Studies of oxide Nanostructures of TiQ, ZnO, NiO
& lon Beam Patterned Surfaces
for Photo-absorption and Resistive Switching Properties

By
Vanarajsinh Jashavantsinh Solanki
PHYS07200804008

Institute of Physics, Bhubaneswar

A thesis submitted to the
Board of Studies in Physical Sciences

In partial fulfillment of requirements
For the Degree of

DOCTOR OF PHILOSOPHY
of

HOMI BHABHA NATIONAL INSTITUTE

January, 2016



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilmehtrequirements for an advanced
degree at Homi Bhabha National Institute (HBNI) and is dé@pdsan the Library to be made
available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable withspecial permission, provided that
accurate acknowledgment of source is made. Requests fmigseon for extended quotation
from or reproduction of this manuscript in whole or in partyniee granted by the Competent
Authority of HBNI when in his or her judgment the proposed a$g¢he material is in the
interests of scholarship. In all other instances, howgemission must be obtained from the
author.

(Vanarajsinh Jashavantsinh Solanki)



CERTIFICATE

This is to certify that the thesis entitle&tudies of oxide Nanostructures of TiQ, ZnO,
NiO & lon Beam Patterned Surfaces for Photo-absorption and Resistive Switching Prop-
erties’, which is being submitted byir. Vanarajsinh Jashavantsinh Solanki, in partial
fulfillment of the degree oboctor of Philosophy in Physicsof Homi Bhabha National In-
stitute is a record of his own research work carried by him. He hasathaut his investigations
for the last six years on the subject matter of the thesis umgesupervision atnstitute of
Physics, Bhubaneswar To the best of our knowledge, the matter embodied in thisisheas

not been submitted for the award of any other degree.

Signature of the Candidate Signature of the Supervisor
Vanarajsinh Jashavantsinh Solanki Prof. Shikha Varma
Institute of Physics Professor
Bhubaneswar Institute of Physics

Bhubaneswar



DECLARATION

I, hereby declare that the investigation presented in tbgisthas been carried out by me. The
work is original and has not been submitted earlier as a whiole part for a degree/diploma

at this or any other Institution/University.

(Vanarajsinh Jashavantsinh Solanki)



To my Parents




Contents

1

Tableof Contents . . . . . . . . . .. . ..
Acknowledgement . . . . ...
SYNOPSIS . . . . .
Listof Figures . . . . . . . . .

Introduction
1.1 IntroducCtion: . . . . . . . . e
1.2 Basics of lon-Solid Interaction: . . . . . . . . . . ... .. .. ... ...

1.3 Sputtering Process: . . . . . . . . . e

1.4 Nanostructuring by Hydrothermal Growth: . . . . .. .. ... .. .. ..
1.5 Photo-absorption behaviour: . . . ... ... o L o

1.6 Resistive Switching behaviour:. . . . . . . . . .. ... . ..

Experimental Techniques

2.1 Techniques for Fabrication of Nanostructures: . . . . ...... . .. ... ..
2.1.1 lon beam Irradiations and Atom Beam Sputtering: . . ...... . . .
2.1.2 Hydrothermal Growth Method : . . . . .. ... ... .. ......

2.2 Characterization Techniques:. . . . . . . . . . . . i
2.2.1 X-ray Photoelectron Spectroscopy (XPS) :
2.2.2 Scanning Probe Microscopy (SPM): . . . .. ... .. ... ...
2.2.3 UV-VIS SPectroscopy @ . . . . .« v o v i o e e e
2.24 X-ray Diffraction(XRD) : . . . . . .. ...
2.2.5 Photoluminescence(PL) Spectroscopy : . . . . . . . . ... ..

2.2.6 Superconducting quantum interference device (SQUID . . . . . .

Vi

12
13
14



2.2.7 Transmission Electron Microscopy (TEM): . . . . ... .. .... 46
2.2.8 Field Emission Scanning Electron Microscopy (SEM).:... . . . .. 46
2.3 Metal Oxides: Crystal structure and properties . . . . ...... . ... ... . 47

231 Titania(TiQ): . . . . . o 47

232 ZincOxide (ZNO): . . . . . .

2.3.3 Nickeloxide (NIO): . . . . . . . . . e 50
Enhanced anomalous Photo-absorption from Ti@ nanostructures 56
3.1 Introduction: . . . . . . . .. 56
3.2 Experimental:. . . . . . . ... e 57
3.3 ResultsandDiscussions: . . . . . . . ... 58
3.4 Conclusion: . . . . .. e 8

Room Temperature Superparamagnetism in Rutile TiQ Quantum Dots Produced

via ECR Sputtering 72
4.1 Introduction: . . . . . . .. 72
4.2 Experimental:. . . . . . . . . 73
4.3 Resultsand DisCusSIiONS: . . . . . . . .. 74
4.4 Conclusion: . . . . . . . e 9

Photo-absorbance Properties of Constrained Nanostructes on Rutile TiO(110)

Surfaces 82
5.1 Introduction: . . . . . . . . . .. 82
5.2 Experimental:. . . . . . . ... 83
5.3 Resultsand DiSCusSIiONS: . . . . . . . .. 84
54 Conclusion: . . . . . . 1

Enhanced Photo- absorption from ZnO(0001) Nanostructurs fabricated by Atom

Beam Sputtering 95
6.1 Introduction: . . . . . . . . . ... 95
6.2 Experimental:. . . . . . ... .. 96
6.3 Resultsand Discussions: . . . . . . . . .. 97
6.4 Conclusion: . . . . . . . 051

Vil



7 Nanoscale Resistive Switching behaviour and Photo-absgairon response from NiO

nanoflakes 109
7.1 Introduction: . . . . . . . . . 109
7.2 Experimental:. . . . .. ... 111
7.3 Resultsand Discussions: . . . . . . . ... e 112
7.4 Conclusion: . . . . . 221
8 Summary and Future Scope 125

viii



Acknowledgement

This thesis is the result of nearly six years of research wbak | have carried out in
the group of SPM/XPS laboratory, Institute of Physics, Bindswar. Certainly, the work
described here could not have been accomplished withoutagleof many people. | have
received a lot of support both in my everyday job and life. Natthe end of my loP adventure,
is the perfect time to give my sincere gratitude.

First and foremost | am grateful for having Prof. Shikha Varas my Ph.D advisor.
Shikha’s steady leadership and motto of focusing on "howwarhave come” rather than
"how far we need to go” was one of the driving force in carryihgs long journey through
the toughest of times. Her ability to understand the essehadat others try to say, no matter
how vague they make the arguments, helped me to transformumsg work to something
meaningful. She also provided me enough freedom to work imwryway. It has been amaz-
ing to witness and learn from her special ability to commatealelicate physical concepts in
scientific writing, presentation, and discussion.

The another person | would like to thank is Prof. Ajit Mohaiv&stava. A million dollar
smile on his face let you pretermit all the sorrows and saslndis unique approach to general
physics infused within me the idea that physics is not alvedysut solving problems; it is also
about being able to listen to different perspectives. It fumsamidst his company during tea
time, pizza parties and movie session at his home on a gktiig Screened, 46 inch, LED
TV,

It was almost impossible to finish this journey without sugimg, forgiving, well wisher
and loving friends. For my case, it was Pramita who playesl tbie together with Tanmoy
and Raghav. These are the people with whom | had celebratdgiday first time in my life.

I will never forget "The Chilika Trip” with these buddies. €1 graced my stay at IoP with
cooking parties, evening and late night roaming in campusspécial thank to my dearest
friend Pramita who was always there to cheer me up and takg mydrowns. | am simply

very lucky to have such a beautiful human being as a friendmbtees of arguments during
discussions, her addiction towards "Gujarati kadhi andsl”’asonfusions during cooking and
her innocent replies will always bring a smile on my face. #tlsiece of chocolate will always
make me recollect her cherish. If | have to choose betweekingaWith a friend like her in the

dark or alone in the light, | prefer dark. | thank her with aly imeart.

iX



A graduate life at 1oP is not all about research. Many frieddsng this period made me
a socially acceptable being, | believe. Specially, thawkahhishek and Trilochan for their
continuous encouragement and support. It is almost diffioutritate Abhishek except when
asking him to sing a famous song "jhumka gira re ”. No doubtsee good singer but his prac-
tice session on harmonium was annoying and anyway | havete pny leg pulling capability.
The late night tea time gossips with Trilochan and his mignamne unforgettable. | would also
like to thank Ashutosh and Jatish for arranging our first taumding trip to Harishankarpur.
All players in the football and lawn tennis team, members bidkdi party and loP express
magazine, deserve my acknowledgement.

I am thankful to the people in my group, who always supportedamd made me a part
of their social as well as academic activities. | wish to agteny hearty thank to Dipak, Dr.
Ramarao, Dr. Anupama, Subrata, Indrani, Shalik, Priydaarand Ashish. | am very thankful
to Mr. Santosh Choudhury, the backbone of our XPS laboratatyonly for his support in all
the experiments but also for accepting me as his family mentibe and his family never let
me feel away from home. | really miss their hospitality antgirogin his car.

I would also like to acknowledge all the members who helpesdmthe professional front.
| wish to express my warm thanks to Dr. D. Kanjilal, Dr. D. Atlasand Dr. Kabiraj for their
help and useful guidance during experiments at Inter UsityeAccelerator Center (IUAC),
New Delhi. | am also thankful to all the member of materiakscie group at IUAC. Prof. P.
V. Satyam, Prof. B. R. Shekhar, Prof. N. C. Mishra, Prof. SSBhoo, Dr. S. Rath and Vantari
Siva also deserve my sincere acknowledgement. | am grateédl my teachers starting from
school days to predoctoral course work without their enagements this journey may not
have reached at this level.

| am also thankful to my doctoral committee members, ProfSdm, Prof. P. Agrawal
and Dr. P. K. Sahoo for their useful guideline and commentghkvhelped me to improve my
work to satisfactory level. | am also grateful to DAE for thedncial support and the grant
in terms of the fellowship and the contingency. | would ai&e ko thank HBNI and SERB’s
international travel support scheme for hosting my expemisging international conference
"IBMM-2014" held at Leuven, Belgium. | wish to express my wathanks to all loP members
including technical as well as library and administratitegfs for their timely help.

Last but not least, my deepest gratitude to my dearest gtemathers and my loving wife

Neeta. | want to especially thank my mother for her undestanand support. She had never



complained for my short stay at home during last seven yaatrtidr eyes always do. | am
also thankful to all of my family for their continued supp®énd the cultural environment they
have raised me up in. | am very grateful to my beloved wife Bkt her love, care, fondness
and kind support to reach at this stage. Her philosophidsuged to be incomprehensible to
me at some point of time, have gradually become a powerfigfitblat kept my mind focused,
peacefully and joyfully, in the heat of scientific researdt.this stage, | could not forget to
thank my cutest and affectionate nephew, Aviraj, and sveégiece, Ishikha, for making my

stay joyful and very busy at home, in the last three years.

Date: Vanarajsinh Jashavantsinh Solanki

Xi



Synopsis

Frontier areas of fundamental as well as application cegnésearch motivate for and de-
mand nanostructures with exciting functional properties3]. With this focus, a variety of
routes are being extensively utilized to develop nano- dsranal structures and patterns hav-
ing tailor made characteristics. Achieving nanostruguteough self-assembly is an active
area of research exhibiting impressive results with facmegay consequences. Often the excep-
tional advantages stem from their uncomplicated fabocgbrocesses. Oxide semiconductors
demonstrate many exciting properties at nano- dimenssraes. Expression of many new
and accentuated properties in the fields of photovoltatlustqratalysis, sensors, optoelectron-
ics, memory devices etc. [1, 2, 4-6] by these nanostructuges led to intensive efforts for
designing and controlling their behavior.

In the present thesis, fabrication of metal oxide nanosures of TiGQ, ZnO and NiO have
been investigated by a variety of methods. Low energy iataah techniques have been utilized
for developing the nanostructures for Ti@nd ZnO, whereas NiO nanostructures have been
grown by hydrothermal method. Developed by self organizseémbly processes, these nanos-
tructures demonstrate many interesting properties, liteaeced photoabsorption behaviour,
magnetic response, resistive switching characteristacsidiese have been primarily achieved
through the control on fabrication parameters.

The first part of this thesis discusses the photo absorptidm@agnetic behavior of rutile
titania nanostructures through ion beam sputtering of, T0) surfaces by argon ions of
60 keV from an ECR source. A modulation in the size and progeedf the nanostructures is
observed as a function of ion fluence which was varied froml®@° to 5x10'7 ions/cn¥. lon
irradiation causes the surfaces to evolve by two dominartgsses, erosion and surface diffu-
sion [7-9]. The surface morphology, thus, develops as astpresice of competition between
variety of processes like roughening dynamics, relaxgirocesses, generation of defects, ma-
terial transport etc. [10,11]. Fabrication of self orgauistructures, by ion irradiation process,
IS an attractive route for creating self organized reguteays and patterns of nanostructures
on large area by technologically simple single step promdlechniques of Scanning Probe
Microscopy (SPM), X-ray Photoelectron Spectroscopy (XPShay diffraction (XRD), Opti-
cal (UV-Vis) absorption spectroscopy, Photoluminescé€Rtg and Superconducting Quantum

Interference Device (SQUID) have been utilized here. lcadiiation of bi-component surfaces

Xli



can lead to the preferential sputtering of low mass atomss pfomotes the formation of
Ti-rich zones on the surface, along with oxygen vacancyssitesulting in the nucleation of
self-assembled nanodots. A significant increase in phasorblance is demonstrated by all
the nanostructured surfaces studied here [12,13]. Sunglys the highest photo-absorption
response is observed from the small nanostructures (15ompygated with largest oxygen va-
cancies, and not the smaller nanostructures with largéaciarea. In addition, increase of
optical bandgap;-0.1 eV, is also observed for nanostructured surfaces, diretpronounced
guantum confinement effect. With the detailed quantitativestigation of oxygen vacancy
states, it is observed that the competition between theadin@nostructures and the number
of vacancy states controls the photo- absorption respoin§gg nanostructures. The com-
plex relationship between these factors is responsibléhtdobserved anomalous absorption
response. The results from photoluminescence spectrpsiigplay lowered PL intensity for
ion irradiated surfaces, compared to pristine. This is edlny the decreased charge carrier re-
combination, through trapping, by the oxygen vacancie® dlbserved results, in the absence
of any dopant material, can have extensive implicationBéraetrea of Ti@ based photo-voltaic
and photocatalytic devices.

The magnetic properties of these Fi@anostructures, fabricated by ion sputtering of JTiO
(110) surfaces, have also been investigated here [14} A&S attracted immense attention in
the oxide based dilute magnetic semiconductor (DMS) teldgyafter discovery of room tem-
perature ferromagnetism (FM) in Co-doped anatase Th@ films [15]. Existence of oxygen
vacancies and nano-dimensions significantly modulate thgnetic nature and properties of
the nanophase materials. Results from magnetic studiegOgfnanostructures (of size 5, 10,
25 nm) display pronounced quantum confinement effect amulesting correlations between
the size of nanodots and magnetic behaviour [14]. Thoughrtialest £5 nm) nanostructures
display superparamagnetic (SPM) behavior, ferromagmassobserved for the larger nanos-
tructures. The single domain nature of Fi@anostructures is responsible for the observed
SPM behavior [14]. These results can have potential fortgpirc devices.

Constrained Ti@nanostructures fabricated at higher irradiation fluenge40'” - 1x 10
ions/cn?, have also been investigated here for their photo- absorgtioperties [16]. The
nanostructures are anisotropic in nature, being elongdtedy [001] direction. With increas-
ing fluence, the anisotropy of the nanostructures increalesir width along [10], however

is constrained and does not grow proportionally. AnglelkesbXPS (ARXPS) results display
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development of Ti-rich zones in near-surface regions dukealevelopment of ¥, Ti and
other oxygen vacancy related states via preferential espioidt of oxygen atoms during irradia-
tion [16]. Asymmetric diffusion of these mobile speciesba TiO,(110) surface, play crucial
role in defining the nanostructure morphology as well asrtpkoto- absorption properties.
Role of ion beam direction upon the nanostructure morphotogl subsequent modulation in
photo absorption properties have also been investigatbd. efihanced photo-absorption re-
sponse from Ti@ nanostructures, as observed here, is in absence of anytdopserial and
displays a decaying exponential dependance on the sizenostractures along [001], the fast
diffusion direction.

We have also investigated the formation of nanostructure2r@©O(0001) single crystals
through irradiation with 1.5 keV neutral Ar atom beam [17{ratiations were performed at
two different incident angles at the fluence of . 20'7 ions cnT?, leading to the formation of
self-assembled crystalline nanostructures of two diffesezes. The surface morphology, upon
atom beam sputtering, is controlled through competitiawben the erosive and diffusive pro-
cesses which leads to the spontaneous formation of nanamgiomal patterns on the surface.
XPS results from atom beam irradiated ZnO(0001) indicatiaea regions to become Zn rich.
Preferential sputtering of low mass oxygen atoms has beanrsto be responsible for this.
ZnO nanostructures, displaying hexagonal ordering and tanged periodic behavior, also
demonstrate higher photo absorption response along witmddap reduction 0£0.09 eV.
Existence of Zn-rich surface regions and oxygen vacangiesynjunction with the presence
of new crystalline photoactive phases for these nanostrest become responsible for the en-
hanced photoabsorption properties and reduced bandgepretdshere.

In the last part of the thesis, photo absorption responseesistive switching properties
for NiO nanostructures grown by hydrothermal method haenluBscussed [18]. XPS results
indicate the presence of metallic’N\is well as Ni* states on these nanoflakes. However, the
metallic Ni content varies with reaction time. The nanofiakeown at the smallest reaction
time delineate the highest photo-absorbance respons#estimndgap as well as low voltage
resistive switching behavior. Conducting AFM measurementNiO nanoflake devices, with
gold bottom electrode, have been performed. With the agetajlantitative investigations of
the current and voltage (I-V) characteristics, it is obedrthat the metallic Ni content, in NiO
nanostructures, controls the voltages for the formatiahrapturing of conducting filaments

leading to creation of two stable resistance states i.e varkeistance state (LRS) and a High
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resistance state (HRS). The studies, presented heregyllsgstable reversible resistive switch-
ing characteristics in NiO nanoflakes. With high photo apson response and demonstrated
resistive switching behaviour these NiO nanoflake deviegshe important in optoelectronic

applications.

Thus in this thesis, the formation of Ts0ZnO and NiO nanostructures as well as their
properties in relation to UV-Vis photo-absorption, magsmat resistive switching etc. have
been investigated. Nanostructures of 7&hd ZnO have been fabricated by low energy irradi-
ation methods and NiO nanoflakes are grown by hydrothermtidade Development of Ti®
nanostructures lead to the creation of Ti rich zones alotig tive creation of Ti" and other va-
cancy states on the surface. These together contribute emttanced photoabsorption response
and bandgap modifications observed here in the absence afogaynt element. In addition,
at low fluences, highest photo absorbance is displayed, @mnamalous fashion, by 15 nm
nanostructures and not the smaller nanostructures due toothpetition between the size of
nanostructures and the number of vacancy states. Smd# siogain nanostructures, however,
show super-paramagnetic behavior not shown by larger tatsres which demonstrate fer-
romagnetic character. Formation of anisotropicJJimanostructures, which are elongated along
[001] direction, is observed at high ion fluences. The resuesented here demonstrate that
this is regulated by asymmetric diffusion of mobile speclig® Ti**, Ti°, which are created
during ion irradiation of the Ti®(110) via the preferential sputtering. Enhanced photagihso
tion response, observed here, surprisingly indicates paresqtially decaying dependence on
the size of TiQ nanostructure along [001] direction, i.e. the fast diffusdlirection. Self organ-
ised ZnO nanostructures, created by atom beam sputtedhgitpie, display hexagonal closed
packed ordering and long ranged periodic behavior. Addlily, presence of vacancy states
and development of new crystalline photoactive phaseshisd nanostructures contribute to
the high photo absorbance and narrower bandgap as obsemed\10 nanoflakes have been
grown here by hydrothermal method and demonstrate biestabkrsible resistive switching

properties through the formation and rupturing of condwgtilaments.
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Chapter 1

Introduction

1.1 Introduction:

Nanostructured materials have gained immense attentitreg&xhibit a variety of fascinating
and useful properties with many technological implicasiowith frontier research in many dis-
ciplines getting guided by nanodimensional science anthi@ogy, their fundamental under-
standing and application regimes demand the excitingtadtethat this field is receiving. For
nano-scale~{1-100 nm) objects the larger active surface area and mogifigaerties, which
differ significantly from bulk, control many aspects of theehaviour [1, 2]. Consequently,
their synthesis routes and processes gain high signifid@nd¢ The goal is to provide good
control on size, shape and composition of nanostructuresddlition, process should be ef-
ficient and fast, with low cost for eventual technologicaplagations to be compatible with
mass production. With this trend, there is an interest iretiging methods for achieving this
through the route of self organization process.

A variety of techniques and methods are utilized for falinngananoscale structures [2].
These methods are mainly divided into two categories, '@ottUp” and "Top Down” ap-
proach. They offer possibilities for designing technobadlly important structures with desir-
able characteristics and improved performances [3, 4]hérbottom-up approach, fabrication
of larger and more complex nanostructures is achieved Wiasgsembly of smaller and sim-
pler building units, like atoms or molecules. In this apmtoathe source of raw material can
be in the form of gas, liquid or solid. On the other hand, top#d approach incorporates the
down scaling of an existing system to produce smaller strast This opens a way for direct
patterning of nanoscale structures. Both these approdawesled to a variety of fabrication

techniques like chemical vapor deposition, sol-gel, diceedation, sputtering, spray pyroly-



Figure 1.1: (a) Self-organized nanopattern formation ¢t(190) after irradiation with 500 eV
Art ion beam at an incident angle of 40Gneasured from surface normal (flux=1p8 cm—2
and t=9600 sec). Image (b) represents the two-dimensiot@tarrelation function calculated
from a magnified area of image (a) which clearly shows the ¢p@xal symmetry of the mound
arrangement. (from ref [5])

sis, physical vapor deposition, pulse laser depositiamat layer deposition, nanolithography
etc. [2—7].

