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ABSTRACT

Over the last few decades, the objective of focussing massive amounts of research efforts to
enhance the efficiency limit of single-junction Silicon- solar cells (Si-solar cells) is to push forward
the use of renewable energy based on solar technology. The most widely implemented Si-solar
cells suffer from a significant drawback of limited capability to utilize the solar spectrum,
restricting their energy conversion efficiency. For this, many options, including the use of multi-
junction solar cells, layers of spectral converters, solar concentration systems, and others, have
been proposed. Solar concentration systems work on the principle of sunlight collection over large
areas by concentrating mostly direct sunlight and focusing it onto a compact receiver to increase
photon flux density. Traditionally, concentrators worked by tracking the Sun’s movement to
produce high optical intensities, often employing large mobile lenses and mirrors (Parabolic
Lenses, Fresnel Reflectors, etc.) and then concentrating it to a common point. Though the
efficiency of solar cells or photovoltaic cells (PV-cells) did increase by these choices, they still
suffered from some disadvantages such as enormous costs of deployment, substantial space

requirements, and frequent high maintenance for regular running of the devices.

In the decade of 1970s, a luminescent solar concentrator (LSC) was projected as a cost-effective
alternative to conventional solar concentration systems. Typical first-generation LSC consisted of
a transparent glass or plastic slab dispersed with some luminescent dye molecules, which absorbed
high energy incident photons and emitted lower energy photons via Stoke’s shift phenomenon. A
significant portion of these emitted photons then travels towards the edges of the transparent slab
through total internal reflection (TIR) within the LSC, where the coupled PV-cells then collect
these photons. Various losses limited the performance of such an LSC, the majority being the self-

absorption losses (incurred by the luminophore itself), also called reabsorption losses due to
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overlapping absorption (visible regime only) and emission spectral bands. Thus, earlier LSCs were

useful in collecting and concentrating the sunlight, but the conversion was minuscule.

Regardless of such a vast system, the PV-cells still couldn’t utilize a considerable portion of the
full solar spectrum as Si- solar cells have their spectral responsivity maxima limited to the visible
region only. Hereon, a more lucrative choice to beat this limit came along by optical conversion of
the incoming solar spectrum before it enters the solar cells, which surmounts the losses incurred in
the solar cells — thermalization losses and transmission losses. The losses due to thermalization
could be reduced by using downconversion (DC) of the incident spectrum, whereby high energy
photons are converted or shifted into lower-energy photons. The reduction of transmission losses
would require upconversion (UC), whereby a higher energy photon is created by a combination of
two or more lower energy photons. Henceforth, the scientific community nowadays is looking
forward to new avenues being offered by luminescent nanomaterials that can be used for the
collection and trapping of light at near-Infrared (NIR) and ultraviolet (UV) wavelengths also, which

constitute a significant fraction of usable solar radiation.

Since the inception of LSC, the predominant area of research in LSC gathering peak attention has
been the fluorophore or dye compound utilized for the conversion of light. Primarily this is because
of the role that a fluorophore plays in determining the power conversion efficiency and light
concentration factor of an LSC. Organic dyes are most famously used to improve LSC
performance, but they suffer from very poor photostability, overlapping excitation-emission
regions, and narrow absorption band. Some of these disadvantages can be alleviated by engineered
quantum dots (QDs), which provide significant quantum efficiency and no emission reabsorption;
but suffer from the huge cost of preparation and extremely high toxicity along with low stability.
On the other hand, non-heavy metal QDs steer clear of these shortcomings and are non-toxic but

offer only Stoke’s shift from UV to visible, which still renders the NIR region non-utilized.
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Nonetheless, all these luminescent materials degrade under prolonged light exposure and in

ambience very soon.

Hence, the performance of an LSC is again falling short that can be overcome by the introduction
of new fluorophores, which are photostable, non-toxic, and downconverts, as well as upconverts
incoming radiation with coincidental emission band and solar cell’s spectral response. The present
work outlines the development of lanthanide (Ln*") or rare-earth (RE) based efficient phosphor
materials for spectral modification of UV and NIR regions via DC and UC, respectively, and
emission lying in regions overlapping with spectral responsivity maxima of solar cells. Such
phosphor materials are non-toxic, highly photostable, don’t degrade in ambient conditions, and
have high emission intensities while bypassing all the disadvantages mentioned above for organic

dyes and QDs.

