
iii

Contents

Acknowledgements................................................................................................................. i

Contents................................................................................................................................ iii

List of Tables .................................................................................................................... xxiii

Abbreviations..................................................................................................................... xxv

PREFACE........................................................................................................................ xxix

Chapter 1 .............................................................................................................................. 1

1.1 Nanotechnology ...................................................................................................... 1

1.2 Nanomaterials ......................................................................................................... 2

1.3 Classification of Nanomaterials .............................................................................. 3

1.3.1 Metal Nanoparticles......................................................................................... 4

1.3.2 Non-Metallic Nanoparticles............................................................................. 4

1.4 Various Synthesis Technique of Metallic/Non-Metallic Nanoparticles ................. 5

1.5 Plasmonic Metal Nanoparticles............................................................................... 8

1.5.1 SPR Band Position of Plasmonic MNPs ....................................................... 16

1.6 Properties of Plasmonic MNPs ............................................................................. 17

1.7 Different Applications of Plasmonic Thin Films .................................................. 18

1.7.1 Plasmonic Photodetector................................................................................ 19

1.7.2 Plasmonic Solar Cells .................................................................................... 20



iv

1.7.3 Transparent Conductor & Heat Reflector ...................................................... 22

1.7.4 Plasmonic Memristor ..................................................................................... 23

1.7.5 Surface Enhanced Raman Spectroscopy (SERS) Substrate........................... 24

1.7.6 Chemical and Bio-Sensors............................................................................. 24

1.7.7 Anti-bacterial Coating.................................................................................... 25

1.8 Motivation and Scope of the Thesis...................................................................... 25

Chapter 2 ............................................................................................................................ 29

2.1 Materials Synthesis ............................................................................................... 29

2.1.1 Synthesis of Ion-Conducting Dielectric Li4Ti5O12 Precursor Solution.......... 30

2.1.2 Synthesis of SnO2 Precursor Solution............................................................ 31

2.1.3 Synthesis of Precursor Solution of SnO2 NPs ............................................... 31

2.1.4 Synthesis of Precursor Solution of ZnO NPs................................................. 32

2.1.5 Synthesis of Precursor Solution of TiO2........................................................ 33

2.1.6 Preparation of Precursor Solution of TiO2 NPs ............................................. 33

2.1.7 Preparation of PMMA Solution..................................................................... 33

2.1.8 Preparation of PEDOT: PSS Solution............................................................ 33

2.1.9 Preparation of P3HT Solution........................................................................ 33

2.1.10 Preparation of PC71BM Solution ................................................................... 34

2.1.11 Preparation of blended P3HT: PC71BM Solution .......................................... 34

2.1.12 Solution Preparation of R6G Dye & Vitamin B12 Biomolecules .................. 34



v

2.2 Substrate Cleaning Process ................................................................................... 34

2.2.1 Glass Substrate Cleaning ............................................................................... 34

2.2.2 Silicon Substrate cleaning.............................................................................. 35

2.2.3 PET Substrate Cleaning ................................................................................. 36

2.3 Device Fabrication ................................................................................................ 36

2.3.1 Ag-TiO2 Based Heterostructure Photoconductor .......................................... 36

2.3.2 Ag/Ag-TiO2 based Transparent Conductor (TC) & Transparent Heat Reflector

(THR) Film................................................................................................................... 38

2.3.2.1 10 nm Ag/Ag-TiO2 TC Film based self-bias Photodetector Device ...... 40

2.3.3 Bimetallic Au-Ag based TC & SERS Active Thin Film ............................... 40

2.3.3.1 Bimetallic Au-Ag based TC Film for Self-Bias Photodetector.............. 41

2.3.3.2 Bimetallic Au-Ag TC Film for Plasmonic Organic Solar Cell .............. 42

2.4 Material Characterization...................................................................................... 43

2.4.1 X-Ray Diffraction .......................................................................................... 43

2.4.2 UV-Vis Spectroscopy .................................................................................... 43

2.4.3 Reflectance & Transmittance Spectra............................................................ 44

2.4.4 Photoluminescence Spectroscopy.................................................................. 44

2.4.5 Surface Enhanced Raman Spectroscopy........................................................ 44

2.4.6 Atomic Force Microscopy ............................................................................. 44

2.4.7 High Resolution Scanning Electron Microscopy........................................... 45



vi

2.4.8 High Resolution Transmission Electron Microscopy .................................... 45

2.5 Electrical Characterization .................................................................................... 46

2.5.1 Photoconductor: Current Vs Voltage (I-V) Characterization ........................ 46

2.5.2 Photodiode: Current Vs Voltage (I-V) Characterization ............................... 46

2.5.3 Photovoltaics devices: Current Density Vs Voltage (J-V) Characterization . 47

2.5.4 Current Vs Time (I-t) Characterization.......................................................... 49

2.5.5 Quantum Efficiency Measurement ................................................................ 50

Chapter 3 ............................................................................................................................ 53