Unique properties of metal oxide nanostructures havecititleenormous interest and are
being extensively explored for both their fundamental ab agtechnological aspects [8—15].
Remarkable applications in photocatalysis [8, 16, 17],tpheectrochemical cells [18-20],
memory devices [14], and sensors [21, 22] are based on ttteactive electronic proper-
ties [14, 15]. With many superior properties like chemidalbdity, high reactivity, biocom-
patibility, nontoxicity, and good oxidative characteigst TiO,, ZnO and NiO are considered
important wide band gap semiconductors [6, 13, 23]. NaeodsizO, and ZnO demonstrate
many prominent applications in photocatalysis, watettspd, photovoltaic cells, self-cleaning
surfaces, dye-sensitized solar cells, environmental detien etc. [8, 16—20]. NiO nanostruc-
tures with characteristic properties like high power dgnsigh energy efficiency and low
toxic nature, act as potential candidates for sensorstretdge=mical films, battery electrodes,
magnetic data storage material, catalyst etc. [10, 12-14].

lon bombardment of solid surface often produces charatiesurface morphologies which
depend onion beam parameters such as ion fluence, ion emeiggnt angle, sample tempera-
ture etc. [24-32]. Through this top down approach, well callgd topographies on sub-micron



scale have been achieved on a variety of surfaces of cipgtakkmiconductors, metals as well
as on amorphous and polycrystalline materials [5-7, 24-B4ik method is of special interest
because it opens way for the synthesis of a regular arraylfobigmnized nanostructures, on
large scale, in a single technological step [5—7]. The spwdus evolution of patterns is a
result of competition between curvature dependent ergsiveesses, that roughen the surface,
and diffusive processes that relax or smooth the surface f3-32]. The pattern formation
on InP(100) after its irradiation with 500 eV Arions is shown in fig. 1.1 [5]. Here, the
spontaneously developed nanostructures exhibit a heahgayanization.

Hydrothermal method is a solution phase synthesis teckniqu producing self orga-
nized nanostructures in aqueous solutions via bottom uppapp. A variety of other solution
phase synthesis processes include sol-gel route, tengsisitged growth, spray pyrolysis, elec-
trophoresis etc. [35—-42]. Hydrothermal growth is a simpld aost effective method. It is an
attractive technique as it can synthesize structures arltemperatures, under slow and con-
trolled conditions. Nanostructures thus produced alsplayslower defect densities. Unique
and metastable crystalline phases of nanostructureschmvable by usual traditional meth-
ods, have also been produced by this technique [43].

In the present thesis, the fabrication and characterizaifoliO,, ZnO and NiO nanos-
tructures have been reported by utilizing a variety of tégphes. The nanostructures of these
oxide semiconductors display enormous potential for th@iegtions in photo catalysis, pho-
tovoltaic cells, spintronics, multiferroics, sensorsgmetic recording media etc. [8—-14]. T4O
and ZnO nanostructures have been fabricated by utiliziagdp-down approach, where sput-
tering by ion or atom beam irradiation leads to the formatibgelf assembled nanostructures.
NiO nanostructures through bottom-up approach, have beeluped by hydrothermal growth
method. As the oxide nanostructures are being widely agphieopto-electronics, spintron-
ics, resistive memory etc. applications [8, 14—20], we halge studied their photo-absorption
response, magnetic nature as well as resistive switchiogepties. By controlling the com-
positional properties, oxidation states, vacancy statelsnaetallic content etc. at nanoscale,
during the synthesis process (irradiation or hydrothegnalvth), it is possible to design high
quality devices with improved predefined performances.

This chapter is organized in following order. Section 1.2cdsses the basics of ion-solid
interaction. The sputtering process along with the foraraof patterns by ion or atom beam

irradiation and their theoretical aspects are discussaéction 1.3. The synthesis of nanos-



tructures with hydrothermal growth method is discussecentisn 1.4. Importance of photo-
absorption response and resistive switching behavioegyirent research, and their utilization

for technological applications is discussed in sectioreh® 1.6, respectively.

1.2 Basics of lon-Solid Interaction ;
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Figure 1.2: Implantation of an lon (a), Damage in Materiakaion implantation (b) and
Atomic Sputtering with surface erosion (c) (from ref [44]).

Bombardment of energetic ions on a solid surface signifiganfluence and modify the
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Figure 1.3: lon range and Energy losses, nuclgara8d electronic § as a function of ions
kinetic energy, as calculated using the SRIM2012 simufatiode [45], for Ar ions in ZnO
target.

properties of the material [46]. During irradiation, an eg&tic ion interacts with atomic elec-
trons, of material, through purely coulombic interacti®his results in an excited or an ionized
atom which finally returns to its ground state. Various psses involved in the modification of
material, during ion beam irradiation, are shown in fig. ERure 1.2(a) displays the process
of ion implantation. This builds up a concentration profifdareign atoms within a solid and
alters the composition and lattice structure in the imgdrgone. The spatial distribution of
the implanted atoms will depend on ion energy and varioygstg processes like nuclear and
electronic. The process of displacement or collision adscas shown in fig. 1.2(b), involve
the hard nuclear collisions between incident heavy ion ardarget atoms. These heavy ions
can displace large number of lattice atoms within the regi@und the ion trajectory and cre-

ate considerable structural damage to the material. Fib@(g) shows the process of surface



atom ejection from the target material through nucleansiolhs, known as "sputtering”. This
phenomenon leads to surface erosion and sometime alsogertitiel nanostructures via self-
assembly. In the case of low energies (keV) ion irradiatspuittering is a predominant process
whereas high energy (MeV) ion bombardment leads to thedattiodifications and deep layer
implantation.

Two basic energy transfer mechanisms, nuclege(&E/dx),) and electronic energy loss
(S. = (dE/dx).) (dE/dx (stopping power) is energy transfer per path lengite involved during
energy loss process when energetic ions strike the surfacie elastic collisions, incident
ions colliding with atomic nuclei loose their energy viawhereas Sresults from the inelastic
excitations and ionizations of the electrons [47]. In bb#h ¢ases, processes involved in the in-
teractions are Coulomb type. lon-electron interactioegparely Coulombic whereas screened
Coulomb potential play role in nuclear interaction. Howetee dominant energy regimes for
these processes are different.

For ions with energies of a few keV/amu, the velocity of ir@itlions is much less than
the Bohr velocity of electrons. This provides larger intdi@n time between projectile and
the nucleus. In this energy regime, bombarding ions losie émergy predominantly through
nuclear energy loss mechanism. On the other hand, at higlkegyeof about few MeV/amu,
the inelastic electronic energy loss mechanism is domimasibwing down the incident ions.
In this regime, the velocity of projectile and the Bohr velpof electrons is comparable.
Figure 1.3 displays the dominant regions qféid S for Argon (Ar) ions bombarding the zinc

oxide (ZnO) target as a function of ion energy.

1.3 Sputtering Process :

Sputtering is a process whereby atoms are ejected fromdtaodiet material due to energetic
particles bombardment. Physical sputtering is driven Bynlomentum exchange between ions
and atoms in the materials by collisions [48]. The secondallysions sometime also generate
recoil atoms. During this process, many atoms do not gaestiold energy and hence do not
vacate their regular lattice position. However, atomstedat near surface region gain enough
energy to break bonds between them and get sputtered outipentty from their regular
lattice site. Although, a large number of target atoms pigudite in the collision cascade, the

magnitude of sputtered atoms is much less. The sputtereld ¥5), defined as the mean



number of sputtered target atoms per incident ion, is given b

S(E)
Ep
Here, N and i are the density of target atoms and binding energy of thesaratoms, re-

S =aN

(1.1)

spectively, whereas is a material and geometry dependent parameter. The ern@sgypér

unit length, as ion travels in the target is describe by tlwglpet NS, (E). Sputtering yield is

very sensitive to different parameters like kinetic enenfyhe incident ions, surface binding
energy of target atoms, surface roughness and the stoiehipof real surfaces [49]. The bom-
bardment of multi-component target leads to the differputtering rate of various elemental
constituents due to preferential sputtering. In this psedée lighter atoms get preferentially
sputtered compared to heavier atoms. This drasticallyggmthe surface composition com-
pared to the stoichiometric bulk composition [50,51]. Alsastprocesses like radiation induced
mass transport, segregation etc. also produce similastefteing sputtering, altering the near

surface compositions of target, it is quite difficult to chgiuish them from preferential sputter-

ing.
1.3.1 Self-organized Pattern Formation by lon Beam irradidion :

In 1956, Navez et. al. [52] first time observed the formatibnpple pattern on glass substrates,
after bombardment with a 4 keV ion beam of air. Though theyidowt predict accurate
explanation at that time, but tried to correlate it with danimacroscopic phenomena like
ripple structures formed by wind over sand bed and in cumezlugds on a partially sunny day.
After more than five decades, the evolution of surface mdggyoduring ion beam sputtering
is reasonably well understood. It arises due to compethiemveen erosive process, due to
ion beam, and the surface relaxation or smoothening bysiMéuprocesses. In general, the
shape and the orientation of the patterns is governed byaambncidence angle [30] as well
as ion energy, current density, ion fluence, compositionf@ftarget, substrate temperature,
presence of impurity, direction dependent sputter yietd gnisotropic surface diffusion and
Ehrlich-Schwoebel (ES) barrier also play key role in ionuodd pattern formation [32—34]
near step edges. The impact of these parameters on seffizagan of patterns, during low
energy ion-beam irradiation, have been investigated bymesearchers [24-32,52]. In the last
few decades, significant amount of experimental and thieatetvorks have been undertaken

to simulate the self-organization on variety of surfacks iemiconductors, insulators, metals,
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polymers etc. viaion bombardment [24-34,52].

Several models, based on continuum dynamical equationefighhof the interface, have
been proposed and evaluated numerically to study the mtwrgical evolution of the patterns,
on ion beam sputtered surfaces [30, 44, 53-56]. Most of thesdels are extension of the
Bradley and Harper (BH) theory [30] and are based on Signsufidding of curvature de-
pendent sputtering yield [57]. Variations in these modetoiporate various other physical
phenomenon at surface, including redeposition, viscows, fdbep edge barrier, anisotropic
diffusion, nonlinear effect etc. [32,54-56].

The ion induced pattern formation is not only fascinatingnirthe fundamental physics
point of view but is also important for technological asge&attern formation on binary metal

oxides [6, 7, 24] as well as metal surfaces [8—20] show maigyesting properties.

1.3.2 Theoretical Aspects of Pattern Formation via Sputtang Technique :

Sigmund’s Approch to the curvature dependent sputtering anl Bradley-Harper Model

Models, based on continuum dynamical equation for the heifjmterface, describe the sur-
face at a length scale much larger than the atomic scale. facguheight function, h(x, y, t),
describes the solid surface in the laboratory coordinateret t. In this coordinate x and y
axes are parallel to the initial flat surface whereas z-axi®rmal to it. Assuming an infinite
medium, Sigmund showed that, in low energy regime (few keM/athe spatial distribution
of average energy, deposited by an incident ion at point @eénsn amorphous solid, can be
approximated by a Gaussian distribution. The former sitnas schematically shown in Fig.

1.4. The average energy deposited at point O, by an incidarstriking at point Pis given by,

R ?+y? (¢ +a)
(27)3/20 142 b 2u? 202

E(r)= (1.2)

where, impact pointHs origin of the coordinate systert¥(x’, y’, Z). a and= are ion penetra-
tion depth and total deposited energy. Heras aligned along ion beam direction whereas x
and y are perpendicular td.zo andu are longitudinal and transverse straggling widths of the
Gaussian distribution (fig. 1.4). The erosion rate at anyfBican be expressed in terms of
erosion velocityy, and is proportional to the total energy deposited by alidect ions. The

normal erosion velocity at point P is given by,



Incident lon

Figure 1.4: Schematic illustration of Gaussian energy dijom by an incoming ion inside a
target.d and~ are global and local angle of incidence, respectively [48].

v=~P [ o(r"VE(r")dr! (1.3)
/

Here, the integral is taken over regidcovering impact of all ions which significantly con-
tribute to the total energy depositio(r’) is the corrected ion flux due to variation in local
slope.~ and@ are local and global incidence angles. The proportionatiystant P depends

on substrate characteristic and an atomic density, N, diyen

31
47 NU,Cp

where, U, and G, are the surface binding energy and a constant, respectively

(1.4)

For a slowly varying surface, the radius of curvature, R,mst point is much larger than the
deptha of mean energy deposition. The height of the surface at amt pear point P, in the

laboratory coordinate system (X, z), is approximated by,

h(z) = —% (%) (1.5)

Combining all above equations with eqn. 1.2, the curvat@geddent erosion velocity(6,

R), for small slope approximation, is approximated by,
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Parameters A, B and 7 depend on incidence anglé){ ion flux, f, a, o, x and have been

v(0, R) = ) [cm 0+ 1(0)2 (1.6)

discussed in [30]. In the limit of R, where surface is flat, the sputtering yield is given by
Y ,(#)=Nv(0, R=00)/fcod), where N is the atomic density of solid. Using eq. 1.6 we caitewr

Y,(6) = 315_% 1%exp(—2%;)exp(2A—Bi) (L.7)

Foro > pu, A and B, are increasing function of incident angl®);(thus Y,(0) is also an in-
creasing function o#! up to critical angle.. For@ > 6., the sputtering yield decreases when
reflection of ions becomes important. From 1.6 and 1.7 onewde
f a

NYO(@) cos + Fl(H)ﬁ

The term [ (f)a/R depends on curvature dependent erosion velocity. Analoincidence,

v(0, R) = (1.8)

I'1(0) is negative, whereas radius of curvature R is negative iowgh and positive at a crest.
Figure 1.5, shows ion irradiation processes at trough (@e)cand crest (Convex) region of
the surface. According to eq. 1.8, the deposited energyityaaigpoint G for the ions striking
at A is larger than the energy deposited dtdie to the ions striking at ’/Asince GA’ >
GA. Hence, trough gets eroded faster than the crest regitws difference in erosion rate
creates surface instability. The alternative smoothepioegesses help to overcome instability
generated by roughening process. The competition betvwmsse fprocesses finally stabilizes
the surface with formation of periodically modulated stuves like ripples, dots, etc. The B-H
model predicts formation of parallel mode ripples (with waxector,k being parallel to ion
beam direction) fo# < 6, and perpendicular mode ripples (wittbeing perpendicular to ion
beam direction) at grazing incidence geometry [30].

Finally, the equation of motion for slowly varying surfacelietter described as the height

modulation h(x, y, t) of the eroding surface and is given by,

oh
ot

wherev,, v and D are constant erosion velocity, effective negativéasertension and surface

—v, +vV2h — DV*h (1.9)

diffusion coefficient, respectively. The realistic sotutiof eq. 1.9 predicts an exponential

growth of surface with fluence, along with a characteristav@length. Wavelength of this

10



Incident lon Beam Incident lon Beam

Contours

(b)

Figure 1.5: Schematic illustration of Gaussian energy deijom profiles, for (a) concave and
(b) convex surfaces, by incident energetic ion. The eneapodited at G is larger than at,G
since GA’>GA [48].

growth is independent of the ion fluence. But in many casasgiesng vary in different ways
and the generated surface morphologies are not uniquefferatit substrates. To overcome
this, in 1995, Cuerno and Barabasi (CB) [58] developed a iodgescribe the ion induced
pattern morphology in early time regime of BH model. Thedai®e dynamics is dominated
by the nonlinear term proposed by Kuramoto-Tsuzuki [S9kifig care of the nonlinear effects,
the revised characteristic equation, describing the seréaolution, is given by:

% ~ v, +vV?h — DV*h + %(DVh)Q +n (1.10)
where the ternm represents the uncorrelated noise with zero mean, i.e. atidomness re-
sulting from the stochastic nature of the incident ionktg the surface. The tergy(DVh)?
accounts for the slope dependent erosion yield. This eaéintstabilize the surface by satura-

tion of the surface roughness with time [60-62].
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Anisotropic surface diffusion and Ehrlich-Schwoebel barier

The pattern formation on anisotropic metal and metal oxigiéases is more complex than
amorphous surfaces due to higher and anisotropic diffiysofi metal adatoms [32]. In this
case, the build-up of a regular pattern is produced by seifastability caused by the surface
curvature dependent sputtering and the presence of anledar at step edge (ES barrier).
This barrier is seen by the diffusing adatom while trying ésckend the step edge [32,63-66].
Equations 1.9 and 1.10 do not explain the pattern formatometals, since the contribution of
the diffusive termDV*h is oversimplified. To address this issue a different diffusierm for
each principal surface direction is added and discusse@ih [t is assumed that these terms
depend exponentially on temperature. A corrected charsinteequation for surface evolution
IS written as,

2—? ~ _y, + vVh — (Dﬁv;‘gh - Sﬁvgh) + (1.11)
Here, the term®;Vh andS; V2h account for the diffusion along crystallographic orienta-

tion and diffusion arising from the Ehrlich-Schwoebel lerrrespectively [66].

1.4 Nanostructuring by Hydrothermal Growth :

Simple and cost effective hydrothermal technique prodysgif-organized nanostructures, via
bottom-up approach, falls in the class of solution phasé®ais method. Most of the solution
based synthesis methods utilize the supercritical prigseof water, i.e. combination of liquid
and gas phase, at elevated temperature and pressure abbwegiitg point [67]. When water
is used as a solvent, the method is referred to as “hydrotidé&rnin comparison to other
solution based methods, this method requires much lowepédeature and pressure for the
growth of nanomaterials. Other properties of water likewossty, solvation, dielectric, etc. are
extremely sensitive to the pressure and temperature, amgkreen small variation in these
parameters greatly affect the kinetics of chemical reast[67]. The low dielectric constant of
water causes low solubility of compounds so sometimes iatdit mineralizer solutions like
fluorides, chlorides, hydroxides, carbonates etc. areimedjto enhance the solubility of the
starting material [67].

Hydrothermal method has been widely used for the synthésiamostructures of desired

dimension with variety of shapes like nanowires, nanoradapcombs, nanorings, nanoloops
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and nanohelices, nanobows, nanobelts, nanoflakes andag@a®[68-74] etc. Synthesis of
elemental nanostructures, like Carbon, Si, Ge [75-77] rexmibstructures of compound semi-
conductors, like InP, GaAs, ZnO, TiONIO [10, 78-84] by this method have also been earlier
reported. The hydrothermal growth method is an advantageminnique due to the relatively
low crystallization temperature, controllable reactionditions, low growth rates, formation of
high optical quality metastable and unique phases, ndyesthinable by traditional methods.
In addition, several other controllable reaction paramsdike cooling rate, pressure, mineral-
izer solution, length of reaction, and stoichiometry ofataat also provide better control on
optimization of good quality nano crystal growth [67,85h€eBe nano crystals have relatively
less thermal strain and defect density compared to othergiiByn by traditional methods,

which is important for designing and synthesis of new matefior many applications.

1.5 Photo-absorption behaviour :

The photovoltaic effect refers to the creation of an elentve force through the utilization
of radiation or photons and the performance of such deviepsmd on the photon absorption
and photo carrier collection. For converting the radiatiimio electricity, the first step is the
generation of an electron hole pair. The energy of a photabs®rbed by an electron that is
excited from the valence band to the conduction band. A pegitcharged hole is left behind
in the process. During a recombination process, both threecawwill annihilate each other by
electrons occupying the empty state of the hole. Both th@stardisappear in this process. For
efficient trapping of the light it is necessary to absorb treximum amount of radiation from
a large part of the desired spectrum and to reduce the recatidn of the charge carriers.
Nanostructures have gained tremendous attention in teofiphotovoltaics as they demon-
strate enhanced light trapping characteristics along igh carrier collection efficiency [86,
87]. Metal oxide nano structures also display potential ag@erior candidate for photocat-
alytic and photovoltaic applications [88]. These are alsteflent materials with many other
desirable properties like their utilization in energy smsg and in environmental areas. How-
ever, they usually posses large band gap which dominatedizggorption in UV region. Hence,
investigating their absorbance of visible light spectramg enhancing it, becomes critical in
order to facilitate application of these systems in the §alfl photovoltaics and visible light

photocatalysis. Dye sensitization and band gap tailoringdping are some techniques fre-
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guently utilized for achieving the absorbance in long wakgth regimes. For the first, there
are several inherent problems associated due to the ihistabithe organic complex and the
change of selectivity of host semiconductor. During bapdg@oring by doping, the perfor-
mance of various transition metal dopants is limited byradrinstability and increase of car-
rier recombination centers [89]. Incorporation for anmnonmetal dopants like nitrogen(N)
and carbon(C) have also been investigated for extensioratogoltaic activity for visible
light [90]. These dopants are also sometimes unsuitablpHotocatalyst and photochemical
material, because the dopant related isolated bandgas stah act as recombination centers

of carriers [90].

1.6 Resistive Switching behaviour :

Resitive RAM (ReRAM) devices based on as manganates, téanand zirconates have been
explored for some decades now [91-96]. However, in receatsyBesistive RAM devices
based on Transition metal oxides (TMO) have attracted lattehtion as a candidate for future
computer memories. This is due to their potential of a low @oaonsumption conjugated
with fast switching speeds and good scalability. A typicavide consists of an active layer
(or layers) of TMO within two electrodes. By the applicatiohan electric field, the active
layer can be driven to exist in two resistive states namedtyga restive state (HRS) and a Low
resistive state (LRS). This switching happens by the vidi#he electroforming that leads to
formation of some conducting filament (CF) paths betweenwloeslectrodes.