In the present thesis, the Y>0s: Eu** nanophosphors have been synthesized as downconverters,
which offered large Stokes shift of UV (255 nm, 385 nm) and Blue (450 nm, 467 nm) excitation
wavelengths emitting a hypersensitive scarlet red emission peak characteristic to Eu*'- ions. The
Gd»0,S: Er'*, Yb** nanophosphor offered multispectral excitation profile ranging from UV (285
nm, 380 nm), Blue (450 nm) and NIR (808nm, 980 nm, and 1064 nm) with emission lines in diverse
spectral regions (UV, visible and NIR) indicating concurrent Stoke’s and anti-Stoke’s
photoluminescence. Various optical transactions taking place between the dopant ions (Er**, Yb*")
leading to such multiplexed emissions for UC and DC; and transitions occurring in Eu**- levels for
DC are discussed in detail. The parametric optimization of both nanophosphors across various
synthesis factors and an exhaustive experimental study on various structural, morphological, and

optical properties of these compounds have been carried.



The synthesized nanophosphors offering DC and UC are then used as a dye in the fabrication of
PolyMethyl Meth Acrylate (PMMA) based transparent LSCs via a novel method of Solvation-
Gelation-Solidification. Complete optimization encircling many synthesis parameters has been
achieved, and LSC slabs with varying nanophosphor dispersion ratios or varying edge width have
been fabricated. The calculated electrical parameters (Isc, Voc, Pmp) and efficiency parameters
(npce, Mok, and to) of an edge coupled mini solar panel with respect to its bare counterpart of the
same size demonstrated high-performance enhancement due to LSC. The impact of edge-veil
effect, solvent, and prolonged irradiation on PL behavior is investigated and analyzed for best

performance conditions.
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2 Crystal lattice Constant in x-axis direction
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521 Photo-Multiplier Tube
PV Photovoltaic
PV e Power-Voltage
Qe Quantum Cutting
QD Quantum Dot
QY Quantum Yield
R Rare-Earth
RE-O S e Rare-Earth Oxysulphide
RE T e e e e e et e e Resonant Energy Transfer
R Red-Green
] N Secondary Electrons
SE M i Scanning Electron Microscope
SHG . o Second Harmonic Generation
S Silicon
S . Solid-State Flux Fusion
S S R Solid-State Reaction

XX



ST K Standard testing Conditions

S e Shockley-Queisser
L Firing time
0 Firing temperature
TEM e Transmission Electron Microscope
1 Tetrahydrofuran
TR e Total Internal Reflection
PP O e Triphenyl phosphine oxide
1 0 2 thenoyltrifluoro-acetonate
N e TeraWatt
LN Upconversion
U e Ultraviolet
UV A e e UV rays from 320 nm to 400 nm
P ettt e e Voltage at Maximum Point
Y70 T Open-circuit Voltage
D 2 D N X-Ray Diffraction
Y 203 et Yttrium Oxide
Y D203 i Ytterbium Oxide
D 2 P Yttrium Oxide nanophosphor
ZNO .. e Zinc Oxide
NS ..o Zinc Sulfide
0 Angle between lattice constants b and c
Bttt Angle between lattice constants a and ¢
B - ettt e e FWHM
AE. ..o Activation energy including Gibb’s free energy and diffusion energy

XXi



2 Angle between lattice constants a and b

10 T) Optical Efficiency
TIPCE - -« e e ettt e et e et et e et e ettt e et e et et e e et Power Conversion Efficiency
D Angle between incident X-rays and atomic plane
P Acceptance half-angle
D et e Critical Angle
D+ v ettt e e Angle of escape cone
L PP PPN Flux Gain
o Y Optical Flux Gain
Bttt e ettt Fractions of lost photons
N Particle growth parameter
R et e e Absorption spectrum
A ettt e Emission spectrum
X ettt e e Wavelength of incident X-rays

XXii



TABLE OF CONTENTS

CERTIFICATE. i
DECLARATION. iii
ACKNOWLEDGEMENT. v
ABSTRACT. vii
Y [4 xi
LIST OF PUBLICATIONS xv
ABBREVIATIONS & SYMBOLS USED xvii
LIST OF FIGURES. XXVii
LIST OF TABLES xxxiii
CHAPTER — 1 : Introduction 1
1.1 Introduction to Sunlight Harvesting 3
1.2 Spectrum Modification 6
1.2.1  DOWNCONVETSION PTOCESS ....ccvviieiiiieiiiieiiieeiieeeieeeteeeieeeereeesereeeereeeeereeeereeesseeensseeas 8

