Contents

ACKNOWICAGOINCHLS a..cuunnnenneineonnernainsnnsnrcurnssisssisssissssssssissassssssssssssssssssssssssssssssssssssss vii
CONTONLS canauneenneenrecrensessensaessenssessesssnssessssssessasssassassseessessasssessessssssassssssasssesssessesssssasssasssesss ix
List of Figures xiii
List of Tables xvii
ADbreviations ANAd SYMIDOLS........eeeeeeceeiouensersuiesnnsnncsississseissesssssessssssssossssssssssssssssens Xix
PREFACE Xxiii
Chapter 1 Introduction and Literature ReVIeW .......ccceceevrceiessnnissnrcsssecssssisssasssssassscnns 1
L1 INtrodUCHION ...t 1
1.1.1  Transition Metal OXides .......c..eceeirrieiiriieiniiieiceee e 1

1.1.2 HfOs and its Crystal StruCture ...........ccoevveevvieeieeiieeeeieeceeiesreeereeseve e 2

1.1.3  Physical and Chemical Properties of HfO2.......cccoovvvvviinnieniiciiceiiine 5

1.2 Literature REVIEW ......co.couiiiiiiieiiiieiiet ettt 7
1.2.1  Green SYNTNESIS ....oicviiiieciiecie ettt seve e et e e sbeesreeseaeenne e 7

1.2.2 Structural Transformation in HfO2: Effect of Synthesis Parameters and

DOPANLS ..ttt ettt e e b et ae s sabee e rbaeenreeennes 9
1.2.3  HfO» Nanostructures for Sensor Application ...........cccceeeveeeieereenreeneenee. 14
1.2.4  HfO; Nanostructures for Memory Device Application ............cccceeueeneeee. 17

G T O o] =T 5 USSR PR 23
Chapter 2 Experimental Methods 27
2.1 INEOUCTION ..ottt e 27
2.2 Synthesis 0f NanopartiCles........c.ecvveviiiiiiciieiieeieceeee e 28
2.2.1  S0l-gel TEChNIQUE ....c.veeuieniieiieiieieeeeee et 28
2.2.2  Green Synthesis Method...........cccooviiiiiiiiiiiiciccce e, 29

2.3 Deposition of Thin FIIMS .......ccccoiiiiiinieiiiee e 30

ix



2.3.1  lon Beam Sputtering (IBS) .....c.covuiiiiiiiiiiiieeeeee e 30

2.3.2  Molecular Beam Epitaxy (MBE) ......cccccoeiiiiiiiiieieeeeeee e 32
2.4 Fabrication of Memory DEVICE ........cccueevuiiiiiiiiiiiiciecee e 33
2.5  Characterization TeChNiqUES ..........ccceccuiiiiieiiieriieeereeeeee e 34

2.5.1  X-ray Diffraction (XRD) .....cccveiiiiiiiiiciceeeee et 34

2.5.2  Grazing Incidence X-ray Diffraction (GIXRD)........ccccoovvviirciiiciinnieens 36

2.5.3  X-ray Reflectivity (XRR) c.ooooveieiiiiie e 37

2.54  RaAMAN SPECIIOSCOPY .eeevrrrenrerrrrrerrerersrreerreeenreesseeesssesssseesssseesssseesssseessns 37

2.5.5  Fourier Transform Infrared Spectroscopy (FTIR) .......ccccocveveviiiiiviiennnns 38

2.5.6  Transmission Electron Microscopy (TEM) ........cccoovveviirieniniinesieiies 39

2.5.7  Atomic Force Microscopy (AFM) .....ccooiiiiiiiiiiieeeeeeeeeee e 40

2.5.8  X-ray Photoelectron Spectroscopy (XPS) ....ccoovevievveieninieiicieeeeeee 41

2.5.9  Auger Electron Spectroscopy (AES) ....coooivviieiieiieiie et 42

2.5.10  UV-Visible SPECLrOSCOPY ...vervverrerurerierrieiiiieeieeriesteseeiesteeseesieesaesseessesneens 43

2.5.11 Electrochemical Impedance Spectroscopy (EIS).....ccccevvevirieienieniinenns 44

2.5.12 Polarization Measurements: P-V Hysteresis Loop Tracer ........................ 45

2.5.13 Electrical Measurements: I-V, Endurance and Retention ......................... 46

Chapter 3 Structural Transformation and Bandgap Engineering by Doping Pr in

Nanoparticles 0f HfOn....uoeenuenuiniisenninsnininsennensnininseenensnsieisiisesessismssseenss 49
3.1 INOAUCTION c..ouinieeee e st 49
3.2  Structure, Microstructure and Phase Transformation ..........ccccccceevevvevenneenn... 49