With nano-dimensional switching elements technically gngbretically possible, high den-
sity ReRAM devices are being actively explored [97,98]. S&mvestigation, however, are still
in developmental stages due to many intricacies. Primah/mechanisms behind switching
behaviour, which are related to CF formation, are compidatnd not fully understood. The
switching process is inherently governed by the redox m®ee that take place in the active
layer, when an electric field is applied [99, 100]. Duringstheédox (reduction and oxidation)
process, oxygen ions and oxygen vacancies will migratersvanode and cathode, respec-
tively, in n-type semiconductor. On the other hand, oxygaoawncies and cation vacancies
migrate towards cathode and anode, respectively, in pggpaconductor. Depending on the
mobile species (oxygen ions, oxygen vacancies, or metalgtpresent, their movement alters

the local charge balance, concentration as well as theiu#gisature of the oxide layer. These
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processes reflect the main premise@dstive switching (RS) behaviour in oxides. Investiga-
tions of spatially resolved conductivity, along with sttwr@l and compositional behaviour, are
necessary for understanding the issues related to switchachanisms. However there are
only few investigations in this regard [101, 102]. Moreot@r exceptional performance and
efficient scaling-down of these devices, it becomes necgfisat RS phenomena are confined
to nano-dimensions [103, 104].

The organization of present thesis is as follows. Chapteis@udses the various experi-
mental techniques that have been utilized in this thesiap€in 3 deals with the fabrication of
nanostructures on rutile TEE110) single crystals by ion irradiation method. The swefatr-
phology, core level photoelectron emission, optical abison and photoluminescence response
of the patterned surfaces have also been investigated. éflagmoperties of TiQ nanostruc-
tures have been presented in chapter 4. Single and multiidorature of these nanostructures
and their superparamagnetic and ferromagnetic propeteseported. Chapter 5 discusses
the formation of constrained nanostructures on rutile,;T{QL0) single crystals at higher ir-
radiation fluences. The dependency of photo absorptioronsgpon the anisotropic size of
nanostructures is also presented. Fabrication of naradstas on wurtzite ZnO (0001) single
crystals by atom beam sputtering technique have been disd¢us chapter 6. Morphological
evolution, core level photoelectron emission and optibabaption response of nanostructured
surfaces have also been presented. Chapter 7 discussesitie gf NiO nanostructures by
hydrothermal growth method. The photo absorption andtresiswitching properties of NiO

nanostructures have been discussed. The conclusionsesenped in Chapter 8.
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Chapter 2

Experimental Techniques

The present chapter discusses the experimental techmiglaésd to the fabrication and inves-
tigations of nanostructures of T¥OZnO and NiO. These metal oxides, with wide band gap,
are semiconducting in nature and their nanostructuresagispany interesting properties and
applications. The nanostructures have been prepared byesyvaf routes. The techniques
of ion irradiation and atom beam sputtering have been apptie obtaining TiQ and ZnO
nanostructures, respectively. Hydothermal growth methwa/e been utilized for preparing
NiO nanostructures. The nanostructures, here, have beestigated by many techniques like
Scanning Probe Microscopy (SPM), X-ray Photoelectron 8pscopy (XPS), UV-Vis Spec-
troscopy (UV-Vis), Photoluminescence (PL), SuperconidigcQuantum Interference Device
(SQUID), Field Emission Scanning Electron Microscopy (ER§, Transmission Electron
Microscopy (TEM) etc. In this chapter, various fabricatenmd growth facilities, methods and
characterization techniques, applied in this thesis, baesn discussed.

Section 2.1 discusses various growth methods. In sectiHaracterization techniques

are presented. Crystal structures of Ji@nO and NiO are discussed in section 2.3.

2.1 Techniques for Fabrication of Nanostructures:
2.1.1 lon beam Irradiations and Atom Beam Sputtering :

In the present thesis TiOhanostructures have been fabricated by utilizing the ElacCy-
clotron Resonance (ECR) based Low Energy lon Beam Facllif{BF) at Inter University
Accelerator Centre (IUAC), New Delhi. In the following, tBR facility and some beam line

components are discussed.
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lon Beam Irradiation with ECR source :
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Figure 2.1: Schematic diagram of ECR ion source based LE#BHitly at IUAC, New Delhi
[1]. [with permission]

Fig. 2.1 shows the schematic diagram of LEIBF facility. Theility is equipped with a
Nanogan type ECR ion source (from Panteknik, France). Tmssource is based on a fully
permanent magnet (NdFeB) which is designed for radial aral eanfinement of the plasma.
The principles of ECR ion source operation have been discusg Geller [2] and Drentje [3].
All peripheral electronics (10 GHz (200 W) ultrahigh freqeg transmitter, power supplies
and vacuum components together with ECR ion source ardletstan a 400 kV HV platform.
The high current of multiply charged positive ions, with ggevarying, from few tens of keV
to few MeV, can be extracted from this ion source.

lon source, magnetic mass analyzer and accelerating @nihtagral parts of the ion im-

24



planter or low energy ion beam accelerator. A conventiomgdlanter produces a beam of
positively charged ions from plasma, created by ionizatibimjected gas molecules. lons are
produced inside 10 GHz ECR source. These are extracted higteracuum (pressure 10~°
mbar) by applying an electrostatic field. All componentgthirequency transmitter and gas
cylinder (1), Nanogan ECRIS (2), and extraction system ¢8)Yhe implanter are placed on
a high voltage deck (6) and controlled using optical fiber samication. High vacuum, of
~10-% mbar, is maintained inside the extraction and the accéberatgion through a pumping
station (4) consisting of a turbo pump backed by a rotary pufhe isolation between two dif-
ferent sections of the beam line is maintained by utilizirgaBline Vacuum Valves, BLV, (5).
lons of required kinetic energy are extracted from an iom@®with applied voltage difference
between the high potential deck and the ground. This difiezes distributed over accelerating
tube (marked as 7) grounded on beam line end. The ion beamufed spot size is focused on
desired location with help of electric quadrupole-trigl@il, 9) whereas magnetic steerer (10)
steers the beam on sample surface. Distribution of ions eatiglved in two perpendicular (x-
and y-) directions using a Beam Profile Monitor (BPM, 14). demy cup and double slit (15)
are respectively used for stopping the beam (if required)fancontrolling the size of beam
spot. lons are mass analyzed, by applying the required wloagnetic field to the Mass Se-
lection Magnet (17), and focussed, in the shape of a finelairspot, during beam tuning. The
beam is electromagnetically scanned using a beam scar8)do(la homogeneous irradiation.
The ECR facility has been utilized for fabricating Ti@anostructures. Tig0110) single
crystals have been irradiated with 60 keVAons (flux =1.8 x 10** ions/cn¥.sec) from ECR.

Irradiations were done for many ion fluences at room tempezat

Atom beam sputtering technique :

Fig. 2.2 shows the schematic diagram of Atom Beam Source JAB®RJAC, New Delhi. Dur-
ing operation, the Atom Gun ionizes gaseous atoms in theceaegion and transfers them
towards the sample after accelerating them at high poterfttee gas is directly fed into the
source region which creates large number of positivelygddions during collision with heat-
ing plates. lons produced in the source region are then exetetl towards the accelerating
grid. These ions get neutralized through collisions withitreizer gas atoms via charge ex-

change (in region after accelerating grid) before thekisig sample surface. Atom beam of
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Figure 2.2: Schematic diagram of Atom Beam Source (ABS).

energy 100 eV-1.5 keV can be produced with this source. Thenl®irrent can be controlled
by the gas pressure and acceleration voltage.

A schematic figure of ABS deposition system is shown in fig. Z:Bis system has been
utilized for fabricating ZnO nanostructures by atom beamttgping technique. ZnO(0001)
single crystals were irradiated using 1.5 keV neutral Amabeam at room temperature under
a vacuum of7 x 10~7 Torr. An ion fluence of 1.210'7 ions cnt2 and a flux of Z 10 ions

cm?. s~ were used.

2.1.2 Hydrothermal Growth Method :

The hydrothermal technique is a popular solution-basedhsgis method which has been
widely utilized for the synthesis of various transition @leixide nanostructures with desired
size and morphology. It offers the synthesis of high qual@yo-materials owing to its rela-

tively lower crystallization temperature, controllab&saction conditions, slower growth rates
etc. Several other controllable reaction parameters blodieg rate, pressure, mineralizer solu-
tion, length of reaction, and stoichiometry of reactanbglsovide better control on optimiza-
tion of good quality nano crystal growth [4,5]. The nano tajs obtained by this growth

method, have relatively less thermal strain and defectifecempared to other NS, grown by

traditional methods. This is important for designing andtegsis of new materials for many
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Figure 2.3: Schematic diagram of ABS deposition system.

applications.

A typical hydrothermal process requires the source of retations, whose oxide phase
is to be grown, and precipitants which work together andadtine whole reaction during the
growth [6]. The typical hydrothermal synthesis is condddte a sealed reaction container,
reactor, with water as a medium for reaction. Reactions bhogved to proceed usually at
temperature ok 100°C. A self-developed pressure increases with the reactimpeeature.
This pressure in the reactor is also sensitive to other petemsilike the percentage fill of the
vessel and the concentration of dissolved salts [4, 6]. bly@rmal method requires simple
reaction equipment like an oven and autoclave (reactor)panckss can be easily controlled.
This method can produce metastable phase formation oglitie solubility difference be-
tween the growing phase and that serving as the startingialatBuring metastable growth
by hydrothermal method, the nutrient consists of compouhasare thermodynamically un-
stable under the growth conditions. This leads to formatiometastable phase having higher
solubility compared to the stable growing phase leadinfp¢adissolution of metastable phase

and crystallization of stable phase.
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In the present thesis, Ni(Ng and hexamine (HMT) were utilized as a source ofNi
ions and as a precipitant, respectively, for synthesis &f Manostructures. The deposition was

performed at constant temperature of 6@t varying reaction times from 2 to 10 hr.

2.2 Characterization Techniques :
2.2.1 X-ray Photoelectron Spectroscopy (XPS) :

In 1905, Albert Einstein [7] explained photoelectric effeising concepts of quantum nature
of light. Kai Siegbahn and his group at Uppsala University€8en), in 1954, demonstrated
the potential of XPS as powerful surface sensitive techaniqu revealing oxidation states and
guantification of elemental distribution in any materia) 98 The unique ability of XPS to
identify the chemical states of atoms, as a function of depidkes it an invaluable tool for
understanding the elemental composition and chemicakictiens.

Photoemission can be described as a photon in and electtgmrazess. In XPS, when
X-ray photons strike a surface, in vacuum, electrons in tmrel can get excited and produce
photoelectrons. These photoelectrons are energy anadywedrovide information on density
of state (DOS) of the sample. The schematic of XPS proces®wrsin fig. 2.4 and fig. 2.5(a)
presents the experimental setup for XPS. The X-ray souraalisal Mg-Al anode. X-rays on
bombarding the sample produce photoelectrons which amgea@alyzed by Hemispherical
Analyzer and are counted or detected by the Channeltronvshofigure 2.5(a)).

The kinetic energy of the photoelectrong Fof the photoemitted electron is given by the

following relation:

EK:hV— ‘EB| —9255 (21)

where lv, ¢, and E; are the photon energy, spectrometer work function and bindnergy
of an electron in a specific level, respectively. As specttmnand sample Fermi surfaces are
at the same energy level during the measurements, thekerergy of the emitted electrons
depends only on the spectrometer work function (fig. 2.5(b))

XPS is a extremely surface sensitive technique. Though th@y>photons can penetrate
up to few micrometer within any material, elastically seett electrons are from only top few

nanometers due to small inelastic mean free path (IMFP)ewftgins. The detection limit of
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Figure 2.4: Pictorial representation of core level X-rapaelectron emission process.
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XPS for many elements is in the range of parts per million (ppithis, however, requires
special conditions like good concentration in the top sigflayers and long collection times.

(a) Hemispherical (b)
Electron Analyzer
T A -
E KE
X-ray source hV — 1  E vac
E vac
(pspectrometer
(psample
— Sample E BE
= P Channeltron \/
Grounded

Figure 2.5: (a) Process of the photoelectron emission viayxsurface interaction and its
detection by channeltron, and (b) schematic diagram tawat@lkhe kinetic energy,;E of the

electron inside the atom.
The signal intensity, 4, of photoelectrons derived from particular atoms, A, of deral

at depth x is given by [10],
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I4(0,2) = FSANA(x)ea:p<)\C_Oze> (2.2)

here, F, Q, N4 and \ are the transmission function, relative sensitivity factmncentration

of atoms A and IMFP of electrons from atom A.is the electron emission angle measured
from the surface normal. If soméypes of atoms exist in the sample then the measured atomic
concentration of element A, at emission angjis given by,

X4(0) = 1a(0)/54 (2.3)

> L(0)/S]
where, the term Sis atomic sensitivity factor of'i element and_, is the summation over
all elements. Angle resolved XPS (ARXPS) spectra, thusiodth at various photoelectron
emission anglesfj can provide depth dependent information. Here, large gomnsangles
supply surface sensitive information (within top féy and low emission angles give results
from surface to about 1 nm below. This characteristic behavarises due to the exponential
dependence of XPS signal on sample depth. The surfaceiginsit ARXPS is a result of
shorter attenuation length of electrons from sample. Tia very powerful technique for
understanding depth dependent chemical state identificati elements present in sample,
along with information on the local bonding nature of atomd density of state (DOS).

In the present thesis, XPS system from VG has been used. Tienatic diagram of the
system setup is shown in fig. 2.6. The main system operates uhdV with a base pressure of
1x10-! Torr. The load lock chamber has a base pressurex@D1® Torr and is equipped with
an Ar ion gun. For maintaining UHV, system is equipped withi@m pump, turbo molecular
pump and rotary pump. The XPS system consists of a dual anogeévg-Al, a hemispherical
analyzer, and a channeltron unit. X-rays of energies 1238f6r Mg-Ka and 1486.6 eV for
Al-K o can be generated using dual anode gun. For any new sampley swmans of around
1-1000 eV are first acquired by operating the analyzer witspgnergy o~200 eV. After
identifying the Regions of Interest (ROI) in survey scamghhresolution scans witk20 eV
pass energy are obtained for all ROI. The instrumental uéisol of the setup is 0.9 eV. The
XPS signal has been collected at various emission an@)e$-0r background subtraction of
XPS data, Shirley background has been used. Binding energgations have been done by
using adventitious Carbon 1s peak at position of 284.6 e¥ Y&X-900 software has been

used for analysis and peak fitting of XPS data.
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Figure 2.6: XPS system at IOP

2.2.2 Scanning Probe Microscopy (SPM) :

Scanning probe microscopy (SPM) consists of various momeg technique which provide
variety of surface information through scanning of a phgksmrobe on the sample surface.
Scanning probe microscopes can image several surfacerpespand related interactions si-
multaneously in real space. Depending on the property baseagsured, various techniques and
modes of SPM have been developed. G. Binnig and H. Rohretapmakfirst Scanning Probe
Microscope (SPM), in 1980, also known as Scanning TunrgeNincroscope (STM) [11,12].
STM is based on the principle of qguantum mechanical tummgiihenomena. In STM, elec-
trons tunnel through the vacuum gap between the conductifigee and conducting tip, gener-
ating a tunnelling current when a small bias is applied. BjnQuate and Gerber later invented
atomic force microscope (AFM) [13] which has become a vernygrul technique, measur-
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ing forces between the atoms of the scanning tip and surfaderoeath. This technique of
measuring forces does not require presence of conductifgceuand can be utilized on any
surface leading to many new developments in the field of SPBhdwith obtaining high reso-
lution surface topography (by AFM or STM) many other surfaxfermation on magnetism (by
Magnetic Force microscopy or MFM), conductivity (by tunlived atomic force microscopy or
TUNA, conducting AFM or CAFM) electrical (by Electrical Fog microscopy or EFM), fric-
tion (frictional force microscopy), electrochemistry etan be obtained from same SPM setup
by making few minor modifications of tips and sometime in st unit.

In AFM, topographic information of the surface is colleclsdscanning a sharp tip, mounted
at the end of a cantilever, over the surface. A tip is typycalhde of silicon or silicon nitride.
The tip radius can be 10-50 nm and is attached to a 1004#200ng cantilever. The silicon
tip is used for the non-contact mode (attractive forces)gimgwhereas silicon nitride tip is
more suitable for contact mode (repulsive mode) imagingekie tip is brought in proxim-
ity to a sample surface, the measured forces between thadigample surface generate the
topographic image of the sample. The forces measured in AleNhachanical contact force,
Van-der Waals forces, capillary forces, chemical bondetegtrostatic forces, magnetic forces,
Casimir forces, solvation forces etc.

The main parts of AFM are its head, scanner and base as shdiign 7. Also shown
in the figure are positions for laser, photo diode and the diddr on the head. All electronic
adjustments get displayed in Base (fig. 2.7). The sampleissd in X, y directions under the
AFM tip by piezoelectric translators made of Lead Zirconititanate (PZT). During imaging,

a constant deflection (contact mode) or oscillatory amgét(tapping mode) of the cantilever
is maintained by feedback loop. Forces, acting betweenttitasaof the tip and the atoms of
sample surface, lead to deflection of the cantilever. Thégplibiode measures these deflections
by detecting the reflection of laser light from the cantilevEhe scheme used during surface
imaging is shown in fig. 2.8.

Short range repulsive and long range, van-der Waals typ@ctve interactions are the
most important forces between atoms of the tip and the stigfad are shown in fig. 2.9 through

force-distance curve. The inter-atomic Lennard-Jona=fé(r) can be expressed as :

A B

where, A and B are constant parameters whereas r is the #eparatween tip and the
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Figure 2.7: AFM system at IOP

sample surface. The probe predominantly experiences pladsiee forces when it is in contact
with the sample (contact mode). The attractive forces dtartinating as the tip moves away
from the surface (non-contact mode). Out of these two, vigty tesolution imaging of the sur-

faces can be obtained by the varying repulsive inter-atdonce. Long range attractive forces
greatly influence the motion of the tip, by pulling it towartte sample surface, resulting in

generation of noise in the image. Depending on the naturetefactions between the atoms
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Figure 2.8: Operation of AFM

of the tip and the surface, there are three modes of openasiethin AFM. They are described

below:

Different modes of AFM :

I. Contact mode operation :

In contact mode, the tip is in direct contact with the surfaed force acting between the atoms
of tip and the sample is counter balanced by the elastic foreduced by the deflected can-
tilever, according to Hooke’s law F= -kz where k and z arergpdonstant and deflection of the

cantilever, respectively. The relatively small stiffneshe cantilever, used in contact mode,
allows one to image the surface topography with high setitsitiThe system can be operated
under constant height mode or constant force mode. In cons¢égght mode, the typical sep-

aration between the tip and the samplei®.5 nm. In constant force mode, the motion of the
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Figure 2.9: Force Displacement curve (F-r) for two atoms

scanner along z-direction is recorded for constant camtildeflection. The drawback here is
the lateral force exerted on the sample can be quite higls ddm result in sample damage or
the movement of relatively loosely attached objects. Tioeee this mode is more suitable for

hard materials.

ii. Non-contact mode operation :
In non-contact mode, the tip does not make any physical conti#gh the sample surface. The
cantilever oscillates with a resonant frequency where thplitude of oscillation is typically
a few nanometers<( 10 nm) down to a few picometers. The oscillation amplitudéefcan-
tilever is influenced by the long range Van der Waals forcésclvare strongest from 1 to 10
nm above the surface. This change in resonant frequencyinechiwith the feedback loop
system maintains a constant oscillation amplitude or feegy by adjusting the average tip-
to-sample distance. The measured tip-to-sample distaneach (x, y) data point is used to

construct the topographic image of sample surface.
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lii. Tapping mode operation :

In tapping mode, the cantilever is driven to oscillate up dodn at near its resonance fre-
quency similar to the non-contact mode. However, the aogiitof this oscillation is larger
than 10 nm, typically 100 to 200 nm. When the tip approachestinface, the forces (like Van
der Waals, dipole-dipole, electrostatic etc.) betweenatioens of tip and sample can change
the vibration amplitude of the cantilever. Here, the swefecscanned at constant reduction of
the oscillation amplitude instead of constant deflectioantt, there is no mechanical contact
between the tip and the surface during the scan. The amelisdd for the feedback and the
vertical adjustments of the piezoscanner are recorded aghathmage.

In the present thesis, surface morphology investigatians been performed by using mul-
timode AFM (fig. 2.7), with Nanoscope llla (with quadratuesid V controllers, from Bruker.
All the 2d and 3d morphology images reported here are aajuireapping mode. Tunnelling
AFM (TUNA) or Conducting Atomic Force Microscopy (CAFM) h&gen utilized for mea-
suring |-V properties of the surface and nanostructuresalysis has been performed with

Nanoscope software.

2.2.3 UV-VIS Spectroscopy :

When radiation passes through matter, various processa®flection, scattering, absorbance,
fluorescence/phosphorescence, photochemical reactorcanh take place. The absorbance
of light or photon by matter can increase the total energyerdrof the molecules or atoms.
This provides important information about absorbing nawirthe material. Investigations in
Ultra- violet (UV) and Visible (Vis) regions of the energyesgrum are especially useful while
understanding wideband gap materials which exhibit iistérg properties in this energy range.
The total energy of the molecules is given by:

Etotar = Eeiectronic ¥ Eviprational + Erotational
And the energy difference among the different states arearotder
FEeectronic > Eviprational > Frotational
When the energy of incident photon is enough to cause transibetween the different elec-
tronic energy levels, then an electron transits from a logregrgy level to a higher energy
level.

In the case of atoms, these transitions produce very natvearbance bands at wavelengths
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Figure 2.10: Generalised molecular orbital energy levajthm and different possible transi-
tions.

highly characteristic of the difference in energy levelstlod absorbing species. However,
for molecules, the bands are broadened due to the supeiitiopasf many vibrational and
rotational energy levels on the electronic energy levels.