1.2.2  UPCONVEISION PTOCESS...cccuviiiiiiieiiiieiiieiieeeiteeeieeeteeeteeeeteeetaeeesaeessseeessseessseeensseens 9

1.3 Solar Concentrators 10
L.3.1  REfIECIOT TYPEC woeieeiieeiieeeiee ettt et te et e et e e eeae e e sre e e eseeessseessnaeennns 11

| IO 20 G i Tod 0 A ) o 1S USRS 15

1.3.3  FIUOTESCENT TYPEC...eiiieiiiiiiieeiieeeee ettt ae et sabe e eeae e ssse e e asaeessaeessseeennnas 16

14 Luminescent Solar Concentrators 17

| S O = 1T (o) o Ao ) il USRS 18

1.4.2  LSC DeViCe OPETatiON.......ccccveeeiuieeerieerireeeiteeeereeesreesseeesseeessseesssesesssessssseessseeensses 20

1.4.3  LSC DYE Material .....c.eieeuiiieiiieeiieeeiee ettt et e sreeeeae e e s e e eseeenaeesnseeenns 24

1.5 Objectives of the Thesis 28
1.6 Chapter Arrangement in Thesis 30
CHAPTER - 2 : Experimental Methods and Characterization Techniques 35
2.1 Introduction 37
2.2 Nanophosphor Fabrication 37
2.2.1  Solid-State REACHION. ......ccccuiiieiiieiiieeiie ettt etee e te e taeeetae e e e eeaeeensaeesnseeenes 37
2.2.2  Solid-State FIUX FUSION........ccciiiiiiiieeiiieeiie ettt e ere e etee e e eaeeesaeesaseeenes 38

XXiii



2.2.3  Acid-CatalyZed SOI-Gel........ccovieiiiieiiieeiieeeeeeee et re e e ra e e eraeenes 39

2.3 Crystallographic Properties 40
2.3.1  X-Ray Diffraction .....cccueieiiiiiiieciieeie ettt eeree et e te e ree e e e s e e enaeesnsaeenes 40
24 Morphological Properties 42
2.4.1  Scanning Electron MICTOSCOPY ....cvvveerrrrerirreereiiesseieesiteeesreeessseesssseesseeesssessssssessseenes 42
2.4.2  Transmission Electron MiCTOSCOPY ......ccecveieeuiiieriiieeiieeeieeesieeeieeeereeesveeeeneeseseeenes 43
2.5 Optical Properties 45
2.5.1 Photoluminescence SPECIIOSCOPY ..vveervrrerrrreerrieerireeeirreesreeesereessseeesseeessseeesseeessseennes 45

CHAPTER - 3: Highly Intense Red Light Emitting Y;03: Eu’" Nanostructures for Large

Stokes Shift of UV Wavelengths 47
3.1 Introduction 49
3.2 Materials and Methods 49
3.3 Results and Discussions 51

3.3 ] XRID SHUAIES coeviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee ettt ettt et e e e e e e et e e ee e e e et et e aeaeeaaaaeaeeaaaaaaaes 51
3.3.2  MoOrphology StUAIES......ccccviieiieeeiiieieeee ettt ettt e e be e enre e ereeeenas 52
3.3.3  PhotolumineSCENCE STUAIES.....cevvviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaees 56
34 Conclusion 62

CHAPTER — 4 : NIR Wavelengths Upconverting Gd:0,S: Er’*, Yb>* Nanostructures for

Concurrent Stokes and Anti-Stokes shift 65
4.1 Introduction 67
4.2 Materials and Methods 68
4.3 Results and Discussions 69

4.3.1  XRD SHTUAIES ..ottt et sttt ettt ea 69
4.3.2  MoOrphology StUAIES.......eeeiviiieiieeiieeie ettt et etee et e e te e e tee e beeeeseeessaeesnseeenns 70
4.3.3  Photoluminescence StUAICS..........ccuvierireeirieeeiieeiieeeieeeeieeesreeeeeeesreeesereeeseeessseeenes 73
4.3.4 Incident pumping POWer dePendenCe ..........cccveeeruveeeirieerieeerieeeieeeeieeesreeeeeeeereeenes 82
4.3.5 Effect of firing teMPErature........ccocuviieieiieeiieeeieeeieeeiee et e ereeeree e e eseveeesaeeseseeenes 85
4.4 Conclusion 88