3.1 Introduction ........................................................................................................... 53

3.2 Experimental Section ............................................................................................ 55

3.2.1 Synthesis of Materials.................................................................................... 55

3.2.2 Growth of Ag-TiO2 Thin Film and Device Fabrication................................. 55

3.3 Result and discussion ............................................................................................ 56

3.3.1 XRD, UV-Vis and PL Study.......................................................................... 56

3.3.2 Surface Morphology (HR-SEM & HR-TEM) Study..................................... 58

3.3.3 Photodetection Under Dark and Light ........................................................... 60

3.3.4 Experiment Evaluation of EQE & IQE and Role of Plasmon Excitation...... 62

3.3.5 Photodetector Device Performance................................................................ 65

3.4 Conclusions ........................................................................................................... 69

Chapter 4 ............................................................................................................................ 73



vii

4.1 Introduction ........................................................................................................... 73

4.2 Experimental Section ............................................................................................ 76

4.2.1 Synthesis of Materials.................................................................................... 76

4.2.2 Fabrication of TC Film .................................................................................. 76

4.3 Result and discussion ............................................................................................ 76

4.3.1 XRD Analysis of Thin Films......................................................................... 76

4.3.2 Electrical and optical characterization of TC Film........................................ 77

4.3.3 Surface Morphology (HR-SEM, AFM & HR-TEM) Study.......................... 80

4.3.4 Hydrophilicity test of the 10 nm Ag/Ag-TiO2/plastic sample ....................... 89

4.3.5 UV-Absorption Study.................................................................................... 91

4.3.6 Photocurrent Generation under Light ............................................................ 92

4.3.7 EQE, Responsivity, Detectivity and Role of Plasmon Induced Hot Electron95

4.3.8 Transient Time Response............................................................................... 96

4.4 Conclusions........................................................................................................... 98

4.5 Introduction ......................................................................................................... 101

4.6 Experimental Section .......................................................................................... 103

4.6.1 Preparation of Precursor Materials .............................................................. 103

4.6.2 Fabrication of THR Film ............................................................................. 103

4.7 Results and Discussion........................................................................................ 104

4.7.1 Structural Evaluation (XRD analysis) ......................................................... 104



viii

4.7.2 Surface Analysis (HR-SEM, AFM & HR-TEM) ........................................ 104

4.7.3 Optical Study (Reflectance & Transmittance Spectra) ................................ 104

4.8 Conclusion........................................................................................................... 113

Chapter 5 .......................................................................................................................... 115

5.1 Introduction ......................................................................................................... 115

5.2 Experimental Section .......................................................................................... 119

5.2.1 Preparation of Precursor Materials .............................................................. 119

5.2.2 Fabrication of Au-Ag TC Film and Plasmonic NIR Photodetector............. 119

5.3 Results and discussion......................................................................................... 119

5.3.1 Electrical and Optical Characterization of Flexible Au-Ag Bimetallic

Transparent Conductor ............................................................................................... 119

5.3.2 XRD, Raman, UV-NIR absorption & PL Spectra ....................................... 122

5.3.3 Surface Morphology (HR-SEM & AFM) Study ......................................... 124

5.3.4 HR-TEM Study............................................................................................ 128

5.3.5 Optoelectronics characterization of the photodetectors ............................... 130

5.3.6 EQE, Responsivity and Detectivity and role of plasmon induced hot electron

132

5.3.7 Transient Time Response............................................................................. 133

5.4 Conclusions ......................................................................................................... 135

5.5 Introduction ......................................................................................................... 139



ix

5.6 Experimental Section .......................................................................................... 142

5.6.1 Preparation of Precursor Solution................................................................ 142

5.6.2 Fabrication of Au-Ag TC Film and Plasmonic Organic Solar Cells ........... 142

5.7 Results and Discussion........................................................................................ 143

5.7.1 Electrical and Optical Characterization of Flexible Au-Ag Bimetallic

Transparent Conductor ............................................................................................... 143

5.7.2 XRD, Raman, UV-Vis-NIR absorption & PL Spectra ................................ 143

5.7.3 Surface Morphology (HR-SEM & AFM) & HR-TEM ............................... 143

5.7.4 UV-Vis & PL Spectra of P3HT and P3HT: PCBM Film ............................ 143

5.7.5 Surface Morphology (HR-SEM & AFM) of P3HT and P3HT: PC71BM Film

145

5.7.6 Device Performance of Organic Solar Cells................................................ 147

5.8 Conclusion .......................................................................................................... 154