The absorption of light by a sample in the ultraviolet or bisiregion is accompanied by
the changes in electronic states of the molecules. Thegsapplied by the light will promote
electrons from their ground state orbitals to the highergynexcited state orbitals or anti-
bonding orbitals. Three types of ground state bonding aldbinay involve in the electronic
transitions:o bonding orbitalsy bonding orbitals and non bonding (n) orbitals (see fig. 2.10)
In addition two anti-bonding orbitals;* orbitals andr* orbitals, are also involved in the transi-
tion. The different types of allowed transitions betweendiog and anti-bonding orbitals are

as follows:

e 0 to o*: An electron in a bonding orbital is excited to the corresponding anti-bonding
orbital. This type of transitions require large energy dmeréfore occur in the far ultraviolet
region and not in typical UV-Visible region (200-700 nm). Asesult electrons involved in
this type of transitions generally absorb UV light, with leswvavelength, and these are rare

transitions.
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e ntoo™* : An electron in a non-bonding (n) orbital is excited to thé-dondings™ orbital.
This type of transitions usually need less energy comparedd «* transitions. They can be
initiated by photons whose wavelength is in the range of 1580-nm. Saturated compounds

containing atoms with lone pairs (non-bonding electromas) show this type of transitions.

entor* andr to m* : As these type of transitions fall into an experimentallynaenient
region of the spectrum (200 - 700 nm, UV-Visible), most apton spectroscopy of organic
compounds is based on nt6 andx to 7* transitions. These transitions occur in the molecules
with unsaturated centers. They require less energy compareto oc* and n tos* transitions

and occur at longer wavelength.

The absorption spectra help to determine the electronjoguty of the material. The wave-
length at maximum absorption can provide the informatigarding the electronic structure
of the material. According to Beer’s Law, the absorbancersctly proportional to the path

length,l, and the concentration, c, of the absorbing species [14d]isagiven by,

A=clc=al (2.5)

wheree is a constant of proportionality, called the molar abserttior molar extinction coef-
ficient anda is absorption coefficient. Using absorbance (A) and Beaviswe can determine
either the concentration of a sample if the molar extinctoeafficient is known, or the molar
absorptivity, if the concentration is known.

Assume that radiation of intensity, Is incident on a solid sample, a portion of this radiation
gets absorbed in the sample, and intendity,of radiation is transmitted through the solid.
Then, the amount of radiation absorbed in sample can be mezhsu his absorbance (A)
depends on the transmittance (T) or the percent transro&té¥T) of radiation through the
sample as :

A =log;T or A= 2 - 10g;o(%T).
where T = /I, and %T =100 T.

Measurement of the Electronic Bandgap of Semiconducting Mrials :

In semiconductors, there is a finite energy difference beitwtep of the valence band and
bottom of the conduction band, known as bandgap energypfthe material. This is the

minimum energy required for an electron excitation fromttpeof valence band to the bottom
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Figure 2.11: A typical UV-Vis spectra (a) and correspondiagc plot (b) for ZnS nanoparti-
cles with E=4.22 eV [15].

of the conduction band [16]. If the energy of the incidentiasidn (photon), kv, is higher
than E, then electronic transition takes place from valance bandotwluction band and a
sharp absorption profile is observed. Absorption remaighk for photon energies higher than
E,. However, for energy less than,Bhe absorption will be small, or absent. Therefore, the
material displays a sharp increase of absorption ngaf s gets manifested as an absorption
edge (or reflection threshold) in the UV-Vis absorbance spet

A typical absorbance spectrum, e.g. for ZnS nanopartielgls,a bandgap energy of4.22
eV is presented in fig. 2.11(a) [15]. Here, absorption edgebeaseen near the wavelength of
294 nm. E can be calculated from this spectrum by utilizing Tauc eiguefl 7]:

ahv = A(hv — E,)" (2.6)

where,« and A are the absorption coefficient of the material, and &teon, respectively.:h

is the incident radiation energy. Exponemtlenotes the nature of transitions and takes the
following values [18]:,

e n = 1/2 for direct allowed transitions

e n= 3/2 for direct forbidden transitions
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Figure 2.12: UV-Vis spectroscopy setup.

e n= 2 for indirect allowed transitions
e n= 3 for indirect forbidden transitions.

A Tauc plot is a convenient way of displaying the optical apton spectrum of a material
[17]. Here, the quantityhis plotted on abscissa andl{)'/" on the ordinate. The Tauc plot
in 2.11(b), obtained by utilizing absorbance spectrum di @) [15], displays a distinct linear
regime which denotes the onset of absorption. Extrapgdhis linear region to the abscissa
provides the energy of the optical band gap of the mater&l i, of 4.22 eV for ZnS).

In the present thesis, Shimadzu UV-Vis Spectrophotomedsrwtilized to perform the ab-
sorbance measurements. In a double beam spectrometemaspétier splits the radiation,
coming from the monochromator, into two beams which aregzassnultaneously through the
reference and the sample cell. The transmitted radiatioletected by the detectors and the
difference in the signal, at all wavelengths, is suitablyéfied and detected. The schematic of

the spectrophotometer is shown in fig. 2.12. The set up asrdiswvo light sources. Deuterium
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arc discharge lamp is capable of generating high interediation in the UV region{190-380
nm range) and tungsten-halogen lamp, can emit radiatidmeivisible range~380-900 nm).
During scanning, between the UV and visible regions, thepkaget swapped automatically by
the system. A SiQcoated reflecting optical system with holographic gratir@pochromator
(1440 Lines/mm UV/Vis blazed at 240 nm) disperses the reguiravelength from continuous
light source. The spectral bandpass is then determinedéyntinochromator slit width or
by the array-element width in array-detector spectromset8pectrometer designs and optical
components are optimized to reject stray light, which is ohthe limiting factors in quanti-
tative absorbance measurements. The detector is the pbltigrar tube which show good
efficiency in the full UV/Vis range. The maximum resolutianthe measurement offered by

this system i< 0.17 nm.

2.2.4 X-ray Diffraction(XRD) :

@)

Wavelength,

Bragg angle 9
[ ] [ [ ]

A= 2d sin@
Bragg’s Law

Figure 2.13: (a) Bragg's reflection in single crystal andXkay diffractometer setup.

X-Ray Diffraction (XRD) is a powerful analytical techniquéhich is extensively used for
identification of crystalline material, analysis of its tinell dimensions and its phase deter-
mination.The method is based on the principle of Braggs Ldnclvstates that constructive
interference takes place whenever the differences in takgath length, travelled by the inci-

dent photon, is equal to an integral multiple of incident elamgth [19], i.e.

41



nA = 2dsinf (2.7)

where ) is the wavelength of the incident photahjs the incident angle as shown in figure
(fig. 2.13(a)), n is an integer ardlis the inter-planar spacing of the crystalline sample. De-
tection of diffracted X-rays, after interaction of incidexrrays with sample, is performed by
X-ray detector. The process is repeated as the sample isestd@inrough a range ofY2an-
gles. This allows for the production of all possible difftiaa directions (or diffraction pattern)
of the crystalline sample, due to its interaction with irentl X-rays (of specific wavelength
A). For identification of the crystal or its specific phase, diferaction peaks are converted to
respective d-spacing and compared with standard refecatae

In this thesis, an X-ray diffractometer from Bruker has baglized for performing XRD
measurements. X-ray diffractometer primarily consisthode basic parts which are an X-ray
source, a goniometer, and an X-ray detector. The sourcede®Cuka X-rays (>\:1.5415fci)
which are collimated and directed onto the sample. The gagrakan X-ray diffractometer is
such that the sample rotates by an aghéhile the X-ray detector rotates at an angle 6f 2
goniometer is used to maintain the angle and rotate the sarmpk sample rotates in the path
of the collimated X-ray beam at an angleThe X-ray detector is mounted on an arm to collect
the diffracted X-rays and rotate at an angle 6f(f2g. 2.13(b)). The intensity of the diffracted
X-rays (from sample) is recorded as the sample and the odetaet rotated. Constructive in-
terference occurs whenever the geometry of the incideratys-impinging the sample satisfies
the Bragg condition. This condition produces a peak in isitgrprofile related to the specific
lattice spacing, d, in the crystal. Detector processesigmabkto produce a count rate which is
then output to a computer. The specific peak positions andrélative intensity provide the

characteristic designation of the crystal structure ofsiduaple.

2.2.5 Photoluminescence(PL) Spectroscopy :

Photoluminescence (PL) is light emission from any matdrygbhoto-excitation, after the ab-

sorption of photons. During photo-excitation, some stgespopulated and subsequently,
many relaxation processes occur in which other (than ebanitanergy) photons are re-radiated.
Time periods between absorption and emission process mdrgan range from femtoseconds

to milliseconds. A feature in the PL spectrum provides infation on the transition energy
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that gets utilized for populating the excited state. The Pectroscopy is a powerful non-
destructive technique for material characterization dsagdor measuring the purity and crys-
talline quality of semiconductors. It is also extensivetifized for estimating the amount of
disorder present in a semiconductor. During a typical PLeexpent on a semiconductor, it
is excited with photons of energy larger than the bandgapeftaterial. Subsequently, upon
the absorption of photons, electrons and holes respegtieticreated, with finite momenta, in
the conduction and valence bands. Finally, with energy aochemtum relaxation towards the
band gap minimum, PL is observed when electrons and holesit@ae. In the present thesis,
Horiba Jobin-Yvon system, with He-Cd laser (325 nm) as ait&kan source, has been used

for the PL measurements at room temperature.

2.2.6 Superconducting quantum interference device (SQUID.

A superconducting quantum interference device (SQUID)Msrg high sensitive magnetome-
ter used to measure extremely subtle magnetic fields, bassdperconducting loops contain-
ing Josephson junctions.
The entire SQUID instrument consists of six basic compaient
. Temperature Control system.
. Magnetic field control system.
. Motion control system.
. SQUID detection system.

. Chamber atmosphere control system.

o o A W N B

. Cryogen monitoring system.

Liquid helium is required for the operation of SQUID. Liguiélium cools the supercon-
ducting solenoid (magnet) providing magnetic field to th&tnmment and its associated com-
ponents like superconducting electrical leads, quick@witc. Liquid helium also cools the
superconducting quantum interference as well as the miagsteeld and detection coils, in-
ductively coupled to the SQUID. The superconducting quanititerference provides the in-
strument’s sensitivity to magnetic moments. The sampbjéd in the sample chamber, gets
cooled to 1.8 K via drawing the cold helium gas in the spaceosuding the chamber, by
means of vacuum pumps.

The vertical magnetic field in the SQUID VSM is generated by@esconducting Niobium

43



QUID

Cryogenic Insert SQUID Head Control Module
Inte— I—
grator
: . ﬁ } DSP
Detection Coils
L OSCi— B
llator

Magnetic Field

Flux Transformer o J_- g

[

I/P Circuit

Heaters -—

Figure 2.14: Example of SQUID detection diagram.

Titanium (NbTi) solenoid. Current is supplied by the magrattroller via a set of permanent
current leads. The motion control system moves the sampkenthe detection coils with the
help of VSM motor. A precision optical encoder reads the gmsiof motor armature, with
an accuracy of 0.01 mm, and fed to the motor control moduleiarzdfeedback loop. This
provides precise sample positioning and vibration.

The SQUID detection system is composed of following subsuffiig. 2.14):
1. A set of superconducting detection coils, inductively@ed to a magnetically-shielded
SQUID
2. A SQUID head that biases the SQUID, provides feedbackalband signal amplification.
3. A CAN-based SQUID control module with a digital signal pegsor (DSP) which performs
synchronous AC detection.

In the standard measurement, the instrument positionsatin@le at the center of the de-

tection coil set, where the SQUID signal peaks. The samjeates at 14 Hz frequency and
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Figure 2.15: Example magnetisation loop for ferromagnatiterial.

generates a 28 Hz SQUID signal (magnetic moment) at the toghe SQUID control module.

The magnetic properties of a material can be analysed frermignetic field vs moment
measurements. For this purpose, the magnetic field is sdaam corresponding magnetic
moment detected by the SQUID is recorded in the form of a M-WeuAll ferromagnetic ma-
terials exhibit magnetic hysteresis loop, when subjeaehtexternal magnetic field. Fig. 2.15
shows the typical hysteresis loop obtained by a ferromaghetthe external field increases,
the magnetization of the sample also increase till it reaeh®aturation value, called saturation
magnetisation (M). Thereafter, even if the field is completely removed, thraga still retains
some of its magnetization, known as remanence gr Mthe external field is now reversed,
the magnetization slowly drops, until it is completely dgmetized, at a value for the external
field corresponding to the coercive field or coercivity-(H

The magnetic measurements reported in the thesis have bdemped on Quantum design
SQUID VSM [20]. The instrument was operated in a temperatange of 2 K to 300 K and a
magnetic field range of -70 to +70 kOe. The sensitivity of thetiument is 10° emu.
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2.2.7 Transmission Electron Microscopy (TEM) :

The transmission electron microscopy (TEM) is a powerfahteque allowing imaging with
chemical specificity of crystalline nanomaterials withrato resolution. Investigations of crys-
tal structures, orientations, estimates of chemical cattipos of constituent phases, formation
of alloys etc. are routinely performed. Methods of analysttude diffraction pattern analysis,
atomic contrast imaging, X-ray emission, electron-enéogg spectroscopy etc. In the micro-
scope, a high energy beam of electrons is transmitted thrangiltra thin,~50 to~100 nm,
specimen. The electrons interact with the specimen and agens formed from this inter-
action. This image can be focussed and magnified severalsoofienagnitude. The higher
resolution in TEM compared to optical microscope is due &dmaller de Brogile wavelength
of electrons compared to visible light.

In the present thesis, high resolution transmission eaciicroscopy (HRTEM) from
JEOL has been used. The system is equipped with @ e&#gtron gun. System has a point-to-
point resolution of 0.19 nm, and a lattice resolution of Onbd with 200 keV electron energy.
Nanostructures studied here, were first dispersed in aeedod then put on the amorphous

carbon-coated copper grid. The images were recorded uskigibccd camera.

2.2.8 Field Emission Scanning Electron Microscopy (SEM) :

A Field Emission Scanning Electron Microscope (FESEM) esis®f an electron gun and a de-
magnification system, fitted inside an electron column. Tér@ajnification system, equipped
with electromagnetic lenses focuses a beam of electronsxamameter size on the sample.
Electron and x-ray detectors are also mounted inside th@lsachamber. A computer inter-
face is used to couple the detectors to display highly maghifnage of the surface. During
imaging, the energetic electrons undergo series of elastienelastic scattering events inside a
material. These interactions produce different sign&isiiackscattered electrons, characteris-
tic x-rays, secondary electron etc. The secondary elestiomused for topographical imaging
with high contrast and better resolution whereas x-rayaignused for the energy dispersive
analysis.

In the present thesis, a Carl Zeiss-make FESEM microscoped&chottky thermal field

emitter electron source, with a probe current up to 100 nA acekleration voltages from
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0.02 to 30 kV was used. This electron source offers reseolataf 1.2 and 2.2 nm at accel-
eration voltages of 15kV and 1.0kV, respectively. The sys&temagnification is in the range
10-100,000 times, and produces three dimensional imadedurface morphology. The sys-
tem is also equipped with 5-axis motion stage : X: 0 to 125mn@ 86 125mm, Z: 0 to 50mm,
rotation up to 360and tilt from -10 to 90°.

2.3 Metal Oxides: Crystal structure and properties

Distinctive feature of metal oxides compared to their cgpanding metals is the high degree
of ionic bonding in oxides. In an ideal ionic crystal, contpleharge transfer between adjacent
atoms leads to stable configurations. Cations and aniams pitoduced, induce strong electro-
static interaction among the ions. These forces are longe@, having 1/r dependence, which
allow the ions to interact beyond the nearest neighboursa. drystal, the ions are arranged in
a fashion that they maximize the contact with oppositelygbd and minimize repulsion with
the similarly charged. Thus, the crystal structure is aeteed by the coordination number and
the relative sizes of the involved species [21-23]. Thetahgsructure of metal oxides is highly
sensitive to changes in the environment, like presencefettie which give rise to significant
modifications in both, bulk and surface [24—-26]. Oxygen vagais the most studied point
defect on metal oxide surfaces. Removal of a neutral oxygen &ads to creation of oxygen
vacancy [25, 26] which can in principle reduce the coordarabf the surrounding cations by
donating one or more electrons to it. These electrons campydhe vacancy site or can pop-
ulate the metallic electron levels of surrounding unsaéaranetal atoms [21]. In the present
thesis, rutile TiQ (110) and wurtzite ZnO (0001) single crystals, commergiallrchased from
MaTeck have been investigated. Studies of hydrothermatiwg NiO nanostructures are also

presented.

2.3.1 Titania (TiO,) :

Titanium is the ninth most abundant element in the Earthst@siit is present in many silicate
and oxide minerals, but in small percentage. However, bilk Toes not exist in the nature

[27,28]. Titanium dioxide displays wide range of promisprgperties including high refractive
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index, durability, strength, chemically inert nature, dsmmpatibility, non-toxicity etc. These
properties enhance its utilization in many applicatior@uding heterogeneous catalysis [29—
32], photocatalyst [33] for waste water treatment [34], iocompatible implants [35, 36], in
solar cells for the production of hydrogen and electricargy [33, 37], gas sensor [21, 38],
as an optical coating [39], etc. Sterilisation of surfacgdy irradiation, which remain so
for long time after irradiation, renders it exceptional o related and medical applications
[34, 40]. Titanium dioxide is also widely used as sunbloclkuimscreen creams, as it scatters

the light without irritating the skin [41], and for cleanimgy in space [42].

Figure 2.16: Crystal structures of TiO(a) rutile, (b) anatase and (c) brookite. Grey (big) and
yellow (small) spheres represent the oxygen and titaniwmst respectively ( from ref [43]).

Titanium dioxide mainly exists in three polymorph phasedsciwhare rutile (tetragonal,
fig. 2.16(a)), anatase (tetragonal, fig. 2.16(b)) and btedfarthorhombic, fig. 2.16(c)) [44].
Out of all these phases, rutile and anatase have been witlelied for their photo-activity
[29-33, 44]. Variations in their phases can be understoddrins of octahedral (Ti§) dif-
fering by the distortion and connectivity of the octahediahins. Navrotsky et al. [45] had
reported the stability of the different Tikrystal structures in the following order: rutite
brookite (+0.7 kmoi!) [46] > anatase (+2.6 kJmol) [47] with an error of+= 0.4 k J mof™.

The crystal structures for all the three phases o, B shown in fig. 2.16. Their respective
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crystal parameters and physical characteristic are preg@mtable 2.1.

Table 2.1: Lattice parameters of THO

Rutile Anatase Brookite
([48,49)]) ([49-51)) ([49-51)
z° 2 4 8
a(A) 4.587 3.781 9.174
b(A) 4.587 3.781 5.449
c(A) 2.954 9.515 5.138
\Volumé 31.21 33.98 32.17
Formula Wt. 79.89 79.89 79.89
Crys. System Tetragonal Tetragonal Orthorhombic
Point Group 4/mmm 4/mmm mmm
Space Group P4Amnm 14, /amd Pbca
Bandgap (eV) 3.2 3 2.96
a, b, c are the lattice parameters of the unit cell
@ Z is the number of asymmetric units in the unit cell
b \olume is in A3 per TiO, formula unit.

2.3.2 Zinc Oxide (ZnO) :

Zinc Oxide (ZnO) is a wide-bandgap semiconductor of grougllllt is n-type due to the
native doping of oxygen vacancies or zinc interstitialg [2ZhO has many exciting properties
like good transparency, high electron mobility, wide baag@nd strong room-temperature
luminescence, etc. As a result, it can be used in variety plicgions related to transparent
electrodes in liquid crystal display, energy-saving orth@atecting windows, in electronics as
thin-film transistors and light-emitting diodes, etc. Zmade mainly crystallizes in two forms,
hexagonal wurtzite [53] and cubic zincblende structurdee Wurtzite is most commonly found
structure as it is stable at ambient conditions. The Zinutdeform is achieved by growing
ZnO on substrates having cubic lattice structure. In boiegathe zinc and oxide centers are
tetrahedral, the most characteristic geometry for ZnRO converts to the rocksalt structure
at relatively high pressures of about 10 GPa [52]. The ingyarstructure parameters of ZnO

are presented in Table 2.2. Unit cell structures for ZnO hosvs in fig. 2.17.
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Figure 2.17: Crystal structures of ZnO :(a) cubic rockdajtqubic zinc

blende and (c) hexag-

onal wurtzite. Shaded gray and black spheres denote O andofrsarespectively. (from

ref [54])
Table 2.2: Lattice parameters of ZnO crystal
Wurtzite Rockslat Zinc Blende
([54,55]) ([54,55]) ([54,55])
a(A) 3.258 4.271 4.62
b(A) 3.258 3.258 3.258
c(A) 5.220 3.258 3.258
\Volume* 23.81 19.60 24.551
Crys. System Hexagonal Cubic Cubic
Point Group 6mm 4/m -32/m 43m
Space Group P63mc Fm3m 4Fm
Bandgap (eV) 3.4 4.27 2.7
a, b, c are the lattice parameters of the unit cell
@ \lolume is in A3 per ZnO formula unit.

2.3.3 Nickel oxide (NiO) :

Nickel oxide (NiO) is a versatile wide band gap semiconcwgtnaterial. It adopts the NaCl

structure, with octahedral Ni(ll) and®0 sites. The commonly known crystal structure of NiO

is the cubic rock salt structure with lattice spacing of X Inits pure state, NiO is an

insulator, however, due to the defects and"Niacancies NiO displays semi-conductive prop-

erties. It demonstrates a variety of unique optical, magnetemical and electrical properties.
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These enhance its potential for usage in applicationsakatsensors, battery electrode, elec-
trochromic film, magnetic data storage material, ceramitened, catalyst etc [56,57]. Nickel
oxide has Fm3m space group symmetry and bandgap of 4.3 e\ariiteell, cubic rock salt
crystal structure, of NiO is shown in fig. 2.18.

Figure 2.18: Cubic rock salt crystal structure, of NiO. Stdhded and black spheres denote O
and Ni atoms, respectively. (from ref [58])
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Chapter 3

Enhanced anomalous Photo-absorption
from TiO 9 nanostructures

3.1 Introduction:

Titanium dioxide (TiQ) is a wide band gap semiconductor which displays promisioggrties

in a variety of applications like photocatalysis, wateiitsiplg, photovoltaic cells, self-cleaning
surfaces, dye-sensitized solar cells, environmental deatien [1-3] as well as in bioimplants
due to its biocompatible nature [4]. With enormous potémtidngineering and technology,
the performance of Ti@based devices is affected not only by its electronic stmegtbut also
by surface characteristics at nano-scale, as well as nuofilbefects. The bandgap of Tis

in UV regime and for photovoltaic related applications, ahanced absorbance, especially in
the visible regime for increased solar spectrum utilizatimecomes important. Defects, here,
can play a crucial role by controlling the carrier recombimaprocesses [5].