XXiv



CHAPTER - 5 : Spectral Engineering of Gd»0:S: Er*, Yb** Nanophosphor with Dopants’

Ratio Dependent Emission Color Modulation 91
51 Introduction 93
5.2 Materials and Methods 93
5.3 Results and Discussions 94

5.3.1 Impact of varying only Yb>" concentration ...............occceceeeveveveeeveveeeeeeeeeseeeeennas 95
5.3.2  Impact of varying both Er’* and Yb*" Concentrations..............cccocooevueveueveuenenennn. 109
5.4 Conclusion 128

CHAPTER - 6 : Fabrication of High Performance Transparent Luminescent Solar

Concentrator based on Y,03: Eu’* and Gd»0,S: Er*, Yb** Nanophosphors 131
6.1 Introduction 133
6.2 Materials and Methods 134
6.3 Results and Discussions 137

6.3.1 Gd20:S: Er, Yb Nanophosphor based LSCs...........cccccuveviiiiieiieiecieeieeeeeeeeen 137
6.3.2  Y203: Eu Nanophosphor based LSCS........cccoiiriiieiiiieiieeieeeee e 146
6.4 Conclusion 149

CHAPTER — 7 : Conclusions and Scope for Future Work 151

7.1 Conclusions 153
7.1.1 Downconverting Nanophosphor — Y203: EU" ........coccoviviiieiiiieeceeeceea 153
7.1.2  Upconverting Nanophosphor — Gd202S: Er**, Yb*" ..o, 154
7.1.3  LSC Fabrication and Performance Evaluation..............ccccoeeveeeviiecciinnieeeieeeieens 155

7.2 Scope for future work 156

References 159

Bio-Data 179

XXV



LIST OF FIGURES

T Page No.s
Figure 1.1: Various ways of sunlight harvesting [1]........ccccveeviiiiiiiieiiieieeeee e 4
Figure 1.2: Conversion efficiencies of various kinds of PV-Cells [1].....cccceeeiieniiiiniiieeieeeieeenee, 6
Figure 1.3: Layers of spectral modifiers for enhanced absorption by PV-cells [5] ........ccveveunenneee. 8
Figure 1.4: Non-linear ET processes responsible for UC ..........ccoooiiviiniiniiiinienieiiceeeeeeee 10
Figure 1.5: Parabolic Concentrators — (a) Dish type, (b) Trough type [52]...cccccevvveevvieeiieenieenns 12
Figure 1.6: Schematic representing a hyperboloid concentrator............cccceeevveeeieeerieeecieeeieeens 13
Figure 1.7: Schematic representing a CPC SyStem [54].......cieviieeciiieeiieeieeeee e 14
Figure 1.8: Schematic representing a heliostat concentrator [56].........coovvveevieieiieenciieeiieeeieeens 15

Figure 1.9: Schematic for a Fresnel lens concentrator with: (a) Point Focus, (b) Linear Focus [57-

Figure 1.10: Schematic representing fluorescent type concentrator depicting TIR ...................... 17
Figure 1.11: (a) Schematic of QDs based LSC, (b) TIR of light within an LSC, (c) LSC for BIPV
APPLICALION [O8-09 ...ttt ettt ettt e sttt b e st et e et e st e e beebee e 21
Figure 1.12: Representation of escape cone for 1oss of photons [74] ......ccceevveeeiveeriieeeiieeeieeens 23
Figure 1.13: (a) LSCs doped with several organic dyes showing edge emission, (b) Overlapping
emission (As) and absorption (Ap) bands of Lumogen red dye [100, 131]......ccooveviiiiniinieniiinnens 25

Figure 1.14: (a) Schematic of CdSe/CdS core-shell structure based LSC, (b) PMMA based

transparent LSC, (c) Edge emission due to CdSe/CdS QDS [90]...cc.eeeiiiriinieniieiiienieeieeieeeene 26
Figure 2.1: The process of product formation via SSR synthesis technique [153].........cccceuvee. 38
Figure 2.2: The process of product formation via SSFF synthesis technique [151] ..................... 39
Figure 2.3: The process of product formation via AC-SG synthesis technique [169].................. 40
Figure 2.4: Diffraction from atomic planes according to Bragg’s law [171]......ccccceeevveviveennnnns 41
Figure 2.5: Schematic of a SEM instrument [173] ....cccvieiiiiiiiieeiieeeiee et 43
Figure 2.6: Schematic of a TEM instrument [175] ....cccvieriiieiiieeieeeiee et 44