Chapter 6 .......................................................................................................................... 155

6.1 Introduction ......................................................................................................... 155

6.2 Experimental Section .......................................................................................... 157

6.2.1 Preparation of Precursor Materials .............................................................. 157

6.2.2 Fabrication of Au-Ag SERS Substrate ........................................................ 158

6.3 Results and Discussion........................................................................................ 158

6.3.1 Surface Morphology (HR-SEM & AFM).................................................... 158



x

6.3.2 XRD, Raman, UV-Vis Absorption, and PL Spectra.................................... 161

6.3.3 SERS Study.................................................................................................. 164

6.4 Conclusion........................................................................................................... 176

Chapter 7 .......................................................................................................................... 177

7.1 Conclusions ......................................................................................................... 177

7.2 Future Perspectives ............................................................................................. 178

References ......................................................................................................................... 181

List of Publications and Patents ....................................................................................... 199

Publications:...................................................................................................................... 199

Patents: .............................................................................................................................. 203



xi

List of Figures

Figure 1.1 Schematic illustration of the difference in surface to volume ratio between a bulk

microsphere and microsphere formed by NPs. ...................................................................... 3

Figure 1.2 Schematic presentation of top-down and bottom-up approach for the synthesis of

metal/metal oxide NPs. .......................................................................................................... 6

Figure 1.3 Schematic of different synthesis routes for the fabrication of nanomaterials. .... 7

Figure 1.4 Schematic presentation of in-situ and ex-situ methodology for NP synthesis. ... 8

Figure 1.5 Comparative diagrams of a) volume or bulk Plasmon, b) surface plasmon

polariton, and c) localized surface plasmon........................................................................... 9

Figure 1.6 Schematic representations of the LSPR effect in plasmonic MNPs.................. 10

Figure 1.7 a) Excitation of a LSPs redirects the Poynting vector, channeling the flow of light

toward and into the NP. Following plasmon excitation, the distribution of electronic states

changes, with hot electrons appearing in the orange regions above the Fermi energy (EF) and

hot holes occupying the blue regions below EF. b) Within the first 1 100 fs after Landau

damping, electron hole pairs form a thermal distribution that undergoes decay either by

photon re-emission or through carrier multiplication driven by electron electron interactions.

During this brief period, the hot carrier distribution remains highly non-thermal. c) hot

carriers undergo energy redistribution through electron electron scattering processes,

occurring within a timescale of 100 fs to 1 ps. d) Thermal conduction facilitates the transfer

of heat from the metallic structure to its surroundings over a longer timescale, ranging from

100 ps to 10 ns. .................................................................................................................... 12

Figure 1.8a) LSPs decay either radiatively, by emitting photons, or non-radiatively, by

exciting hot electrons b) plasmonic energy conversion excites electrons from occupied



xii

energy levels above the Fermi energy c) hot electrons with sufficient energy overcome the

Schottky barrier SB = M S and are injected into the conduction band Ec of a neighboring

semiconductor. where M represents the metal's work function and S denotes the

semiconductor's electron affinity. ........................................................................................ 15

Figure 1.9 Schematic presentation of wide-range photonic applications of plasmonic NPs.

.............................................................................................................................................. 16

Figure 1.10 Schematic of SPR band position of plasmonic (Ag or Au) MNPs.................. 17

Figure 1.11 Schematic illustrations of different size dependent physical properties of

plasmonic MNPs.................................................................................................................. 18

Figure 1.12 Schematic representation of different photodetector geometry a) photodiode b)

photoconductor c) phototransistor. ...................................................................................... 19

Figure 1.13 Schematic of four different generation solar cells with different materials. ... 21

Figure 2.1 Synthesis of ion-conducting dielectric Li4Ti5O12 by solution process route. .... 30

Figure 2.2 Schematic representation for the synthesis of SnO2 NPs by solution process

method.................................................................................................................................. 31

Figure 2.3 Schematic representation for the synthesis of ZnO NPs by solution process

method.................................................................................................................................. 32

Figure 2.4 Schematic presentation of three-step solution cleaning of glass substrates. .... 35

Figure 2.5 Schematic presentation of four-step solution cleaning step of traditional silicon

cleaning followed by plasma treatment. .............................................................................. 36

Figure 2.6 Depicts the six-step growth process of an in situ grown Ag-TiO2 thin film-

based photodetector : a) SnO2 thin layer on glass substrate via spin coating of a sol-

gel precursor followed by annealing b) spin coating of TiO2 thin film precursor followed by



xiii

annealing at 500°C c) spin coating of LTO precursor and 1 hr. annealing at 550 °C to achieve

polycrystalline LTO thin film d) Li+ ions are exchanged with Ag+ ions in an ion-exchange

process to form Ag4Ti5O12 e) reduction process which reduces Ag+ ions into Ag0 to form Ag-