Enormous research efforts are being undertaken for entiguptioto absorbance in TiO
through techniques of doping [6-8], dye sensitization @eell as synthesis into nanocrys-
tals [7] and thin films [10]. Many of these methods involve heal modification of the mate-
rial with organic dyes being chemically unstable and dojaedrporation usually demanding
high temperature treatments for substitutional incorppana Photo-absorption and bandgap
modifications in nanostructured TiQre also currently active areas of research but usually
their fabrication route and formation involve several sg&ffl1]. In this respect, nano- scale
structures, fabricated by ion beam sputtering techniqokd definite promise as the surface
structures can be produced in a single technological steped¥er, with controlled parame-
ters, the surfaces can spontaneously develop self assoibted packed nanostructures and

display a variety of patterns as has been demonstrated enatsurfaces [12—14]. Compe-
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tition between the erosive processes, guided by curvaeperdient sputtering, and diffusion
dominated surface smoothening [15] as well as incompressdture of the solid mass flow
inside amorphous layers [16—19] controls the evolutiormefrianostructures and their patterns
on the surfaces .

This chapter discusses the fabrication of two dimensianaérTiO, nanostructures through
ion beam sputtering of Ti£X110) surfaces. The studies, here, have been performeduas-a f
tion of ion fluence with the surfaces displaying patternsasfostructures. The results show that
the photo- absorption response depends, in a complex fashiothe size of nanostructures.
Contrary to the expectation, not the smallest sized namdsires, but the smallest nanostruc-
tures conjugated with the largest oxygen vacancy statgslayi highest photo- absorbance. The
systematic studies presented here display a compositefnreéaostructure size and oxygen va-
cancies for enhanced photo absorption response accordpaitiiedecreased recombination of
charge carriers. By tuning the parameters to enhance wacagation towards critical concen-
tration, facilitating charge separation process, conmbwvéh small nanostructure size in the
absence of any dopant material, as exhibited here, candesidriificant impact in heteroge-

neous photocatalysis process of Tiiased devices.

3.2 Experimental :

Rutile TiO, single crystals (commercially purchased from MaTecK) Hagen irradiated with
60 keV Ar' ions at an incident angle 6f)°, with respect to surface normal, at room tempera-
ture. The Arion beam, with a flux of 1.810'* ions/cnt-s, was taken from an ECR source. The
TiO, crystals were irradiated at a variety of fluences varyingiffo< 10'° to 5x 10'7ions/cnt.
The surface morphology of the pristine and ion irradiatethigas has been investigated by
Scanning Probe Microscope (SPM), Nanoscope V (from Brukerjapping mode (vertical
and horizontal resolutions are 0.01 nm and 1 nm, respegliv€lore level studies have been
undertaken on a VG X-ray photoelectron Spectroscopy (XFSEm having an instrumental
resolution of 0.9 eV. The XPS system, operated under UHV itiond, has a dual Mg-Al an-
ode and a Hemispherical analyzer. The spectra reportechheesbeen obtained with Mg
radiation at a pass energy of 20 eV. The emission angle ofttboplectrons was kept at 30
with respect to the surface normal. Optical (UV-Vis) absiormpand Photoluminescence (PL)

studies were performed using a Shimadzu Spectrophotosmsdea Horiba Jobin-Yvon system
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(with 325 nm He-Cd laser excitation source), respectively.

3.3 Results and Discussions :

Figure 3.1: SPM images (500 x 500 Anof (a) pristine TiQ(110) and after irradiation with
fluences of (b} x 10%, (c) 1 x 10'6 and (d)1 x 10'7 ions/cn¥.

Evolution of the surface morphology of Ti(110) surfaces, after ion irradiation, is dis-
played in fig. 3.1. Although the pristine sample displays aati surface morphology, it gets
decorated with a large density80 x 10' cm~2) of 2-dimensional nanostructures, having
diameter of~5 nm and height of~0.15 nm, after an irradiation with a fluence ok 50'°
ions/cnt( see fig. 3.1 (b)). At this stage, there are no visible cofi@ia among the nanostruc-
tures. For crystalline substrates, the main effect of timeimopact is to produce adatom and

vacancy clusters [20]. At higher fluences (fig. 3.1 (c, d)dvgh of nanostructures, formation
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of clusters of nanostructures along with the developmesbafe wave like ripple patterns are
observed. Figure 3.2 displays high resolution SPM imaga® fthese surfaces irradiated at
high fluences. These images demonstrate nanostructuresven distinct and well defined

structures at these fluences.
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Figure 3.2: High Resolution SPM images (200 x 200°hin 2-dimensional for TiG(110)
after irradiation with fluences of (a)<110'% and (b) x10'" ions/cnt. 3-dimensional SPM
images (200 x 200 nfy after irradiation with fluences of (c)x110'¢ and (d) 1x10'7 ions/cn¥.
The height distribution for nanostructures after irraidiatwith fluences of (e) £10'° and (f)
1x10'7 ions/cnt.

The regular patterns, during ion beam sputtering, are pedithrough surface instability,
which can be created through the existence of an energyebéoridiffusing atom at the step

edges along with the curvature dependant sputtering. &ogic surface diffusion of adatoms
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Figure 3.3: The lateral diameter distribution of 2-dimemsil nanostructures on Ti(110)
surfaces after irradiation at various fluences. Mean |atgameter,(d), of nanostructures and
respective fluences are indicated.

and vacancies as well as the ion beam related erosion caspmnssble for the nanostructured
patterns observed here. Activation of the terrace diffub@rrier and Ehrlich Schwoebel barrier
may create surface instability [20] leading to ripple fotina. Coarsening of the nanostructures
becomes active through the processes of diffusion. Clusiawvever form by the coalescence
of adatom nanostructures. The diffusion process is alserged by inter-layer mass transport

processes. The lateral- diameter distribution of the 2ds@uactures, on ion- irradiated TiO
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surfaces, is displayed in fig. 3.3. Although the distribntiwoadens with fluence, a consistent
increase in the average lateral diametéy, for nanostructures is observed. Furthermore, these
nanostructures are effectively 2- dimensional in naturé Wieir average heightgh), being
0.15, 0.27, 0.5, 0.9, 4.0 nm for the fluences &fl5'°, 1x10'¢, 5x10%, 1x10'7 and 5<10'7
ions/cnt, respectively. Thus% ratio, for these nanostructures, is observed to be 20-40 at a
the fluences except the highest fluence (6'7 ions/cnt), where this ratio is observed to be

about 7.
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Figure 3.4: UV-Vis absorption spectra are shown for prestinO,(110) as well as after its
irradiation at various fluences. Inset shows the photo- rblas@e measured at two specific
wavelengths, in UV(260 nm) regime)(and Visible(750 nm) regimeX), as a function of ion
fluence (bottom scale) as well as nanostructure size (tdp)sca

Optical absorption spectra from ion irradiated and prestinO, surfaces are shown in

fig. 3.4 and display two absorption band edgg$, and E£2, with the former being related
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to the TiO, bandgap transition [21, 22], from O(2p) derived valencedoanTi(3d) derived
conduction band, and the later to transition due to the oxygeancy states [14, 23]. A sig-
nificant intensification of absorbance, compared to pestisdemonstrated at all the fluences.
Fabrication of 2-dimensional nanostructures, after iauttsping, on the TiQ surfaces, is the
primary reason for this increase [24, 25]. Surprisinglg thaximally absorbing response is
generated byd) ~15 nm () ~0.5 nm) nanostructures created at fluence>of &° ions/cn¥.

The inset of fig. 3.4 shows the variation in the photo-absongntensity, at two different
(representative) energies. For both, UV(260 nm) as welliagoM(750 nm) regimes, an en-
hancement of absorption at all fluences, compared to thenajxan be observed. Although
the behaviour of absorbance is overall similar in both tlggmes, the overall absorbance is
higher in UV region, as expected for TiO

Here, an anomalous fact is also noticed in that the largesirpbon is displayed by the
(d) ~ 15 nm ((h) ~ 0.5 nm) nanostructures created at the fluence>of®° ions/cnt in both
UV as well as Visible(Vis) regimes (see fig. 3.4 and its ins&jnaller nanostructures fabri-
cated at lower fluences would be, conventionally, expeadzbtcandidates to exhibit highest
absorbance due to their higher surface area. Surprisimglyever, the smaller Ti©nanostruc-
tures with(d) of 5 nm((h) ~ 0.15nm) and 10 nm{%) ~ 0.27 nm) , created here, respectively,
at the fluences of 10 and 1x 10'° ions/cnt, display significantly lower photo-absorbance.
With the highest absorption response observed here forstrametures with{d) ~15 nm and
(h) ~ 0.5 nm, results presented here reflect a complex dependencetof @bsorption on the
size of nanostructures.

Core level XPS spectra, of Ti(2p) region, are shown in fig, 306 pristine as well as
ion irradiated TiQ surfaces. For the pristine surface, two prominent featuepsesenting
the Ti2p;» and Ti2p, states are observed at 458.4 and 464.1 eV, respectively3(§i(n)).
Both these components are associated with the Jtate of the pristine sample. In the lower
binding energy regions of each of these features, two vegkWé ™ and TF* components,
representing the existence of very small traces of oxygean@es on the pristine TiGurface,
are observed (see fig. 3.5(a)). The intensities of both tfezgtares, Tit and T¢*, however
become appreciable at higher fluences, suggesting creaitisignificant oxygen vacancies
with the formation of species like JO5; and TiO [26, 27].

The ion sputtering of the multi-component surface, as dised in our earlier studies [4,14,

28], can cause preferential sputtering of Ti€urface and formation of oxygen vacancy, with
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Figure 3.5: XPS of Ti(2p) core level for pristine Ti(210) as well as after ion irradiation at
various fluences. Peak fitted components fdr TTi** and T+ states are also shown.

the two associated electrons getting transferred to theyeBgp orbitals of the neighboring
Ti atom forming two T#* sites. Ti-rich zones, thus formed, can promote nucleatfoseti

assembled nanodots; in a fashion similar to the scenarsepted for the creation of In -rich
nano clusters on InP surfaces after ion irradiation [12, 29hotoelectron intensity in XPS

exhibits an exponentially decaying behaviour as a funatfatepth and for the kinetic energies

63



of relevance, here, the mean free path for the photo-elegfforobing depth) is about 1 nm.
With (h) of nanostructures being 1nm for most of the fluences, XPS results here can be
attributed to be from the nanostructures. For the tallesig2wstructure((:) ~ 4nm) created at

the fluence of %10'7 ions/cnt, also, the XPS signal is predominantly from the nanostrectu
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Figure 3.6: Intensity ratio of O(2p) to Ti(2p) states is sincag a function of ion fluence. Inset
displays the intensity ratio of Ti to Ti** states as well as intensity ratio off T#Ti?* to Ti*+
states as a function of ion fluence.

Figure 3.6 displays the ratio of the total oxygen to Ti spgeae the pristine as well as ion
irradiated TiQ surfaces. A drastic decrease in the (O/Ti) ratio up to thenfieeof 5<10'°
ions/cnt is accompanied by a saturation at higher fluences. Remarlhlyiing this saturation
regime, the nanostructures are continuing to grow (fig.333)- This growth, however, is not
accompanied by any further creation of oxygen vacanci€s)Vihich appear to also saturate
at 5x10'6 jons/cnt. The inset of fig. 3.6 displays the ratio of intensities of'Tio Ti** states
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(using results of fig. 3.5); as well as the ratio of combinegigen vacancy states, *Ti and
Ti%*, to Ti** as a function of ion fluence. Interestingly, a drastic insegan both these ratios,
is observed up to the fluence ok%0'° ions/cnt but a saturation beyond that. Once saturation
occurs, surfaces consist of nearly 40% oxygen vacanciés, (Ti*") with 30% of them being
Ti3* type states (inset fig. 3.6). The present study is the firgygtuat investigates the behavior
of the vacancy (Ti* and T?") states as a function of ion fluence. Remarkably, the sabuaraf
vacancy states, at high fluences (as seen in fig. 3.6) is amengsting result which provides a
critical limit for enhancing the photocatalytic activity ion sputtered materials. Furthermore,
the results display that ion irradiation, of the Ti@romotes the formation of Ti rich zones on
the surface, as depicted by lower than pristine O/Ti rafldgese Ti-rich regions essentially be-
come the nucleation centers for the development of the 2edsnonal nanostructures observed
in fig.3.1 and 3.2.

Tauc plots shown in fig. 3.7, have been generated using adosweldata (of fig. 3.4) and
display bandgap energies, E1 and E2 (related to Biéhd gapE1 and oxygen vacancy-related
band edgeF?2, respectively), for the pristine as well as ion irradiategngles. The direct
band gap E1 of 3.18eV, seen here for pristineTi® slightly higher than the value 3.06 eV
reported in literature [22]. After ion irradiation, althgln E2 (seen at 2.91 eV) does not vary
much, the direct band gap (E1) displays a significant vamatvith fluence (as shown in the
inset of fig. 3.7). For all the fluences, E1, is observed to édr than that for pristine TiQ
with the largest bandgap, being 3.30 eV, at the fluencexdf%® ions/cnt. The blue shift in
E1l as observed here, after ion irradiation of TiGan be explained by quantum confinement
effects, which according to thermodynamic studies arequoned for nanostructures of sizes
smaller than~ 27 nm [30, 31]. Moreover, the two smallest nanostructutés ¢f 5 and 10 nm)
exhibit higher% ratio, compared to those formed at higher fluence, and thms &wer E1
as suggested by the shape dependence studies phar@structures [32].

For understanding the anomalous behavior of photo- alisarpthere(d) ~ 15 nm (with
(h) ~ 0.5 nm) sized nanostructures, and not smaller nanostructliggday highest absorption
response (in fig. 3.4), the results of fig. 3.6 become veryifsogint. It is discovered that at the
fluence of5 x 10' ions/cn¥, the nanostructures created ( with ~ 15 nm, (k) ~ 0.5 nm),
though not smallest, are associated with largest numbeFiof, and T¢ type, oxygen va-
cancies. Although the vacancy states saturate, at highestddy the nanostructure size also

increase leading to lower absorbance. Similar effect ismdated by smaller sized nanostruc-
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Figure 3.7: Tauc plots are shown for pristine T{10) as well as after ion irradiation at various
fluences.« is the absorption coefficient arglis the photon energy. Inset shows the variation
in direct bandgap, E1, as a function of fluence.

ture, at lower fluences, where vacancy states decrease. eSuksrreflect that the conjuga-
tion of smallest nano-structures with highest vacancyribistion (observed atd) ~ 15 nm,
(h) ~ 0.5 nm) is essential for achieving high absorbance charatitrisConsequently, largest
photo-absorption scenario is achieved through a competiietween the nanostructure-size
and oxygen vacancy sites on it.

Figure 3.8 shows room temperature PL spectra for the peisisiwell as ion irradiated
TiO,. Two prominent bands associated with the JiGandgap emission in the UV region
(3.02 eV) and oxygen vacancy related states in the visilgiong2.38 eV) are observed [33].
Shallow trap states associated with oxygen vacancies asgvdd at 2.29 and 2.02 eV [33,34].

Interestingly, a lowering of overall PL intensity for iomadiated TiQ, compared to pristine, is
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Figure 3.8: Room temperature Photoluminescence spectiarikiine TiO,(110) as well as
after ion irradiation at various fluences.

observed at all fluences suggesting a decrease in the retatioli of charge carriers [35, 36]
with increasing fluence. This reduction in PL intensity candbtributed to the formation of
nanostructures and trapping of charge carriers by them@xygen vacancies which facilitate
the charge separation process [35].

Several reports have shown that the surface vacancies tas adsorption sites where the
charge transfer to adsorbed species can prevent the eledtiade recombination [35]. Bulk
defects, however, always act as trapping centers leadiexdnteecombination [35]. The oxygen
vacancies (Ti" and T#*) play a crucial role in the photocatalytic reaction on th@®;Tsurface.
The decrease in the PL intensity with ion fluence, as obsearvéid. 3.8, reflects towards a
decreased e-h recombination process with charge traongfez surface Oxygen vacancies [36].

In a photocatalytic reaction, the photoexcited electraonstales are quickly trapped by charge
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trapping centers or trap states located near the surfataebleeing transferred to adsorbed
molecules at the interface [14, 35]. These states becomadinee sites for the capture of
photo- induced charge carriers, essentially inhibitirgjrthrecombination process. Presence of
enhanced vacancy states on the nanostructures can be fufitized to reduce the mean free
path of the charge carriers, which gets easily captureceatith. Thus, the presence of oxygen
vacancy states effectively decreases the probabilityeafmdination resulting in promotion of
light absorbance. The ion irradiation, thus, leads to thedation of nanostructures which with
their large surface area become potential centers of eeldight absorbance. Large numbers
of oxygen vacancies, created during irradiation, howeser,also essential for enhancing the

photo- absorbance through the capture of charge carriehslpting their recombination.

3.4 Conclusion:

In this chapter, the photo- absorbance response of 2-dioraisanostructures, created via
ion irradiation of TiQ, has been investigated. Although the nanostructures gisize, the
vacancy states display a critical fluence beyond which tlagyrate. In an anomalous fash-
ion, the highest absorbing behavior is delineated by namdstres of(d) ~ 15 nm (with
(h) ~ 0.5 nm) and not the smaller nanostructures with larger surfee@sa With the detailed
guantitative investigation of oxygen vacancy states, ibserved that competition between
the size of nanostructures and the number of vacancy statgsols the photo- absorption
properties. The complex relationship between these fadsoresponsible for the anomalous
absorption response, observed here, which can have es¢emgilications in the area of TiO

based photocatalytic devices.
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Chapter 4

Room Temperature Superparamagnetism
In Rutile TiO 5 Quantum Dots Produced
via ECR Sputtering

4.1 Introduction :

Titanium dioxide (TiQ) is a wide band gap semiconductor and displays potentiahbpti-
cations in variety of areas like photovoltaic cells, sédaning surfaces, photocatalysis, wa-
ter splitting, dye-sensitized solar cells [1, 2]. The disay of room temperature ferromag-
netism (FM) in Co-doped anatase Ti@in films [3] provides an excellent stage for utilizing
it in oxide based dilute magnetic semiconductor (DMS) tedbgy. This interest has been
further reinforced and accentuated by the observation @irtemperature FM in undoped
TiO, [4]. Significant work has been performed to investigate tatire of room temperature
FM in doped and undoped TiOfor its potential technological applications in spinticgand
multiferrroics [3, 5, 6]. Existence of oxygen vacancies aado-dimensions greatly affect the
nature of magnetism and the performance of the oxide basedeductor devices [4, 6, 7].
Increased surface area associated with nanostructurgssiiN®ficantly control the magnetic
nature and properties of the nanophase materials, as cedwiéh their bulk [7]. Specifically,
the multi-domain wall structure of bulk crystalline matdrgets replaced by single domain
structure characteristics of nano particles which can teatew phenomena like superparam-
agnetism (SPM), spin canting (disordered spin configunaidc. [6, 7]. The induction of SPM
due to the fabrication of smaller sized NS (Quantum dot) leenlllemonstrated in a variety of
materials like FgO, [7], Co doped TiQ [6, 8], Cd,_,.Cr(ll).Se [9] BaFg, »,Ti,C0,0;9 [10]

etc..
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TiO, nanostructures have been created by a variety of routes racdgses like sol-gel,
hydrothermal, solvothermal, direct oxidation, chemicagber deposition (CVD), physical va-
por deposition (PVD), electro deposition, microwave medtletc. [11]. lon beam irradiation
technique is an attractive technique for fabricating n&migtures since via this technique self
assembled nanostructures are created in a single stepsprid@-14]. Here, the creation of
nanostructures is effectively controlled through a contipetbetween the curvature dependent
radiation sputtering that roughens the surface and a yafedmoothening mechanisms.

This chapter discusses the fabrication of self-assemldaddots on rutile Tig(110) sur-
faces via ion beam sputtering technique. A reduction incaptieflectance as well as a widen-
ing of bandgap has been observed for nanodot patternegdstiaces. Here we have also
investigated the evolution of magnetic behavior of nanmstired surfaces. Interestingly, the
surfaces decorated with smallesty nm) nanostructures, display superparamagnetic (SPM)
character. Such SPM behavior has never been earlier olddernendoped oxide semiconduc-
tors. Creation of single domain magnetic quantum dots igebtgal to produce this behavior.
Larger TiO, nanostructures, created at higher ion fluences, are ofmfiagoetic nature. The

modification in magnetic behavior has been achieved hefeeialbsence of any doping.

4.2 Experimental :

Rutile TiO,(110) single crystals (commercially purchased from MaTgcdkave been sput-
tered at room temperature (RT) by utilizing Afon beam from Electron Cyclotron Reso-
nance source. lons having energy and flux of 60 keViafd 104 ions/cntsec, respectively,
were utilized to irradiate Ti@surfaces. The irradiation fluences were varied from 10

to 5 x 10'7 ions/cm? and the angle of incident was chosen todoe from the surface nor-
mal. All the experimental parameters as well as irradiafloances utilized in this chapter
are same as those used in chapter 3. Atomic Force Micros@df)( Nanoscope V (from
Bruker), was utilized in tapping mode to investigate the phatogical changes after irradia-
tion. Optical reflectance was measured using UV-Vis Sppbtstometer from Shimadzu and
for magnetic measurements, Superconducting Quantunfdreece Device (SQUID - VSM)

from Quantum Design was utilized.
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Figure 4.1: AFM images from (@) pristine and surface speattavith fluence of (b) x10'°, (c)
1x10' and (d)5x10'"ions/cm?. Images of (a) and (b) are)0 x 100 nm? in size whereas
images in (c) and (d) ar®0 x 500 nm? in size. Insets show the size (diameter) distribution of
the nanostructures formed after ion irradiation.