XXVii



Figure 2.7: Schematic of a lamp based PL instrument............cccccooouiiviiniiniinniinieneeeeneeee 46

Figure 3.1: XRD patterns for Y>0s3: Eu®" nanophosphors prepared by various methods: (a) SSR,
(D) AC-SG, (C) SSFEE ...ttt ettt sae e 51
Figure 3.2: SEM images of Y20;: Eu** nanophosphors prepared by various methods: (a) SSR, (b)
AC-SG, (€) SSFE ..ttt ettt sttt ettt 53
Figure 3.3: TEM images of Y20s: Eu®" nanophosphors prepared by various methods: (a) SSR, (b)
AC-SG, (€) SSFE ...ttt sttt ettt 53
Figure 3.4: SEM images of Y>0;3: Eu®* nanophosphors synthesized using SSFF route at various
temperatures: (a) 950°C, (b) 1000°C, (c) 1050°C, (d) 1100°C, (e) 1150°C......coeeeerveeereeerreannenn. 54
Figure 3.5: TEM images of Y,Os: Eu’" nanophosphors synthesized using SSFF route at various
temperatures: (a) 950°C, (b) 1000°C, (c) 1050°C, (d) 1100°C, (e) 1150°C......ccoeeeevveeereeerreannenn. 55
Figure 3.6: (a) HRTEM images of Y>0s3: Eu®" nanophosphors synthesized using SSFF route at
1100°C, (b) Lattice fringes, (c) Particle size distribution..........c.cccocceevvieeiiinienieniienienieeieeeee 56
Figure 3.7: Energy level diagram depicting transitions from various Eu’" states......................... 57
Figure 3.8: Temperature-dependent PL-profile: (a) Emission at 255 nm excitation, (b) Excitation
at 611 nm emission, (c) Emission at 385 nm excitation, (d) Excitation at 611 nm emission........ 58
Figure 3.9: Eu’* Concentration-dependent PL-profile: (a) Emission at 255 nm excitation, (b)
Excitation at 611 nm emission, (c¢) Emission at 385 nm excitation, (d) Excitation at 611 nm
CIMHSSION ..ttt ettt ettt ettt ettt et e bt bt e atesb e e ettt e st e eb e et e eb e e ab e e ae e bt e bt et e eat b e et et e et e sbe et e sbeen 59
Figure 3.10: PL-profile for different synthesis routes: (a) Emission at 255 nm excitation, (b)
Excitation at 611 nm emission, (c) Emission at 385 nm excitation, (d) Excitation at 611 nm
CIMHSSION ..ttt ettt ettt ettt ettt et e bt bt e atesb e e ettt e st e eb e et e eb e e ab e e ae e bt e bt et e eat b e et et e et e sbe et e sbeen 60
Figure 3.11: CIE-diagram demonstrating chromaticity points in color space under 255 nm and 385

nm excitations along with the emissions as perceived by naked eye ........cccvveevveeeciieevcieeeieenn, 61
Figure 4.1: A typical XRD pattern for Gd>0,S: Er**, Yb** nanophosphor................cccceeveveeenn... 69

Figure 4.2: SEM images of Gd20,S: Er**, Yb*" nanophosphor fired at: (a) 1000°C, (b) 1100°C, (c)