TiO2 thin film containing Ag NPs inside the TiO2 matrix f) finally Ag electrode is deposited

on top for electrical contact. ................................................................................................ 38

Figure 2.7 Schematic presentations of lateral growth of 10 nm Ag/Ag-TiO2/plastic TC or

to protect the film from oxidization..................................................................................... 39

Figure 2.8 Schematic presentation of the proposed photo-diode device using fabricated 10

nm Ag/Ag-TiO2 thin film as a transparent electrode. .......................................................... 40

Figure 2.9 Schematic presentation of fabricated Au-Ag bimetallic TC thin film on plastic

PET substrate via low temperature (100oC) synthesis route................................................ 41

Figure 2.10 Schematic diagram of hierarchical architecture of Au-Ag TC film based flexible

photodetector device. ........................................................................................................... 42

Figure 2.11 Schematic diagram of Plasmonic Organic Solar cells using Au-Ag bimetallic

TC film as a back electrode. ................................................................................................ 43

Figure 2.12 J-V curve of typical photovoltaics under dark (red line) and light (blue)

illumination.......................................................................................................................... 48

Figure 3.1 Schematic presentation of four different device structure a) Ag-TiO2/TiO2/SnO2

layer (proposed device) b) with Ag-TiO2/SnO2 layer c) with Ag-TiO2/TiO2 layer d) with

SnO2 layer only. ................................................................................................................... 56

Figure 3.2a) Step-by-step XRD pattern of proposed thin film (Ag-TiO2/TiO2/SnO2) b) UV-

Vis absorption spectra of LTO,Ag-TiO2 and Ag-TiO2/TiO2/SnO2 thin films c) optical



xiv

transparency and reflectance of Ag-TiO2/TiO2/SnO2 d) PL emiossion spectra of Ag-TiO2

with the excitation wavelength of 350 nm........................................................................... 58

Figure 3.3a) HR-SEM image of Ag-TiO2 thin film b) particle size distribution of Ag (NPs)

inside TiO2 thin film c) EDX elemental analysis d) color mapping image of Ag-TiO2 thin

film....................................................................................................................................... 59

Figure 3.4a) TEM image of Ag-TiO2 thin film b) distribution of particle size of Ag-NPs

from TEM image analysis c) high-resolution image of Ag (NPs)-TiO2, greenish ring suggests

the lattice d-fringe of Ag NPs and reddish ring for TiO2 d) SAED pattern of Ag (NPs)-TiO2.

.............................................................................................................................................. 60

Figure 3.5 Semi-log I-V plot shows the photoconductivity of a) Ag-TiO2/TiO2/SnO2 b) Ag-

TiO2/SnO2 c) Ag-TiO2/TiO2 and d) SnO2 based device under dark and light illumination. 61

Figure 3.6 I-V plot for different concentration of Ag-TiO2 layer a-c) 100,200 and 500 mM

respectively under white light illumination at different intensities. .................................... 62

Figure 3.7a-d) EQE data of the plasmonic Ag-TiO2 thin film based hot electron

photodetector for different concentration of Ag-TiO2 (100,200,300 & 500 mM)............... 63

Figure 3.8a) Extracted IQE data of Ag-TiO2 based hot electron photodetector b) EQE data

for different thickness of Ag electrode. ............................................................................... 64

Figure 3.9 Steps of photocurrent generation a) EQE spectrum represents the wavelength ( ) -

dependent photon-to-electron conversion probability b) reflectance data with the variance of

different wavelength c) schematic representation of IQE which contribute to the carrier generation

through intraband transition of Ag NPs. On the other hand, absorption spectrum of a metal

nanostructure displaying a resonant plasmonic feature which can be engineered through photonic

design. Plasmon excitation indeed yields high absorption in metallic nanostructure switch



xv

characteristic dimension L much smaller than the wavelength of the incident photon; illustrative

IQE spectrum shows the generation of hot charge carriers through intraband transitions,

propagation, and scattering of the hot carriers with energy-dependent mean free path (lmfp), and

injection of hot carriers with adequate kinetic energy (Ekin) and momentum (k) across the

Schottky contact ( ). ......................................................................................................... 65

Figure 3.10 illustrates the performance of Ag-TiO2/TiO2/SnO2/glass-based proposed lateral

heterostructure photoconductor device a) extracted responsivity ( ) vs wavelength b)

extracted detectivity (D*) vs wavelength c) shows the instantaneous time response of the

device d) indicates very fast rising and decaying time of 1.2 s and 0.95 s, respectively.

............................................................................................................................................. 67

Figure 4.1 XRD pattern of step-by-step growth of TC film deposited on plastic substrates.