4.3 Results and Discussions :

AFM images from pristine and ion irradiated Ti®urfaces are shown in fig. 4.1 which depict
an evolution of nanostructured surfaces as a function ohflee The surfaces sputtered with
a fluence ob x 10 ions/cm? display presence of5 nm sized nanostructures (fig. 4.1 (b)).
The NS dimensions are observed to~b&0 and~25 nm for irradiation fluences df x 1016
and5 x 10'7 jons/cm?, respectively. The size (diameter) distribution for theestructures,
created on ion-irradiated Tyurfaces, are also presented in fig. 4.1.

Figure 4.2 (a) shows the optical reflectance spectra frostipe and ion irradiated TiO
surfaces. It displays two absorption band edfjésrelated to direct bandgap transition [12,15]

and E2, due to oxygen vacancy related transitions [12]. A significtecrease of reflectance,
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Figure 4.2: Reflectance spectra (a) and transformed Kulhdike Function (b) from pristine
and surfaces nano patterned at various fluences. Inset shfvs the KMF from pristine
surface.

compared to pristine surface, is demonstrated for the narodgred TiQ surfaces. Formation
of TiO, nanostructures, with large surface area having enhansedlon characteristics [14],
may be responsible for this observations.

Kubelka Munk function(KMF) defined a8'(R) = (1 — R)?/2R for a given reflectance,
R, provides important information about electronic trénss and bandgap energies [16]. This
function can be utilized to relate incident photon enerfgy) @nd the optical bandgap energy
(E,) via[F(R)hv]Y™ = A(hv — E,) and is shown in fig. 4.2 (b) for pristine as well as nanos-
tructured TiQ surfaces. Hered is the transition probability constant ands an index which
is 1/2 for direct transition. Pristine surface displays a direantdb edge”1 and a defect related
edgeF£2 at3.30 eV and2.95 eV, respectively. The value E1 is slightly higher than the galu
(3.06 V') reported in literature [15]. After irradiation, a signdiat widening, 70 meV, in E1,
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Figure 4.3: Field-dependent magnetization curve measitre] RT and (b) 20K from pristine
and surfaces nano patterned at various fluences. Insetsshagnified view of hysteresis
loops near zero applied field.

compared to pristine surface, has been observed for sanfateerned with NS of size 5 nm
(see fig. 4.2). This widening can be explained by quantum eenfent effect which accord-
ing to thermodynamic calculations can be pronounced fos fi@ostructures of sizes smaller
than~27 nm [17]. Surfaces irradiated at larger fluendes,10'¢ and5 x 1017 ions/cm?, also
demonstrate some widening in E1 (55 and 45meV, respecfiklig, however, much smaller
due to the fabrication of bigger nanostructures (10 and 2%5espectively) at these fluences.
As measured Field-dependent magnetization (M-H) resaltRT and 20K, are presented
in fig. 4.3 and table 4.1 for pristine and nanostructuredas@$. The pristine surface displays
ferromagnetic behavior at 300 K with M/of 1.52 memu/cm?, My of 0.06 memu/cm?® and
Hc of 39 Oe. Presence of oxygen vacancies, an affect the magnetic nature of the materi-
als [4, 6, 7]. Presence of small amount of &h pristine TiQ, as shown by Solanki et. al. [14],

can be responsible for the observation of mild ferromagrathavior here [4]. Interestingly,
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Figure 4.4: M(H) from 5 §x10) and 10 nm {x10'%) nanostructures on patterned surfaces.
Langevin function fitting, using eq. 4.1, is shown for botra(® 10 nm) nanostructures.

for surfaces patterned with smal% nm) nanostructures, a largeshdf 6.34 memu/cm? is
observed. In addition, very small values ofz§0.01 memu/cm?®) and H- (0.5 Oe) indicate
presence of superparamagnetic (SPM) character. Suchibetsaaxpected from single domain
magnetic quantum dots [9]. Though SPM in Co-doped,Ti@s been observed earlier [6, 8],
there are no studies in literature exhibiting SPM, in Jifd absence of any doping. For larger
nanostructures, created at higher fluences, lowgbt larger M; and H- are observed. Sim-
ilar variations, with NS size, have been observed earligh(618]. Even though the nanostruc-
ture sizes (10 and 25 nm), at this stage, are smaller thartiuaronfinement limit (27 nm)
for TiO, [17], high H suggests ferromagnetic character. Lower thermal flucnatj7] are
responsible for the higher magnetic moments and coeraigerved at 20K.

The magnetization curve for spherical single domain sug@rpagnetic quantum dots can

be described [19] by a weighted sum of Langevin functib() :
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Table 4.1: Sizes and magnetic properties of the nanostegtu

fluence | Size | Mg (memu/cm?) | Mg (memu/cm?) He (Oe)
(ions/cnt) | (nm) | 300K | 20K 300K | 20K 300K | 20K
Pristine | — 1.52 | 2.96 0.06 | 0.11 39 54
5x 10" |5 6.34 | 8.98 0.01 | 0.08 0.5 15
1 x 10 |10 2.37 | — 0.08 | — 21 —
5x 1017 | 25 1.8 — 0.10 | - 46 —
M) = [ f)lnta)dy (4.1

The Langevin function is given b¥(x) = coth(x) — 1 /2 where x =uH/KgT, K5 is the Boltz-
mann constangy, (= MgV) is the magnetic moment, V is the volume and M the saturation
magnetization of the nanoparticle. For a particle with dégen D, and median diameter dis-
tribution, Dy, the log-normal particle size distribution function haebeiven by chantrell et
al. [20]:

B 1 (Iny)?
f(y) - \/%ya exp [_ 202 ] (42)

wherey is the reduced diameter (D/R o is the standard deviation of y and(D) (= D, exp("2—2))
is the average particle diameter.

Equation 4.1 has been utilized to fit RT magnetization curgenfsurfaces patterned with
~5 nm and~10 nm sized nanostructures and the results are displayeg. in.. Langevin
function fittings suggest formation of single magnetic dont@abe~3.97 nm in diameter, for 5
nm sized nanostructures, whereas the domain size8i$5 nm, for 10 nm sized nanostructures
which may have single or multi-domain character. These sianctures, fabricated by ion
beam technique, thus probably contaidnm thick magnetically inert layer on the surface.
Existence of such inert layer can be expected on very smadisteuctures [7]. The estimated
values of magnetic moment, using eq. 4.1, are found to be 0.022 and 0.085. 3 for 3.97
and 8.65 nm sized domains, respectively. The stronger egeheoupling between nanodots,
due to electronic delocalization by strong oxygen 2p-aibibverlap, might lead to the lower

value of for the closely spaced smaller sized nanostructures [31, 22
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4.4 Conclusion:

In this chapter, nanopatterns have been created os(T10) surfaces through ion beam irradia-
tion. These nanostructured surfaces display a wideningmafnducting band gap along with
reduced optical reflectance. Investigation of the magn@bperties indicate superparamag-
netic behavior at RT from surfaces decorated with smaheShm nanostructures. The results
from Langevin function fitting indicate that this SPM occdree to quantum confinement effect
related to single magnetic domain©8.97nm. SPM behavior, obtained in the absence of any
doping here, has never been observed earlier fop Ti@hostructures. For larger nanostruc-
tures, a ferromagnetic behavior is observed. These resttdhrave potential for spintronics

devices.
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Chapter 5

Photo-absorbance Properties of
Constrained Nanostructures on Rutile
TiO5(110) Surfaces

5.1 Introduction:

Titanium dioxide expresses a variety of intriguing and ilagtng properties. In addition to
the distinct appeal of this material as a model oxide systarfuhdamental investigations, its
applications as photovoltaic, photocatalyst, gas sermsbba compatible material are very at-
tractive [1-4]. Photo- induced surface reactivity andtiply of water by photoactivated TiO
have spurred several stimulating activities. InterestifD,Tas a photo- reactive material gets
however limited owing to its wide bandgap (3.2 eV for anatase 3.0 eV for rutile phase),
restricting its applications primarily to UV regime. Enleamg the photo -absorption response,
by utilizing UV as well as visible regions of solar spectruggn important research areas with
exciting technological implications. Nanostructures andaces of TiQ have been actively
investigated in this direction [5, 6] through a variety otites like doping and dye sensitiza-
tion [7, 8]. However, substitutional incorporation of dopsusually requires high temperature
annealing treatments whereas organic dye can be unstaidagamaterial modification. In
this respect, nanostructuring of surfaces, through iomisedas commanded compelling at-
tention due to the technological simplicity it presents &shieving self organized structures
through mostly single step processes [9-11].

Morphology of nanostructures on surfaces manifests iitnigycontrol in several domains
having implications in optics, electronics, magnetism gi2]. Dissociation and catalytic prop-

erties reveal, several orders of, modification on ion beattepged metals [13] where specif-
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ically tuned parameters have capability of producing didthano-dimensional organization.
On oxide surfaces, like TiQion beam patterning also produces surface- vacancieswbid
promise for becoming photoactive sites [14].

In this chapter we have investigated the evolution of thestamed nanostructures which
have been fabricated on Ti(110) surfaces by ion beam irradiation method. The nanostru
tures are anisotropic in size, constrained inJjlbut elongated in [001] crystallographic direc-
tion of the crystal. Anisotropic kinetic effects caused lifyugion of vacancy states as well as
itinerant Ti on the surface, created during irradiatioedaminantly contribute to the preferen-
tial growth of nanostructures. Surprisingly, photo- alpsion intensity from these constrained
nanostructures demonstrates a distinct behavior whicbrexgially decreases with the length
of the nanostructures in [001] direction. These are intiguesults with implications in tai-

loring nano- systems, through self assembly, with tunedghatalytic properties.

5.2 Experimental :

TiO4(110) single crystals (commercially purchased from MaTgelk#&ve been irradiated with
60 keV Ar™ ions (flux =1.8 x 10'* ions/cnt.sec) from Electron Cyclotron Resonance (ECR)
source. lIrradiations were done using ion fluence§ af 10" to 1 x 10'° ions/cnt at room
temperature. The incident angle of the ion beam was alwaysarhto be 60with respect to
the surface normal while the azimuthal orientation, i.e.dhgle between the projection of ion
beam and the [001] surface direction, was eittfep090°. All the experimental parameters
utilized in this chapter are same as those used in chaptet 3.afere, we have utilized higher
Ar ion fluence. The morphology and core level electroniccdtite of surfaces have been in-
vestigated using scanning probe (Nanoscope V from Bruk&joscopy (SPM) and X-ray
photoelectron spectroscopy (XPS) from VG-Microtech, eespely. XPS studies were per-
formed under UHV condition with Mg K radiation. For angle resolved x-ray photoemission
spectroscopy (ARXPS), photoelectron emission angledefined as the angle between photo-
electron spectrometer axis and the surface normal, hasvaeieal from O to 75°. The system
resolution was 0.9 eV. The optical absorption and struthn@perties were investigated using
Shimadzu UV-Vis spectrophotometer and X-ray diffracti®iRD) setup from Bruker (having

CuK, source), respectively.
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Figure 5.1: SPM images$ (x 5 um?) after ion irradiation of TiQ at fluences of (a x 10'7,
(b) 1x 10'8, (c) 5x 10" and (d)1x 10 ions/cn¥. lon beam projection direction (arrow on
top) is along [001] for all images here. Crystallographiesrf the surface are shown.

5.3 Results and Discussions :

Figure 5.1 shows SPM images from TiQ10) surface after it was ion irradiated at several flu-
ences. During irradiation, Ar ion beam was incident on threga at an azimuthal orientation
of 0° i.e., parallel to [001] direction. After irradiation at loiluence, formation of nanostruc-
tures is observed (fig. 5.1(a)). These nanostructuresighdlglelongated in the [001] direction
I.e., along the ion beam projection. Evolution of the nanadtires, at increasing ion fluence,
enhances this anisotropy further. At fluencesof 10'® ions/cnt, the nanostructures are quite
elongated in [001] displaying aspect ratio as high as 5.[001{/110]). For highest fluence
of 1 x 10Y¥%ons/cnt, a well developed ripple pattern, with the crests runnirapglthe [001]
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Figure 5.2: SPM imagess(x 5 um?) from TiO, surfaces irradiated with fluence 6fx
10'" ions/cn®. lon irradiation is along (a) [001] direction and (b) alorni@]. lon beam
projection directions are shown on top. In (a) with wave wedt, being perpendicular to ion
beam direction, the nanostructures ar@eénpendicular mode and in (b) nanostructures are in
parallel mode.

direction, are observed having a wavelength, or a perioghofit 300 nm. A quantitative com-
parison of nanostructures is presented in table 5.1 whitécte a relatively small increase in
size along [10] direction but a significant growth in [001] direction wilihcreasing fluences.
For instance, at all the fluences studied here, with ion iatazh along [001] direction, the
length along [10] increases by only 3.7 times (from 60 to 220 nm) whereasgl0@1] it in-
creases by a factor more than 62.5 (from 160 nns ttOum). The nanostructures thus appear
constrained along [0] but display significant growth in [001] direction.

In order to assess the role of ion beam direction in the faonaidf anisotropic nanostruc-
tures, the irradiation was also performed with ion beamctive parallel to [10] crystallo-
graphic axis for a fluence d@f x 10! ions/cn? and the results are shown in fig. 5.2(b). Sur-
prisingly not only the nanostructures are still elongatieth@ [001] direction, their anisotropy
has further increased with length in [001] becoming longet size along [10] reducing (ta-
ble 5.1).

Understanding of spontaneous formation of nanoscalerpatbgy ion irradiation has been
based on the Bradley Harper (BH) model [15] developed uraetramework by Sigmund [16]
where sputter yield from the trough of a surface modulatghigher than crest. Competing

process, encompassing roughening, smoothening [154 s@ss flow [17-19], promoted by
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diffusion mechanism regulate the self organization on thiéase. With varying ion incidence
angles, BH model proposes ripples to be orienteparrallel mode (their wave vectof;, par-
allel to ion beam direction) below a critical angle anganpendicular mode (c perpendicular
to ion beam) for grazing incidence geometry. ExtensionskbiiBodel further show that under
oblique ion incidence (as in present case with incidentasiented 60 from normal) ripples on
Si(111) surfaces can be rotated by 90th varying fluence; oriented iparallel or perpendic-
ular mode at low and high fluences, respectively [20]. In variamitk both these studies here
we visualize, at the same fluence and incidence angle, bopepeicular and parallel modes
(in fig. 5.2) by changing ion irradiation direction from bgialong [001] to [10]. Preferential
sputtering of oxide surfaces, like TiQduring ion irradiation can induce a variety of vacancy
states, as discussed below, which can be active and mobifee@urface. With nanostructures
always elongated along [001] direction (in both fig. 5.2(), significant diffusive processes
of the mobile species seem to be dominating the mechaniseifadrganization on TiQ sur-
faces. Under this scenario, the size- asymmetricity of dngostructures will be expected to
be controlled by the energetics of the diffusion barrier®oiR temperature DFT calculation
show, predominantly, transient Ti-O to be the mobile spedkusing with energy barriers
of 0.71 and 2.20 eV along [001] and[] directions, respectively [21]. The size- anisotropy
(2.6) for perpendicular mode nanostructures (see fig. h.B{hle 5.1) is surprisingly similar
to the anisotropy of these diffusion barriers (3.01) imptycompelling role of diffusive cur-
rents of mobile species. The anisotropy for the nanostrastun parallel mode configuration
(fig. 5.2(b)) is however distinctly higher, suggesting usibn of erosive mechanisms as well
through probably erosion of side edge (with size alon@]¥educing) and inclusion of these
eroded species along [001] leading to their elongationtgdde 5.1). This is in contrast to graz-
ing incidence ion irradiation of TiQ[21], at room temperature, where diffusion primarily is
considered to be the dominant mechanism for ripple formatiosurfaces. Constrained nanos-
tructures, displaying perpendicular modes in presentstiglineate small size- asymmetricity
for low fluences (fig. 5.1 (b),(c), table 5.1) which, as disagsabove, can be accounted by
anisotropic diffusion alone in the high symmetry direcsaf TiO, lattice. Nevertheless, en-
hanced size- anisotropies at higher fluences (fig. 5.1(J);€quire erosive action of ion beams
also for self organization on surface. From this analysisamn be concluded that the presence
of asymmetric nature in nanostructure size, as evidenaey iseprimarily the result of kinetic

effects and not the result of ion beam direction.
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Figure 5.3: Ti-2p core-level XPS spectra from (a) pristin®,Isurface and after irradiating
TiO, for a fluence o6 x 10'7ions/cnt with ion beam irradiation direction along (b) [001] or
(c) [110]. Left and right panels show respectively for 0° and~ = 75° (see inset fory).

In fig. 5.3 ARXPS spectra are displayed at two photoelectroisgion angles), 0° and
75°, with latter supplying accurate surface sensitive infarara(within top few,&) and former
furnishing results from surface to about 1 nm below. Thisavar arises from the exponen-
tial dependence of signal on depth. The surface sensiiiviRXPS is a result of shorter
attenuation length of electrons from sample. The left paméh. 5.3 shows the spectra for

v at @. The XPS spectrum from pristine Ti(110) sample displays Ti2p features ;2pand
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Figure 5.4: Intensity ratio of T1/Ti** and TP/Ti** (inset) are shown as a function of photo-
electron emission angle). Direction of ion irradiation is in square bracket.

2pi /2, at binding energies (BE) of 458.8 and 464.6 eV, respegtiv@hese features reflect
the Ti** coordinated sites on rutile surface [4, 11, 22-24]. XPS tsadoom samples irradi-
ated at6 x 10'7 ions/cnt are also presented (in fig. 5.3) for two cases: when ion iataut
was performed along [001] or alongld]. In addition to T#" components (af =0°), weak
components of Pi- and T#* are also observed (fig. 5.3(b),(c) left panel). Creationxyfgen
vacancies with the formation of Jf0; and TiO, [25, 26] on the surface during irradiation, are
responsible for these lower BE features [27]. Furthermmemall TP features is also observed
but only for samples where ion irradiation was done alod@]trystallographic direction. The
surface sensitive XPS spectra£75°) show diminished Ti" but higher oxygen vacancy states
(fig. 5.3(b),(c) right panel) after irradiation.

Explorations of oxygen vacancy states with ARXPS are showiigi 5.4. These results

have been computed by considering the XPS areas of respecimponent features (similar
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Table 5.1: The results of quantitative analysis of size amsladropy of nanostructures

fluence | Irradiation Size of NS (nm) Anisotropy
(ions/cnt) | along along [110] | along [001] [001]/[110]
6 x 10" | [110] 40+7 280+56 7.0

6 x 10'7 | [001] 60+10 160+29 2.6

1 x 10* | [001] 85+23 230+42 2.7

5x 10 | [001] 140+25 800+177 5.7

1 x 10 | [001] 220+34 > 100001200 > 45

to those in fig. 5.3). For pristine sample, no angular variafor Ti**/Ti** ratio is observed,
as expected. In contrast, after irradiation along [001hvaihy fluence, there is a drastic en-
hancement in this ratio at high emission angles, correspgrtd increased presence ofTi
in near- surface regions. Focusing on the this region {i.e: 75°), the ratio nearly increases
with fluence up td x 10'® ions/cnt and saturates beyond. Furthermore interestingly, compar-
ing the irradiation at the fluence 6fx 10'7 ions/cn?, performed with ion beam along [001]
and [110] directions, the latter shows slightly highePTiTi** ratio (fig. 5.4). Moreover, the
Ti° component is only present when irradiation is done alon@][tlirection at this fluence
(not along [001] direction as seen fig. 5.3(b),(c)). The daguariation of TP/Ti** ratio sug-
gests the surface regions £75°) to be having about 10% of Tispecies (fig. 5.4 inset). For
sample irradiated with highest fluencelok 10'° ions/cnt, largest Ti/Ti** ratio (17%) can
be delineated. These"T$pecies are also mobile as itinerant atoms on the Eice and are
characterized by energy diffusion barriers of 1.14 and 2\ @long [001] and [10] directions,
respectively [21]. Thus, mobile vacancy states{TiTi?*) as well as itinerant Ti (T), created
during ion irradiation of TiQ, diffuse actively but anisotropically on surface and playotal
role in the generation of size- anisotropic nanostructures

The photo-absorption response in the visible and UV regifnes the TiG, surfaces with
constrained nanostructures, is illustrated in fig. 5.5tiBisand remarkable increase in absorp-
tion intensity, in comparison to pristine, is measured fbsamples and has been achieved,
in absence of any dopant, by the contribution from nano-dsimal anisotropic nanostruc-
tures in association with oxygen vacancy states. Presdn@aEancy states control the exciton
recombination properties by enhancing the mean free patheotharges [28]. Two band
edges af21 and E2 (in fig. 5.5) are associated with the Ti®andgap transition [24, 29], from
O(2p) valence band to Ti(3d) conduction band, and oxygean@cstates (Pi, Ti%t), respec-
tively [11].

89



Energy (eV)

354 310 275 248 225 207
I I I I I I

0.8 ~
El 0.8
~ 8
E2 c 0.7
- g
=2 06
3t
Q 05 >
06 0~0-0-9g < -I 1 |
0.4 . .
e 0 5000 1000(
Length, s (nm)

Absorbance
(@)
N

*——* Pristine
[o—=o 6x10'[110]
=—= 6x10'[001]
A—2 1x10%%001]
?— 5x10'7001]
b—> 1x10001]
A N N N T NN T N TR N T N
350 400 450 500 550 600

Wavelength,A (nm)

0.2

Figure 5.5: UV-Vis photo-absorption spectra for pristin®Jas well as after it is irradiated
at various fluences. Direction of ion irradiation is in squbracket. Inset shows behavior of
photo-absorption (a=400 nm) with nanostructure length (s) along [001]. The It to the
data using exponential decaly~" + B (n = 0.007 nm™!).

Signatures of dimensional dependence of photo- absortmecastutely indicated by the
constrained nanostructures fabricated at same fluencéds&e?) but under two different ion
beam directions viz [001] and [D]. Systematic higher photo- absorbance for the formeh wit
smaller nanostructure-length along [001], suggestsmiste role for this dimension. Further
assertion is derived from fig. 5.5(inset) where absorbafare\(=400nm) at each fluence is
presented as a function of nanostructure-length (s) alodg][crystallographic direction, for
all samples (see table 5.1). An exponential decay functidarmn Ae~"* + B, where A,B and

n are fitting parameters, displays good agreement with thesuned data.
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tioned.