3.2.1  XRD, Raman Spectroscopy and FTIR Spectroscopy ........cccceeeveecrvecnennnen. 49
3.2.2  Microstructural ANalysSiS.......ccccccveviieriienieeiieieireieeeereeeree e eeve e e 56
3.2.3  X-ray Photoelectron SpectroSCOPY ....c.eeververeeierreereerireiesieeeeieeeeeneeeneens 57
3.24  Mechanism for Phase Transformation from Monoclinic to Cubic........... 59
3.3 Optical Properties: Bandgap Estimation ...........cccccceevvuieeiiecienniienieeie e, 61
3.4 CONCIUSIONS c..euiniteieeeee ettt st s 63



Chapter 4 Green Synthesis of HfO2 Nanoparticles for their Sensing Application .65

A1 TEPOAUCTION L.ttt ettt e 65
4.2 Green Synthesis and Characterizations............c.eceeeeerueeiereenienienieeiee e 65
4.2.1  Green Synthesis and MechaniSm............ccccocvvveiieriieiieccieiieeeeeeeeeee s 65
4.2.2  Structure, Microstructure and Optical Properties .........ccccccevvevverrieeennene. 67

4.3  Liquid Ammonia Sensing using Electrochemical Impedance Spectroscopy...71
O G703 1 To] 1313 T ) RSP 74

Chapter 5 Thickness Dependent Phase Transformation and Resistive Switching

Performance of HfO2 Thin Films Fabricated by Ion Beam Sputtering................... 75
5.1 INtrodUCION .....oouiiiiiiiiiiiiciice et 75
5.2 Structure and MICTOSIUCTUIE. ......c..eceeuirieirieiiriinee sttt 76

5.2.1  Thickness, Density and Roughness by X-ray Reflectivity ..................... 76
5.2.2  Surface Morphology by Atomic Force Microscopy .......cccccvverveeveereennen. 76
5.2.3  Structure and Phase Transformation.............cocevervieninieneninnineeie s 79
5.2.4  X-ray Photoelectron Spectroscopy and UV-visible Spectroscopy ........... 80
5.3 Resistive Switching BEhavior ..........ccceceviriiiieieiece e 83
5.3.1  Current-Voltage (I-V) CharacteristiCs..........ccevuereeviererieeneeiereieeeie s 83
5.3.2  Endurance and Retention Measurements..............cccccueeeeirneeienieieneennnen 87
5.3.3  Mechanism for Resistive SWitching ...........cccoevvieieniiieneceee e 87
5.4 CONCIUSIONS ...ttt ettt 92

Chapter 6 Structure and Resistive Switching Behavior of Molecular Beam Epitaxy

Grown HfO:2 Thin FilmS....iiiiininiininnininniiiniiieismesissmssses 95
6.1 INtrOdUCTION ..ottt e 95
6.2 Structure and MICIOSTIUCTULE. ......c..coviiiieiiieiiriciire et 95

6.2.1  Structure through Grazing Incidence X-ray Diffraction..............c.cc.c....... 95
6.2.2  Thickness, Density and Roughness by X-ray Reflectivity ..........c............ 97
6.2.3  Surface Morphology by Atomic Force Microscopy ........cccceevevuervenuenneenee 98
6.2.4  Auger Electron and X-ray Photoelectron Spectroscopy ........cccceeevverveennen. 99

xi



6.3  Resistive Switching Behavior ..........ccccoccieeiiioiiiiiinieee e 101
6.3.1  Current-Voltage (I-7) Characteristics.........oceerueererereererieneeeeie s 101
6.3.2  Mechanism for Restive SWitChing..........ccccooeeeviirieieniiicieeceeeeen 103

6.4 CONCIUSIONS ...ttt ettt e 106

Chapter 7 Summary and Future SCOPE ......ccoceeeveveiessnissancscanisssnscssssssssssossasssssasesses 107
% T 11111 4 B2 o USRS 107
7.2 FULUIE SCOPC...ueieeieieie ettt ettt ettt et ettt ese e enteenteenneeneenneeens 109