............................................................................................................................................. 77

Figure 4.2a) Semi-log graph of electrical current density vs voltage of Ag/Ag-TiO2 based

TC film with Ag film thickness varying from 10 nm to 14 nm b) exhibits mechanical stability

up to 100 bending cycles c) performance of TC film with PMMA as a protecting layer and

d) variation of resistance and temperature under four probe measurement upto 200 K. .... 79

Figure 4.3a) Optical transparency of TC film with different Ag film thickness b) optical

transparency of TC film with PMMA protecting layer, and c) variation of sheet resistance

and visible transmittance under different Ag film thickness. .............................................. 80

Figure 4.4 FE-SEM photographs of Ag/Ag-TiO2 thin film at room temperature. Each

photograph's average film thickness is listed below. a&b) early stage of growth and

coalescence of islands c) percolating structures d) overgrowth percolated structures. ....... 82



xvi

Figure 4.5 SEM images of evaporated Ag on bare plastic at ambient temperature. The

surface morphology of Ag film of mass thickness a) 6 nm b) 8 nm c) 10 nm and d) 12 nm,

which shows the compact separate Ag islands. ................................................................... 83

Figure 4.6a) Energy dispersive spectra of 10 nm Ag/Ag-TiO2/plastic thin film, with the

elemental composition determined by EDS displayed in the inset b) EDS mapping of (i) 10

nm Ag/Ag-TiO2 thin film (ii) O, (iii) Ag and (iv) Ti c) cross-section SEM image of TC film

to determine the thickness of the each individual layer. ...................................................... 85

Figure 4.7a) 2-D and b) 3-D AFM image of 10 nm Ag/Ag-TiO2 film (Rr.ms ~ 1.75 nm) on

plastic PET substrate............................................................................................................ 86

Figure 4.8 2D AFM image of prepared Ag film on Ag-TiO2 thin film with thickness of a) 6

nm b) 8 nm and c) 12 nm. d) AFM image of 10 nm Ag on bare plastic. ............................ 87

Figure 4.9 Computer-generated Newman-Ziff cluster algorithm data a) shows the variation

of mean cluster size (S) vs percolation (P) b) shows the variation of percolation probability

(P ) vs Percolation (P). Each point represents the average of 100 distinct arrangements... 88

Figure 4.10a) TEM image of 10 nm/Ag-TiO2 b) particle size distribution fitting curve

calculated from TEM image c)HR-TEM image, the white and bluish ring suggests the lattice

d fringe of Ag NPs and reddish ring is of TiO2 d) SAED pattern of 10 nm Ag/Ag-TiO2

material. ............................................................................................................................... 89

Figure 4.11a)

decreasing order (L R) of their liquid l for substrates of specific

10 nm Ag/Ag-TiO2 film; Real time droplet images on film showing contact angles with b)

water, c) EG, and d) DMF respectively. .............................................................................. 90



xvii

Figure 4.12a) Comparison of optical transparency with plastic substrate, 10 nm Ag/Ag-TiO2

transparent conducting film and 10 nm Ag coated non-conducting film b) image of flexible

transparent conducting film c&d) optical transparency & UV-Vis absorption spectra of 10

nm Ag/Ag-TiO2 thin films with reference sample. .............................................................. 92

Figure 4.13a) shows device configuration (10 nm Ag/Ag-TiO2/n+-Si) b&c) linear & semi-

log plot which shows immense photocurrent generation of photodiode under dark and light

condition d) reverse photocurrent vs power intensity curve which shows linear increment of

photocurrent generation. ...................................................................................................... 93

Figure 4.14a) b P) and b) ideality factor

vs power intensity (n-P) curve of the 10 nmAg/Ag-TiO2/n+-Si photodiode c) band alignment,

band bending and charge separation of this hetero-structure photodiode devices. ............. 94

Figure 4.15 illustrates the performance of (10 nm Ag/Ag-TiO2/n+-Si) heterostructure

photodiode device a) EQE vs wavelength b) extracted vs wavelength c) extracted D* vs

wavelength. .......................................................................................................................... 96

Figure 4.16a) shows the time response of the device b) single cycle time response data with

rising and decaying times of 12.36 ms and 12.64 ms, respectively. ............................ 97

Figure 4.17a) Reflectance spectra of Ag/Ag-TiO2 film with different thickness of Ag layer

ranging from 10 nm to 14 nm b) extended reflectance spectra of the film upto far infrared

region (5000 nm) c) reflectance spectra of the film with PMMA as a protecting layer d&e)

transmittance spectra of THR film without and with protecting layer f) varience of

nm thickness of Ag film with fixed Ag-TiO2 film thickness. ............................................ 105



xviii

Figure 4.18a&b) Stability comparision of reflectance (at R = 1800 nm) and transmittance

(at T= 380 nm) data of 10 nmAg/Ag-TiO2 coated THR film with and without PMMAmatrix.