Influence of surface stress in kinetic instability, whichhmdoates nanostructure formation
characteristics, can also drive the self organization. msite stressA) on the surfaces, that
nearly increases with fluence is demonstrated by XRD inyastns(fig. 5.6). Presence of
vacancy induced states, which are also mobile and diffusirggcharacterized with increased
inter-planar spacing compared to bulk Ti€rystal, leading to the tensile nature of stress ex-
hibited in fig. 5.6.

5.4 Conclusion:

In this chapter, photo-absorption properties of conseimanostructures with size-anisotropy

have been investigated. Anisotropic diffusive current olite species like oxygen vacancies
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and itinerant Ti, which are produced upon irradiation of Fi€rucially regulate the self orga-
nization and elongation of the nanostructures. Enhancetbgdibsorption response, observed
here in the absence of any doping, surprisingly demonsteat@xponentially decaying depen-
dence on the nanostructure- length in fast diffusion dioe¢ialong [001]. This behavior leads

to fascinating photo-absorption properties of self assedhbiO, nanostructures.
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Chapter 6

Enhanced Photo- absorption from
Zn0O(0001) Nanostructures fabricated by
Atom Beam Sputtering

6.1 Introduction:

Zinc Oxide (ZnO) is an attractive material presenting mamyriessive physical properties.
Nano dimensional ZnO, with modified electronic and opticalperties, have also received
considerable attention due to their wide range of appbeatias transparent conductive ox-
ide (TCO), opto- electronic and piezo- electric device, gad chemical sensor [1-3]. As a
wide bandgap (3.37 eV) semiconductor with large excitomlinig energy of 60 meV at room
temperature, ZnO is an appealing candidate for photoeddgaplications. Interest in this sys-
tem also stems from its high electron mobility, efficient igfgatransport and collection, good
power conversion efficiency etc. [2]. With these charasterproperties, itis utilized in variety
of photovoltaic applications, dye sensitized solar celbrid solar cells, etc. [1, 2,4]. Enhanc-
ing photo-absorption properties is, thus, an importanessity for improved performances in
these fields [2]. With these objectives, a wide range of Zn@piologies and dopants have
been explored [1]. Modulating its bandgap with dopants asgiing with dye are active area
of research where stability of incorporated material isighgicant importance [1,4,5]. How-
ever, for substitutional incorporation of dopants in Zn®uaily a high temperature annealing
treatment is required [5] and organic dye can be often utestebding to material modifica-
tion [4]. Thus, bandgap tailoring in dopant free conditiaman important domain of research
that deserves attention.
Atom beam irradiation presents a simple methodology fori¢ation of rich variety of
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nano-dimensional patterns, in large area, through a ssigfe process. Spontaneous pattern
formation by ion irradiation is based on a Bradley Harper Bkbdel [6] wherein curvature
dependent erosion and surface smoothening regulate tloscala morphology on the surface.
Systematic fabrication of such self assembled ensembiés,tuned properties, show many
interesting behaviors and morphologies [7-11]. Furtheenfior binary compounds, preferen-
tial sputtering of atoms, can generate vacancy statesatggland modifying many proper-
ties [8, 10].

The present study investigates the nanoscale patternedrea the ZnO(0001) surfaces
during atom beam irradiation. The nanostructured surfdisggay enhanced photo- absorption
response compared to the pristine. Surprisingly, the Ioiggeostructures demonstrate higher
response. Development of photo- active, new phases as svelkation of oxygen vacancies
and Zn interstitials, during atom beam irradiation, argoesible for these significant results
which have been achieved here in absence of any dopant dl@emeércan have exceptional

consequences for ZnO photovoltaics.

6.2 Experimental :

ZnO(0001) single crystals have been irradiated using I\brieutral Ar atom beam at room
temperature under a vacuum ofx 10~7 Torr. Irradiations have been performed at two dif-
ferent incident angles, 2@nd 32, with respect to surface normal. Fluence of112!7 ions
cm~2 and a flux~ 2x10'* ions cn? - s~! was used for irradiations. Scanning Probe Micro-
scope (SPM) from Bruker (Nanoscope V) and XRD system, atso 8ruker, (Cu Kv source,
A=0.15418 nm) were utilized to study the morphological amdcstiral modifications, respec-
tively. Optical absorption spectroscopy investigatioreyevdone using Shimadzu (UV-Vis)
spectrometer. Angle resolved X-ray photoemission spsctioy (ARXPS) was performed un-
der UHV condition with Mg ku radiation. The system resolution is 0.9 eV. Pass energy of 20
eV was used during XPS measurements. Photo- electron emiasgle {), between photo-

electron spectrometer axis and surface normal, was chosen30
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Figure 6.1: SPM imagesl (x 1 um?®) after atom beam sputtering of ZnO(0001) surfaces.
Nanostructure (a3, and (b)b,, have been respectively created at incident angle 0884 15
from surface normal. Respective size distributions of sémetures are shown for (g), and

(d) b,,.

6.3 Results and Discussions :

The morphology of atom beam sputtered ZnO(0001) surfatesiafdiation, for both the inci-
dent angles, is shown in figure 6.1. Both the surfaces appder decorated by nanostructures.
However, the surfaces irradiated at higher incident argfte) display smaller sized nanostruc-
tures, s, in fig. 6.1 (a) with a density of 8.5 x £&m~2. An array of denser (2 x 20 cm~2)
and bigger nanostructures,, is observed in fig. 6.1 (b) on the surfaces irradiated atlemal
(15°) irradiation angle. The size distributions presented in6ig. show average dimensions
for 5, andb, to be 60 and 78 nm, respectively. The rms roughness of thacasflso increase

after atom beam irradiation and is respectively observée tb.7 and 2.9 nm (for pristine being
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0.5 nm). The surface morphology, upon atom beam sputtasgrggntrolled through competi-
tion between the erosive and diffusive processes [6]. Eadd to the spontaneous formation

of nano- dimensional patterns on the surface, as obsenfey 1.

~ bn
) @

10 nm

Figure 6.2: Left panel shows SPM imagé8(( x 500 nm?) for (a) 3- dim fors;,, (b) 2- dim for
s, and (c) Fast Fourier Transform (FFT) fgr. Right panel shows respective images#gor

High resolution two and three dimensional AFM imagesspandb,, are shown in fig 6.2.
Although, for the former few randomly distributed nanostures are observed on the surface
in fig. 6.2 (a, b), for the latter a dense close packed hexadglstabution of nanostructures is
observed (fig. 6.2 (d, e)). The Fast Fourier Transformatt®fT{) images of these distributions,
presented here for both nanostructures, also confirm thiekoégh no periodicity is observed
in the distribution ofs,, (fig. 6.2 (c)), b, nanostructures demonstrate a long ranged periodic
behaviour of nearly 100 nm wavelength (fig. 6.2 (f)).

Height-height correlation (HHC) studies are also efficienproviding insight in surface
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evolution as well as details for periodicity on the surfaEkis analysis can provide the scaling
parameters which are important for understanding the seirfeorphology and its growth. The

HHC function for surface height, hY, at positiony, is described as [12]:

100 —
B—a Pn
A—A Sn
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~—~~ =
N [
& 1L
- = “—
O - S 10
L 0o 100 200 300 40p
0.01 r(nm)
0_001| Lol Lol L 11
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Figure 6.3: HHC for pristine ZnO and for nanostructured aces withs,, andb,,. Inset shows
HHC withr in linear scale.

G(r) =N ([h(r +1) = h(x)]) (6.1)

Herer’ is a constant and N is the total number of positions consiler&ccording to the
theory of kinetic roughening, the dynamic scaling hypoitiesggests HHC function to show
the behavior of following type:

~r?  forr <<¢.
Gr)=4 (6.2)
2w, forr >> ¢

where,« is the roughness exponetjs the lateral correlation length andis related to rms
surface roughness. Both and ¢ are important scaling parameters providing insight in the
surface evolution. The former relates to random fluctuatmmthe surface, at very short length

scales, whereas the latter provides the length up to whechulfface- height remains correlated.
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Figure 6.3 presents HHC function for both the nanostrudistgfaces. The rms surface
roughness, w, for surfaces with andb, is respectively 1.5 and 2.5 nm (w for pristine is

0.6 nm) whereasg is 52 and 70 nm. Values df reflect their approximate average sizes of
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Figure 6.4: Zn-2p core-level XPS spectra{at 30) for pristine ZnO and for nanostructured
surfaces withs,, andb,,. Inset shows geometry for ARXPS and photoelectron emisanghe,

-

nanostructure (see fig. 6.1). For both the nanostructurddcas,« is measured to be 0.82.
Same value ofr will suggest that similar dynamics of surface evolutiorséxfor both the cases
of nanostructure formation. With of 0.82, theory of kinetic roughening would indicate the
surface evolution to be primarily through similar, neadydom growth processes. However,
for r > &, periodic modulations (with periodicity 6£100 nm) are observed only for surfaces

with b, and not in the case &f, indicating that the surfaces decorated wittdevelop a long
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range periodicity (as seen in inset of fig. 6.3 with clear mations in the linear scale) not
demonstrated by smalléf, nanostructures. So interestingly, though the morpholdgyo
nanostructured surfaces is similar at small r (as theire similar), it is remarkably different at
large separations and show different long range behavior.

In fig. 6.4, ARXPS spectra are displayed for photoelectromssion angle {) of 30° pro-
viding information from surface to about 1 nm below. Thisfaoe sensitivity is a result of
shorter attenuation length of electrons from the sample.spectrum from pristine ZnO(0001)
displays Zn2p features, 2p and 2p ., at binding energies (BE) of 1021.5 and 1044.6 eV, re-
spectively. These features reflect the*Zicoordinated sites on the surface [13]. XPS spectra
from the the nanostructured surfaces vitrandb,, are also presented here. The XPS spectrum
from the surface with,,, interestingly displays a shift, of both Zpand 2p /, features, by about
0.3 eV towards lower BE. This suggests presence of oxidatiate less than +2 for Zn [14].
Preferential sputtering of oxygen atoms, during atom beaadiation, can contribute to the
creation of oxygen vacancy state, with the two electrons@ated with Oxygen atom getting
transferred to the empty 2p orbitals of the neighboring Znmmaéind in turn creating Zn sites
with oxidation states less than +2 (as seen in fig. 6.4). T8 eontributes to the formation
of Zn-rich regions which promote the spontaneous nucleaim self assembly of nanodots.
Similar nanoscale patterning have been earlier observéd@ [8] and InP [11,15,16] by ion
beam sputtering technique. However, in the present irgasbin neutral atom beams are being
utilized for fabrication of nanostructures on ZnO(0001).

Core level XPS spectra from O 1s region are presented in Bgo6the pristine as well as
the nanostructured surfaces. The main component in thingrst 530.2 eV can be attributed
to O~ ions present in stoichiometric wurtzite ZnO lattice [17D(f6.5 (a)). The feature at
531.9 eV is due to the small number of oxygen vacancy stétgpesent on the surface [17].
The intensity of the vacancy states is much higher on nandstred surfaces and becomes
significantly enhanced for surfaces with bigder, nanostructures (fig. 6.5 (c)). As a result,
the ratio (R) of intensity for oxygen vacancy state w.r.t-Qtate (see fig. 6.5) increases from
0.64 for pristine, to~0.87 and~7.41 for surfaces witli,, andb,,, respectively. Enhancement
of this ratio, R, or the oxygen- vacancy /Mcontribution with irradiation of oxide surfaces is a
consequence of preferential sputtering and has beenreztsBerved for systems like Ti(8].
Preferential sputtering promotes increased sputterifiglater atoms and hence can lead to the

creation Zn sites, with less than +2 oxidation state, on Hr®structured surface as observed
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Figure 6.5: O-1s core-level XPS spectra{at 30) from pristine ZnO and for nanostructured
surfaces withs,, andb,,.

by BE shifts forb, (in fig. 6.4). These BE shifts suggest increased metallicegions on the
surface. These metal rich zones contribute to the nucleafioanostructures.

The X-ray diffraction (XRD) spectra from pristine as well @anostructured surfaces are
displayed in fig. 6.6. A strong (0002) feature accompanied lgry weak (0004) feature can
be observed for the pristine surface (fig. 6.6 (a)) as welbast@irface withs, (fig. 6.6 (b)).
However, a drastic enhancement in (0004) feature, aloniy thi2Z development of two new
weak features, (£D) and (2B0) [18], has been noticed for the surface with Surprisingly,
this shows a nearly 40 times increase in the (0004) features.can be attributed to the distinct
growth ofb,, nanostructures along this direction [19]. Presence of rexses along (£D) and
(2130) also indicates the growth of nanostructures along thigeetibns as well.

Atom beam irradiation has also led to the production of streghe inter- planar regions
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Figure 6.6: XRD spectra for pristine ZnO and for nanostreedisurfaces witls,, andb,,. Inset
shows shifts in (0002) feature fey, andb,, compared to pristine.

of ZnO lattice. This is delineated by the appearance of simfthe (0002) feature, for both
the samples in fig. 6.6(inset). For the samples wjttandb,,, the shifts are respectively 0.02
and 0.06 towards higher angles compared to pristine. The stresg@edean the ZnO lattice,
as suggested by angular blue shifts, is due to the reductitmeiinter- planer spacings. The
creation of oxygen vacancy sites as well as production of Ztahrich regions, as shown by
XPS results here, can produce these transformations inrt@elatice. The residual stress,

in a nanostructured surface can be estimated using [20]

Cu+C ds —d
g = (2013 — 033 HC 12) ( d 0) (63)
13 0

where G; are elastic stiffness constants anddj are the inter- planar spacings for the pristine
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and the nanostructured surfaces. For the ZnO surfacesdesedihere, the lattice spacing for
the pristine (d) is 2.6065 nm and it reduces (as calculated using shifts.ib fignset) to 2.6050
and 2.6021 nm for surfaces with) andb,, respectively. With G known for ZnO [21] (G,=
C33=2.1 x 10 Nm~2, C»=1.2 x 10" N m~2 and G3=1.05x 10 N m~2), the stress, for
both the nanostructured surfaces created after the atom ipesiation, have been calculated
and are found to be 0.25 and 0.76 GPa for surfaces #yithnd Bn, respectively. The stress
is of compressive nature and the surfaces Wjtfiemonstrate larger residual stress. This is
a surprising result as this suggests that surfaces witlerdbg) nanostructures demonstrate
higher stress. However, these nanostructures have begratal by the process of atom beam
irradiation. The results presented here show that theiatiad has led to much decrease in
lattice spacing (fob,, in fig. 6.6 inset) which in turn produces the large stress.

The photo- absorption response from the nanostructurddcas is presented in fig. 6.7.
The response from the pristine surface displays two bandsr—xﬁ and £2, which are re-
spectively associated with the direct band- gap and vacasated band in ZnO [20, 22]. An
enhanced photo absorption from both the nanostructurddcas; compared to pristine, is
demonstrated in fig. 6.7. However surprisingly, surfaceoed with bigger nanostructures
display higher photo- absorption characteristics.

Tauc plots, generated using absorbance data, are also shdwn 6.7(inset). For the
pristine, ZnO- bandgap energy (E1) is observed at 3.35 e¥f@ds the oxygen vacancy related
defect- state (E2) is at 3.12 eV. The ZnO bandgap observed$ieimilar to that seen earlier for
wurtzite ZnO [22]. The bandgap (E1) for nanostructuredaste$, however, is much reduced
and appears at 3.29 and 3.26 eV for surfaces Wjtandb,,, respectively (fig. 6.7 inset). Thus,
for the ZnO surfaces with bigger,, nanostructures a bandgap reduction of 0.09 eV is observed
here. With the inclusion of dopant like N, a reduction of OéM3has been earlier observed in
wurtzite ZnO [23]. The bandgap narrowing, as observed ipthsent study, is more significant
as this has been achieved in the absence of any dopant elérhenbandgap narrowing can be
attributed to the creation of Zn interstitials via prefdrehsputtering during irradiation. First
principle studies and partial density of state calculaion TiO, have proposed a localized
energy level about 0.1 eV below the conduction band minimGBM) due to interstitials on
metal-rich surfaces [24] which leads to bandgap narrowmthis system [8]. Development
of similar state, about 0.06-0.1 eV below CBM, in ZnO due toidterstitials has also been

suggested [25, 26]. The bandgap narrowing by 0.06 and 0.08se8ken in the present study

104



40

2.8 3 3.2 3.4

Energy, E (eV)

Absorbance
S

o
|
!

o—o pristine

360 420 480 540

Wavelength,A (nm)

Figure 6.7: Photo- absorbance response for pristine ZnGanthnostructured surfaces with
s, andb,. Inset shows respective Tauc plotsi§ absorption coefficient and E is photon en-

ergy).

for ZnO surfaces witls,, andb,,, respectively, is thus strongly induced by the Zn inteiedtitor

Zn- rich zones that develop on ZnO surface upon irradiation.

6.4 Conclusion:

In conclusion, the photo- absorption properties of namestired surfaces, created by atom
beam irradiation of ZnO(0001) have been investigated hidre.bigger nanostructures demon-
strating hexagonal closed packed ordering, with long rdmegiodic behaviour and new crys-

talline phases, show higher photo- absorption response.eifhanced photo response is pri-

marily related to the bandgap narrowing by 0.09 eV, whichuegdue to the creation of Zn
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interstitials during irradiation. These results are digaint as they have been obtained in the

absence of any dopant element.
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Chapter 7

Nanoscale Resistive Switching behaviour
and Photo-absorption response from NiO
nanoflakes

7.1 Introduction:

Nickle oxide (NiO) is a wide bandgap p-type semiconductat arhibits variety of promis-
ing properties like high power density, chemical stahillow toxicity, magnetism etc. It is
used in applications as sensors, electrodes for battetextyochromic films, magnetic mem-
ory devices, photovoltaic cells as well as for renewable @adn energy sources [1-6]. NiO
nanostructures have received important attention in samdiector industry for their optoelec-
tronic properties. These properties crucially depend eretbctronic structure and density of
nanostructures as well as on surface characteristics asoale [3, 4, 6]. In addition, defects
also play an important role as they control the photo-chgageeration in devices [7] and their
migration can effect the electrical and electronic chanastics in a device.

A new concept of high density and non-volatile memory dehes emerged in recent
years due to the fundamental limit of conventional flash m@&so Numerous efforts have
been undertaken to identify the low energy, high speed anthlsie technologies for next
generation memory devices [1-3, 8]. In addition, resistdpased non-volatile memory de-
vices like magneto-resistive random access memory (MRAMa#se-change random access
memory (PRAM) and resistive random access memory (ReRAMg lteeen proposed and
are being investigated for replacing the conventional nteéso Due to simple structure for
three-dimensional stacking, good scalability and highrafpen speed, ReRAM devices have

attracted immense attention in resistive-switching (R&edd memory applications [3]. The
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ReRAM devices rely on the formation and disruption of thedwmting filaments (CF) in in-
sulating metal-oxide layers, under the action of appliextteic field [1, 3]. This CF enables
the switching of ReRAM devices to low and high resistanceéestaThe formation and dis-
ruption of CF can be of thermo-chemical type (Joule heatisgjsted formation and rupture
of localized CF), electro-chemical type (cation migratlmssed formation and dissolution of
metal filaments) or valence change type (field-induced iogration-based change of Schot-
tky/tunnel barrier at the interface) [9]. Many efforts haween undertaken to understand the
nature and structure of CF by methods like impedance sgactpy [10], transmission electron
microscopy (TEM) [8], scanning transmission X-ray micraggetc.. The CFs are of nanoscale
dimensions and their distributions are inhomogeneoustuweaFor understanding the nature
of charge transport in nanoscale RS devices it is cruciahttetstand the composition of the
metal oxide layers during the development of the filamentse fEsistive switching phenom-
ena, through conducting filament formation and disruptin@s, been reported for various oxide
semiconductors like TiQ ZrO,, SrTiO; (STO), HfO etc. [3]. RS behavior for NiO layers in
AZO/NIO and other hybrid structures has also been invegth#or understanding issues of
oxygen migration and CF formation in heterojunctions andas [1-3, 8, 11].

This chapter investigates the resistive switching behaaal photo-absorption character-
istics of NiO nanoflakes. The nanoflakes, grown by hydrotlaétechnique, show variation in
metallic Ni and N#* state with reaction time. Conducting Atomic Force Micrgsg¢CAFM)
has been utilized for investigating the RS behavior in theoflakes and the results demon-
strate theibi-stable reversible resistive switching characteristics and Unipolar nature. System-
atic investigations of I-V behavior show that formation angturing of the filaments, in NiO
nanoflakes, occurs at voltages that depend on the metaltomMientration. Photo absorption
response, interestingly, demonstrates a nearly similaawer in UV and visible regions, for
nanoflakes grown at low reaction time, but an enhanced UVorespfor the flake obtained
at large times. These nanoflakes displaying multifunctipmaperties of photo- absorption
and RS behavior, that can be modulated with reaction timeeatiractive for optoelectronic,

electrochromic and RS based memory applications.
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7.2 Experimental :

NiO nanostructures have been grown on Au films through hyeératal method. Gold films
act as bottom electrode and were deposited on Si(100) stéstry e-beam evaporation tech-
nique, at a base pressure of P0-7 mbar, using Knudsen cell with 99.995 purity gold. The
deposition rate and sample rotation speed were maintain@d & s~! and 20 rpm, respec-
tively.

All chemicals utilized for hydrothermal process were of lgtieal grade and have been
used without any further purification. In a typical procegluaqueous solution was prepared
by mixing 0.05 M nickel nitrate hexahydrate (Ni(NY2-6H,O) and 0.05 M hexamine (HMT,
CgH12N,) solutions. Gold deposited Si substrates were introdutteds glass beaker (reactor)
filled with 20 mL aqueous solution. The reactor was then medioh a hot plate maintained at
a constant temperature of 0. The reaction was allowed to proceed for times varying fom
to 10 hr. Finally, the substrates were annealed at@30r an hour. This procedure resulted in
NiO nanoflakes on Au films.