RESOICHICES ounenvrvsurinsrainsvrnsssnrssssrsssssisssssssssssssssssassssssssossssssssssssssssssssssssasssssasssssssssssses 111

LiST Of PUDIICATIONS «ovaucneevvonnevnsneinsniisssarissassssssssssssssssissssssssssssssssssssssssssssssssssssassessanss 127

Xii



List of Figures

Figure 1.1 Three crystal phases of HfO: as a function of temperature under ambient

DIFESSUTC. ...ttt e ettt ettt ettt ettt e et et e ehte e bt e et e e b ee et e e enteeeae 3
Figure 1.2 Phase diagram of Temperature vs. Pressure HfO:. ............cccccovevvvcennannnn. 5
Figure 1.3 Different applications of HfO: nanostructures in various industries............. 6

Figure 1.4 X-ray diffraction patterns indicating stabilization of the monoclinic and
tetragonal phase in stoichiometric and oxygen deficient HfO: films. ................c........... 11

Figure 1.5 X-ray diffraction data of (a) cubic and (b) monoclinic HfO: nanoparticles.
Selected area electron diffraction (SAED) patterns of respective phases are displayed in
FRE THISELS. ...ttt e e e 12

Figure 1.6 A typical current-voltage (I-V) diagram depicting different processes of
FESISIIVE SWIICHIIIZ. ...ttt ettt ee e ea e 18

Figure 2.1 Flow chart of sol-gel technique for the synthesis of pure HfO> and Pr doped
HO2 BANOPOWACTS. ...ttt 28

Figure 2.2 Schematic diagram of HfO: synthesis from orange peel extracts via green sol-
ZOLFOULC. ...ttt et ettt ettt e e e 30

Figure 2.3 A schematic representation of meta-insulator-metal (MIM) structure. ....... 34

Figure 2.4 A schematic diagram of incident and diffracted X-rays from equidistance
lattice planes i the CrYSTAL. ..............ccococoiiiiiiiiiii et 35

Figure 2.5 (a) General set-up for 3 electrodes configuration and (b) schematic diagram
of our connection of the screen-printed electrode to the Gamry Reference 600
potentiostat (diagram is ROt 10 SCALE). ............cc.occeieeiiiiiiiieee ettt 45

Figure 2.6 Schematic representation of Sawyer tower circuit for ferroelectric hysteresis
FR@ASUFCIIICTILS. ...t ettt et et e e e et e et e et e e bt e st e ee e etbeenteenteesaseeseeaseeesae s 46

Figure 2.7 Schematic diagram of the circuit connection of HfO:z based memristor. .....47

Figure 3.1 X-ray diffraction patterns of Hf1xPr-O> (0 < x < 0.15) nanoparticles calcined

AL 900 OC JOT 5 HOUFS. ..ottt ettt ea et es 50
Figure 3.2 Phase fraction of the cubic phase as a function of Pr concentration........... 51
Figure 3.3 Rietveld refinement of the XRD patterns using FullProf software............... 52

xiii



Figure 3.4 Variation in crystallite size and lattice strain of Hf1.Pr«O> (x = 0-0.15)
FUATOPAFLICIES. ...ttt ettt ettt e be e ss e eaae e e 53

Figure 3.5 Raman modes monoclinic (x = 0) and cubic (x = 0.15) phase of Hf1-xPr:O:
FIAROPATLICICS. ... ettt ettt ettt e b e ss e b et eenas 54

Figure 3.6 Transmittance spectra of Hf1.xPr«O>nanoparticles (x = 0, 0.01, 0.09 and 0.15)
from Fourier transform infrared SPEeCITOSCOPY. ..........ccooveevreeeeeeirieeeieeieseeeseeesseesaae s 55

Figure 3.7 SAED patterns and high-resolution TEM for (a, b) x=0 and (c, d) x=0.15;
TEM micrographs and the particle size distribution histograms are shown as the insets
of (a) and (c) for respective SAMPIe. ................cc.ccovevvveeieecieiiiiiciiieiieeie e, 57

Figure 3.8 (a), (b), (c) XPS spectra of O ls and (d), (e) Pr 3d core levels of Hf1-xPr<O>
FUANOPAFLICLES. ...ttt ea e ettt e b ss e eaee e e 58

Figure 3.9 Pr 3d core level spectra of Hf1-xPr<O> (x = 0, 0.09 and x = 0.15) nanoparticles.

