, since it determ ines the atom ic morphology 

and hence the m obility of adatom s on these surfaces. The atom ic surfaces of the  w urtzite 

{lOlO} and { ll2 0 }  surfaces are shown in figure 5.6. An in-depth density functional 

theory study of these facets was carried out by Pankoke et al. to  determ ine the potential 

energy surfaces experienced by Ga, As and GaAs molecules on these surfaces [193]. Of 

particu lar interest from this study was the energy barriers for adatom s to  move upwards 

along the wire walls. To move vip or down in the  [0001] direction to  an identical position 

to  the starting  point requires hopping the height of two layers, or 6.528 A. For a Ga 

adatom , the energy barrier involved is 0 .60eV for the {lOlO} facet and 0.32 eV for the 

{1120} facet. Interestingly, the combination of a G a adatom  with As does not prevent 

further m igration, since the critical nucleus for radial growth is larger th an  a single 

GaAs molecule. Pankoke et al. go on to  calculate the hopping barriers for GaAs along 

[0001], which are 0.51 eV and 0.81 eV for the { 1120} and {lOlO} facets respectively. The 

diffusivity of As adatom s on sidewalls is lower th a t of Ga for both  facets, and for the 

researchers tliis supports their contention th a t As arrives a t the Au-Ga droplet m ainly 

by direct impingement. They did not conduct a full study into As2 diffusion since its 

lifetime is so short. Also inchided in this study  is the local minimum energy for adatom s
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on the two facets, which informs us of the energy needed to evaporate the atoms from 

the sidewalls. For {lOlO} the energy minimum for a Ga adatoni is -2.34 eV while for 

{1120} it is -2.56eV. For GaAs molecules the energy minima are -2.91 eV and -3.26eV 

for {1010} and {1120} facets respectively. This may have important consequences for 

the temperature dependence of radial grow'th.

5.5 G aAs N anow ire Fabrication Procedure

Ordered arrays of Pd-Au nanodiscs on GaAs ( l l l ) B  substrates were creatcd using EBL 

(see section 2.2.2.1) at the Polish Academy of Scicnces, Warsaw. The Pd layer is 5nm 

thick and the Au layer varied from 10 to 30 nm. The inclusion of the Pd layer is an 

unfortunate necessity to ensure adhesion of the Au during the EBL proccss. Although 

no sign of Pd could be found following the growth, and the droplet size following grow^th 
corresponded to Au rather than Pd, it cannot be ruled out that it affected the growth 

in some way. The liquid-solid phase boundaries extracted from phase diagrams for the 

Au-Ga and Pd-Ga systems are shown in figure 5.7. As can be seen, the proportion of 

Ga required to form a liquid at typical growth temperatures is substantially greater for 

a PdGa alloy compared to a AuGa alloy. Since it is the presence of the extra metal 

(Au or Pd) tha t promotes nanowire growth, it seems less likely that Pd would be a 

suitable metal to carry out this role. For this reason and since there are no reports of 

Pd being used to catalyse GaAs nanowire growth, the likelihood of Pd being responsible 

for nanowire growth appears remote.

Each sample had 100x100 |j.m patterned regions with four different separations (0.5 |j.m, 

1 fxm, 1.5 |xm and 2 ^m) and three different dot diameters (30, 60 and 100nm). These

F i g u r e  5.6: Two possible facets of wurtzite GaAs nanowire sidewalls.

Wurtzite GaAs facets are shown by the coloured spheres, with the grey spheres representing 
the bulk structure, a) is {lOlO} and b) is {ll20}.
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F i g u r e  5.7; Liquid-solid phase boundaries for AuGa and PdG a alloys.

Lic|uid-solid phase boundaries extracted from phase diagrams of AuGa (green) and PdGa 
(blue) systems. The dashed red line indicates a typical tem perature used during nanowire 
growth (500 °C).

were attached to the sample stage (cylindrical molybdenum blocks) by m elting In onto 

their sinface and then applying the sample wafer. Even though the substrate tempera

ture is above the m elting point of In ( ~  157°C ), the surface tension of the liquid m etal is 

sufficient to adhere the wafer to the molybdenum stage. Alongside each patterned wafer 

was loaded another ( l l l ) B  GaAs wafer with a 1 nm thick layer of Au. This uniform  

layer of Au will, upon heating, form a layer of Au nano-droplets which will catalyse the 

grow'th of a random array of GaAs nanowires. This procedure represents the conven

tional approach for VLS growth of GaAs nanowires. These wafers, which are referred to  

as “witness sam ples” , are included to  check for any differences between patterned and 

non-patterned methods, and also to provide samples for TEM  analysis.

The samples are deoxidised by heating the molybdenum stage to  600 °C in the presence of 

As4 (As pressure during deoxidation is approxim ately 1 x 10“  ̂ Pa). This step also causes 

the Au layer of the witness sample to form a random array of Au-Ga liquid alloy droplets. 

Temperature was monitored using an infra-red pyrometer, although uncertainties exist 

since the em issivity of the sample changes as growth continues, and increases as much 

as 30 °C when both  Ga and As source shutters are opened. Quoted temperatures for 

growth are those at the beginning of growth with both shutters opened, and have an 

uncertainty of ± 1 0 ° .  Following the deoxidation process, the As and Ga fluxes are set 

and shutters are opened for the duration of the growth (30m ins - 4hrs). The sample 

stage is rotated at approximately 0.2 Hz to ensure uniformity and the Ga flux angle is 

inclined at 40 ° to the surface normal.
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5.6 R esu lts

5.6.1 O rdered A rrays o f N anow ires

A regular array (square grid) of GaAs nanowires grown from EBL-defined Au nanodots 

is shown in figure 5.8(a). The separation of droplets for this pa tte rn  is 2 |im  and initial 

Au discs had a diam eter of 60 nm and a height of 10 nm. Here the array is well ordered 

with only a small num ber of wires which have moved from their ideal sites, possibly 

due to  motion of the Au droplet a t high tem perature. O ther grid sites have missing 

wires, perhaps because the Au droplet failed to  generate Tianowire growth and became 

buried under the arriving flux. Another common fault in arrays was double or triple 

wires growing in the vicinity of an array site. This is most likely due to the initial 

EBL-defined Au discs splitting into more th an  one droplet upon heating. Nonetheless 

this result shows significant promise for the  ability to grow ordered arrays of GaAs 

nanowires. Figure 5.8(b) shows the ‘witness sam ple’ for this growth, i.e. the random

F i g u r e  5.8: Ordered and Random Array of GaAs Nanowires.

a) Ordered array of GaAs nanowires viewed at 45°.
b) ‘Witness Sample’ of (a). This is the disordered array of nanowires grown alongside the 
patterned sample, also viewed at 45°.

nanowire array grown from a d istribution of Au droplets produced by heating a uniform 

1 nm thick Au layer. One can see th a t the  nanowire shape on the witness sample is 

similar to  the patterned  sample, indicating th a t the growth is not significantly affected 

by the EEL process. One also notices th a t there is a wide distribution of wire diam eters 

and heights for the witness sample compared to  the ordered array. This is clearly shown 

in the height distribution analysis as shown in figure 5.9. M easurements from the SEM 

images were carried out using AutoCAD software as described in section 2.2.5. In this
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F i g u r e  5 .9 :  Height Distributions for Ordered and Random Nanowire Arrays.

Height distribution profiles for the pattered nanowire array shown in figure 5.8(a) (black) and 
the random array of the witness sample shown in figure 5.8(b) (red). There is a much broader 
distribution for the random array and lower mean height (724mn vs. 844nm).

grai^li it is clear th a t there is a much greater distribution of wire heights for the witness 

sample compared to the patterned  sample, and also a reduction of the average height 

from 844 mn for the patterned  sample to  724 nm for the witness sample. These effects 

have two causes: 1) There is a greater d istribution of Au droplet diam eters for the 

witness sample, and since height is related to diam eter this incurs a d istribution also. 2) 

Shadowing of neighbouring nanowires allows tall nanowires to  grow taller a t the expense 

of their neighbours, and also reduces the average am ount of incident flux per nanowire. 

The effect of shadowing shall be examined in a more quantitative m anner in coming 

sections.

A close-up SEM image of a wire from the sample shown in 5.9 and TEM  images of a wire 

grown in a similar m anner are shown in figure 5.10. Figure 5.10(a) is taken by looking 

in a direction inclined at 45° to  the [llO] direction, meaning th a t the facets th a t make 

up the pyram idal base (outlined by dashed red lines in 5.10(a)) are Type 1 according 

to  figure 5.3. Therefore the facets are either {H 2} if the structure is zincblende, or 

{lOlO} if the structure  is wurtzite. As m entioned previously however, the {112} facets 

of zincblende are very unstable, so it is expected th a t the crystal struc tu re  of these 

nanowires to  be w urtzite on the basis of the facets th a t can be seen.

Figure 5.10(b) shows a broad TEM  view of the nanowire. Already stacking faults can 

be seen as dark lines crossing the wire perpendicularly to  the growth direction. There is 

no evidence as yet for a core-shell structure. Also visible in th is image is the darker Au
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droplet at the top of the wire. A close-up view of the wire ‘neck’ is shown in figure 5.10(c). 

The crystal structure in this region is wurtzite with a very low density of stacking faults. 

A close-up view of the tapered base region is shown in figure 5.10(d). The zincblende

lOOnm

{112} (Z B )or  
{1010}  (WZ)

50nm

F ig u r e  5.10: TEM analysis of wires in patterned array.

a) SEM image taken at 45 °of GaAs nanowire from the sample shown in figure 5.8. The image 
is taken looking along the [HO] direction, so the facets of the tapered base which are 
highlighted with a dashed red line are most likely {lOTO} (wurtzite structure).
b) TEM image of a nanowire grown using a similar recipe to that shown in (a). Stacking faults 
are visible as dark lines crossing the wire perpendicularly to the growth direction.
c) Close-up view of ‘neck’ region of nanowire which exhibits near-perfect wurtzite crystal 
structure.
d) Close-up view of tapered base region of the nanowires. Zincblende stacking faults crossing 
the predominantly wurtzite structure are indicated by the red arrows.

stacking faults crossing the wire diameter are indicated by red arrows, and these seem to 

coincide with locations where the wire diameter changes. The juxtaposition of tapering 

and stacking faults is interesting. It points to the theory of Schmidt et al. whereby 

the tapering originates from the decreasing area of the solid-liquid interface as growth 

continues [220]. The contact angle is likely to be quite low and fluctuate frequently 

as the wire diameter decreases, leading to the stacking faults that we see. The facets 

tha t are visible are likely to be the result of a certain amount of radial growth, which 

may have been favoured in the tapered region since the stacking faults can act as a 

preferential site for adhesion. Due to this radial growth an attem pt to fit the sidewall 

profile to theory will be ineffective, or at least the complexity of the problem will be 

increased significantly.
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5.6.2 Pencil-Shaped Nanowires

As mentioned at the end of section 5.3, Shtrikman et al. showed how near-perfect 

wurtzite nanowires could be grown by using Au catalyst droplets with small diameter 

[204], and recommended using these as a ‘core’ around which to grow a wider wurtzite 

structure via radial growth, whose growth rate increases rather drastically when the 

wire length exceeds the diffusion length of Ga on the wire sidewalls. It was decided to 

examine this theory by carrying out nanowire growth on a patterned sample as described 

in section 5.5. The growth was carried out at 520 °C, which is close to tha t used in the 

work of Shtrikman, and kept a high V /III ratio of ~  15. Growth was carried out on 

the patterned sample and a witness sample for 4 hours. SEM images from some of the 

resulting 12 patterned naiiowire arrays are shown in figure 5.11. A portion of one of 

the 12 wire arrays is shown in figure 5.11(a). In this case the separation is 2|j.m and 

the droplet diameter is approximately 60 nm. The grid array is somewhat disordered by 

wires which have moved slightly from the sites defined by EBL, and by droplets which 

have divided and caused the growth of 2 wires a t one site. Both of these effects are 

likely to have occurred during the deoxidation anneal, and further experiments may find 

some way of reducing these problems. The tapering near the wire tip is more evident

F i g u r e  5.11: SEM images of pcncil-shapcd nanowire array.

a) SEM image taken at 45 °of GaAs nanowire array. The wires have a pencil-shape and the 
square-grid array pattern is visible (separation for the region shown is 2|xm).
b) The tapering of the nanowire is more dearly visible in this image. The wire in this case is 
« 3 0 0 m n  wide, much wider than the diameter of the droplet, which is approximately 30 nm. 
Also visible are the facets which make up the wire sidewalls, which are enlarged in the inset 
and highlighted by red lines. As shown, the [H2] direction is to the right, while the direction 
facing the viewer (in the plane of the substrate) is the [HO] direction.
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in figure 5.11(b). This image shows the clear pencil-shape produced by the separate re

gions dominated by tapering and radial growth, as seen previously by Plante and Pierre 

[163] and Sibirev et al. [203]. However, in the present case the low density achieved by 

using EBL-defined catalyst sites has enabled us to attain much greater width. One also 

notices tha t the width is uniform from the base up, with none of the ‘reverse tapering’ 

near the base caused by shadowing as seen in previous studies. The finding also confirms 

that the sidewalls are not vertical due to the effect of shadowing which would prevent 

the base region from outgrowing the remainder of the wire, but is more likely due to 

radial growth occurring in a layer-by-layer manner, where adatoms preferentially attach 

at an unfinished layer. From the inset of 5.11(b) it can be seen that the sidewalls are 

Type 2 according to figure 5.3, i.e. the nanowire sidewalls are parallel to the [HO] edges 

of the bulk (zincblende) substrate. Therefore the facets may be {HO} if it is zincbleride 

or {1120} if it is wurtzite, and TEM must be used to confirm which is correct.