The morphology of the NiO nanostructures has been invastigasing a field-emission
scanning electron microscope (FESEM) from Carl Zeiss. €pwbsorption and structural
properties of the nanostructures were studied using Stambl¥-Vis spectrophotometer and
JEOL High Resolution Transmission Electron Microscope THNI), respectively. Core level
studies have been performed, in UHV, using a VG X-ray Phetdsdn spectroscopy (XPS)
system having an instrumental resolution of 0.9 eV. The tspeeported here were obtained
with Mg Ko radiation at a pass energy of 20 eV. The emission angle ofoplaaitrons was
kept at 30 with respect to surface normal. The C 1s line at 284.6 eV has bélized for
charge correction. A Shirley type background was removewh fall the XPS spectra. CAFM
measurements were performed using a Bruker AFM (Nanoscypetdp. A schematic dia-
gram for CAFM measurements is presented in fig. 7.1. By sweeypoltage(V) between the
AFM tip and the bottom Au electrode, under sample bias canditorresponding current (I)
is measured . The voltages were sweeped from 0 to +8 V in thaygogdirection and from +8
to 0 V in the reverse direction. CAFM measurements have bedoimmed on various regions

of the sample.

111



Cantilever

Au film

Figure 7.1: Schematic diagram for Conducting AFM (CAFM) sw@@ments. For measuring
I-V response, V is applied between the tip of the cantilever e Au electrode. This voltage
is sweeped and the corresponding | is measured.

7.3 Results and Discussions ;

Figure 7.2 presents FESEM images of NiO nanostructuresiausareaction times. Fig. 7.2 (a)
displays an image after a reaction time of 6 hour where natexlaan be seen. The evolution
of these nanoflakes, with reaction time can be observed iid.Bgb,c).

During the hydrothermal growth of NiO, nickel nitrate (NiQN),) acts as a source of Ni
ions and HMT (GH»2N,) as a precipitant. The growth of NiO nanostructures takesepl

through following systematic reactions :

Ni(NO;), — Ni%* +2NO; (7.1)
(CHy)sN4 + 6H,0 — BHCHO + 4NH, (7.2)
NH; + H,O <« NHJ + OH~ (7.3)
Ni2* + 4NH; < Ni[(NH3),]*" (7.4)
Ni2* +20H"  60°C' Ni(OH), (7.5)
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Figure 7.2: FESEM images &3 ym?) from NiO nanostructures grown at different reaction
time of (a) 6, (b) 8, and (c) 10 hr. Insets show high resoluiimage of nanoflakes from a K11
p©m?) region.

The last reaction process is

Ni(OH), 350°C NiO + H,O (7.6)

In the initial kinetics of hydrothermal growth, decompasit of nickel nitrate hexahydrate
and HMT introduce Nit, OH~ and ammonia in the aqueous solution (eqn. 7.1-7.3)" Mins
form the hexa-aqua coordinated Nil{@),]>" species during reaction with. . This gets
converted into the thermodynamically more stable hexa-am@momplex Ni[(NH),]*" after
reaction with ammonia (a stronger base and ligand comparé®, eqn. 7.4). At elevated
temperatures, this complex favors, according to eqn. ¥ ah the formation of Ni" ions and

releases Nkito provide OH ions in the aqueous solution [12,13]. Reaction betweeretioes
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Figure 7.3: TEM image of NiO nanoflakes, deposited at 10 hetiea time. Inset shows the
HRTEM image of a 4.4 x 4.4 nfiregion of NiO nanoflake.

leads to the precipitation of Ni(OK)eqn. 7.5). Finally, thermal decomposition of Ni(QH)
produces NiO nanostructures (by eqn. 7.6) via dehydratidh [Removal of bonding water
molecules, during dehydration, still retains the regutaaregement of Ni and O atoms in NiO
lattice structure [14,15]. Figure 7.3 presents the TEM ienaba 350 nm nanostructure grown
at the reaction time of 10 hr. Inset displays a high resotuladtice image of the nanoflake.
The lattice fringes demonstrate an inter planer spacing 6i24 nm from cubic NiO (111)
planes [14] and suggest nanoflakes to be of crystalline @atur

XPS spectra from Ni(2p) region for NiO nanoflake are showrgn#i4, for various reaction
times. The XPS spectrum after the reaction time of 2 hr (fig(aj), shows two distinct features
at 852.5 and 853.8 eV associated witl Bind NF* states, respectively [15,16]. These features
represent the Ni2p, state of the metallic nickel and NiO, respectively [15, 1@eing of
similar intensity, these features suggest the existensemk metallic Ni on NiO nanoflakes.
Moreover, the satellite features associated with the mietdl and NiO, labeled as Nj, and
NiO,,.;, respectively, are also observed at 858.3 and 859.8 eV§1l5The former represents the
characteristic transition c3ts — c3d’4s’ (c being a core hole) in metallic Ni, and latter the

transition c3dL — c¢3d'°L? (L being a ligand hole) in NiO [17]. For increasing reactiame,
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Figure 7.4: Ni(2p) XPS spectra from NiO nanostructures graiweaction time of (a) 2, (b) 6,
(c) 8 and (d) 10 hr. Peak fitted components fofNiNi° states and satellite features for NiO
and Ni are shown.

the relative intensity of the Nifeature is observed to decrease, with respect to thiefidature.
The associated satellite intensities of’ Mind N+ (i.e. Ni,,, and NE;) also demonstrate
similar behavior (fig. 7.4). In the final reaction of hydrotimal growth process (eqn. 7.5),
Ni%* and OH" react at 60C leading to the formation of Ni(OH) Calcining or annealing at
350°C of this Ni(OH), forms NiO nanoflakes. The production of these nanoflakesrikpe
on the concentrations of OHand N7* in the solution as well as the reaction time. With

increasing reaction time, the production of NiO increassstd enhanced availability of OH
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Figure 7.5: O(1s) XPS spectra from NiO nanostructures grawweaction time of (a) 2, (b) 6,
(c) 8 and (d) 10 hr. Peak fitted components for states relatédt, -OH and adsorbed D
are shown.

(as per reaction of egn. 7.3). The enhancement i &ature, in fig. 7.4, is a consequence
of the creation of NiO nanoflakes with less metallic Ni for neasing reaction time. Core
level XPS spectra from O (1s) region for NiO nanoflakes, graetwarious reaction times, are
shown in fig. 7.5. Spectra display three components at 5332,0 and 533.6 eV. The first
feature is related to the®0 state of NiO nanoflakes [16]. The latter two features cowasdp
to the adsorption of -OH andJ@, respectively [16, 18]. No significant variation in theatale

intensity of these components, for various reaction tingesbhserved.
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Figure 7.6: UV-Visible absorption spectra from NiO nanostures grown at different reaction
time. F'1 and E2 designate the two band edges observed in NiO nanoflakes.

Figure 7.6 shows the optical absorption spectra from NiQoflakes for various reaction
times. All absorption spectra show primarily two absorptmjges,ﬁ and E2. The former
is related to the direct bandgap transition in NiO, from Q(2glence band to Ni(3d) derived
conduction band [12, 19]. The latter is due to thg # T,, transition in N#* ions located in
oxygen octahedral sites [12, 13]. The feature seen at nbafynm is related to Au plasmon
feature from bottom gold electrode. NiO is a large bandgap-43% eV) p-type semiconduc-
tor with an absorbance tail in the visible region [20]. lesgingly in the present study, the
highest photo-absorption has been observed for NiO naratstes created at the smallest re-
action time of 2hr. For these nanostructures, a high abeogbean be noticed for both, UV
and visible, regions. Moreover, the absorbance respormrsasonably flat, displaying nearly
similar photo absorbance over all the wavelengths studezd. hAlthough the absorption re-

sponse behaviour also remains nearly flat for nanostruetorening after 6 hr reaction time,
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Figure 7.7: Tauc plots are shown for NiO nanostructures grawdifferent reaction timex is
the absorption coefficient and E is the photon energy. Irtsa#/s the variations in E1 and E2
as a function of reaction time.

the absorbance is much lower. For nanostructures formih@ hat, a distinctly large absorption
in the UV region, but a relatively lower absorption in theilis region, is observed.

Tauc plots, shown in fig. 7.7, have been generated using ladosce data (of fig. 7.6) and
display two bandgaps, E1 and E2. These are respectivelgdeia the band edgeﬁl and
E2, observed in fig. 7.6. The inset of fig. 7.7 displays E1 and E2fasction of reaction time.
For NiO nanostructures, created at 2 hr, E1 and E2 are3a40 and~2.45 eV, respectively.
E1 observed here is similar to NiO bandgaps (3.0-4.5 eV)robdesarlier [20, 21]. For higher
reaction times, an increase in E1 is observed. For nandstasccreated at 10 hr, E1 is found
to be~4.0 eV. Thus, the smallest bandgap (E1) and highest absmpaith similar response
in UV and visible range, is observed for NiO flakes grown at 2witereas for the highest

reaction time (10 hr), a distinctly high absorbance in therg§fon, compared to visible region,

118



\%
Vreset set

IN
T T T T 17T

[¢]

Current (nA)
N N
T T 1 T 1 7T

o

IN
T T T T 17T

0

L 2hr|
AN
N @
0 7 I 8
I(b)
0 7 8
I(C)
0 7 8
10 hr !
() )
I I s 0l I | 1
0 1 2 3 4 5 7 8
Bias Voltage(V)

119

accompanied by large bandgap, E1, is observed.

Figure 7.8: I-V characteristics from NiO nanoflakes falteckat different reaction time of (a)
2, (b) 6, (c) 8 and (d) 10 hr.

I-V characteristics from NiO nanoflakes are presented in#i§. For these measure-
ments, voltage (V) is sweeped between AFM tip and the bottdn) €lectrode, on which
NiO nanoflakes were grown and corresponding | is measuredNiED nanoflakes grown for
2 hr reaction time, initially at small voltages no currendlié&tected. The percolation threshold is
reached at 1.1 V where small current is detected. A sharprriserrent, however, is observed
with application of 2.4 V. Thus, nanoflakes which were undghhesistance state (HRS) un-

dergo a transition to low resistance state (LRS) at 2.4 VhAfdercolation threshold, few weak



Anode

Figure 7.9: Process of Conducting Filament formation in N@Ontribution from metallic Ni
(labelled as dots) from flakes, in CF formation, is also shown

conducting paths get created.

NiO inherently possess nickel vacancyx(Y type defects but develop oxygen vacancies
(V,) when reduced [22—-25]. Upon application of the voltage 10 Nevice, as shown in fig. 7.9,
oxygen and nickel vacancies will respectively migrate talsdhe cathode and anode. Oxygen
vacancies are also generated at the anode [3], which willrasve towards and get accumu-
lated near cathode. As a result, their is a decrease in ctaten of nickel vacancies near
cathode region, and oxygen vacancies near anode regiserféeof large number of oxygen
vacancies, in the cathode region, produce a thermodynastighility. As a result, the NiO in
the cathodic region phase separates into Ni and NiO. Thellndtiaphase grows and forms
a conducting path (CF) from cathode towards anode. Aftsrghicess of electroforming, the
electroformed state is said to be attained when metallicidsp touches the anode. Processes
of Ni filament growth during electroforming is shown in figured. Presence of metallic Ni
in NiO films, as shown by XPS results of fig. 7.4, also contbint the formation of CF in
the present study. Metallic Ni, present near the phase ae&ghregion will be primarily play-
ing this role. The transition from HRS to LRS occurs when spaths become stronger and

larger in number. The fluctuations near percolation thrieshofig. 7.8, are due to the random
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Figure 7.10: Variations in ¥; and V,.,.; voltages as a function of reaction time. Inset shows
the variations in the ratio, NiNi%*, in NiO nanoflakes.

telegraphic noise [2] or variations in the metal Ni concatidm.

After the HRS to LRS transition occurs, V between CAFM tip ahadl electrode (see
fig. 7.1), is decreased and is sweeped in the reverse dimegfido the stage when a sharp
decrease in current is noticed (see fig. 7.8). The lattesitian is termed as LRS to HRS and
occurs at 1.1 V for NiO nanoflakes grown at 2 hr. At this stage,donducting filaments, that
had developed for conduction, become severely ruptured.vbhage required for the transi-
tion from HRS to LRS is defined as,¥ voltage, whereas Y, voltage is needed for driving
LRS to HRS. The transitions from HRS to LRS at.¥ and LRS to HRS at \/,.; suggest
existence of two stable, HRS and LRS, states for NiO nancflad®reover, this behaviour is
reversible indicating that these NiO nanostructures destnatebi-stable reversible switching
behaviour. This switching is also of unipolar nature withhd/,.; and V..., being of same

positive polarity.
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The V,.; and V,.,.; voltages observed here for NiO nanoflakes are plotted in fif) &s a
function of reaction time. Both the voltages demonstrateaxly linear increase with reaction
time. For the reaction time of 2 hr, only a small set voltage.{Ms required. This observation
is associated with the fact that at this stage NiO flakes areimiNi, as demonstrated by XPS
studies in fig. 7.4. High metallic content in these nanostmgs results in the percolation of
current at a lower threshold voltage. At higher reactioresiarger \/.; values are observed.
Inset of fig. 7.10 shows the ratio of Nio Ni?>*, as calculated using the XPS results of fig. 7.4, at
various reaction times. The metallic content] Miecreases in NiO nanoflakes with the reaction
time leading to higher {; voltage for attaining the conduction. With increasing teactime,
higher V,...; voltages are also observed. High.\; voltages, for higher reaction times are
also due to the fact that the lower metallic Ni content (iriget7.10) does not allow continuous
conducting filaments at lower voltages and the CF bondsjrigad conduction phenomena,
rupture. Mobile oxygen vacancy and Nickle vacancy, underapplied bias, will also be re-
sponsible for the observed phenomenon [3]. These resditsaite that \/.; and V,.,.; voltages

crucially depend on the metallic Ni present in NiO nanoflakes

7.4 Conclusion:

In conclusion, NiO nanoflakes have been fabricated, witlprhydrothermal growth process,
as a function of reaction time. NiO nanoflakes, grown at thalkast reaction time (of 2 hr), de-
lineate the highest photo-absorbance response, in additidisplaying the smallest bandgap.
The nanoflakes grown at 10 hr, however demonstrate distiWcatsorption conjugated with
the largest bandgap. With the detailed quantitative ingasbns of |-V characteristics, it is
observed that the metallic Ni in NiO nanostructures, aloity the mobile oxygen vacancies
and Nivacancies, controls the voltages for the formatiahrapturing of conducting filaments.
These NiO flakes demonstrdiestable reversible switching behaviour of unipolar nature. NiO
nanoflakes demonstrating photo absorption response astiveswitching character, that can
be modulated with reaction time, will be important in optstonic, electrochromic and RS
based memory devices.
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Chapter 8

Summary and Future Scope

Present thesis discusses the fabrication of nanostrganfiieO,, ZnO, NiO and nanopatterned
surfaces. Metal oxide nanostructures display many excdimd technologically useful appli-
cations in photocatalysis, photovoltaic cells, memoryicks, sensors, opto-electronics, spin-
tronics and resistive switching. This is owing to their diex@ and important properties like
chemical stability, high reactivity, bio-compatibilitgpn-toxicity etc. The nanostructures, dis-
cussed here, have been achieved by the process of self dgsemlexpress many interesting
and exciting behaviors like enhanced photo-absorptiogaic response, resistive switching
characteristics etc.

Chapter-1 presents basic concepts, theoretical description of marudsre formation and
nano-patterning of surfaces along with their importanceurrent research. Nanostructures
have been fabricated through several methods like ioniatiat, atom beam sputtering and
hydrothermal growth. The synthesis methods, characteizéechniques, utilized here, and
the properties of materials are discussedhapter-2.

Chapter-3 presents the fabrication and photoabsorption behavic2ddifensional nanos-
tructures, created via ion irradiation of TiQL10) single crystals by low energy ion beams. Ir-
radiation techniques provide a powerful method for the farom of self-assembled nanostruc-
tures. Nanostructures and nanopatterned surfaces, edtayrthis technique, can be generated
in large area in a technologically single step. Patternsi@a&ted on the surface through the de-
velopment of instability due to competing erosive and diifie processes. TiJ110) surfaces
have been bombarded by Aions of 60 keV, from an ECR source, at a variety of fluences
ranging from 5¢10' to 5x 10" ions/cn¥. lon irradiation also leads to the creation of oxygen
vacancies, due to the preferential sputtering of oxygematdrhis results in the formation of

Ti-rich regions on the surface which act as the nucleationess for the development of TiO
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nanostructures. The nanostructures evolve with fluencgewlin size. The oxygen vacancy
states, Ti, however, display saturation beyond a critical fluence. p8singly, the highest
photoabsorption, in UV-visible wavelength, is demongdaby nanostructures of 15 nm size
and not the smaller nanostructures with larger surfacesafgaintricate dependency of photo-
absorbance response, from Fi@anostructure, on the size of the nanostructure and nunfiber o
vacancy states is observed here. With the detailed quwvgitavestigation of oxygen vacancy
states, it is demonstrated that competition between tleeddinanostructures and the number
of vacancy states controls the photo- absorption progerfiesmall bandgap widening due to
quantum confinement effects is also observed. The comptkarship between these factors
is responsible for the anomalous absorption responsedbldiden observed here in the absence
of any dopant. This can have extensive implications in tlea &f TiO, based photocatalytic
devices.

Chapter-4 reports the magnetic properties of the Ti@anostructures, fabricated by ion
beam sputtering of Ti@single crystals in chapter 3. SQUID investigations of J1@&nos-
tructures (of size 5, 10, 25nm) display a direct correlabetween the size and their magnetic
behavior. Small, single domained Ti@anostructures, of5 nm size, show super- paramag-
netic (SPM) behavior. Ferromagnetic behavior, howevetersonstrated by bigger nanostruc-
tures. Nano- dimensional domain size estimates obtaimeddgh the Langevin function fitting
of magnetization results suggest the presence of a magketitert layer on nanostructures.
Results, presented here in the absence of any dopant nhatglfibe significant for spintronic
devices.

Chapter-5 discusses the photo-absorption properties of constraii@¢ nanostructures
fabricated by Ar ion irradiation at higher irradiation fluences ot 60'" to 1x10'° ions/cnt.
The nanostructures are anisotropic in nature, being etedgdong [001] direction. Though,
the anisotropy of nanostructures increases with irrashafluence, their width does not grow
proportionally. As a result, the nanostructures are cairsd along [10] direction. An asym-
metric diffusion of mobile species, °fi and itinerant Ti, created during the preferential sput-
tering of TiO,, play an important role in regulating the self organizatoml the anisotropy of
the nanostructures. Photo-absorption response demiassisarprisingly, an exponentially de-
caying dependence on the nanostructure- length along.[0@11) this being the fast diffusion
direction for the mobile species, results show their immeermntrol on surface morphology.

These results, obtained in the absence of any dopant elepeant lead to fascinating con-
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sequences for exciting photo- catalytic properties of asfembled nano- systems of JiO
through controlled designing of their morphology.

Chapter-6 presents the formation of ZnO nanostructures through ateambsputtering
technique. 1.5 keV Ar atom beam were utilized to irradiat©Z001) surfaces at two differ-
ent incident angles leading to the formation of self-asdethbrystalline nanostructures of two
different sizes. The morphology of the surface, upon iaadn, is determined by the undergo-
ing competitive processes of erosion and diffusion. Rolgreferential sputtering of low mass
oxygen atoms is also very important. XPS results indicateeld@ment of Zn rich sites on
the sputtered surfaces which promote the nucleation of @imestructures. Among the differ-
ent sizes of nanostructures studied here, bigger (78 nnostrarctures demonstrate hexagonal
closed packed ordering and long ranged periodic behaviw.smaller nanostructures (60 nm)
however do not display any ordering or periodicity. The leigganostructures, also displaying
some new crystalline phases, show higher photo- absorptgponse. The enhanced photo
response is primarily related to the bandgap narrowing-By09 eV, which occurs due to the
creation of Zn interstitials during irradiation. Theseuks are significant as they have been
obtained in the absence of any dopant element and can betanpfor photocatalytic applica-
tions.

Chapter-7 presents the photo absorption response and resistivengwgt(RS) properties
of NiO nanoflakes, grown by hydrothermal method. Nanoflakesvg at low reaction time
(2 hr), display a very high, and a nearly similar, photo-apgon response, both in both UV
and visible regions. These nanostructures also demoasinadllest bandgap. The nanoflakes
grown at the largest time (10 hr) however show a very distinéphotoabsorption along with
the largest bandgap. The NiO nanoflakes devices were alsodtdtl here with gold as bottom
electrode. Detailed quantitative investigations of |-\addcteristics have been carried out us-
ing CAFM technique. By this method resistive switching bebain nanodimension regions
can be explored. The results presented here show that tladlimiii, in NiO nanostructures,
controls the voltages for the formation and rupturing of adueting filaments necessary for
switching. These NiO flakes demonstratestable reversible switching behaviour of unipolar
nature. Both, photo absorption response and resistivetswg character, shown by NiO nan-
flakes, display interesting variations and can be tuned sg#lstion time. Such multifunctional

properties can be important in optoelectronic, electrochc and RS based memory devices.
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Present studies display the feasibility of several poédapplications of wide bandgap ma-
terials as renewable energy sources and photocatalysiste Th an enormous potential for
observed visible light activity of TiQand ZnO, in the absence of any dopant, in photovoltaics
as well as in photocatalyst based applications. An increagfiotoabsorption properties of
TiO, and ZnO is observed. This occurs due to the development of Znaich nanostruc-
tures on the surface as well as the creation of oxygen vacsitey. The oxygen vacancies
get modulated by small nanostructures at low fluences andfihe control will be useful in
providing detailed precise parameters for enhanced phstoption. In addition, observation
of superparamagnetism in single domained quantum confirf@griinostructures can provide
important template for spintronics and multiferroics lmhskevices. The resistive switching
phenomena, observed in NiO nanostructures, would be of memase for resistive switch-
ing based random access memory devices. In the presenttbieidgle of metallic Ni in the
formation of conducting filaments during HRS to LRS has beemstigated. For detailed
understanding of resitive switching mechanism in NiO, mexploration of the forming and

rupturing behaviour is required.
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