LIS0°C . 70

XXViii



Figure 4.3: TEM images of Gd»0:S: Er**, Yb** nanophosphor fired at: (a) 1000°C, (b) 1100°C, (c)
LIS0%C ettt ettt et b e et a et sb et sae e saeens 71
Figure 4.4: (a) HRTEM image of Gd,0,S: Er**, Yb*" nanophosphor synthesized at 1000°C, (b)
Lattice fringes, (c) Particle size diStribUtion .............cocueeviiriiiiiiiniiniecieceeeeeeeee e 72
Figure 4.5: Energy level diagram depicting transitions from Er’'- Yb®" levels under 285 nm, 380
nmM, and 450 NI EXCILALION ..........eiieiieieieiiieeeeeiieeeeeiteeeeeetteeeeeeteeeeeeitreeeeeetveeeeessaeeeenisreeeeenrsneeeenees 74
Figure 4.6: PL-emission spectra- (a) at 285 nm excitation in the violet region, (b) at 285 nm
excitation in the visible region, (c) at 380 nm excitation in the visible region............cccceevueennenne 75
Figure 4.7: Under 450 nm excitation - (a) DC to the visible region, (b) UC to the UV region, (¢)
DC and NIR-QC in the NIR T€ZI0M .....uiiiiiiiieiiieeiieeeiee ettt eire e e eeaeeeaaeessseeesseessnaeennseeas 77
Figure 4.8: Energy level diagram depicting transitions from Er*'- Yb*" levels under 808 nm, 980
nM, and 1064 NIMN EXCILALION..........cceureeieireeeeeeitieeeeeireeeeeereeeeeeitreeeeeitreeeeeetreeeeesisseeeenisreeeeesseeeeennes 78
Figure 4.9: Under 808 nm excitation - (a) UC to the visible region, (b) High-energy UC to the UV
region, (€) DC t0 the NIR TEZIOM .....ccccuiiiiiiieiiieciie ettt e e ebeeeaae e eraessaeeessaeensseeas 79
Figure 4.10: Under 980 nm excitation - (a) UC to the visible region, (b) High-energy UC to the
UV region, (c) UC t0 the NIR T€ZIOMN .....ccccuiiieiiieiieciieeee ettt ere et e s 80
Figure 4.11: Under 1064 nm excitation - (a) UC to the visible region, (b) High-energy UC to the
UV region, (c) UC to the NIR T€ZION .....ccccuiiieiiieiieeiieeee ettt e s 82
Figure 4.12: Under 808 nm excitation — (a) Incident power-dependent analysis, (b) Ln-Ln plot;
Under 980 nm excitation — (c) Incident power-dependent analysis, (d) Ln-Ln plot; Under 1064 nm
excitation — (e) Incident power-dependent analysis, (f) Ln-Ln plot.........cccooeviiiiiinininiinns 84
Figure 4.13: CIE-diagram demonstrating chromaticity points in color space under 285 nm, 380
nm, 450 nm, 808 nm, 980 nm, and 1064 NM eXCItALIONS ........cccvvereeeireeeeeiieeeeeeireeeeeitreeeeeereeeeeans 85
Figure 4.14: Firing cycle dependent luminescent phase formation at- (a) 1000°C, (b) 1150°C, (c)
L250°C ettt et b et sa e ettt et saeenesaeen 87

Figure 5.1: At 380 nm excitation- (a) DC-PL, (b) RG- intensity ratio, (c¢) CIE-chromaticity

diagram, (d) DC-PL at 285 NIM EXCILATION ......veeereviieiiieeiieecieeeiee et e eeteeeeeeeereeeseseessaeeesseeesseens 96

XXiX



Figure 5.2: At450 nm excitation- (a) DC-PL, (b) RG- intensity ratio, (¢) CIE-chromaticity diagram

Figure 5.3: At 450 nm excitation- (a) UC-PL in UV region, (b) NIR-QC in NIR region .......... 100

Figure 5.4: At 808 nm excitation- (a) UC-PL, (b) RG- intensity ratio, (¢c) CIE-chromaticity diagram

Figure 5.5: At 808 nm excitation- (a) High-energy UC to UV region, (b) DC to NIR region, (c)
Incident power-dependent analysis, (d) Ln-Ln plot........ccccoocvieriiieiiieeiieeieeeee e 102

Figure 5.6: At 980 nm excitation- (a) UC-PL, (b) RG- intensity ratio, (¢c) CIE-chromaticity diagram

Figure 5.7: At 980 nm excitation- (a) UC to NIR region, (b) High-energy UC to UV region, (c)
Incident power-dependent analysis, (d) Ln-Ln plot........ccccccovieiiiieiiieeiieeieeeeeeeee e 105
Figure 5.8: At 1064 nm excitation- (a) UC-PL, (b) RG- intensity ratio, (c) CIE-chromaticity
4 T4 11 RSSO 107
Figure 5.9: At 1064 nm excitation- (a) High-energy UC to UV region, (b) UC to NIR region, (c)
Incident power-dependent analysis, (d) Ln-Ln plot........cccccccvieiiiieiiieniieeieeeee e 108
Figure 5.10: DC-PL at 380 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%, (b) Er’" ~
2 M%, (€) BT~ B3 MY0 1ottt 110
Figure 5.11: RG- intensity ratio at 380 nm excitation for Yb*>" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%,
() Er" ~2m%, (€) BI? = 3 M0ttt 110
Figure 5.12: Integrated visible emission intensity trend at 380 nm excitation for varying Er*": Yb*"
AOPINE TALIO ..veevviieiieeeieeeite et e ettt e ettt e ettt e e tbeeeseteeesseeessseeessseassseeeasseeassseeassseensseeassseesssseensseensses 111
Figure 5.13: CIE-chromaticity diagram at 380 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’*
~1m%, (b) Er*" ~ 2 m%, (C) Er*" ~ 3 MY e 111
Figure 5.14: DC-PL at 285 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%, (b) Er’" ~
2 M%, (€) BT~ B3 MY0 1ottt 113
Figure 5.15: Integrated visible emission intensity trend at 285 nm excitation for varying Er*": Yb*"
4 10 0318 Fe =15 (o RO S U PS PP 113
Figure 5.16: CIE-chromaticity diagram at 285 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’*