............................................................................................................................................ 106

Figure 4.19a,b,c,d,e&f) Reflectance & transmittance spectra of 10,12&14 nm Ag/Ag-

TiO2 THR film with different thickness of Ag-TiO2 layers varying approximately from 20

nm to 40 nm. ...................................................................................................................... 108

Figure 4.20a&b) Comparison of optical reflectance and transmittance of bare plastic, 10 nm

Ag film on bare plastic and 10 nm Ag/Ag-TiO2 bilayer THR thin film; c&d) reflectance &

transmittance data of different thermal evaporated Ag film ranging from 6 nm to 12 nm in

present of Ag-TiO2 thin film.............................................................................................. 109

Figure 4.21a) The images of Ag/Ag-TiO2 transparent heat reflector on plastic substrate at

on a white paper b) optical transparency and reflection of 10 nm Ag/Ag-TiO2 on plastic c)

practical transparency test with a background of a bight colour flower. ........................... 110

Figure 4.22 Experimental set-up under sunlight outdoor experiment. ............................ 111

Figure 4.23 Performance of daytime (under sunlight) cooling study of 10 nm Ag/Ag-TiO2

coated window compare with reference glass window box with inner wall color of a) black,

b) white and c) gray; d) comparative average temperature difference at the peak hour (12 pm

to 1 pm) for different inner color wall of the box; e) experimental study (IR lamp) of 10 nm

Ag/Ag-TiO2 coated window compare with glass window; f) real image of IR lamp

experimental setup ............................................................................................................. 112

Figure 5.1a) Semi-log graph of electrical current density vs voltage of 4 nm Au/Ag-TiO2

based transparent conducting film with SnO2 or ZnO NPs b)mechanical flexibility upto 100



xix

bending cycles (bending radius 4 mm) c) optical transparency of TC film with two different

film, and d) variation of R vs. T using four-probe low temperature set-up....................... 121

Figure 5.2 Transparency Spectra of 4 nm Au/plastic and plastic PET substrate. ............. 122

Figure 5.3 Structural analysis of 4 nm Au/Ag-TiO2/SnO2 NPs thin film a) XRD Spectra b)

Raman Spectra c) UV-Vis-NIR absorption Spectra, and d) PL Spectra. .......................... 124

Figure 5.4 FE-SEM photographs of Au/Ag-TiO2/SnO2 NPs thin film at room temperature

on plastic. Each photograph's average film thickness is listed below. a) shows the early stage

of growth and coalescence of islands b) percolating nano-porous structures c) complete

percolating structures......................................................................................................... 125

Figure 5.5 Energy dispersive spectra of 4 nm Au/Ag-TiO2/SnO2 NPs/plastic thin film, with

the elemental composition determined by EDS displayed in the inset. Color mapping of (i) 4

nm Ag/Ag-TiO2/SnO2 NPs thin film (ii) O, (iii) Au, (iv) Ag, (v) Sn, (vi) Ti.................... 126

Figure 5.6a,b&c) 2-D AFM& d,e&f) 3D-AFM image of (2 or 4 or 6 nm Au)/Ag-TiO2/SnO2

NPs. Each rms roughness is listed in the graphics............................................................. 128

Figure 5.7a&b) HR-SEM and 2D-AFM image of 4 nm Au reference thin film on plastic.

........................................................................................................................................... 128

Figure 5.8a) TEM image of 4 nm Au/Ag-TiO2/SnO2 NPs b) distribution of the particle sizes

of Au or Ag NPs from the TEM image c&d) high-resolution TEM image and SAED pattern

of 4 nm Au/Ag-TiO2/SnO2 NPs film. ................................................................................ 130

Figure 5.9a) photocurrent generation of 10 nm Ag/Ag-TiO2/n+-Si based photodiode under

dark and light conditions (semi-log plot) b) linear I-V plot c) reverse photocurrent vs power

intensity (LDR curve) d) band alignment, band bending and charge separation of this hetero-

structure photodiode devices. ............................................................................................ 131



xx

Figure 5.10a) b P) curve b) experimental

ideality factor vs power intensity (n-P) curve c) experimental rectifying ratio vs power

intensity curve of the photodiode....................................................................................... 132

Figure 5.11 device performance of heterostructure photodiode a) EQE vs wavelength b)

extracted vs wavelength c) Extracted D* vs wavelength. ............................................ 133

Figure 5.12a) Transient time response of the device b) single cycle time response data with

rising and decaying times of 16.2 ms and 16.7 ms, respectively. .............................. 134