Figure 3.10 UV-visible absorption spectra of HfixPr:O:> (x = 0, 0.09 and 0.15)
FUANOPATLICLCS. ...ttt ettt et ettt et e b e ss e eaaenaae e 62

Figure 3.11 Tauc plots of Hf1.xPr-O2 nanoparticles (a) x = 0, (b) x = 0.09 and (c) x =

Figure 4.1 Chemical mechanism of green synthesis of HfO> nanoparticles using orange
PCLEXIFACLS. ...ttt ettt ettt 67

Figure 4.2 XRD patterns of green synthesized HfO; nanoparticles (HO-1-OPE, HO-2-
OPE and HO-4-OPE). .........ccoociiiiiiiiiiieeeee ettt 68

Figure 4.3 Transmission electron micrographs of (a) HO-1-OPE, (b) HO-2-OPE and (c)
HO-4-OPE. ......ccooiiiiiiiiiiiiieieeeeeet ettt 68

Figure 4.4 (a) Le Bail profile fitting, (b) Williamson-Hall plot of HfO: sample and (c)

Figure 4.6 Bode plots obtained from EIS measurements at different liquid ammonia
concentrations with 10 mV ac voltage in 100 mHz to 1 MHz frequency range. Inset
represents the model used for the filting. .............cccccoiviiviiiiiiiiiiiiiiieee e 72

Figure 4.7 Nyquist plots obtained from EIS measurements at different liquid ammonia
concentrations with 10 mV ac voltage in 100 mHz to 1 MHz frequency range.............. 73

Xiv



Figure 4.8 (a) Variation of charge transfer resistance with respect to ammonia
concentrations and (b) prediction model to predict ammonia concentration of real
SCIPLES. ..ottt ettt et et et ettt et e b e b ettt ente e s 74

Figure 5.1 X-ray reflectivity spectra of HfO: thin films having thicknesses of ~ 10, 20
and 30 nm. Insets show the schematic diagram of the stacking used for fitting the XRR
spectra (diagrams are ROt 10 SCALE). ...............c..cccoeveeeeeeiiieeieiieeeie e 77

Figure 5.2 AFM analysis of the fabricated HfO: thin films of ~ 10, 20 and 30 nm
thickness. The film roughness is found to be 0.3, 0.6 and 0.6 nm for 10, 20 and 30 nm
SIS, PESPECHIVOLY. ...t e 78

Figure 5.3 GIXRD data for HfO: thin films with ~ 10, 20 and 30 nm thickness [m =
monoclinic (P21/c), o = orthorhombic (Pbca) phase]. ...............ccccooovveveeviiecivennennnnn 80

Figure 5.4 (a, b) Hf 4f and (c, d) O Is core level XPS spectra of oxygen deficient HfO:
thin films having thicknesses of ~ 20 and 30 Nm. ...............cccccocoeviiviieeiiiiieeeeen, 81

Figure 5.5 (a) Absorbance spectra and (b) band gap of HfO: thin films with thicknesses
OF ~ 20 GRA 30 TN ..ottt ettt 83

Figure 5.6 Current-voltage (I-V) characteristics in semilogarithmic scale for RRAM
devices based on HfO: films of ~ 10, 20 and 30 nm thickness. ............c...cccccoeveveevueneen. 85

Figure 5.7 SET and RESET voltage distribution of five RRAM devices based on HfO>
Jil Of 20 1 HRICKRI@SS. ... e 86

Figure 5.8 Current-voltage (I-V) characteristics in semilogarithmic scale for RRAM
devices based on HfO: film of 30 nm thiCkness. ...............c..cccoceveeicieceiiiiiiieeieeieeen 87

Figure 5.9 (a) The endurance and (b) the retention characteristics at a readout voltage
of 1 V of RRAM devices based on HO10, HO20, and HO30. The double-sided arrow
indicates the storage window of the RRAM device based on HO20.............................. 88

Figure 5.10 (a) Ohmic and (b) Poole-Frenkel model linear fits for LRS and HRS,
respectively, for 20 nm HfO: film (Ohmic model is shown in log-log scale). ................ 89

Figure 5.11 P-V loops obtained from hysteresis measurements of HfO:> thin film of 20 nm
LhICKNESS (HOZ20). ..o ettt et 91

Figure 5.12 Resistive switching mechanism in oxygen deficient of HfO; thin films (TE-
top electrode, BE- bottom electrode, LRS- low resistance state, HRS- high resistance

Figure 6.1 GIXRD patterns for HfO:thin films deposited at substrate temperature of 300
(Film A) and 500 °C (Film B) along with the standard JCPDS data............................. 96

XV



Figure 6.2 (a,b) X-ray reflectivity spectra for film A and Film B and (c) schematic

diagram of the Stacking MOdel. ....................cc.cccooveeviiiiiiiiiiiiicieeeeee e, 97
Figure 6.3 2D and 3D AFM micrographs of the Film A and Film B............................ 98
Figure 6.4 Auger electron spectra of the HfO: films................cccccovvvivoiiiiiiieninen 99

Figure 6.5 (a,b) Hf 4f and (c,d) O Is core level XPS spectra of Film A and Film B. .. 100

Figure 6.6 (a) Schematic diagram, (b) device-to-device variation and (c) 1%, 50" and
100" I-V cycles of the memristor based on Film A....................ccccoooveeseeeeerern. 102

Figure 6.7 (a) Schematic diagram, (b) device-to-device variation and (c) 1%, 50" and
100™ I-V cycles of the memristor based on Film B..................ccccocooveeeeeeeeeeeeeen, 102

Figure 6.8 I-V characteristics for Film B in the applied voltage range of 0V — -5V —
OV 5V 0 Ve oottt 103

Figure 6.9 Resistive switching mechanism for volatile memristor....................c.......... 105

Xvi



List of Tables

Table 1.1 List of green synthesis of metal oxide nanoparticles with used green source and
remarks on the applications of green naNOMALErials. ..................ccccccevceeveivieieaienieeane. 9

Table 1.2 A brief list of reports for optimizing resistive switching performance using

JILAMENE COMITOL. ...ttt

Table 3.1 Optimized cell parameters and cell volume for Hf1.xPr«O> (x = 0 and x = 0.15)
compared with standard JCPDS data for monoclinic and cubic phase of HfO............. 52

xvii



Xviii



Abbreviations

AFM
Al

at%

BE

CFs
CIFC
CMOS
DI

EG

EIS

eV
Exp.
GIXRD
GPa
HRS
HRTEM

IDLH

JCPDS
KE
keV

kHz

Abbreviations and Symbols

Atomic force microscope

Artificial intelligence

Atomic percentage

Binding energy

Conductive filaments

Central instrument facility center
Complementary metal oxide semiconductor
Deionized

Ethylene glycol

Electrochemical impedance spectroscopy
Electron volt

Experimental

Grazing incidence X-ray diffraction
Giga Pascal

High resistance state

High resolution transmission electron microscopy

Immediately dangerous to life or health

Current voltage

Joint committee on powder diffraction standards

Kinetic energy
Kilo electron volt

Kilo Hertz

Xix



kV Kilo volt

LRS Low resistance state

nA Micro ampere

mA Milli ampere

mg Milligram

MIM Metal-insulator-metal

ML Machine learning

uL Microliter

pm Micrometer

mm Millimeter

NIOSH National institute for occupational safety and health
nm Nanometer

NMP N-methyl pyrrolidone

No. Number

NVS Nonvolatile switching

OPE Orange peel extract

OSHA Occupational safety and health administration
PPF Pair pulse facilitation

ppm parts per million

p-Si Heavily doped p-type silicon
pP-v Polarization voltage

PVDF Polyvinylidene fluoride

RE Rare earth

RRAM Resistive random access memory
RT Room temperature

XX



SAED
STDP
ST™M
TEM
T™O
TWA
uv
VS.
VS
wt%
XPS

XRD

Symbols

A

°C

Vo
Vo'

++
Vo

Selected area electron diffraction
Spike time-dependent plasticity
Short-term memory

Transmission electron microscopy
Transition metal oxides

Time weighted average

Ultra violet

Versus

Volatile switching

Weight percentage

X-ray photo electron spectroscopy

X-ray diffraction

Angstrom

Degree Centigrade

Interplanar spacing

hour

Dielectric constant

Kelvin

Wavelength

Pressure

Temperature

Oxygen vacancy

Singly charged oxygen vacancy
Doubly charged oxygen vacancy

XXi



xxii