~1m%, (b) Er*" ~ 2 m%, (C) Er*" ~ 3 MY%0 ..ot 114

XXX



Figure 5.17: DC-PL at 450 nm excitation for Yb*>" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%, (b) Er’" ~
2 M%, (€) BT~ B3 MY0 1ottt 115
Figure 5.18: RG- intensity ratio at 450 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%,
() Er" ~ 2 m%, (€) BI?" = 3 M0ttt 115
Figure 5.19: At 450 nm excitation- (a) Integrated visible emission intensity trend, (b) UC to UV
region, (¢) NIR-QC in NIR T@ZIOMN........cccceiiieiiiieiiieciieeiieeeiee et eiee e e e eseveeesaeeeeseeeeseeenseeenns 115
Figure 5.20: CIE-chromaticity diagram at 450 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’*
~1m%, (b) Er*" ~ 2 Mm%, (C) " ~ 3 M %0 ...ttt 117
Figure 5.21: UC-PL at 808 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%, (b) Er’" ~
2 M%, (€) BT~ 3 MY0 1ottt 118
Figure 5.22: RG- intensity ratio at 808 nm excitation for Yb** ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%,
() Er" ~ 2 m%, (€) BI?" = 3 M0ttt 118
Figure 5.23: At 808 nm excitation- (a) Integrated visible emission intensity trend, (b) High energy
UC to UV region, (€) DC t0 NIR T€ZI0MN.......ccccuiiiriiiieiiieeiieeeieeeiteeeieeeeveeeeeeesveeessseesssaeessseeenes 119
Figure 5.24: CIE-chromaticity diagram at 808 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’*
~1m%, (b) Er*" ~ 2 m%, (C) Er*" ~ 3 MY e 120
Figure 5.25: At 808 nm excitation for Yb*>" ~ 1 m% to 5 m% - (a) — (c) Incident power dependent
analysis for Er’* ~ 1 m%, 2 m% and 3 m%, (d) — (f) Corresponding Ln-Ln Plots...................... 121
Figure 5.26: UC-PL at 980 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%, (b) Er’" ~
2 M%, (€) BT~ B3 MY0 1ottt 122
Figure 5.27: RG- intensity ratio at 808 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’* ~ 1 m%,
() Er" ~ 2 m%, (€) BI?" = 3 M0ttt 122
Figure 5.28: At 980 nm excitation- (a) Integrated visible emission intensity trend, (b) High energy
UC to UV region, (€) UC t0 NIR T€ZI0N.......ccccuiieiiiieiiieeiieeeieeeieeeeree e e eeveesveeeseseesssaeessseeenes 123
Figure 5.29: CIE-chromaticity diagram at 980 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er’*
~1m%, (b) Er*" ~ 2 m%, (€) EI*" ~ 3 MY ..eovieieeeeeeeeeeeeeeeeeeeeeeeee e 124
Figure 5.30: At 980 nm excitation for Yb*>" ~ 1 m% to 5 m% - (a) — (c) Incident power dependent

analysis for Er’* ~ 1 m%, 2 m% and 3 m%, (d) — (f) Corresponding Ln-Ln Plots...................... 125

XXXi



Figure 5.31: UC-PL at 1064 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er** ~ 1 m%, (b) Er** ~
2SMY0, (€) BT~ 3 %01ttt 126
Figure 5.32: RG- intensity ratio at 1064 nm excitation for Yb** ~ 1 m% to 5 m% - (a) Er*" ~ 1 m%,
() Er" ~ 2 m%, (€) BI?" = 3 M0ttt 126
Figure 5.33: At 1064 nm excitation- (a) Integrated visible emission intensity trend, (b) High energy
UC to UV region, (€) UC t0 NIR T€ZI0N.......ccccuiieiiiieiiieeiieeeieeeieeeeteeesiveeeeeeesaeeeseseesssaeessseeenes 127
Figure 5.34: CIE-chromaticity diagram at 1064 nm excitation for Yb*" ~ 1 m% to 5 m% - (a) Er*"
~1m%, (b) Er*" ~ 2 m%, (C) Er" ~ 3 MY et 128
Figure 5.35: At 1064 nm excitation for Yb** ~ 1 m% to 5 m% - (a) — (c) Incident power dependent

analysis for Er’* ~ 1 m%, 2 m% and 3 m%, (d) — (f) Corresponding Ln-Ln Plots...................... 129

Figure 6.1: Schematic of LSC fabrication method of Solvation-Gelation-Solidification........... 135
Figure 6.2: (a) UC-PL of Gd>O,S: Er, Yb nanophosphor in various organic solvents, (b) UC-QY,
(c) GOS-LSC showing high transparency (inset shows edge emission under 980 nm excitation);
(d) Transmission spectra of plain PMMA slab and GOS- LSC ........ccocoviiiiiiiiiniiiiieeeiee, 138
Figure 6.3: (a) Schematic for edge effect investigations, (b) Optical set-up for recording edge effect
of the LSCs, (c) PL-emission spectra of LSC slabs for edges covered/uncovered, (d) PL-emission
characteristics of LSC slab showing high photostability...........cccceevierviiieiiieniieeece e, 140
Figure 6.4: Characteristic curves for LSC slabs with varying nanophosphor dispersion ratio — (a)
IV-curve, (b) PV-curve, and (¢) PCE and OE scatter plot..........cccoeeveeeieeenieeeieeeiee e 143
Figure 6.5: Characteristic curves for LSC slabs with varying edge width — (a) IV-curve, (b) PV-
curve, and (¢) PCE and OFE Scatter POt ........cc.oooiiieiiieiiieeieeeeeee et e 145
Figure 6.6: Relation between G and PL-emission characteristic of LSC slabs..........c.ccccceeeeen. 146
Figure 6.7: Characteristic curves for LSC slabs with varying nanophosphor dispersion ratio — (a)
IV-curve, (b) PV-curve, and (¢) PCE and OE scatter plot..........ccceecveeeieeenieeeiieeeiee e 147
Figure 6.8: Characteristic curves for LSC slabs with varying edge width — (a) IV-curve, (b) PV-

curve, and (¢) PCE and OFE Scatter POt ........cc.ooooiiieiiieiiiceieeeeeeeee et 149

Figure 7.1: Large area (200 mm x 200 mm x 10 mm) GOS based LSC............cccccovvievieiiennns 157

XXXii



LIST OF TABLES

0101 U Page No.s

Table 3.1: Crystallite diameters for most prominent peaks according to synthesis technique...... 52

Table 5.1: Concentration ratio grid of Er*": Yb** ~ [3 x 5] matriX in Mm% ......coccevevveevevevreereennn 94

Table 6.1: LSC slab with varying nanophosphor dispersion ratio ‘D’ for constant edge width . 136
Table 6.2: LSC slab with varying edge width ‘Z’ for a constant nanophosphor dispersion ratio 136
Table 6.3: LSC slab with varying nanophosphor dispersion ratio ‘D’ for constant edge width . 136
Table 6.4: LSC slab with varying edge width ‘Z’ for a constant nanophosphor dispersion ratio 136
Table 6.5: Characteristic electrical parameters of all the Gd>O-S: Er, Yb nanophosphor based
LS C SAMPIES ..eeviiiiiieeiieeeiee ettt ettt e e et e et eesstae e sbeeesssaeessaeeasseeesssaeassaeensseeessseensseennsses 144
Table 6.6: Efficiency and Concentration factor of all the Gd»O,S: Er, Yb nanophosphor based
LSC SAMPIES ..evviiiiiieeiieeeee ettt ettt e et e e et e et eeestae e sbeeesssaeessaeessseeesssaesssaeensseeessseensseensses 144
Table 6.7: Characteristic electrical parameters of all the Y,03: Eu®" nanophosphor based LSC
211010 (1SR 148
Table 6.8: Efficiency and Concentration factor of all the Y,0O3: Eu®" nanophosphor based LSC

211010 (1SR 148

XXXiii



	Thesis of Vanjula Kataria.pdf