Figure 5.13a) UV-Vis absorption spectra b) PL spectra of P3HT and P3HT:PC71BM

polymeric film over Au-Ag TC film.................................................................................. 145

Figure 5.14a&b) HR-SEM image of pure P3HT & blended P3HT: PC71BM polymeric thin

film over Au-Ag TC film................................................................................................... 146

Figure 5.15 Morphological Study by AFM a) pure P3HT b) blended P3HT:PC71BM film

over Au-Ag TC film........................................................................................................... 147

Figure 5.16 device characterization result a) dark J-V b) J-V under 1 Sun light c) EQE vs

wavelength d) photoresponse with IR light. ...................................................................... 149

Figure 5.17 device performance of Au-Ag TC film based solar cell without active organic

layer a) J-V curve under 1 sun light b) EQE vs wavelength. ............................................ 150

Figure 5.18 a) reproducibility and b) air stability data of prepared plasmonic organic solar

cell devices......................................................................................................................... 151

Figure 6.1 FE-SEM photographs of Au/Ag-TiO2/SnO2 NPs thin film at room temperature

on plastic. Each photograph's average film thickness is listed below. a) percolating nano-

porous structures b) complete percolating structures c&d) 2-D AFM image of (4 or 6 nm

Au)/Ag-TiO2/SnO2 NPs. Each image height profile is listed in the inset e&f) 3-DAFM image



xxi

of (4 or 6 nmAu)/Ag-TiO2/SnO2 NPs. R.M.S Roughness of each film is listed in the graphics.

........................................................................................................................................... 160

Figure 6.2 EDX and color mapping image of 6 nm Au/Ag-TiO2/SnO2 NPs on plastic. .. 161

Figure 6.3 structural analysis of (4 or 6 nm Au/Ag-TiO2/SnO2 NPs/plastic) a) XRD b)

Raman c) UV-Vis d) PL spectra........................................................................................ 163

Figure 6.4a) raman spectra of plastic PET b) PL spectra of reference 4 nm Au/plastic. . 163

Figure 6.5 SERS spectra of R6G dye of different concentrations on a) 4 nm Au/Ag-

TiO2/SnO2 NPs/plastic substrate (10 6 to 10 12 M) b) 6 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 3 to 10 9 M) c) linear fitting curve of 4 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 6 to 10 12 M) and d) linear fitting curve of 6 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 3 to 10 9 M). ................................................................................................. 164

Figure 6.6 SERS spectra of vitamin B12 at different concentrations on a) 4 nm Au/Ag-

TiO2/SnO2 NPs/plastic substrate (10 3 to 10 9 M) b) 6 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 3 to 10 7 M) c) linear fitting curve of 4 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 3 to 10 9 M) and d) linear fitting curve of 6 nm Au/Ag-TiO2/SnO2 NPs/plastic

substrate (10 3 to 10 7 M). ................................................................................................. 166

Figure 6.7 mapping images of the ratios of Raman intensities of the SERS substrate to R6G

on a) 4 nm Au/Ag-TiO2/SnO2 NPs and c) 6 nm Au/Ag-TiO2/SnO2 NPs b&d) histograms

depicting the distribution of SERS intensities at different locations for corresponding

substrates, along with their coefficients of variation. ........................................................ 167

Figure 6.8 mapping images of the ratios of Raman intensities of the SERS substrate to

vitamin B12 a) 4 nm Au/Ag-TiO2/SnO2 NPs c) 6 nm Au/Ag-TiO2/SnO2 NPs b,d) histograms



xxii

depicting the distribution of SERS intensities at different locations for corresponding

substrates, along with their coefficients of variation. ........................................................ 168

Figure 6.9 Mapping images of the ratios of Raman intensities of a-c) 4 nm Ag-TiO2/SnO2

NPs substrate to R6G and d-f) 6 nm Ag-TiO2/SnO2 NPs substrate to R6G...................... 169

Figure 6.10 mapping images of the ratios of raman intensities of a-c) 4 nm Ag-TiO2/SnO2

NPs substrate to vitamin B12 and d-f) 6 nm Ag-TiO2/SnO2 NPs substrate to vitamin B12.169

Figure 6.11 SERS spectra after 1-3 months, comparing with initial SERS initial preserved

substrate a,b) R6G on 4 nm and 6 nm Au/Ag-TiO2/SnO2 and c,d) vitamin B12 on 4 nm and

6 nm Au/Ag-TiO2/SnO2 . ................................................................................................... 170

Figure 6.12a,b&c) SERS mechanisms: plasmon-induced enhancement on metals, CT on

semiconductors, and the synergistic contribution of plasmons and CT on metal

semiconductor heterostructures. Mechanisms of the photo induced CT process in Au-Ag

based metal semiconductor heterostructures: d&e) Au/Ag-TiO2/SnO2 NPs heterostructures

for R6G dye and vitamin B12 respectively. ........................................................................ 173