TEM was carried out using wires from the witness sample with the results shown in 

figure 5.12, beginning with a broad TEM view in 5.12(a). The tapering of the nanowire 

near the tip is evident in this image as was seen in the SEM images. A high-resolution 

image of part of the right hand side of this wire is shown in figure 5.12(b). The structm e 

has no stacking faults over the 100 or so layers shown. In fact, no stacking faults were 

visible anywhere in the wire in the region shown in figure 5.12(a). This represents 

a remarkable level of control over the crystal structure and a promising fabrication 

method for applications where pure wurtzite structures are required, with a capability 

of achieving dimensions in the region of hundreds of nm. It should be noted that the 

dark and light bands running along the length of the wire to the right-hand side of 

this image are simply contrast effects related to the varying depth of the wire along the 

direction of viewing, and are not structural in origin. The rows of dots in figure 5.12(b) 

which presumably represent atomic layers appear to come grouped in pairs. This hints 

at wurtzite structure which has a periodicity of two layers. The average distance between 

the pairs of layers in the region shown was measured at 6.46 A, which is close to the 

actual distance between two planes in wurtzite GaAs (6.52 A). Figure 5.12(c) shows the 

Au-Ga cap of the nanowire, which is hemispherical in shape. As mentioned in section 

5.4, the contact angle can play a role in determining the crystal structure of the resulting 

wire, and so the fact that the droplet is almost perfectly hemispherical, and tha t the 

contact angle is therefore almost exactly 90 ° may provide the explanation for the pcrfect 

wurtzite structure seen in these wires. Energy Dispersive X-Ray Spectroscopy (EDX, 

as described in section 2.2.2.1) was carried out on the wire cap, and found an Au to Ga 

ratio in the droplet of 3:1. This suggests th a t the Au droplets opt to consume as much 

Ga as is required to remain a liquid at a given temperature, until the eutectic point 

at the local minimum of the liquid phase of the Au-Ga phase diagram is reached. The



C hapter 5. GaAs Nanowires 119

lOOnm

lO n m

F i g u r e  5.12: TEM images of pencil-shaped nanowire.

a) Low resolution TEM image showing general nanowire shape. Features visible include the 
Au-Ga cap and the tapering near the tip.
b) Atomic resolution image of the area in the red rectangle in (a), showing the stacked layers 
making up the wire structure. The separation between the layers is 3.26 A, and the distance 
between identical points along the growth axis is twice this value, indicating that the stacking 
is ABABAB, or wurtzite.
c) TEM image of the Au-Ga cap. The crystal planes are also visible in the wire neck.
d) Selected area diffraction pattern of the wire body. The pattern corresponds to the [ll20] 
direction of wurtzite GaAs.
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crystal planes of the wire can also be seen. The structure in this region is the same as 

the body of the wire, with no sign of a switch to zincblende as was noticed in tlie work 

of Plante and Pierre and other studies [172, 199, 207, 226]. The switch to zincblende is 

normally associated with excess Ga being consumed after the flux has been turned off 

due to sufficient heat and As in the chamber, but condensing with zincblende structure 

due to lower supersaturation. For the sample described here, the implications are either 

(a) there is no excess Ga during growth, (b) excess Ga is present but is condenses in 

wurtzite structure despite lower Ga saturation, (c) excess Ga desorbs following growth 

or (d) excess Ga forms a thin layer around the Au droplet and was not detected by us 

for some reason. Further examinations should be carried out to confirm which option is 

responsible. Figure 5.12(d) shows a Selected Area Electron Diffraction (SAED) pattern 

measured at the centre of the wire body. The separation between bright points along 

the growth axis is 1.56 nm “ ,̂ corresponding to a distance of 6.34 A, which is close to 

the actual separation of two (0001) wurtzite planes (6.52 A). The separation of bright 

points across the growth axis is 2.96 nm “ \  corresponding to a separation of 3.37 A. This 

is close to the periodicity of the {1120} facet of GaAs (3.46 A). It is not unexpected 

that the {1120} facet is facing upwards, since this means that the wire is lying with its 

downward facing facet flat on the TEM grid, rather tlian lying on its edge.

5.6 .3  E xam ination  o f E ffect o f Shadow ing for P en cil-Sh ap ed  Nanowires

Wire volumes were measured for each of the twelve patterned regions of the sample 

described in section 5.6.2. Each wire was approximated as a cylinder (the faceted lower 

portion with uniform width) with a cone on top (representing the tapered region). The 

‘cylinder’ diameter, and heights of the two individual portions were manually measured 

using AutoCAD for a total of 1372 nanowires, from which averages were found for each 

of the 12 patterned regions. Since there was a tendency for some Au droplets to become 

buried rather than produce nanowires or to split into 2 or more droplets resulting in 

multiple nanowires per EBL site, the ‘true’ nanowire density was also measured by 

finding the area occupied by !%200 wires for each site. As shown in figure 5.13, there 

is an increase in nanowire volume with separation, asymptotically reaching a maximun 

volume for the case of wires which are effectively isolated. For nanodot arrays with 

similar separation but varying diameter, the resulting wire volume was found to increase 

slightly for decreasing diameter of the nanodot/droplet. This is probably due to the fact 

that if two cylinders have differing radii and height but the same volume, then the taller 

one will have a greater surface area with which to gather Ga adatoms and will therefore 

grow at a faster rate. This is examined in greater detail in the model described below
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F i g u r e  5 . 13:  Dcpcndcncy of Nanowirc Volume with Separation.

Plot of nanowire vohnne versus inter-wire separation. There is an increase in volume with 
separation until it saturates for large separations, where the nanowires are effectively isolated. 
Tlie symbols are coloured according to the diameter of the initial diameter of the Au disc 
crcated by EBL.

Shadowing causes tall wires to grow at a faster rate  at the expense of shorter wires. 

One would tlierefore expect to see a greater distribution of wire volume at higher wire 

densities (i.e. lower separation). To examine this for the pencil-shaped nanowire sample, 

the standard  deviation in volume was calculated for each of the 12 patterned  regions. 

The results were normalised by dividing by the average volume for each of the  12 regions. 

This normalised distribution was then  plotted  as a function of separation. The results 

are shown in figure 5.14. As expected there is a decrease in the normalised distribution 

with increasing separation. This is further evidence of shadowing, and illustrates the 

need for isolated nanowire growth in order to  achieve uniform results. There was no 

clear influence of the droplet size on this relationship, although the noise in the data  

prevents any concrete assertions.

A simple numerical model of the influence of shadowing on nanowire growth was car

ried out in an effort to  reproduce some of the phenom ena observed here. The model is 

described in appendix A. Briefly, it assumes th a t the nanowires have cylindrical shape 

and experience an increase in volume per unit tim e which is proportional to  their ex

posed cross-sectional area. W ires are shadowed by their nearest neighbours when the 

neighbours are tall enough to  do so and when they are aligned w ith the flux direction. 

The model also assumes th a t adatom s landing w ithin a distance D  of the wire top con

tribu te  to the axial growth, where D  represents the diffusion length of adatom s on the 

nanowire sidewalls. The rem ainder of the  adatom s contribute to radial growth. It was 

foimd th a t increasing the diffusion length does not affect the resulting diam eter a great 

deal, bu t increases the height quite significantly. The model was also found to  depend
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on the initial diam eter (/Jq- Smaller diam eter wires had a greater ra te  of axial growth in 

the initial stages, resulting in greater cross-sectional area and consequently greater final 

volume.

The results of the numerical model are p lotted along with the experim ental d a ta  in 

figure 5.15. For these sim ulations the  initial diam eter of the cylinders was equal 

to  the diam eter of the nanodots pa tterned  using EBL, and the diffusion length D was 

fixed at 225 nm. As can be seen the fit is quite good, especially for the wires grown 

from nanodots having diam eters of 30 nm  and 60 nm. The fit is not so accurate for 

the  case of wires grown from nanodots having 100 nm diam eter. The discrepancy is 

not likely to  be due to  the value of the diffusion length, but probably related to  these 

larger Au nanodots breaking up into smaller droplets, which would reduce their average 

diam eter and result in wires w ith greater volume. This reasoning is supported by the 

fact th a t there is a greater discrepancy between the wire density and nanodot density 

(determ ined by EBL) for larger droplets. This is explored qualitatively in the coming 

section. As shown in appendix A, the volume depends very strongly on the diffu-sion 

length and w ithin the assum ptions of the model the value of D  is certainly not out by 

more th an  10%, although the actual value may be quite different due to  the simplicity 

of the model. Nonetheless, the value of the diffusion length used in these simulations, 

225 nm, is not unreasonable. It m atches very closely to  the value of 300 nm found by 

Sugaya et al. a t this growth tem perature [202], In figure 5.12(a) it can be seen th a t the 

tapered  region at the top of a nanowire is «  500 nm, so it is reasonable th a t the diffusion
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F i g u r e  5 .1 4 :  Dependency of nanowire volume distribution with separation.

Plot of the standard deviation of wire volume, divided by the average volume for that region as 
a function of separation. There is a decrease with separation, indicating more uniform volumes 
at greater separation.
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F i g u r e  5.15: Nanowire volume vs. separation with numerical model

Plot of nanowire volume versus inter-wire separation as shown in figure 5.13. Also shown are 
the results of a numerical simulation for nanowirc growth which includes the effect of 
shadowing (solid curves). The only parameter varied for each of the curves was the initial wire 
diameter which was set equal to the diameter of the nanodots as defined by EBL. The value of 
the diffusion length D  was kept fixed for these datasets at 225 nm.

length is approximately half of this length, though further study should be carried out 

to examine exactly how the diffusion length is related to this exact shape.

5.6 .4  C ritical D o t D iam eter  for N anow ire G row th

Most studies of a ‘critical diameter’ in III-V nanowire growth refer to the transition 

diameter between zincblende and wurtzite growth, or the diameter above which the 1 /d  

dependence of height breaks down. Very little consideration is given to the possibility of 

a minimum size of Au catalyst, below which nanowire growth is no longer possible, or 

below which the probability of generating wire growth falls below 50%. The reason for 

this blind spot is related to the traditional VLS growth mode, where nanowire growth 

directly follows the Au droplet formation via annealing, and the distribution of droplet 

sizes following nanowire growth is assumed to be representative of the distribution prior 

to groAvth.

One early study by Givargizov described a critical diameter for growth of Si nanowires 

catalysed by Au droplets on Si (111) [227]. In this study it was noticed tha t the growth 

rate was lower for smaller Au droplets, and this was related to  lower supersaturation 

with decreasing diameter. At a certain diameter the supersaturation falls to zero and 

VLS growth is no longer possible. However, this may not be relevant for the present 

study since there seem to be key differences in the growth process; for example in the 

work of Givargizov, smaller droplets have lower growth rates, which is at odds with the
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findings seen above. A later study of Ge nanowires on Si (111) by Dailey et al. was the 

most thorough examination that could be found on the subject of minimum catalyst 

sizes for initiating nanowire growth [228]. While they used catalyst droplets as small 

as 4nm  in diameter, they found a minimum nanowire diameter of 12 nm. They favour 

the explanation of nucleation-limited growth, whereby the nucleation rate in smaller 

particles was too small to generate wire growth. They also found evidence for delayed 

nucleation in small catalysts, which supports this argument. In contrast, another study 

of Si nanowires catalysed by Au droplets by Hofmann et al. found faster nucleation 

for smaller droplet diameters [229]. This was explained as being due to the rate of Si 

inclusion in the catalyst scaling with surface area (oc d^, where d is diameter), while 

the rate of Si concentration scales with volume (oc d^), resulting in a 1/d threshold 

saturation rate. This range of different findings in the area of size-limited nucleation of 

nanowires exemplifies the need for further examination, particularly if ordered nanowire 

arrays of narrow (order of tens of nm) are required for application purposes, where high 

failure rates of nucleation would be highly problematic.

For the patterned GaAs nanowire arrays presented here, F  is defined as the nanowire 

areal density divided by the areal density of nanodots fabricated using EBL, and is 

expressed as a percentage. In the ideal case where every nanodot generates wire grow'th 
F  should always equal 100%. When the initial nanodot diameter was greater than 

60 nm, F  was commonly found to be greater than 100%. This is most likely caused by 

the nanodots splitting into two or more droplets upon annealing. Most interestingly 

F  was found to decrease with increasing separation. Provided F  remains greater than 

100%, this can be explained by neighbouring dots coalescing during the anneal, a process 

whose probability will decrease with increasing separation. However, for the smallest 

nanodot sizes (?ii30nm) F  was noticed to decrease well below' 100%. While greater 

separation may imply a greater quantity of Ga which can migrate to the sample across 

the surface, this is not thought to impede nanowire development. Upon closer inspection 

it was noticed that the nanodot arrays of varying separation, which were supposed to be 

of equal diameter, in fact had shrinking diameter with separation. It was also noticed 

that dots at the edge of arrays were slightly smaller than average. The origin of these 

features is most likely tha t nanodots in higher density arrays arc overexposed by the 

electron beam during the EBL procedure and therefore have a larger diameter following 

development. For the small (w30nm) dots, the diameter increased by approximately 

30% as the separation decreased fi:om 2 |o.m to 0.5 |j.m. Although this was an unwanted 

feature in the nanodot arrays, once quantified it can be used to examine the diameter 

dependence of F.  The nanodots were assumed to form hemispheres upon annealing. 

The radius of such hemispheres were calculated given the diameter and thickness of the 

deposited nanodots, and F  was measured for a total of 16 arrays whose droplets had
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F i g u r e  5.16: Probability of Nanodot initiating Wire Growth vs. Radius of Nanodot.

Probability of Au nanodot in an array initiating growth of a nanowire F,  plotted against 
average radius of Au droplet within that array. The radius is that for an Au hemispherical 
droplet having equal volume to the nanodot fabricated using EBL, and F  is found by dividing 
the naiiowire areal density by the areal density of Au nanodots which initially formed the 
array. The red line shows a sigmoidal fit to the data.

a diam eter in the region of 30 nin. The resulting plot of the values of F  for varying 

hemisphere radius is shown in figure 5.16. As can be seen from the graph the data  

is quite noisy and does not fit exactly to  the sigmoidal curve which has been fitted 

to  the data. A sigmoidal ctirve is chosen simply because it is one which drops from 

1 to  0  over a certain region, and is not believed to  represent any underlying physical 

model. Despite the poor fit, it illustrates th a t there is a size dependence of the  catalysing 

droplets on the probabihty of initiating nanowire growth. In the case of these samples 

grown at close to  500 °C with As4 , one can see th a t the probability drops below 50% for 

catalyst radii below approxim ately 16 nm. This implies th a t resulting nanowire width 

and density distributions should not be taken as indicative of the initial distributions 

of the catalysts. This finding points to the need for optim isation of growth conditions 

not only for a specific wire shape and structure, b u t also to  ensure 1 0 0 % nucleation 

rates, since reliability of nucleation will be a necessary feature for application purposes. 

For example, values of F  close to or above 100% for radii down to  16 nm  were achieved 

when As-2 was used instead of As4  (this d a ta  is not included in figure 5.16 which deals 

only with nanowires grown in AS4 ). This is likely related to  the higher reactivity of Ga 

w ith As2  molecules. O ther dependencies such as tem perature. As pressure and choice 

of catalyst m aterial should also be investigated.
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5.6 .5  G row th in A s-lim ited  R egim e

The study of nanowire growth in an As-limited regime is most common in the area of 

catalyst-free growth. The reason for this is th a t in the catalyst-free growth mode the Ga 

and As fluxes have to  be perfectly m atched to  ensure uniform diam eter along the wires, 

since excess As will consume the  droplet, pu tting  an end to  axial growth. Because the 

growth is so sensitive to  the III-V  ratio, experiments invariably stray into the As-limited 

regime where there is a build-up of Ga. This regime has a num ber of peculiarities not 

seen in Ga-lim ited growth. One effect is ‘inverse tapering’, where the diam eter of the 

wire increases further from its base. This is due to the Ga droplet a t the top of the wire 

increasing in size as the growth progresses due to a marginally insufficient supply of 

As. Also noticeable in this mode is the build-up of ‘blobs’ or crystallites of Ga between 

wires. The use of Au catalysts in an As-limited regime has been largely ignored, and 

it is desirable to  examine whether or not these features noticed in catalyst-free growth 

can be reproduced when Au catalysts are used.

Several samples, both  patterned  and random , wore grow'n with a V/TII ratio of ai)prox- 

im ately 2 as was used for the sample shown in 5.8. To achieve As-limited growth an 

elevated tem perature was used (520 °C), thus reducing the effective As flux through in

creased As desorption. Increasing tem perature also extends the diffusion length of Ga, 

allowing it to travel more effectively to the droplet. Examples of growth from the ran

dom sample are shown in figure 5.17. Im m ediately one notices vast differences between 

these images and those shown in figure 5.8. The nanowires, which have a rather uniform 

height of approxim ately 2.3 |o.m, show inverse tapering with a large droplet on top (av

erage diam eter approxim ately 270nm). Radial growth is likely to  be very low judging 

from the narrowness of the wire bases. The average contact angle between the nanowire 

sidewall and the droplet was m easured to  be 138* ,̂ ±2° .  The droplet is assumed to be 

excess Ga, bu t more conclusive proof shall be shown later. The reverse tapering is very 

similar in style to  th a t seen in the studies of wires growm w ithout the use of catalysts, so 

it is very likely due to  the same effect, i.e. growing droplet diam eter during the growth. 

Shadowing is not thought to  be responsible for the inverse tapering in this case, since 

the wire density is quite low and tapering is not dependent on variation in density. Re

sults from the patterned  samples will be more telling in relation to  the possibility of 

shadowing, since interwire separation can hopefully be specified.

A nother very obvious feature in figure 5.17(a) are the large droplets on the surface 

between the  nanowires. These are likely to  be pools of excess Ga. Some of these, 

particularly  the smaller droplets to the left of 5.17(a), have formed nanowire-like bases, 

and may be evidence of Ga-catalysed nanowire growth.
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F i g u r e  5.17: Nanowires grown in As-limited regime

SEAI images of the nanowires grown in As-limited condition on the witness sample (random 
array covering entirety of substrate). These images were taken at a very shallow angle ( ~5°)  
to the substrate surface. As we can see in (a) the nanowires each have a large droplet at their 
tip. The nanowires seem to have a regular length and exhibit inverse tapering, with a larger 
diameter at their top than their ba.se. There are also a large number of large droplets on the 
surface, which are most likely excess Ga droplets. Some of these, particularly the smaller ones 
to the left of (a), seem to be have grown a nanowirc-hke base. Figure (b) shows a close-up of 
the droplets on top of the nanowires.

To dem onstrate the iinifoniiity of the wire length, the lengths of 350 wires were m easured 

from the witness sample. The histogram  showing the results is shown in figure 5.18. 

Height was m easured from base to top of the droplet. All visible wires and even short 

pillars, whether m isshapen or not, were included in the examination. Ju st over 54% of

50-1

Length (nm)

F i g u r e  5.18: Histogram of heights of nanowires grown in As-limited regime

Histogram showing the numbers of wires having a particular height for 350 wires measured 
from the sample shown in figure 5.17. The bhie bars denote wires with height in the region of 2 
- 2.6 |j.ni. which comprise 54% of all wires measured.
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the wires have a height in the narrow region between 2.0 and 2.6 |i.in, as indicated by the 

blue bars in figure 5.18. This is despite the random dimensions of the gold droplets and 

the wide variations in wire density across the sample. This indicates that the outcome 

depends weakly on droplet arrangement. It also shows that arrival of As to the growth 

interface, which is process lim iting wire growth, is not affected by shadowing, which is 

consistent with the findings of Ramdani et al. [195]. The apparent independence on 

separation suggests that migration of adatoms from the substrate floor constitutes only 

a minor contribution to the wire volume.

A patterned sample was grown alongside the witness sample shown above. SEM images 

from the patterned sample are shown in figure 5.19. Figure 5.19(a) shows a corner of 

one of the patterned arrays in the top right. The remainder of the image was once a 

bare ( l l l ) B  substrate but is now covered in large droplets ranging in diameter from 1 

to 10 |j.m, similar to those seen between wires on the witness sample (figure 5.17). Since 

there was no Au in these areas, it is concluded that the droplets are composed of excess 

Ga adatoms, which, aided by the high temperature (high mobility) and low As pressure 

(lower reactivity) were able to nucleate as droplets rather than become incorporated into 

the crystal substrate. Some of these Ga droplets also have iianowire-like bases similar 

to those seen in figure 5.17. The facets of these ‘nano-pillars’ are Type 1 according to 

figure 5.3, suggesting that the crystal structure is wurtzite. There is also a row of these 

large droplets along the perimeter of the patterned area, implying that the Au grid as a 

whole acts as a preferential sink for migrating Ga adatoms. This image shown in 5.19(a) 

also confirms that Au is necessary for growth of the tall (>  1 |0.m) nanowires, since up to 

this point the possibility that all structures were Ga-nucleated could not be ruled out. 

It also suggests that a significant proportion of the large droplets seen on the witness 

sample, and of the shorter nanowires in the height histogram in figure 5.18, are actually 

Ga-nucleated. Therefore if only Au-catalysed nanowires are considered, the percentage 

of nanowires having a height between 2.0 and 2.6 |i.m is likely to be greater than the 54% 

measured for all nanowires. A closer look at the interior of the patterned area is shown 

in figure 5.19(c). This area originally was covered in Au nanodots with a separation  

of 1 [o.m, but unfortunately no sign of the pattern is visible, and this was the case for 

all arrays. This is perhaps due to the increased mobility of the Au due to the elevated  

temperatures and also due to the highly mobile liquid Ga on the surface which may act 

as a medium for the Au to migrate. However, hke the witness sample, the height and 

droplet diameter of the wires above 1 |j.m in length is surprisingly uniform.

A close-up image taken at 45 ° of an individual nanowire is shown in figure 5.19(b). The 

tapering of the nanowire and roundness of the droplet can be more clearly seen. It is also 

evident that the wires have hexagonal cross-section. Since the image is taken along the
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F i g u r e  5 .1 9 :  Nanowires grown from patterned arrays in As-hmited regime

SEM images taken at 45 ° of the nanowires grown on a patterned array in As-hmited conditions.
a) Corner of patterned area is visible, as well as droplets beyond the patterned region.
b) Individual nanowire with clear reverse-tapering. The direction indicated here also applies to 
(a) and (c).
c) Part of a patterned region with tall nanowires as well as large Ga droplets.

{ n o }  direction we can tell th a t the facets are Type 2 according to  figure 5.3, meaning 

th a t the crystal structure  may be either w urtzite or zincblende.

In order to  identify the m aterial comprising the droplets a t the top of the nanowires, 

STEM , TEM  and EDX were carried out. STEM  results of the droplets a t the top of
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200 nm

F i g u r e  5.20: STEM of Nanowires grown in As-limited regime

STEM images of nanowires grown in As-limited conditions taken in bright field mode (a and b) 
and dark field mode (c). Au-Ga droplets within the Ga sphere arc indicated by the black 
arrows.

three representative nanowires are shown in figure 5.20. Images (a) and (b) are taken 

in bright-field mode while (c) is taken in dark-field mode. A high density of stacking 

faults can be seen as dark lines across the diameter of the wires, particularly in (a) and 

(b). The Ga droplet is almost spherical, and the Au-Ga droplet within can be seen as a 

dark spot (due to the higher atomic mass of An) within the droplet.

Figure 5.21 shows an SEM image of part of a nanowire as well as the accompanying 

EDX plot measured along its length. We see equal fractions of Ga and As along the 

wire body, and then a large increase in Ga at the droplet, concurrent with a falloff of 

As. There is a small increase in Au concentration at the droplet (blue line). The Au 

peak at the droplet is not as large as we expected, but it is quite possible that the line 

being analysed by EDX crossed a portion of the Ga sphere not containing the Au-Ga 

droplet.

A TEM image taken near the top of one nanowire is shown in figure 5.22. Overlaid on 

this image is a ball and stick model of the zincblende crystal structure. The image and 

model were scaled independently, confirming the accuracy of the match between the two. 

The twinning defects, where the ordering of the stacking sequence reverses, can be clearly 

seen. All twinning defects crossed the wire horizontally, suggesting tha t they came about 

during layer-by-layer growth at the solid-liquid interface. There were no defects running 

vertically through the wire, suggesting tha t if there was any appreciable radial growth, 

then it occurred epitaxially, following the crystal structure of the underlying sidewall.
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F i g u r e  5.21: EDX cxainination of Nanowircs grown in As-hmited regime

SEM image of a naiiowire grown in As-hmited conditions, with the EDX plot underneath 
which wa.s taken along its length. This confirms that the droplets atop the wires grown in this 
regime arc mainly exccss Ga.

The density of these defects in this approximately once every 7 atomic layers, or 0.4 

defects nm “ .̂

In figure 5.23(a) we see a broader view of this region, including the edge of the wire. We 

can see that due to the regular twimiing defects the edge of the wire has a zig-zag profile 

of {111} microfacets. Thus the seemingly perfect {iTO} facets seen in the SEM images 

of figure 5.19 may in fact be a series of closely spaced microfacets giving the impression 

of { n o } . The FFT  produced for this area (inset) is streaked in the direction of growth 

due to the high density of stacking faults. Figure 5.23(b) shows another TEM image 

taken near the base of the wire. Here the density of defects is approximately an order 

of magnitude low'er than near the top, and the wire sidewalls appear to be ‘true’ {H0} 

facets. The inset of this image shows a selected area FFT taken in this region. This 

FFT is seen more clearly in 5.19(c), where the distance between bright points have been 

converted to A and angles have also been measured. These results can be compared 

to the actual distance between the planes shown in figure 5.19(d). As can be seen, the 

match between (c) and (d) is very close.

The prcsencc of {111} microfaccts is unusual but not without precedent. Highly ordered 

GaP uanowires with {111} microfaccts were grown by Johansson et al. [230], and later
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F i g u r e  5.22: High resolution TEM images with crystal structure overlay.

TEM image taken near the top of a wire grown in As-limited conditions. Overlaid is a crystal 
structure model for zincblende, which highlights the twinning defects in the wire.

the same team showed excellent regularity of the {111} niicrofacets on In As wires [226]. 

Both of these studies showed how the microfacets can be viewed as slices of octahedral 

crystals stacked on top of each other as shown in figure 5.24. Another group showed the 

existence of {111} microfacets on GaAs nanowires using glancing angle x-ray diffraction

[231].

The lower portion of the wire, as mentioned before, has a low density of stacking faults, 

and the sidewalls in this region do not zig-zag at 19.5 °as is the case for {111} rnicrofacets, 

meaning tha t the sidewalls near the base are simply {HO} facets. In order to more 

closely examine the transition between the lower faceted and upper microfaceted regions 

of the nanowires, it was decided to carry out a similar growth but with shorter duration 

(60 minutes vs. 90 minutes). The results were broadly similar to those seen for the 

90 minutes growth (figure 5.19) although average wire length was shorter, as expected. 

One feature which was new for the shorter growth was the occurrence of wires having 

different facets along its length. The transition, when observed, was always Type 1 

near the base to Type 2 near the top (as defined in figure 5.3), and the transition was 

rather abrupt, changing within a few tens of nanometres. Five examples of wires with 

facets transitions are shown in figure 5.25. Since we know tha t the structure near the 

base is zincblende with a relatively low density of defects, we can say tha t the crystal 

structure of the lower portions of these wires is zincblende with {112} facets. This facet 

is unstable and is likely to have reconstructed on an atomic scale.
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F i g u r e  5 . 2 3 :  High resolution TEM  images taken of a nanowire grown in As-limitcd
conditions.

a) Image taken near top  of wire showing the tw inning defects and zig-zag profile of the  
sidewalls, which is likely to  consist of {111} microfacets. The inset shows the F F T  produced 
from this region.
b) Image taken near the base of the  wire showing a nm ch lower density of twirming defects. 
The sidew'alls appear to  be conventional {HO} facets. T he inset shows an F F T  taken  of a 
region between stacking faults.
c) Closer view of the F F T  shown in the inset of (b). D istances shown refer to  distances 
between diffraction points inverted to  give units of length.
d) 3D model of zincblende GaAs s tructu re  w ith m easurem ents and angles highlighted which 
correspond to  diffraction p a tte rn  in (c).
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F i g u r e  5 .24 :  Schematic of nanowire with microfacets

Schematic presentation of nanowire with {111} iriicrofacets. Each ‘sHce’ of the naiiowire can be 
considered as a truncated octahedron with {111} facets.

Throughout their length, these nanowires grown in As-liniitecl conditions exhibited 

zincblende crystal structure. As m entioned in section 5.4 to Glas et al. found th a t 

w urtzite forms due to a high supersaturation  and a contact angle between the droplet 

and the wire of close to  90° [207]. Due to  the larger droplet a t the top of the wire, the 

contact angle seen in these wires is much greater than  90° (w 132°). It is possible th a t 

this is the reason for the preference for zincblende growth in these conditions.

Again, all defects are planar, crossing the wire radially ra ther than  axially. This suggests 

th a t zincblende (111) island nucleation occurs a t one edge of the solid-liquid interface, 

with each new layer growing until it covers the entire interface. Any radial growth on

200nm

F i g u r e  5 .2 5 :  As-limited growth of shorter duration

Wires grown in an identical manner to those seen in figure 5.19 but with a growth duration of 
60 miimtes rather than 90 minutes. These particular 5 wires all exhibit facet transitions along 
their length from Type 1 near the base to Type 2 near the top (as defined in figure 5.3).
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the  naiiowire sidewalls is epitaxial, following the underlying crystal structure  w ithout 

inducing defects. However, radial growth appears to be minimal, as evidenced by the 

reverse tapering  seen for tall nanowires (e.g. figure 5.19).

The combined evidence from the TEM  d a ta  and the observations of the nanowires grown 

for shorter duration  suggest th a t there are at least two stages to  the growth of these 

nanowires. Initially, the wire grown has zincblende crystal structure  w ith a low density 

of twinning defects and {112} facets. At some point, the density of twinning defects 

increases and the wire adopts {111} microfacets, which at lower resolution appear to 

be sm ooth {HO} facets. By the end of the 90 m inute growth, there is no sign of the 

initial {112} facets in the lower portion, implying th a t radial growth on the sidewalls has 

overgrown these previous facets and left the lower region w ith {HO} facets, which have a 

sm oother boundary v/ith the {111} microfaceted upper portion. It is quite likely th a t the 

border between the {112} and {HO} regions as seen in figure 5.25 acted as preferential 

a ttachm ent points for adatom s. Thus the border between these two regions moves 

downwards as adatom s a ttach  there, until all sidewalls are {HO} or {111} microfacets.

It remains to be proven why the wires initially preferred the {112} facets and w hat 

caused the increase of twinning defects th a t led to the onset of {111} microfacets. W ith 

regard to the former problem, it is notable th a t all of the squat nanopillars have Type 

1 facets, i.e. {112} if zincblende. It is possible therefore th a t this is the preferred 

facet arrangem ent in As-limited conditions, and th a t the {HO} facets seen on the tall 

nanowires are the exception ra ther th an  the rule, brought on by the m icrofacetting 

behaviour a t greater heights. A lthough this appears to  be the case it is difficult to 

explain why the system  has opted for these high energy surfaces. The study by Dick 

et al. [226] cites the earlier theoretical work of Leitsm ann and Bechstedt [214] which 

described how under highly passivated conditions, surface energies can be negative, and 

zincblende {H 2} facets may be preferred. Furtherm ore, higher surface areas will then  

be preferred, which would explain the m icrofacetting seen near the top of the  wire. 

Johansson et al. who also grew' nanowires with {111} microfacets, m ention how the 

energy barrier for form ation of twin planes is very low and can easily be caused by 

fluctuation in mass transport [230]. Thus a transition  in the ra te  of arrival of Ga as the 

wire grows taller may be the cause. Another possible cause, as m entioned earlier, is the 

growing contact angle between the liquid droplet and the solid wire as growth continues. 

Further study  should be carried out to confirm whether or not Ga fiux can be varied to 

control crystal structure , or whether there is a dependency of contact angle on sidewall 

facets.

An im portant finding of this study was the difficulty in conversion of ordered arrays 

of An nanodots defined by EBL to ordered arrays of nanowires. As sta ted  above, no
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patterned region resembled the original grid. Those wishing to make use of nanowires 

grown in Ga-rich environments for application purposes will need to examine ways of 

preventing the migration of entire droplets over large distances.

A positive finding from this study was that structures very similar to  those seen in Ga- 

catalysed conditions were achieved, but at a temperature of only 520 °C, which is lower 

than that of Rieger et al. (590 °C), Bauer et al. (600-850°C), Cirlin et al. (560-630°C, 

with poor growth below 600 °C), Colombo et al. (630 °C), Kim, Park and Lee (600 °C) 

and Gibson and LaPierre (6 3 0 °C) [172, 186-188, 211, 232]. It is clear that while the 

addition of Au is perhaps not necessary for nanowire growth, it reduces significantly the 

temperature needed for wire growth to occur.

5.6 .6  N anow ire G row th using A s D im ers

The effect of using A s2 molecules was exam ined by carrying out nanowirc growth with 

an As cracker temperature of 1000 °C. The substrate temperature was 480 °C and the 

growth was conducted in conventional Ga-limited mode, with a V /III ratio of approx

im ately 15, as was used for the pencil-shaped nanowires described above. SEM results 

of the growth taken at 4 5 °  are shown in figure 5.26. In 5.26(a) we can see a part of 

the sample which includes the edge of a patterned region. The nanowires are arranged 

in rows 1 .̂m apart with some defects in the array such as missing and extra wires. A 

close-up of one wire is shown in figure 5.26(b). Here the tapering of the wires can be 

clearly seen. The ratio of altitude to diameter indicates that the average axial growth 

is 25 tim es that of the radial growth rate. A closer view taken near the base of the wire 

is shown in figure 5.26(c). Here we can see that the wire is Type 2, according to figure 

5.3, meaning that the facets are {112} (or some reconstruction thereof) if the crystal 

structure is zincblende, or {lO lO } if the structure is wurtzite.

The uninterrupted cone-shape is likely due to the existence of radial growth throughout 

the entire growth of the nanowires, rather than the case of pencil-shaped wires where 

radial growth appears only when the height exceeds the diffusion length of Ga on the 

sidewalls. Sartel et a i ,  who compared nanowire growth under A s2 and A s4 , also found 

greater radial growth when A s2 was used [197]. The results here support their suggestion  

that due to the increased reactivity of the Ga adatoms with A s2 compared to  A s4 , Ga 

incorporation into the crystal has an increased probability of occurring at the sidewalls, 

and Ga adatoms are less likely to migrate to  the droplet at the top of the nanowire 

before reacting with As.

A detailed exam ination was carried out measuring the height, tapering angle and droplet 

diameter for nanowires in each of the 12 patterned regions of the sample. A total of
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a)

2̂ 1111

20()nm

F i g u r e  5.2G: Nanowires grown using A s2

a) SEM im age taken at 45 ° showing liom idary of patterned nanodot area resulting in nanowire 
array after growth in fluxes of Ga and A s2 . T he rows of iianowires 1 |xni apart can be seen.
b) A higher m agnification im age of a single nanowire in the array. W e can see that the 
sidewalls are tapi;red, with an average height to  radius ratio of 25.
c) Close up view showing the facets of the nanowire. We can see that they are T ype 1 facets as 
described in figiire 5.3, m eaning that they are either {112} or {lO lO }. The direction indicated  
also applies to (a) and (b).

987 nanowires w^ere m easured in this way. Using the tapering angle and the height, the 

volume of each wire could be m easured by approxim ating its shape as a cone. Again, the 

number of wires per unit area was also m easured using AutoCAD to find an accurate 

description of the inter-wire separation, ra ther than  relying on the separation defined by 

EBL. The results of the volume dependency on separation for each of the 12 patterned  

regions are show'n in figure 5.27. As can be seen, the volume varies very little w ith sep

aration. This m ay be an indication th a t shadowing had little effect during the growth. 

This, in turn , may be due to the wires having a triangular cross-section, resulting in 

a lower area being shadowed by neighbouring wires. One also notices th a t the average 

volume of the 12 regions (approxim ately 0.085 fxm^) is lower th an  any of the volumes 

m easured for the pencil-shaped nanowires (see figure 5.13 for comparison), despite simi

lar quantities of m aterial being deposited on bo th  samples. In fact, the heights and base 

diam eters are broadly similar, bu t it is their cone-like shape th a t  gives them  a volume 

approxim ately one th ird  th a t of the pencil-shaped wires. This volume dependency on 

As species has never been examined in such detail before. As m entioned above, a study 

by Sartel et al. looked at the different heights and shapes of nanowires grown using 

As4  and As-2 . They noticed lower heights for nanowires grown under As2 , bu t greater 

rates of radial growth. They concluded th a t the greater radial growth “more or less” 

corresponded to the excess axial growth under As4 , bu t since radii were not examined
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F igure 5.27: Volume of cone-shaped nanowires as a function of separation

Plot of nanowire volume versus inter-wire separation. Wire volume was calculated by 
measuring the height and angle of tapering for each wire and approximating its shape as a 
cone, and the separation was calculated from the measured wire density.

qualitatively this statem ent is not certain. One possible reason for the lower volume 

of the cone-shaped wires in the present study is the effect of the growth mode on the 

surface to volume ratio of the nanowires. Larger surfacc area corresponds to a greater 

quantity of material falling on the wire surface and contributing to the wire volume. 

Axial growth, which is more prevalent in A s4 growth, is more effective at increasing the 

surfacc to volume ratio than radial growth, and would therefore lead to a higher rate of 

increase in volume. A comprehensive theoretical model should be conducted to confirm  

whether or not this mechanism alone is sufficient to account for a three-fold increase in 

volume, as reported here.

The relationship between the height and the tapering angle was also investigated. Using 

the data from all 987 wires, a 2D density plot was produced which illustrates the rmmber 

of wires falling within particular values for height and angle (the ‘b in’ size for height 

and angle was 2 5 0 nm and 0.5° respectively). The results are shown in figure 5.28. As 

can be seen, the nanowires seem to  be grouped into one of two regions. One, towards 

the top left of the plot, is centred around a nanowire height of 4200 nm and a tapering 

angle of 4 ° . The other, towards the bottom  right, is centred around a height of 3000 nm 

and an angle of approximately 6.5°.

Following further analysis, it was noticed that wires with larger droplet diameters were 

more likely to belong to the first region, and those with smaller diameters were more 

likely to belong to the second region. To illustrate this, the density plot of all 987 wires 

shown in figure 5.28 was broken down into subsets based on the diameter of the droplet
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F ig u r e  5.28: 2D d en sity  p lo t o f  w ire h eigh ts an d  angles

2D density plot illustrating the relationship between height and angle for 987 nanowires grown 
under As2 - The bin sizes used were 250 nin for height and 0.5° for angle. The red colour 
corresponds to the maxiin\un 64 nanowircs having those particular properties.

at the top of the wire. The subsets were chosen as 60-80 nm, 40-60 nm, 30-40 nm, 20- 

SOnni and 0-20 nm. The results are shown in figure 5.29. As can be seen, for large 

droplet diameters the wire is most likely to  have a height of approximately 4 ^m and a 

tapering angle of approximately 4 At around 30 nm there is a transition, below which 

the wires arc more likely to have a length of 3 |i.m and a tapering angle of 6 .5 °. It is 

interesting that the transition is not via a gradual shift in values of height and angle but 

rather a shift in the population densities of the two regions. This suggests that there are 

two distinct preferred shapes of wire depending on the size of the droplet. We refer to 

the wires with small droplet diameter, larger tapering angle and height of approximately 

3 M-m as Category 1 wires, and those which have a droplet diameter greater than 40 nm, 

lower tapering angle and height of approximately 4 |j.m as category 2 wires.

As w ith previous growths, a ’w itness’ sample was placed alongside the patterned sample 

during the growth. W ires from this witness sample were examined using TEM  to de

termine the crystal structure of the wires and thus identify the facets seen in the SEM  

images (figure 5.26(c)). The results from two different wires shall be shown, firstly one 

w ith a small diameter of 17.5 nm which should make it a ‘category 1’ wire as described 

above. Figure 5.30(a) shows a TEM image taken near the top of this wire. The hemi

spherical cap can be seen as a dark semicircle. The crystal structure can be clearly 

seen, and there are a low density of defects (< 1  defect for 8n m  of wire length). As with  

previous wires, the defects always run across the wire diam eter and never parallel to the 

axis. This indicates that defects are introduced as layers are nucleated at the solid-liquid
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F igure 5.29; 2D density plots of wire heights and angles for wires with varying droplet
diameter

2D density plots of height and angle for wires with droplet diameters in the regions (a)
60-80 nm, (b) 40-60 nm, (c) 30-40 nm, (d) 20-30 nm and (e) 0-20 nm. The red colour indicating 
maximum density for each plot corresponds to 9, 31, 20, 27 and 10 wires for images (a), (b), 
(c), (d) and (e) respectively.

interface, and tha t all radial growth is perfectly epitaxial. The inset of this image shows 

the FFT produced from a region of this wire. The clear 4-fold pattern and the spacing 

of the bright dots (6.4 A in the growth direction and 2.3 A across the diameter) indicates 

that the crystal structure is wurtzite.

Figure 5.30(b) is a close-up view of the region shown in the dashed yellow rectanglc of 

5.30(a). A 3D ball and stick model, which was sealed independently of the TEM image, 

is overlaid to illustrate the crystal structure of the wire. Most of the wire is wurtzite 

(denoted ‘WZ’ in figure 5.30(b)) while the defects running perpendicular to the growth 

direction are zincblende (marked ZB). The stacking fault can be considered a single 

layer defect between two wurtzite regions, which effectively results in three consecutive 

zincblende layers, i.e. ABABABCBCB. All stacking faults seen in this wire were of this 

variety.

Now that it has been ascertained that the structure is mostly wurtzite, we can identify 

the facets seen in the SEM images (figure 5.26(c)) as being {lOlO}. Following the
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F i g u r e  5 .3 0 : TFAI an a ly s is o f  w ire w ith  sm all drop let grow n in A s 2 .

a) TEM image of top of wire which has a small droplet (diameter 17.5 nm). A zincblende 
dcfcct can be scon as a band about 1 inn thick 4 nm from the top. The inset shows the FFT  
produced for a region near the centre of the wire in this image.
b) Close-up TEM image of tlie area in the dashed yellow rectangle in (a). A 3D model, which 
was scaled independently of the image, has been overlaid to clarify the crystal structure. ‘W Z’ 
and Z B ’ denote regions of the wire which have wurtzite and zincblende crystal structure 
respectively.

argum ent described in section 5.4 and illustrated in figure 5.5, we assume th a t the 

visible facets are those which had the lowest radial growth rate. This may be due to  

the fact th a t since Ga is more reactive w ith As2  th an  As4 , and as a result there is a 

significant population of GaAs molecule on the sidewalls of the cone-shaped nanowires. 

These have a very low potential well on { ll2 0 }  facets (-3.26eV). Thus GaAs molecules 

easily become embedded on the {1120} facets giving them  the higher growth ra te  of the 

two families of facets. On the other hand for the pencil-shaped nanowire which were 

grown under As4 , the facets were { ll2 0 } , meaning th a t  the {lOlO} facets had a higher 

radial growth rate. This is possibly due to the higher barrier for Ga adatom s m igration 

on {lOTo} (0.6 cV compared to 0.32 eV on { ll2 0 } ). Thus Ga adatom s on { ll2 0 }  facets 

can easily m igrate to  the top of the wire, whereas those on {lOlO} facets have difficulty 

migrating, leading to  a higher surfacc density and eventual incorporation and radial 

growth.



Chapter 5. GaAs Nanowires 142

A category 2 type wire (those grown in A s2 which have a droplet diameter of greater than  

40 nm) was also examined using TEM. The results are shown in figure 5.31. The first of 

these images in figure 5.31(a) shows the top of the wire including its cap. Stacking faults 

can be seen crossing the diameter of the wire. The density of these stacking faults is 

much higher than was the case for the category 1 wire, w ith an average spacing between  

faults of 1-2 nm. Figure 5.31(b) shows a close up of a typical region of the wire, including 

its edge. The main features seen throughout this nanowire can be seen in this image.

F i g u r e  5.31: TEM  analysis o f wire w ith  large droplet grown in A s2 .

a) TEM  im age of top of wire which has a large droplet (diam eter 6 0 nm ). Stacking faults can be 
seen running across the wire diam eter w ith quite a high density ( «  0.5-1 stacking fault per nm).
b) Close-up TEM  im age of the edge of the wire. The coloured lines represent the different 
crystal structures along the wire length, w ith ‘W Z ’ representing w iirtzite and Z B l and ZB2 
representing the two stacking possibilities for zincblende when viewed along the [HO] direction.

There are regions with wurtzite structure on the order of a few nm thick (indicated with 

red lines in figure 5.31(b), here thickness refers to distance along the growth direction), 

and regions of zincblende structure (blue and green lines in figure 5.31(b)) which are 

usually not more than 5 atom ic layers thick before encountering a stacking fault which 

is either a twinning defect or a switch to wurtzite. One other feature noticed is that 

the sidewalls are not nearly as smooth as was the case with the category 1 wire, which 

had atom ically flat sidewalls except for near the occasional zincblende stacking faults, 

which had an average spacing of more than 8nm  apart. Furthermore, whereas for the 

category 1 wire the diameter decreased monotonically towards the top, for the category
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2 wire it was occasionally noticed that the diameter increased. An example of this can 

be seen at very bottom of figure 5.31(a).

Tlie.se differences in crystal structure are likely related to the existence of the two cat

egories of nanowire that came about during this growth. There appears to be some 

mechanism whereby larger droplets instigate a much greater density of zincblende de

fects, which in turn abets the smaller tapering angle and greater height. These final 

two effects may be related, since a narrower angle of tapering would necessarily require 

a greater height if the volume is to remain the same (the volume varies very little as a 

function of droplet diameter over the range shown). The instigation of zincblende defects 

may have been brought about in the same manner as was seen for the nanowires grown 

in As-limited conditions (5.6.5), i.e. the greater the droplet diameter, the more energet

ically favourable it is to have zincblende growth. Indeed, for the two samples examined 

by TEM shown here, the contact angle was 127° for the wire with the large droplet and 

106° for the wire with the small one, as shown in figure 5.32. Thus it is possible tha t the

F igure 5.32: Contact angles for wires with varying droplet size

TEM images showing the contact angle between the wire sidewall and the droplet for (a) a 
category 1 wire (droplet diameter 17.5 nm) and (b) a category 2 wire (droplet diameter 60 nm)

greater droplet diameter has given rise to the zincblende defects. In fact, the angle made 

by the sidewall at the edge of a zincblende defect and the (111)/(0001) plane is 109.5°, 

which is between the two contact angles measured. Thus the contact angle may be the 

parameter tha t actuates the transition from category 1 wires to category 2. The cause 

of the increase in contact angle with droplet volume may be related to the line tension 

at the solid-liquid interface, as mentioned in section 5.4. The effect of line tension on the 

contact angle is represented by r  in equation 5.3. As mentioned previously, it is quite 

plausible tha t r  would have a negative value which would indeed cause contact angle to 

decrease with droplet volume.

The differing in shape between category 1 and 2 wires is likely a result of the variation 

in growth process associated with the droplet diameter. For the large droplets (category 

2) tlie droplets have a diameter significantly wider than that of the wire (for category 1
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wires the diameters are almost equal). Therefore, it is possible during the growth that 

a new GaAs layer will nucleate at a point slightly beyond the width of the wire itself, 

resulting in an increase in wire diameter (reverse tapering). This is seen on occasion in 

the TEM analysis, as evident towards the bottom of the wire shown in figure 5.31. Hence 

the tapering angle of category 2 wires is lower than that of category 1. The difference 

in height between the two categories of wires may be related to the fact tha t there is 

little variation in volume from one category to the other. If volume is constant for both 

types (which may be a condition of the arrival mechanism of the Ga adatoms), then the 

height must be greater in category 1 to compensate for the lower tapering angle.

5.7 C onclusions and Further Work

The ability to produce ordered arrays of GaAs nanowircs via EBL defined Au catalysts 

was demonstrated. Through the use of ‘witness’ samples the results were compared 

to the more conventional approach of annealing a film of Au to produce a disordered 

array of catalyst nanodots. For all growths, the general structural features were well 

replicated, while dimensions such as height and diameter were well-controlled.

The idea of Shtrikman et al. [204] whereby narrow, defect-free nanowires grown using 

a small nanodroplet were used as a core about which much wider defect-free wurtzite 

nanowires could be grown was achieved. The ability to define the droplet sites using EBL 

was key to allowing a uniformly wide diameter down to the base, avoiding the reverse- 

tapering caused by shadowing. In terms of volume, these wires are among the largest 

continuous wurtzite GaAs structures tha t have been grown, with volumes as great as 

0.3 |j.m^. The technique demonstrates the potential for the fabrication of wurtzite GaAs 

structures with volumes on the order of |xm^. A reduction in volume due to closer 

spacing was noticed, and a simple model based on experimental parameters was derived 

which correlated well with the experimental data points.

Due to the fact tha t the most common VLS procedure involves nanowire growth directly 

after the formation of the catalyst droplets, the question of the droplets’ probability of 

successfully instigating nanowire growth has received very little attention. Here the 

dependency of wire density on droplet diameter was examined, and revealed that hemi

spherical Au nanodroplets with a diameter of approximately 16 nm have a less than 50% 

chance of resulting in nanowire growth. Although the data for this section of the study 

is noisy, it demonstrates tha t one cannot expect the distribution of nanodroplets at the 

end of a growth to be an accurate representation of the droplets that were present before 

growth commenced. It also raises the issue of finding ways of guaranteeing, or at least 

maximising the probability of droplets of all sizes being able to promote wire growth.
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This will be a very im portant consideration for apphcation purposes, since a failure of, 

for example, 5% of wires in a device could be catastrophic for its proper functionality. 

The study of wires grown under As2 successfully produced wires from almost 100% of 

catalyst sites. An interesting approach may be to initiate wire growth using As2 for a 

short period, and then contiiniing the remainder of the growth under As4  (if particular 

features of As4 -grown wires were desired).

Growth in an As-limited regime was carried out, which is very unusual for VLS-grown 

GaAs nanowires with Au catalysts. The procedure is very promising since even without 

using patterned grids, the distribution of wire widths and heights is quite narrow. This is 

because the growth is limited by the arrival of As, which is not affected by shadowing or 

the size of the Au catalyst droplet. Several features of As-limited growth seen in catalyst- 

free studies were successfully rcplicated, including reverse-tapering, which has not been 

seen in Au-catalysed VLS growth of GaAs nanowires when it was not due to shadowing. 

Moreover, these effects were replicated at a significantly lower temperature than those 

u.sed in catalyst-free studies. The crystal structure of these wires was examined in great 

detail, and it was foimd that as growth progressed and the droplet diameter increased, 

the density of twiiming defects increased to approximately once every 7 atomic planes. 

This change resulted in sidewalls made up of {111} microfacets, which when the entire 

wire is viewed appear to be {HO} facets. A number of wires grown at an intermediate 

duration had {112} facets near their basses, suggesting that the microfaceting in the 

upper portion causes the remainder of the wire to adopt {H0} facets. One goal which 

was not achieved in the As-limited regime was the growth of a regular grid of nanowires 

as defined by the EBL-fabricated Au nanodots. The mobility of Au droplets in this 

regime seems to be a hurdle that prevents well-defined arrangements of nanowires. If 

these wires are desirable for application purposes then methods for limiting droplet 

mobility should be explored. This might take the form of a slight change in growth 

conditions at the very beginning of the growth to ensure nanowire nucleation occurs 

precisely at the points specified lithographically or otherwise.

The effect of using As2 rather than As4  was examined. The main finding was tha t 

wires adopted a conical shape rather than the pencil shape seen earlier. This was 

attributed to the higher reactivity of Ga adatoms with As2  compared to As4 , which 

caused a higher growth rate on the nanowire sidewalls. Through extensive statistical 

analysis of wires from each of the 12 patterned regions on this sample, a relationship 

between nanodroplet diameter and structural properties was noticed. The relationship’s 

dependency on droplet diameter had a sharp transition for diameters of approximately 

30 nm. This effect was linked to the size of the contact angle as a function of the droplet 

diameter. This argument is consistent if the line tension, which can affect contact angle 

as described in equation 5.3. is negative. This seems likely since the range of possible
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values for line tension considered in other studies is mostly negative, and positive values 

have been linked to the wire terminating at a certain height, rather than continuous 

steady growth.

The relationship between contact angle and wire structure just mentioned was noticed 

in almost all samples grown. In every case where zincblende structure dominated or 

became prevalent, it was associated with a droplet diameter noticeably greater than the 

wire diameter, and thus a contact angle well in excess of 90°. Zincblende structure was 

also noticed in the pyramidal bases of nanowires grown with short growth times (see 

figure 5.10). Here the contact angle was well below 90 °, due to the influence of the angle 

of inclination of the wire sidewalls (equation 5.3). These results show that the contact 

angle plays a very important role in determining the crystal structure of the resulting 

nanowires. Generally it was found tha t wires with smaller droplet diameters were more 

likely to have a smaller contact angles, and this was related to negative values of the 

droplet line tension across the solid-liquid interface.

In general, this work exhibits the benefits of using Au catalyst sites which are pre-defined 

by EBL, in terms of control over shadowing, droplet diameter, and distribution of wire 

dimensions. Growth conditions were varied to produce a variety of wire shapes, which 

can be correlated to the growth process on an atomic level. The crystal structure and 

defect density was examined in great detail, and was also related to the growth process, 

in particular the contact angle of the droplet with the solid-liquid interface.
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GaAs Nanowires Coated w ith Fe

6.1 In trod u ction

The previous chapter outlined the variety of morphologies possible when growing GaAs 

nanowires via the VLS mechanism. Such wires are commonly used as a core about which 

to grow a shell of a second m aterial. GaAs is an a ttrac tive  candidate for the nanowire 

core ill a core-shell structure, since other III-V m aterials may be grown epitaxially on 

the wire sidewalls. Examples for shell m aterials on GaAs nanowires include AlGaAs 

[172, 175, 205, 233], A llnP [234] and InG aP [2], These structures are a ttractive for the 

form ation of novel LED devices [234], p-n junctions [235] and photovoltaic applications 

[236],

An area th a t has received much less a tten tion  is vertical GaAs nanowires coated in 

m agnetic m aterial. One reason is th a t it is difficult to  grow magnetic m aterial epitaxially 

on the wire sidewalls. Another issue is related to  the m ethod of examining the m agnetic 

properties of the resulting wires. If the entire sample (wires +  substrate) is examined, 

then the contribution from the substra te  may be difficult to  discern from th a t of the 

wires themselves. If the wires are removed in some way, then  one can either examine a 

large num ber of random ly oriented wires, which will tell us little about the effect of wire 

shape and magnetic direction, or we can examine single wires, which is very difficult and 

prone to  errors and uncertainties.

FM R is an a ttractive m ethod for the exam ination of subsets of m agnetic shapes in larger 

m agnetic samples. This is because there will be a resonance peak associated w ith each 

set of magnetic entities provided th a t they are well aligned and sufficiently uniform. 

FM R also lends itself well to angle-by-angle m easurem ents w ith a high level of precision, 

allowing the user to  track the changes of the resonant peaks associated with the different

147
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features of the sample about their high-symmetry axes. In a previous study of Fe-coated 

GaAs nanowires by Tivakornsasithorn et al. the different resonant peaks were measured 

as a function of angle as the sample was rotated, but since the wires were grown on 

( l l l ) B  GaAs substrates and therefore grew normally to the substrate, it was almost 

impossible to discern the contribution from Fe on the nanowire sidewalls from the Fe on 

the substrate floor between the nanowire bases [237]. The present study aims to isolate 

the behaviour of the resonant peak of the Fe shells by growing GaAs nanowires in a 

direction tha t is not perpendicular to the substrate.

Should one achieve the growth of an Fe shell around a GaAs nanowire, the result would 

effectively be a tube of magnetic material. The implications for domain structure are 

interesting. On the one hand, due to the long shape of the tube, one might expect the 

magnetisation to lie along its length due to the shape anisotropy. However, it is also 

possible that the magnetisation would prefer to lie in closed loops around the GaAs 

interior. This would greatly reduce the magnetostatic energy since the stray field would 

be almost zero (see equation 4.10). There would be an exchange energy cost associated 

with this arrangement since the direction of magnetisation would vary slightly from one 

atom to the next around the tube. The reality is more complex than this ideal design 

since the Fe deposition will result in the top of the wire being coated with a hemispherical 

shell of Fe, and the tapered base and substrate floor will also be coated in Fe. These 

effects must be taken into consideration, especially when making arguments about the 

influence of domain structure on stray fields.

In the previous chapter it was shown how GaAs nanowires grown on ( l l l ) B  GaAs 

substrates grow vertically in a layer-by-layer fashion. It can also be shown tha t if wires 

are grown on a substrate other than ( l l l ) B  they w'ill most likely still choose to grow in 

the [111] direction, since they grow by adding (111) planes at the solid-liquid interface 

[204, 238]. There are some reports of nanowires that chose to grow in other directions, 

and a very good review of the different directions that III-V type wires may grow in was 

carried out by Fortuna and Li [238]. They cover the range of effects that can govern 

the direction of growth, including choice of materials for wire and substrate, growth 

temperature, droplet diameter etc. In their own work they show excellent control of the 

growth direction of Si nanowires by varying the total and partial pressures of precursor 

gases. In relation to free-standing GaAs wires grown in directions other than ( l l l ) B  on 

GaAs substrates, they cite the work of Wu et al. [239] and Givargizov [227]. In the study 

by Wu et al. they found approximately 8% of the wires growing in (110) directions with 

the remainder along (111). Givargizov is said to have found a small number of wires 

growing in the (112) direction, but these are not confirmed by TEM and therefore could 

possibly be (111) growth misaligned due to a defect at the wire base. In summary, 

there is little evidence for GaAs nanowires on GaAs substrates with a majority growth
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direction other than (111). Therefore the best approach to achieve wire growth at angles 

tha t are not normal to the substrate is to grow on (100) or (110) substrates. Figure 6.1 

shows the directions of growth relative to the substrate for wires growing in the ( l l l )B  

and ( l l l )A  crystallographic directions on ( l l l )B , (100) and (110) GaAs substrates. 

The image is modelled on a schematic in the review by Fortuna and Li [238]. It should

W ire  g ro w in g  in [111]B  d ir e c t io n

I  W ire  g r o w in g  in [ 1 1 1]A d i r e c t io n

F i g u r e  6.1: G row th directions of GaAs nanowires on various GaAs substrates

3D sdieinat ic images of the possible directions of growth for wires growing in tlie ( l l l ) B  (blue) 
and (in)A (green) crystallographic directions on th ree different GaAs surfaces.

be noted tha t growth in the ( l l l )B  directions is more likely than ( l l l )A  due to the 

lower surface energy of ( l l l)B . Of the two substrate options, (100) and (110), the (110) 

substrate is more attractive since there is only one possible direction for ( l l l )B  growth, 

in principle making it easier to identify in FMR.

6.2 E x p er im en ta l P roced u re

The procedure for fabrication of Fe-coated GaAs nanowires was as described in chapter 

5, with some exceptions. The first was that (110) GaAs substrates were occasionally 

used so tha t nanowires would grow in a direction tha t was not normal to the substrate, 

thereby making it easier to identify their magnetic signal with FMR. The second change 

is tha t the thin Au film is deposited shortly before nanowire growth in the same chamber. 

The sample is then armealed at 640 °C for 60 minutes to produce a random array of Au 

droplets. The final difference is, of course, the deposition of Fe onto the sidewalls, 

followed by a capping layer of Au. These depositions are carried out at 20 °C in the 

same chamber as the GaAs nanowire growth, reducing the possibility of atmospheric
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contamination and oxidation. The samples are rotated about an axis normal to the 

plane of the substrate during deposition as is the case during nanowire growth.

Following the growth, small segments (rs 2x2 mm) were cut from the larger pieces (which 

were on the order of cm^). These were fixed to Si strips and inserted into high-purity 

quartz tubes. The tubes were then filled with He gas and sealed, at which point they 

were ready for FMR examination. FM R measurements were carried out at increments of 

5 ° about the in-plane and out-of-plane axes of the sample with the applied field varied 

from 0 to 1.2 T.

The morphology of the samples was investigated by SEM (FEI Magellan 400 FESEM) 

and the Fe-coating was investigated with STEM and EDX on the FEI Titan 80-300.

6.3 R esults  

6.3.1 SEM

SEM images from two Fe/Au coated arrays are shown in figure 6.2. The wires in figure 

6.2(a) are grown on a ( l l l )B  template and the growth direction is therefore normal to 

the surface [240]. The growth time in this case was 3 hours and the average length of 

the resulting nanowires is 1.1 |j.m (±0.3 M-™)j while the average diameter at the midpoint 

along the wire length is 125nm (±16nm ). The substrate in figure 6.2(b) is (110), and 

so the growth direction (i.e. the [111]B direction) is inclined at 54.7° to the substrate 

surface. The wires have an average length of 4.8 fim (±0.5) and a width of 148 nm

F i g u r e  6 .2 :  GaAs Nanowire arrays coated in Fe and Au

SEM images of GaAs nanowires which have been coated with Fe and Au. The substrate in (a) 
is (lll)B  GaAs while that in (b) is (110) GaAs.
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(±32 nm). While the wires and also the substrate floor are covered in a shell of Fe/Au, 

it is likely tha t due to shadowing and the angle of the wires to the substrate (in the case 

of wires grown on the (110) substrate) tha t the coating is not rotationally uniform.

6.3.2 STEM and EDX

STEM was carried out on the Fe/Au coated sample shown in figure 6.2(a) with a beam 

voltage of 300 kV. The imaging mode was High-Angle Annular Dark-Field Imaging 

(HAADF), in which electrons which are scattered through a large angle are measured, 

and so empty space appears dark. Some sample images are shown in figure 6.3. Show'n 

in figure 6.3a(i) is the top of one such wire. Here one can see the Au-Ga hemispherical 

droplet, and also an additional Au cap, whose cross-sectional shape appears to be el

liptical. This extra cap is caused by the Au capping process. The Au content of these 

features is confirmed by the EDX linescan shown in figure 6.3a(ii) which was taken along
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F i g u r e  6.3: STEM and EDX linescans of Fe/A u coated GaAs nanowires

a(i) STEM image of top of Fe/Au coated GaAs nanowire. a(ii) EDX linescan taken along the 
red arrow in a)i.
b(i) STEM image of middle of an Fe/Au coated GaAs nanowire. b(ii) EDX linescan taken 
along the red arrow in b)i.
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the red arrow shown in a(i). We can also see tha t the region between the An hemispher

ical droplet and the extra Au cap is occupied by Fe. As regards the body of the wire 

itself, one can see tha t while one side appears to be evenly covered in an amorphous or 

polycrystaUine coating, the other side seems to be partially covered by droplets with a 

diameter in the region of 5-20 nm. These features are undesirable, since they suggest 

a non-uniform coating, and were noticed on more than half of all nanowires surveyed. 

Figure 6.3b(i) shows a STEM image taken across a nanowire where the coating appears 

to be more uniform. An EDX linescan taken along the red arrow in this image is shown 

in figure 6.3b(ii). Here we can see broad peaks for Ga and As, as expected, while the 

profiles for Fe and Au have small peaks at the edges of the wires. This is due to the 

greater effective thickness (the thickness along the beam direction) of the Fe and Au 

coatings in these regions.

It was decided to examine the droplets which decorated some sidewalls (as shown in 

figure 6.3a(i)) and the edge profile in more detail. Figure 6.4a(i) shows a STEM image 
of one such droplet and the accompanying EDX linescan across its diameter is shown in 

figure 6.4a(ii). One can see tha t the Ga, As and Fe concentrations vary very little while 

there is a large Au peak. This siiggests tha t for some reason (and only in some areas) 

the Au is forming droplet-hke structures instead of a uniform cap layer. Figure 6.4b(i) 

shows another STEM image taken near the top of a Fe-Au coated nanowire, and shown 

in 6.4b)ii is the EDX linescan taken along the red arrow in b)i. Here we can see the 

increase in Ga and As associated with the edge of the line, as well as the small peaks of 

Au and Fe due to the greater effective thickness of these materials at the edge. W hat 

is concerning about this plot in particular is tha t the Au peak seems to be on top of 

the Fe peak, or perhaps closer to the wire body than it. The strategy of the deposition 

was that the Au would form a protective capping layer around the Fe to prevent it from 

oxidising, and yet here there is little evidence of the sequence of the depositions of the 

coating layers (Fe and Au).

The results from the STEM examination of these Fe/Au coated nanowires are mixed in 

terms of the success of the strategy. It is obvious that the Au has not formed a uniform 

capping layer in all regions. In figures 6.3a(i) and 6.4b(i) it is clear a large Au cap is 

formed at the very top of the wire. This is not altogether unexpected since the top of the 

wire is always exposed to the Au fiux. However, the Au droplets visible on the sidewalls 

in figures 6.3a(i) and 6.4b(i) are unexpected and suggest that the Fe is exposed in these 

areas. Furthermore the high-resolution hnescan across the edge shown in figure 6.4b(ii) 

suggests that the Au may have diffused through the Fe layer. It may be the case that 

the surface energy of a Au/GaAs interface is lower than an Fe/GaAs one, or that the Au 

seeks to form Au-Ga alloy nanodroplets. The latter explanation would seem unlikely at 

room temperature for bulk Au and Ga, but for nanoparticles/droplets the phase diagram
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is unknown and may allow such alloying. The results indicate th a t further exam inations 

should be carried out to  confirm precisely w hether or not Au is a suitable candidate for 

the  coating m aterial, and if not, then w hat other m aterials (such as MgO or Ag) may 

be better suited for this role. For the rem ainder of the study, however, Au was the only 

capping m aterial available, and since the  m ajority  of the nanowire sidewalls seem to be 

uniformly coated there should be a sufficient volume of unoxidised Fe to  perform  some 

prelim inary m agnetic analysis.

6.3.3 F M R

FM R  was carried out for the Fe/A u coated GaAs nanowire sample shown in figure 

6.5(b), i.e. grown on a (110) substra te  w ith the [111]B growth direction inclined at 

35.3° to the substra te  normal. The sample arrangem ent w ith respect to  the applied 

field H  is illustrated  schematicall}' in figure 6.5(a). In this figure the green disc indicates
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F i g u r e  6.4: STEM and EDX linescans of particular features on Fe/Au coated GaAs
nanowires

a(i) STEM image of a droplet on the sidewall of an Fe/Au coated GaAs nanowire. a(ii) EDX 
linescan taken along the red arrow in a)i.
b(i) STEM image of an Fe/Au coatcd GaAs nanowires. b(ii) EDX linescan taken along the red 
arrow in b(i).
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the plane in which H  was applied. It was varied through 360° from out-of-plane (0° 

and 180°) to  in-plane (90° and 270°). Sample FM R scans taken close to  0° are shown
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F igure  6.5: FMR of Fe-coated GaAs nanowircs

a) Schematic of FMR measurement arrangement. The green disc indicates the plane in which 
the applied magnetic field was directed. EA and HA refer to the easy and hard axes 
respectively of the Fe coating the nanowire.
b) Sample FMR scans taken with the applied field close to 0 ° as indicated in (a)
c) Angular dependence of the resonance peaks marked “x ” in (b). The minima and maxima of 
the plot for the x peaks correspond to the easy and hard axes (respectively) shown in (a). The 
red hne is a fit to the data using equation A.29.

in figure 6.5(b). As can be seen there are two main resonances. One, which is marked 

by “o” , has a resonance field (Hu)  which moves slightly between 60 and llO m T . The
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other, marked by “x ” , starts close to 130 mT and moves to higher fields e.g. in the scan 

for 325°. The behaviour of these two peaks as a function of angle is plotted in figure 

6.5(c). For some angles the position of the x resonance peak could not be determined 

either because it moved to a field beyond that which could be produced by the device or 

because it became too wide to locate accurately. One can see tha t the x resonance has 

maxima at 125 ° and 305 and minima at 35 ° and 215 °. By comparing to the schematic 

in figure 6.5(a) one can see tha t the maxima and minima correspond to the magnetic 

field being applied perpendicular and parallel (respectively) to the wire direction. This 

suggests tha t there is a shape anisotropy effect acting in the Fe-coated nanowires which 

preferentially keeps the magnetisation directed along the wire length. The labels “EA” 

and “HA” in figure 6.5(a) refer to Hard and Easy axes of the wire respectively.

The red curve in figure 6.5(c) is a fit to the data using equation A.29. This equation 

assumes tha t the demagnetisation factors for the two radial directions, Mx and A4, are 

equivalent, which implies that M,, (where y is the axis parallel to the wire length) is 

equal to 1 — 2A/"x- The correction of 35 ° between the y-axis and the actual wire direction 

is corrected manually. Fi'om the fitting parameters we find tha t M-qMs =106 mT, and 

A/"x = 0.49. This implies that Mx «  0 as would be expected for the elongated length of 

such a magnetic nanostructure.

It is possible that the feature marked by “o” in figure 6.5(b) originates from Fe on the 

substrate floor. However, it is imlikely that this Fe is a uniformly thick layer due to 

shadowing by the nanowires. It is difficult, therefore, to make interpretations of the 

angular variation of this feature.

6.4 C onclusions and Further Work

It has been shown that Fe-coated nanowires can be fabricated, and tha t the angle be

tween the nanowire and the substrate can be chosen from a small set of values through 

choice of the orientation of the GaAs substrate. It may be possible to have a wider 

range of angles by choosing different substrate orientations or a vicinal substrate. The 

effectiveness of the Au layer in capping the Fe-GaAs structure is drawn into question 

by the STEM results shown in section 6.3.2. Here, it was shown tha t the Au had a 

tendency to occasionally form droplets rather than a uniform coating, which may allow 

partial oxidation of the Fe. It is recommended tha t this is studied in more detail and 

that other capping materials are considered instead of Au. A small number of studies 

have also indicated a possibility for Fe to alloy with GaAs, resulting in an interfacial 

layer several monolayers thick with magnetic behaviour different to that of pure Fe.
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Therefore it is recommended tha t other magnetic materials with a lower tendency for 

alloying with GaAs are considered for future studies.

In spite of this, the FMR results in figure 6.5 show that there is a resonance peak whose 

angular dependence matches very well with the actual orientation of the wires. It is 

therefore concluded tha t the wires are coated in ferromagnetic material. The FMR 

results do not directly imply tha t the wires were uniformly coated; in fact it is likely 

not the case due to the geometry of the deposition and the fact that it was carried out 

at room temperature. The effect of the deposition temperature on the crystallinity of 

the Fe layer should be investigated if epitaxial growth is desired. If achieved, this may 

give rise to magnetocrystalline anisotropy in addition to the existing shape anisotropy. 

Further study should also be carried out to determine if the magnetisation can be caused 

to form closed loops around the GaAs core. It is not clear how one would go about 

defining the chirality of the magnetic loops, or perhaps more importantly, how one 

would confirm tha t the magnetisation is in closed loops at all. Ordinary hysteretic 

magnetic measurements would have difficulty detecting sTich an arrangement, and MFM 

(Magnetic Force Microscopy) may not be suitable since in principle there would be 

no stray fields. The chiral magnetic pattern may have some effect on a spin-polarised 

current or light source, but setting up such an experiment would present both practical 

and theoretical challenges. It may be possible to investigate the existence of closed 

magnetic loops indirectly by searching for evidence of reversal mechanisms specific to 

hollow magnetic cylinders [241], This is left for future work.
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Conclusions and Outlook

Ordered arrays of morphological i)atterns were successfully produced on two semiconduc

tor surfaces. Specifically, aligned rows of step bunches or facets were produced on vicinal 

Si (111) teni])lates via DC annealing of the Si in UHV, and vertical GaAs nanowires were 

produced from EBL-defined Au seed particles on GaAs ( l l l ) B  substrates using the VLS 

mechanism. These structures then became templates for the deposition of magnetic ma

terial, resulting in arrays of magnetic nanowires. Magnetic phenomena related to their 

geometries were investigated in detail.

In the case of the step-bunches on Si, it was shown tha t very well ordered step arrays 

could be produced, and that the dimensions of the steps could be reproducibly controlled 

through choice of the miscut angle of the Si template and the annealing parameters. It 

was shown that by annealing at 920°C (Regime I), small steps (periodicity <150nm) 

could be achieved with a current in the ascending step direction, and large steps (peri

odicity >800 nm) could be produced with the current in the descending step direction. 

Even larger step arrays with a periodicity of approximately 3 |J.m were produced by an

nealing at 1120 °C (Regime II) with a step-up current. These findings are in line with 

the various temperature regimes found in other studies, and in some cases present a 

significant improvement in terms of the regularity of the step arrays. In addition, for 

the first time a systematic investigation into the effect of the cooling rate on the result

ing step periodicity was carried out for step arrays produced in Regime I with step-up 

current. Cooling rate is an attractive tuning parameter, since large changes in the cool

ing rate produce very fine adjustments in the periodicity (for example, increasing the 

cooling rate by two orders of magnitude was shown to reduce the periodicity by half). 

It was observed tha t faster cooling rates corresponded to smaller periodicities. This is a 

revealing finding in terms of the mechanism of step-bunching, since it implies tha t the

157
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formation of the steps is a process that occurs during coohng, and that at high temper

atures the structure is simply an array of single atomic-height steps. The appearance of 

the steps during cooling is explained as the co-stabilisation of two facet groups (the 7 x 7  

reconstruction of the (111) facets and the (331) facets which make up the step bunch) 

as the temperature is reduced across the I x  1 ^ 7 x 7  transition temperature.

A glancing angle deposition technique was then used to produce ordered arrays of mag

netic nanowires on these step-bunched tem plates. It was shown that the wires produced 

using this technique are highly regular, with good control over their thickness, width 

and separation through appropriate choice of the tem plate annealing conditions and the 

deposition parameters. The arrays exhibited in-plane shape anisotropy, which was inves

tigated as a function of wire thickness. Measurements of the magnetisation as a function 

of decreasing temperature down to  as low as 10 K revealed important parameters relat

ing to the energy barrier for m agnetisation reversal, which was found to increase with  

wire thickness as expected. In the future, conducting sucli measurements with a smaller 

increment of temperature may allow the analysis of reversal mechanism as wire thickness 

is varied. Additional phenomena that were investigated in these wire arrays include the 

effect of interwire separation on dipolar coupling, which was investigated using Henkel 

plots. This mode of analysis may be used in the future to examine dipolar coupling 

and other interwire interactions in greater detail, for example by studying the Henkel 

plots for nanodot arrays or analysing dipolar coupling as a fimction of wire thickness. A 

prehminary investigation into FORC measurements and their analysis is also presented. 

This type of study has the potential to produce useful results, such as the distribution of 

coercivities of particles within the system  and the effects of superparamagnetic particles 

which may be lying on the terraces between the wires. In the future this is likely to be 

a very important tool in our investigations.

In the future, it would be interesting to attem pt the growth of epitaxial nanowires using 

glancing angle deposition. To achieve this, a material for use as a substrate will need 

found which satisfies two conditions: it must be possible to form an ordered array of 

step-bunches or facets on its surface, and it must be lattice-m atched with a material 

used for the nanowires. One avenue is to grow Fe,304 on faceted AI2O3 or MgO. This 

would require the addition of an oxygen plasm a source to the system . The magnetite 

structure would need to be confirmed using XPS (x-ray photoelectron spectroscopy) and 

TEM. The magnetic behaviour of these wires, if grown, should exhibit an interesting 

mixture of shape and m agnetocrystalline anisotropies.

FM R measurements of the wire arrays as they were rotated about their principle axes 

were also carried out. The results were surprising in the sense that no identifiable 

signal was observed for rotation in planes which included direction parallel to the axis
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of the wires. This may be due to a distribution in the continuous length of wires in 

this direction. Further studies including low temperature measurements may be able 

to shed some light on this result. Signals were observed, however, for rotation from 

the out-of-plane direction to the in-plane perpendicular direction, and it was possible 

to extract the demagnetising factors from the plots of resonance field as a function of 

angle. The effect of using MgO as a capping material compared to Ag was investigated, 

with the finding tha t an oxide layer seems to form when MgO is used, resulting in 

a lower effective thickness of the nanowires. A unidirectional anisotropy developed in 

the MgO capped samples as they aged over a time frame of months. This unexpected 

finding seems to be related to the formation and growth over time of an oxide layer at 

the MgO/Fe interface. The cause seems to be an exchange coupling at at the interface 

between the oxide layer anrl the underlying Fe nanowires, where the direction of the 

anisotropy is brought about by the remanence of the system following measurements, 

which becomes ‘fixed’ in the oxide layer as it grows in thickness. Further measurements 

will be carried out to investigate if this phenomenon can be used to manipulate the 

direction of the anisotropy. If ageing-induced exchange anisotropy is the cause of the 

unidirectional anisotropy, and if the direction is defined by sample remanence, then the 

effect may be more pronounced if the direction of anisotropy is along the wire axis.

W ith regard to the vertical GaAs nanowires, an attem pt was made to produce ordered 

arrays of nanowires through the \ise of EBL-defined seed particles, which is in contrast 

to the more connnon aj^proach of using seed particles of random size and location. This 

is an important topic to investigate, since it is likely to be more representative of the 

fabrication process for application purposes. The resulting ordered arrays of nanowires 

had a far greater uniformity in shape and size compared to the random arrays. This 

uniformity facilitates a discussion on the effects of growth procedure on the resulting 

wire shape and crystal structure. For example, the effect of shadowing of the deposition 

flux due to neighbouring nanowires was investigated as a function of interwire separa

tion, and a simple model was constructed to explain the phenomenon. The ability to 

control shadowing also allows the fabrication of nanowires which have a width tha t is 

nmch greater than the droplet diameter because of radial growth, while still preserving 

the wurtzite crystal structure of the “core” nanowire. There are very few example of 

continuous, defect-free wurtzite GaAs structures on this scale. The effects of growing 

in As-limitcd conditions was investigated, which is usually only done in catalyst-free 

growths. It was found that similar wire structures were possible at much lower growth 

temperatures (approximately 100 °C lower) compared to previous studies. These wires 

exhibited notable reverse tapering due to the increasing size of the alloy droplet as 

growth continued, which is very rarely reported. The nanowires grown on the sample 

with a random distribution of seed particles had a narrow height distribution in this
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growth mode, which illustrates th a t the effect of shadowing has little or no effect on the 

arrival of As a t the growth interface. Growth was also carried out under As2 ra ther AS4 . 

The shape of the resulting nanowires was dram atically different, w ith {lOlO} facets 

rather than  the { l l 2 0 } facets seen in the case of growth \inder As4 , and an overall 

conical shape, as well a volume of approxim ately one th ird  th a t for wires grown in AS4 . 

These findings were explained in term s of the  different reactivity of and mobility on the 

nanowire sidewalls of As2 compared to  AS4 .

The crystal structure  of the GaAs nanowires was investigated in each case using high 

resolution TEM . The structu re  was w urtzite in the m ajority of cases, w ith the density 

of zincblende defects varying depending on the growth conditions. A common finding 

was th a t the density of these defects seemed to  be closely related to  the contact angle 

between the alloy droplet and the  nanowire sidewall. In cases where this angle was 

close to  90°, the density of defects was exceptionally low, and in cases where it was 

significantly greater or less th an  90 ° , such as a t the begiiming of growth and when the 

droplet diam eter was greater th an  the diam eter of the nanowire itself, the defect density 

was much higher. This finding was related to a previous study which looked at the how 

the energy cost of nucleating a new layer a t the growth interface depends on the different 

stacking patterns of zincblende and w urtzite structures.

A simple numerical model was composed to  describe the growth of the nanowires under 

the influence of shadowing as a  function of time. The effect of different diffusion lengths 

and initial wire diam eters was examined as a function of interwire separation. Although 

simple in nature, the model was able to  reproduce observations in the experimental 

data, such as the fact th a t nanowires grown from smaller nanodots had a greater average 

volume post-growth th an  those from larger nanodots. Assuming a diffusion length of 

225 nm, the model was a reasonably good fit to the experim ental data. It would be 

interesting in future to  refine th is model and investigate its accuracy as a function of 

deposition time.

Finally, some GaAs nanowire samples were coated with Fe and Au to  produce core-shell 

structures. STEM  was used to  show th a t the coating was not quite uniform over the 

entire nanowire surface, w ith the  Au appearing as droplets in some instances rather than  

a uniform th in  film. In further work, either the deposition conditions or the choice of 

capping m aterial should be varied to  ensure complete coating of the Fe. W ith regard to  

the magnetic properties of these core-shell structure, FM R revealed a resonance peak 

whose value as a function of angle correlated w ith the angle made by the nanowires with 

the substrate  surface. No evidence as yet was seen of closed m agnetic loops which have 

the potential to  form in such hollow cylindrical structures, which would theoretically 

may be very stable due to  the near absence of stray  field. It is this same property which
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would make such a phenomenon difficult to detect. In the future, efforts should be made 

to design an experiment which could reveal the existence of such closed magnetic loops.
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A p p en d ix  A

Derivation of M agnetic 
Resonance Expression

TIere sliall be given th e  derivation  of th e  Sm it-B eljers form alism  for th e  resonance con

d ition  of a ferrom agnetic system . T h e  resu lts  shall be  used in section 4.2.4 to  ex trac t 

p aram eters  re la tin g  to  th e  m agnetic an iso tropy  from  th e  d a ta .

F irs t a co-ord inate  system  nm st be described, w hich is done w ith  th e  aid  of figure A .I. 

T he m iit vectors of the  spherical co-ord inate  system , f , 6  and  (p can  be given by

sin 6 cos if cos 9 cos if —sincp

sin 6 sin (p 9 = cos 9 sin if (f = cost/?

cos 9 —sin 9 0

Z

F i g u r e  A. l :  Spherical co-ordinate system used in FMR
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Thus the magnetisation M  can be written

M  =  Mgih = Ms {rux^ +  ruyy +  m^z) (A.2)

=  Ms (sin 9 cos (yjx +  sin 6 sin (py + cos 6z) (A.3)

=  M sT + 0e + 0ip (A.4)

where ih  is the unit vector whose direction is equal to M , and the rrii {i =  x,y,z)  are 

the projections of rh along the respective axes. The magnetic field H  may be given by

H  = Hri- + HeO + H^<^. (A.5)

A magnetic moment in the presence of a magnetic field experiences a torque given by

(A.6)

which can be written in (f, 6, (p) form as

(
dM
dt

\0

- H ^ M s

V H e M s  j

(A.7)

This can also be expressed in terms of the time derivatives of the unit vectors, which 

are as follows:

dv  . ,  dd
—  — sm 0-— (p +  — 0 
di dt ^  dt
dO dB. dip
at +

dip dt \

(A.8)

(A.9)

(A.IO)

Since M  =  +  00 +  , only the first of these three expressions is needed to give

another expression for dM/dt:

dM
dt

(  0  ̂
- 6 M s  

y ipsinOMg y
( A . l l )
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In thermal equilibrium the free energy U  is minimised w ith the angles corresponding to  

the orientation at equilibrium given by 9̂  and Lpo, i.e.

de
=  0 

=  0

(A.12)

(A.13)

We consider small perturbations of the angles 9 and away from the equilibrium values 

9u^ ŷ o-

(A.14)

where A 0 <S find <C </?u- Since we are very close to  being in equilibrium, we can 

carry out a first order expansion of the free energy terms;

OU d'^U d^U  ̂
-A9 +

09 de^ 09dif
OU d'^U d'^U ,
—  =  A 9  -I ttA up
dip difdd

(A.15)

(A.16)

We make use of the fact that the m agnetic field is related to the functional derivative of 

the free energy with respect to the magnetisation:

II =  -  — V m [/
Mo

In spherical co-ordinates the operator V  is given by

„  d   ̂ 1 9  ^V  =  — r H 9 H---------------- 1/3.
d r  r  89 r  sin 0 dip

Therefore the com ponents of H  along 9 and ip can be given as follows

I d U  „  1 dU

(A.17)

(A.18)

He =
HqM s sin 9 d p

(A.19)
d9

Substituting these values into equation A .7 and setting the result equal to  A .11 gives us

- 1 dU
^^oMs sin 9 J dip

(A.20)

(A.21)
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F i g u r e  A.2: Labels and axes of wire array parameters.

Simplifying the above, and making use of the expansions of the partial derivatives of U  

in equation A. 16 we have:

.  ̂ Ms die d U  d'^U  ,  ,  d'^U ^

. ,  M s dip d U  d'^U  ,  „  d'^U

~  ~  ^  ddd>p
Aip

(A.22)

(A.23)

It is assumed that 6 and are varying as and so the above pair of equations can 

be expressed in matrix form as

d^U M .
— —  -  lusmt^o  —  

otpod 7
d'^U d'^U

d'^U
dip"̂

M .
+2wsm6^0----oOoif 7

=  0 . (A.24)

Non-trivial solutions are found by setting the determinant equal to 0, which gives us

u V  _ 1
7 /  M? sin^^o

d'^Ud'^U f d ' ^ Uy  
d e ^  \ d < p d e )

(A.25)

This is a very im portant equation which will be used to find the resonance condition for 

a given free energy U. First, the axes of the magnetic field and the magnetisation in 

relation to the sample are defined, as shown in figure A.2. As can be seen the definition 

of M  has not changed (see figure A .l), while H  is defined as making an angle 6fj with 

the 2-axis and its projection on the xy  plane makes an angle of ip„ with the x-axis.

The total free energy U  is made up of the Zeeman energy U z  plus terms for any 

anisotropies tha t may be present in the system, as described in section 4.1.1. Initially 

just the shape anisotropy shall be considered. Therefore:

U =  Uz +  UsH. (A.26)
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Using the axis labels described in figure A.2, and the  general form of the energy due to 

shape anisotropy given in equation 4.5, we have:

U = — f i (,MH  [sin 9 sin 6^ cos (ip — ipn) + cos 9 cos 9h]

+  (A/’iSin^ 0 cos^ 9 sin^ ip + A/’̂ cos^ 9) (A.27)

For the case of elongated nanowires in a planar array, we allow My = 0, meaning th a t 

Mx =  1 — Mz- In addition, all fitting in the present study  was carried out for d a ta  taken 

w ith the applied field in the x z  plane, meaning th a t  =  0. Inserting the somewhat 

simplified value of JJ into A.25 allows us to solve for H  =  H r , where is the value of 

the applied field at resonance:

Hji sm {9fj -  0) — I  (1 — 2Nz) M  sin {29) =  0

=  [Hncos (0 -  0h) +  (1 -  2A4) M  cos (29)] x
sm 9

(A.28)

This result will be fitted to  the experim ental d a ta  for Hn  as the sample is ro ta ted  about 

the y-axis (as shown in figure A.2).

For the case of the core-shell GaAs-Fe nanowires, we define the y-axis to  be parallel to 

the length of the nanowires. It is assumed th a t the two radial directions are equivalent, 

i.e. Mz =  A/”x, and therefore J\fy =  1 — 2Mx- Again it is assumed th a t ipn = 0. Using 

these assum ptions we obtain

Hn  sin {9 — 9fj) +  ^ (1 — 3A4) M  sin {29) =  0

(A.29)

=  [Hncos {9 -  +  (1 -  3A/;) M  cos {29)] x sm^H
t i l

sm(

Since the y-axis is chosen to  be parallel to  the length of the Fe tubes there is an offset 

of 35° between this axis and the m inima of the plot of the angular dependence of Hn- 

This is corrected for manually.
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A p p en d ix  B

Effect of Shadowing on Nanowire 
Volume

111 section 5.6.3 it was found th a t wire volume increased with separation, bu t saturated  

when the interwire separation was greater than  ^  1.5|o.m. A numerical model was 

constructed to  describe the observed behaviour. The assum ptions of the model are as 

follows, and are described with the aid of figure B .l:

1. The wires are cylindrical in shape.

2. The effect of shadowing is considered from the point of view of one wire i being 

shadowed by another j  which has identical w idth ip{t) and height H{t)  and is 

separated  by a distance L.

3. In reality ro tation occurs through 360° and since there is a square grid of wires 

this includes four nearest neighbours. For simplicity, here ro tation is only through 

one quadran t with one nearest neighbour (i.e. wire j ).

4. Shadowing can only occur when wires i, j  and the flux are collineax. Prom figure 

B .l(a ) , this proportion of tim e is considered to  be equal to  the diam eter ip{t) 

divided by the arc length ‘I n L j i ,  i.e.

2(p(t)
Proportion of tim e th a t shadowing occurs =  — — (B .l)

ttL

5. Shadowing can only occur when the neighbouring nanowire is tall enough to  do 

so. In figure B .l(b ), one can see th a t this occurs when the height of the wires is 

h \  as shown, which is equal to  LTanO.

169
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a)
Flux direction

Wire J Wire j
Wirey iWirei

90“

(final height)2nL

F i g u r e  B  . 1 ; Schematic of shadowing considerations

a) Schematic showing top>-down view of two nanowires, i and j ,  in a square grid array with a 
separation L. The flux is considered to rotate through 90 ° so that it is equivalent to the effect 
of four nearest neighbours and a rotation of flux through 360 °. The grey rectanglcs indicate 
the regions shaded as the angle of the flux is varied.
b) Schematic showing side view of two nanowires, i and j  during their growth. They are at the 
precise height h' when shadowing will commence. It can be shown that h' =  L Tan 0.

6. W hen there is no shadowing, the am ount of m aterial th a t arrives in one unit of 

tim e (dV)  is equal to  the  flux F  m ultiplied by the cross sectional area of the wire, 

which is taken as the height m ultiplied by the width. I.e.

dV  = F  X  ip{t) X H{t)  (B.2)

W hen shadowing is occurring, the effective cross sectional area of the wire is now 

equal to  the w idth m ultiplied by LTanO,  i.e.

dV  = F  X ip{t) X L T a n 9  (B.3)

7. The volume dV  is divided into m aterial th a t contributes to increasing the height 

and the diam eter of the  nanowire. It is assumed th a t there is a diffusion length 

D,  and th a t m aterial which lands w ithin a distance D  of the top  of the nanowire 

extends the height of the  nanowire only, while the rem ainder of dV  produces a 

th in  shell around the  entire nanowire, thereby increasing its diam eter.

The fact th a t the flux is deposited a t an angle 6 and th a t there are uncertain adhesion 

and desorption rates are absorbed into the flux F.  Thus F  is not the  ‘tru e ’ quantity  of 

m aterial impinging directly onto the substra te  a t normal incidence and cannot reliably 

be related to  experim ental param eters. Instead the quantity  of m aterial deposited over
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the course of the deposition shall be determined from the experimentally measured wire 

\'olume of the most isolated wire arrays.

Some of the inaccuracies of this model are:

• The wires are not actuallj’ cylinders, but hexagonal prisms with a cone-shaped 

top.

• W4re dimensions are not constant within an array but have a distribution which 

becomes wider with smaller separation (see figure 5.14).

• The assumptions relating to the behaviour of adatoms according to the diffusion 

length are very simplistic. In reality, the probability of where an adatom will even

tually end up (finding its way to the droplet, adhering to the sidewall, desorbing, 

etc.) will vary continuously along the wire length.

• Only nearest neighbours are considered here. A more accurate model will consider 

second and third nearest neighbours also. ‘Line-of-sight’ considerations will also 

need to be made, meaning that certain wires will not be able to shadow others not 

due to their distance but due to the existence of ‘interstitial’ wires in the grid.

• The ‘shadow’ of each wire will not be exactly rectangular but will instead have a 

triangular shape at its top.

• The model assumes tha t during shadowing, the same proportion of material can 

travel to the tip as is the case when there is no shadowing. On the contrary, 

during shadowing the bulk of the material will land near the tip of the nanowires. 

However, even if this is corrected for there is still the possibility tha t the excess 

density of adatoms near the top of the wire will cause a gradient towards the 

shadowed portion of the wire.

• The model does not take into account the possibility of material arriving from the 

substrate.

• The model assumes tha t the adhesion rate of adatoms is uniform over the entire 

wire, whereas it is known that adhesion is more likely at the droplet [204].

Despite the deficiencies of the model mentioned above, it is hoped tha t it will reflect 

the behaviour of the experimental system and offer insights into the dependencies of 

the various parameters. In the future, the model may be improved upon by considering 

some of the drawbacks mentioned above to give more accurate results.

In order to investigate the effect of the diffusion length D, the simulation was run with 

D varying from 100 nm to 700 nm in steps of 100 nm. The initial nanowire diameter.
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a)
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D = 100 nm
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2 0 0 - 

0) 
g  n
3  1 0 0 -
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.2> 3000-
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1000 2000 

L (Separation) nm

F i g u r e  B.2: Effect of varying values for the diffusion length (D)

a) Effect of varying the diffusion length, D, on wire diameter as a function of deposition time.
b) Effect of varying D on wire height as a function of deposition time.
c) Effect of varying D  on final wire vohmie as a function of interwire separation.

which shall be called tpo, was kept fixed at 50 nm, and its initial height was 20 nm. For 

each value of D, the diam eter, height and volume of a wire in the system was calculated 

as the ‘deposition’ continued. The results for wire diam eter and height as a function of 

tim e for wires w ith a separation of 1 |J.m are shown in figures B.2(a) and (b) respectively, 

while the final volumes at the  end of the  sim ulation is shown as a function of separation 

for the 7 values of D  are shown in figure B.2(c). It is seen in figure B.2 th a t increasing 

the diffusion length has very little effect on the  diam eter of the nanowires. The diam eter 

stays constant until the wire height has exceeded the  diffusion length, and so the point 

a t which the diam eter begins to  increase becomes more delayed as D  is increased, after 

which it increases in an approxim ately linear fashion. The height, on the other hand, 

increases quite dram atically with D. This is due to  the fact th a t more m aterial is making 

its way to  the top of the wire and contributing to  its height. Thus there is a significant 

increase in volume w ith D  (figure B.2) which is almost solely due to  the increase in wire 

height.

The effects of varying the initial diam eter (po was studied by running the  simulation 

w ith values of ipo ranging from 20 nm  to 100 nm  in increments of 20 nm. Again results
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^0 = 100 nm
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80 nm 
100 nm

1000 2000 

L (Separation) nm
3000

F i g u r e  B .3 ; Efi'cct of vary ing  th e  in itia l nanow ire d iam ete r

a) Effect o f vary ing  th e  in itia l w ire d iam eter, ip o ,  on w ire d iam ete r as a  function  of deposition  
tim e.
b) E ffcct of vary ing  on w ire heigh t as a  function  of deposition  tim e.
c) E ffect o f vary ing  on final w ire volum e as a  fim ction of in te rw ire  sep ara tio n .

for wire diam eter and height for wires 1 nm  apart as the deposition continues are shown 

in figure B.3. As can be seen in figure B.3(a), the initial nanowire diam eter also has 

little  effect on the resulting wire diam eter a t the end of the deposition. The narrower 

nanowires begin to  increase in height earlier during the deposition than  the wider wires, 

because their height exceeds the diffusion length a t an earlier stage. Interestingly, figure 

B.3(b) shows th a t the wire height decreases w ith increasing initial diam eter. Due to 

the  reduced height w ith initial diam eter, the volume is also lower for larger ipo. This 

is in agreement w ith the experim ental findings shown in figure 5.13, where almost all 

ineasured volumes were lower for wires th a t grew from larger nanodots.

Since both  D  and had little effect on the final nanowire diam eter, it was decided to 

fix the  to ta l volume of m aterial deposited (flux x deposition tim e) for a value which 

agreed with the experim entally average m easured diam eter of the most isolated wire 

array  (~ 3 4 0 n m ). The sim ulation W'as carried out for values of (po equal to  the  actual 

diam eters of the Au nanodots which were defined using EBL. The diffusion length D  was
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F igure B.4: Numerical model with experimental data

This plot shows the experimental data for the average wire volume for each of 12 patterned 
GaAs nanowire arrays as a function of interwire separation. The blue triangles, red circles and 
black squares correspond to wires grown from Au nanodots having diameters of .30, 60 and 
100 nm respectively.
The curves also plotted here are the results from the numerical model for wire volume as a 
function of interwire separation which were calculated assuming initial diameters of 30, 60 and 
100 nm for the blue, red and black curves respectively. There are three curves per initial 
diameter; the dashed, solid and dotted lines correspond to diffusion lengths of 250, 22.5 and 
200 nm respectively.

varied manually to find values which matched the experimental data closely. In figure 

B.4 the experimental data for volume as a function of interwire separation is shown for 

the three different droplet diameters. Also shown on this graph are the results of the 

simulation for three different values of the diffusion length for each of the three droplet 

diameters. The results for D  equal to 200 nm, 225 nm and 250 nm are shown as dotted, 

solid and dashed curves respectively. As can be seen, the shape of the curves replicates 

the experimental data quite accurately, with the solid line corresponding to a diffusion 

length of 225 nm fitting very closely to the experimental data for the 30 nm and 60 nm 

initial nanodot sizes (blue triangles and red circles respectively). The fit is not quite so 

close for the wires grown from the largest nanodots (black squares). This is not hkely 

to be due to a different diffusion length for these wire, but rather tha t the nanodots 

themselves have broken up into smaller nanodots during annealing.

It is interesting tha t the quality of the fit changes quite dramatically as the diffusion 

length is varied. Although the current model does not allow incremental adjustments 

of D  to find the optimum value fit for the data, one can quite easily find the value of 

D  (within the assumptions of the model) to within 10% by visual inspection of plotted
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curves. A lthough the model is quite simplistic for the reasons m entioned above, this 

m ethod may still provide a useful m ethod for estim ating the diffusion length.
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Self-Assembled Arrays  of Magnet ic  
N anos t ruc tu re s  on Morphological ly 

P a t t e r n e d  Semiconductor  Subs t ra tes

Brendan O’Dowd 

Abstract

The study of magnetic nanostructures has attracted considerable attention due to 
the potential for exciting new applications, the objective of improving existing 
devices and to advance our understanding of interesting phenomena th a t emerge on 
the nanoscale. In this study, self-assembled magnetic nanostructures are formed via 
deposition of magnetic materials onto morphologically patterned semiconductor 
substrates, namely step-bunched vicinal Si (111) templates and vertical GaAs 
nanowire arrays grown using the vapour-liquid-solid mechanism. The step arrays on 
Si are formed via DC annealing in UHV with the applied current in the ascending 
step direction. The formation of steps in this regime is described in terms of a 
stabilisation of the 7x7 reconstruction of the terraces as the sample is cooled across 
the 1x1—>7x7 transition temperature. Magnetic nanowires are grown via glancing 
angle deposition onto these templates, and it is shown that their width, thickness 
and separation can be controlled by choice of substrate preparation and deposition 
parameters. The wires formed exhibit in-plane uniaxial anisotropy which is 
investigated as a function of wire thickness. A tem perature dependent study of 
coercivity reveals parameters related to magnetisation reversal, and Henkel analysis 
is used to show the influence of dipolar coupling as interwire separation is reduced. 
Regular arrays of vertical GaAs nanowires are grown on ( l l l ) B  GaAs substrates by 
using lithographically-defined Au nanodots as catalyst sites for wire growth. By 
doing so, as opposed to the conventional approach of using a random dispersal of Au 
nanodots, the effect of growth conditions on resulting wire shape and structure can 
be more accurately examined. Control over separation is used to investigate the 
effects of shadowing by neighbouring wires, and allows for quite wide (>300nm ) 
defect-free wurtzite nanowires via radial growth which is uninhibited by shadowing. 
Other modes investigated include growth under As2 (as opposed to AS4 ) and As- 
limited growth. The different morphologies th a t resulted are discussed in terms of 
the diffusion and reaction properties of the adatoms on the surface of the nanowires. 
The crystal structure and presence of defects are correlated with the value of the 
contact angle between the nanowire sidewall and the alloy droplet. Finally it was 
demonstrated th a t core-shell Au-Fe-GaAs nanowire could be fabricated via 
deposition onto the wire sidewalls, and the magnetic properties of the resulting 
structures were investigated using ferromagnetic resonance.