Figure 6.13 PL spectra of a) 4 nm Au/Ag-TiO2/SnO2 NPs and b) 6 nm Au/Ag-TiO2/SnO2

NPs on plastic substrate with and without R6G dye & vitamin B12. ................................. 174



xxiii

List of Tables

Table 3.1 Comparison of the present Ag-TiO2 based photodetector's device performance

with that of other plasmonic hot-electron photodetectors ................................................... 68

Table 4.1 Electrical Sheet Resistance and Visible Transmittance data of (Ag/Ag-TiO2)

based transparent conducting films by altering the thickness of Ag film.......................... 80

Table 4.2 R.M.S Roughness Value for Different Mass Thickness of Ag film ................... 87

Table 4.3 Surface Tension Value of Test Liquids............................................................... 91

Table 4.4 b and n under dark and different light intensities ........................... 95

Table 4.5 Comparison of the performance of the current plasmonic hot electrons

photodetector with that of other similar devices employing plasmonic hot electrons......... 98

Table 4.6 Comparison of the performance of our develope transparent heat reflector with

other material based heat reflecting coating ...................................................................... 113

Table 5.1 Electrical Sheet Resistance and Visible Transmittance Value of Mechanically

Flexible Au-Ag TC Film.................................................................................................... 120

Table 5.2 Comparison of the performance of the current plasmonic hot electrons

photodetector with that of other similar devices employing plasmonic hot electrons....... 135

Table 5.3 Device Parameter of Calculated Plasmonic Organic Photovoltaics ................. 149

Table 5.4 Device Parameter of Calculated Au-Ag TC Film Based Photovoltaics ........... 150

Table 6.1 Calculated No. of Molecules for SERS Substrate............................................ 175

Table 6.2 Calculated EF for SERS Substrate.................................................................... 175

Table 6.3 Comparison Table of SERS Detection Limits for Different Substrates with

Different Analytical Methods ............................................................................................ 176



xxiv



xxv

Abbreviations

MNPs Metal nanoparticles

LSPR Localized surface plasmon resonance

NMNPs Non-metallic nanoparticles

Au Gold

Ag Silver

Cu Copper

Pt Platinum

Pd Palladium

SnO2 Tin Oxide

TiO2 Titanium dioxide

ZnO Zinc oxide

Ag2S Silver Sulfide

Cu2S Copper Sulfide

WS2 Tungsten sulfide

MoS2 Molybdenum oxide

PbS Lead sulfide

CdS Cadmium sulfide

CdSe Cadmium selenide

Fe2O3 Iron oxide

EM Electromagnetic

SPR Surface plasmon resonance

SPPs Surface plasmon polaritons



xxvi

LSPs Localized surface plasmons

NIR Near infrared region

SERS Surface Enhanced Raman Spectroscopy

fs femtoseconds

ps picoseconds

ns nanoseconds

DOS Density of states

FE Fermi energy

SB Schottky barrier

HTL Hole transport layer

M Metal work-function

s Semiconductor electron mobility

EQE External quantum efficiency

TCF Transparent conductive film

ITO Indium tin oxide

CNTs Carbon nanotubes

ROSs Reactive oxygen species

ICMO Ion-conducting metal oxide

LTO Li4Ti5O12

XRD X-Ray Diffraction

CB Conduction Band

PVD Physical Vapor Deposition

THR Transparent Heat Reflector



xxvii

M-S-M Metal-semiconductor-metal

POSCs Plasmonic Organic Solar Cells

ETL Electron transport layer

PCE Power conversion efficiency

R6G Rhodamine 6G

I-V Current-voltage

I-t Current-time

PMMA Polymethyl methacrylate

P3HT Poly(3-hexylthiophene)

PC71BM [6,6]-phenyl-C71-butyric acid methyl ester

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

2-MEA 2-methoxy ethanol

DI Distilled water

n+-Si n-doped silicon

GIXRD Grazing incidence X-ray diffraction

PL Photoluminescence Spectra

AFM Atomic force microscopy

HR-SEM High resolution scanning electron microscopy

EDX Energy dispersive x-ray spectroscopy

HR-TEM High resolution transmission electron microscopy

Ideality factor

J-V Current density-voltage



xxviii

Voc Open circuit voltage

JSC Short circuit current density

IQE Internal quantum efficiency

FTO Fluorine tin oxide

SAED Selected area diffraction pattern

TC Transparent conductor

Pc Percolation thresold

P Percolation

P Percolation probability

BHJ Bulk Heterojunction

OPVs Organic photovoltaics

OSCs Organic solar cells

CT Charge transfer

VB Valance band

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital


