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Abstract

The thesis is driven by the significant advancements in optical spectroscopy and the high
demand for improved images for a diverse array of biophotonics and nanophotonics
applications. The ability to selectively excite selected sites or dopants through dual-wavelength
laser excitation in specially synthesized rare earth doped nanophosphors remains an
underexplored area, representing a novel facet of spectroscopy and imaging. The single-
wavelength excitation (Vis or NIR) and emission of rare earth doped nanophosphors have been
the subject of extensive research. However, there is a need for research on the site-selective
dual-excitation of nanophosphors. The objective of the thesis is to conduct a comprehensive
analysis of the spectral characteristics of rare earth doped nanophosphors under dual-
wavelength laser excitation and image and map the optically active emitting sites.

This thesis focuses on advancing experimental techniques for controlling light and studying
the spectral characteristics and optical responses of various rare earth doped nanophosphors
using innovative site-selective spectroscopy and spatial photoluminescence mapping/imaging
methods. The novelty of the thesis lies in the judicious design and purposeful choice of
excitation wavelengths and nanophosphors to investigate the dual-excitation site-selective
spectroscopy. The thesis begins with a study of both theoretical and experimental optical
studies concerning the rare earth doped fluoride nanophosphors. This is succeeded by an
extensive investigation of dual-excitation photoluminescence spectroscopy and spatial
photoluminescence mapping/imaging in different nanophosphors. The thesis additionally
includes a preliminary study into the use of these nanophosphors as biological markers for
biophotonic applications.

The research also investigated the synthesis, comprehensive characterizations, and applications
of various rare earth doped nanophosphors, emphasizing their unique optical properties and
potential applications in diverse fields. The thesis presented an innovative method of site-
selective spectroscopy, highlighting the advantages of dual-wavelength excitation in terms of
sensitivity, enhanced spectral resolution, and the ability to probe multi-energy level systems. A
significant finding of the study is the observation of upconversion emission from europium.
The thesis further illustrates the design and development of several innovative optical
measurement techniques, encompassing dual-excitation photoluminescence measurements and
an advanced modified optical microscope for spatial photoluminescence mapping and imaging.

The extensive research conducted has significantly enhanced the understanding of site-
selective spectroscopy and dual-mode excitation photoluminescence in rare earth doped
nanophosphors. This knowledge not only deepens theoretical insights but also paves the way
for practical applications, potentially expediting the transition from laboratory findings to real-
world utilization.
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elemental mapping from the individual elements La**, Gd**, Er**, and Yb**
of KLa(.79x)GdxFa: 1% Er**/20% Yb*" (x = 0.25) nanoparticles.

(a) Upconversion photoluminescence (UC-PL) of 1% Er**/20% Yb** doped
KLa0.79-x)GdxF4 nanoparticles (camera colored images, as visible to the
naked eye), (b) integrated peak intensities of individual peaks (Isss and Is4s)
and their ratio (Isss/Isas) against Gd*>" concentration, (c) red/green ratio
(Tess/Tsa5) under long-time laser exposure.

Schematic of excitation, emission, and energy transfer mechanism between
Yb*" and Er*" in KLa(0.79-GdxF4:1% Er’**/20% Yb*" (x =0 —0.5).

(a-c) Power dependent photoluminescence measurement under varying
power of 980 nm NIR laser excitation for x = 0.25, x = 0.20 and x =0
respectively, (d-e) log peak intensity versus log laser power for x = 0.25, x
=0.20, and x = 0, respectively.

Hysteresis curves measured at (a) 5K and, (b) 300 K (room temperature), (c)
Zero Field Cooled and Field Cooled plots ranging from 5 K to 300 K at 100
Oe magnetic field for different concentrations of Gd** ions in KLa7o-
©GdxF4:1% Er**/20% Yb>" (inset shows enlarged view of low temperature
range).
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Figure 3.17

Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Electron Paramagnetic Resonance (EPR) spectra for all the KLag.79-
0GdxFa:1% Er*'/20% Yb** ((a) — (h)) at different Gd** concentration
measured in X band at room temperature.

Studies on non-linear and dual-mode excitation emission spectral
studies of rare earth doped KLaFs fluoride based nano emitters

Room temperature powder X-ray diffraction patterns of undoped and doped
KLaF4 nanophosphors.

(a) Cubic structure representation of KLaF4, (b-d) Rietveld refinement of
undoped and doped KLaF4((c)1% Er*":0% Eu**:18% Yb**,(d) 1% Er*":2%
Eu*:18% Yb*") (observed, calculated, and difference profiles are
represented as blue, red, and green lines, respectively, and Bragg lines are
represented as vertical magenta lines).

Willamson-Hall plot for all the synthesized undoped and doped KLaF4
samples.

(a) TEM image, (b) particle size distribution calculated from the TEM
image, (c) HRTEM image, (d) SAED pattern of KLaF4:1% Er’**/4%
Eu’*/16% Yb*".

(a) NIR excited upconversion emission spectra of KLaFs4 - Er’*:Eu’
nanoparticles along with their emission colors, (b) integrated intensity of
Er**:Eu®" emissions.

Schematic of excitation, emission, and possible energy transfer mechanism
between Er’" and Eu’" ions.

CIE diagrams of KLaF4 doped with (a) Er**:Eu®" (b) Er*":Eu’*:Yb*".
(a) UC emission spectra of KLaFs - Er*":Eu’":Yb>" with their visible
luminescent colors, (b) Eu*":Yb** concentration dependent-UC emission

spectra of KLaF4 - Er*":Eu**:Yb*" samples.

Schematic of excitation, emission, and possible energy transfer phenomena
between Er**, Eu**, and Yb" in the KLaF4 host lattice.

(a-d) Upconversion intensities as a function of laser power at 980 nm

excitation, inset: log integrated intensity vs log power where the slope
represents the number of photons involved in upconversion.
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Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

(a-d) CIE chromaticity diagrams for different doped KLaF4 samples.

(a) Photoluminescence excitation (PLE) spectra monitored at Aem = 610 nm
(Do — 'F2) and downconversion photoluminescence (DC-PL) spectra
excited at Aex = 405 nm ('Fo — °D») for KLaF4: 0% Er**/6% Eu*'/18% Yb*",
(b) schematic energy level diagram of Eu*" ions in the host lattice.

Schematic design of site-selective dual-mode excitation optical setup.

(a) Single and dual-mode excited DC/UC PL of KLaFs: 0% Er*'/6%
Eu**/18% Yb**, (b) Single and dual-mode excited DC/UC PL of KLaFa:
0.5% Er**/6% Eu**/18% Yb** (bottom panel excitation under 405 nm, mid
panel excitation under 980 nm and top panel simultaneous excitation under
405 nm + 980 nm), (c, d) Integrated intensity of emissions and their
respective ratios (Red/Orange (°Do—"F2/°Do—"F1) and
(°Do—"F2/*Fon—*1151)) of 6% Eu**/18% Yb>" and 0.5% Er**/6% Eu**/18%
Yb** doped into KLaF4 matrix.

CIE diagrams of KLaF4 doped with (a) 6% Eu*"/18% Yb** (b) 0.5% Er**/6%
Eu'/18% Yb>*.

Schematic of excitation, emission, and possible energy sensitization
between Eu* and Yb** in KLaF4 host lattice.

Site-selective dual-excitation of KLaFa: 6% Eu*"/18% Yb*" (Er** = 0 %) (a-
d) observance of DC and/or UC emission under variable power excitation of
single and dual-mode laser (405 nm or/and 980 nm). The plots also display
the luminescence color observed, (e-h) log-log plots of integrated intensity
as a function of applied laser power.

Site-selective dual-excitation of KLaF4: 0.5% Er**/6% Eu*"/18% Yb** (a-d)
observance of DC and/or UC emission under variable power excitation of
single and dual-mode laser (405 nm or/and 980 nm). The plots also display
the luminescence color observed, (e-h) log-log plots of integrated intensity
as a function of applied laser power.

(a, ¢) CIE diagram calculated from the recorded PL corresponding for
highest power of 405 nm, P = 85 mW and for 980 nm, P = 450 mW of the
samples doped with  KLaF4-6%Eu*":18%Yb>* and  KLaFs-
0.5%Er**:6%Eu*":18%YDb*", (b, d) simple sketch of dual-mode excitation
energy transfer in KLaF4:Eu*"/Yb*" and KLaF4:Er*"/Eu*/Yb®" systems.
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Figure 4.20

Figure 4.21

Figure 4.22

Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Potential application in photoluminescence spatial mapping (a) bright field
image, (b) downconversion photoluminescence spectra of KLaF4: 1%
Er*'/4% Eu*'/ 16%Yb*", (c) (i) spatial PL mapping along the vertical
direction for *Do —’F> transition of Eu®*, (ii) spatial PL mapping along the
vertical direction for Dy —’F, transition of Eu®" under 405 nm laser
excitation with a step size of 40 pum, (iii) red to orange ratio.

Photoluminescence stability of (a, ¢) KLaF4 - 1% Er**:4% Eu*":16%Yb**
under 405 nm and 980 nm laser excitation respectively, (b) red to orange
ratio under 405 nm laser excitation, (d, ) red to orange ratio and red to green
ratio under 980 nm laser excitation.

(a,b) Photoluminescence stability measurements of KLaF4: Er¥*/Eu’'/Yb**
nanoparticles upon 405 nm laser excitation, (c,d,e) photoluminescence
stability measurements of KLaF4:Er'*:Eu*":Yb*" nanoparticles upon 980 nm
laser excitation.

Site-selective spectroscopic studies of rare earth doped K3GdFs nano
emitters

Powder XRD diffractograms of undoped K3GdFes and K3GdFe:5% Eu®*
before and after annealing at various temperatures (inset: Rietveld
refinement of K3GdFe:5% Eu®" annealed at 500 °C).

Powder XRD diffractograms of K3GdFs doped with varying mol % of Eu®",
Nd**, and Yb*".

(a-c) Crystal packing of K3GdFs along different axes.

(a) TEM, (b) particle size distribution, (c) SAED, (d) d-spacing of the (113)
plane of K3GdFs: 5% Eu’".

(a-c) TEM, lattice fringe spacing and SAED patterns of K3GdFs doped with
different dopants.

Raman spectra of K3GdFs:0% Eu*" and K3GdFs:5% Eu*", both unannealed
and annealed samples.

XPS spectra of K3GdFs:0% Eu®" indicating the energy levels of (a) Gd 4d,
(b) K 2p, (¢) F 1s, (d) Gd 3d, and (e) Eu 3d. XPS spectra of K3GdFs:5% Eu**
indicating the energy levels of (f) Gd 4d, (g) K 2p, (h) F1s, (i) Gd 3d and (j)
Eu 3d.
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Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

(a) Excitation and emission spectra of K3GdFs: 5% Eu** (annealed at 500
°C) under 613 nm and 405 nm, respectively, (b) energy levels of Eu** ion.

(a) Excitation at an emission wavelength 613 nm and emission spectra at (b)
273 nm, (c) 393 nm, and (d) 464 nm of various doped and undoped K3GdFs
samples annealed at different temperatures. (e) excitation at an emission
wavelength 310 nm and, (f) emission spectra at a wavelength 273 nm of
various doped and undoped K3GdFe samples depicting the Gd** transitions.

Energy level scheme depicting the quantum cutting process between Gd**
and Eu** ions.

(a-1) Photoluminescence spectra of K3GdFe:5% Eu®" (as prepared) under
variable power 405 nm laser excitation, (a-ii) variation of red to orange ratio
with changing laser power, (a-iii) log-log plot of intensity as a function of
applied laser power, (b-i) photoluminescence spectra of K3GdFe:5% Eu’*
(300 °C) under variable power 405 nm laser excitation, (b-ii) variation of red
to orange ratio with changing laser power, (b-iii) log-log plot of intensity as
a function of applied laser power, (c-i) photoluminescence spectra of
K3GdFs:5% Eu** (400 °C) under variable power 405 nm laser excitation, (c-
i1) variation of red to orange ratio with changing laser power, (c-iii) log-log
plot of intensity as a function of applied laser power, (d-1)
photoluminescence spectra of K3GdFe:5% Eu** (500 °C) under variable
power 405 nm laser excitation, (d-ii) variation of red to orange ratio with
changing laser power, (d-iii) log-log plot of intensity as a function of applied
laser power.

Point scan of the sample under laser incidence of 405 nm for a time duration
of half an hour of (a) K3GdFe:5% Eu’" (as prepared), (b) K3GdFs:5% Eu®*
(300 °C), (c) KsGdFes:5% Eu’" (400 °C), (d) KsGdFe:5% Eu’" (500 °C).

(a) Photoluminescence spectra of K3GdFs:5% Eu’" (as prepared) under 405
nm laser excitation (inset: spectral image of the PL spectra), (b) spatial PL
mapping of °Do—'F, transition, (c) spatial PL mapping of °Do—'F;
transition, (d) spatial PL mapping showing the red to orange (R/O) ratio, ()
real time PL image of the sample under 405 nm laser incidence.

(a) Photocatalytic degradation of Rhodamine 6G dye using K3GdFs :5%

Eu** (annealed at 500 °C) sample under UV excitation, (b) spectral image
depicting the decrease in absorbance with increase in time.
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Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Magnetization vs applied magnetic field at (a) 2 K and (b) 300 K. (c) Zero
field cooled (ZFC) and field cooled (FC) plots at 100 Oe of K3GdFs (as
prepared) and K3GdFs:5% Eu’* annealed at different temperatures.

(a) EPR spectra of K3GdFs:0% Eu®* (as prepared) and K3GdFes:5% Eu’®* (as
prepared) samples, (b) Enlarged view of the marked region of plot (a), (c)
EPR spectra of K3GdFe:5% Eu’" annealed samples.

Site-selective dual-excitation of K3GdFe: 2.5% Eu®" (a-d) observance of DC
and/or UC emission under variable power excitation of single and dual-
mode laser (405 nm or/and 808 nm). The plots also display the variation in
emission intensity under different laser power and log-log plots of integrated
intensity as a function of applied laser power.

Site-selective dual-excitation of KzGdFs: 2.5% Yb*>" (a-d) observance of DC
and/or UC emission under variable power excitation of single and dual-
mode laser (405 nm or/and 808 nm). The plots also display the variation in
emission intensity under different laser power and log-log plots of integrated
intensity as a function of applied laser power.

Site-selective dual-excitation of K3GdFs: 5% Eu** /20% Yb*" (a-d)
observance of DC and/or UC emission under variable power excitation of
single and dual-mode laser (405 nm or/and 808 nm). The plots also display
the variation in emission intensity under different laser power and log-log
plots of integrated intensity as a function of applied laser power.

Site-selective dual-excitation of K3GdFs: 5% Nd** /20% Yb*" (a-d)
observance of DC and/or UC emission under variable power excitation of
single and dual-mode laser (405 nm or/and 808 nm). The plots also display
the variation in emission intensity under different laser power and log-log
plots of integrated intensity as a function of applied laser power.

Site-selective dual-excitation of K3GdFs: 2.5% Eu**/2.5% Nd** (a-d)
observance of DC and/or UC emission under variable power excitation of
single and dual-mode laser (405 nm or/and 808 nm). The plots also display
the variation in emission intensity under different laser power and log-log
plots of integrated intensity as a function of applied laser power.

Site-selective dual-excitation of K3GdFs: 2.5% Eu®*/2.5% Nd**/20% Yb**
(a-d) observance of DC and/or UC emission under variable power excitation
of single and dual-mode laser (405 nm or/and 808 nm). The plots also
display the variation in emission intensity under different laser power and
log-log plots of integrated intensity as a function of applied laser power.
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Figure 5.23

Figure 5.24

Figure 5.25

Figure 5.26

Annexure

Figure A1

Figure A2

Figure A3

Figure A4

Photoluminescence spectra of K3GdFg: 2.5% Eu*/2.5% Nd*" and K3GdFe:
2.5% Eu*/2.5% Nd**/20% Yb*" under 808 nm laser excitation depicting
the occurrence of Yb>" emission when paired with Nd*".

Schematic of excitation, emission, and probable energy transfer between
Eu®*,Nd**, and Yb*" in K3GdFs host lattice.

Photoluminescence stability measurements of K3GdFs with varying
concentration of Eu**/Nd**/Yb** ions upon 405 nm laser excitation (a) 2.5
% Eu™, (b) 5 % Eu’*/20 % Yb™, (c) 2.5 % Eu’*/2.5 % Nd*, (d) 2.5 %
Eu**/2.5 % Nd**/20 % Yb** (insets: red to orange ratio).

Potential application in photoluminescence spatial mapping (a) spatial PL
mapping along the vertical direction for Do —'F, transition of Eu**, (b)
spatial PL mapping along the vertical direction for Do —F; transition of
Eu®" under 405 nm laser excitation with a step size of 40 um, (c) Red to
orange ratio, (d) photoluminescence image (e) dark field image of 2.5 %
Eu**,5 % Eu/20 % Yb**, 2.5 % Eu®*/2.5 % Nd*", 2.5 % Eu®*/2.5 % Nd**/20
% Yb*".

Preliminary studies on HuH-7 cancer cell imaging using KLaF4
nanoparticles

(a) X-ray powder diffraction pattern of KLa(0.95-xGdxF4:5% Eu*" (x = 0-0.4)
nanophosphors. Star (*) symbols refer to the cubic KLaF4 phase while the
hexagonal phase is indexed according to the Rietveld refinement, (b) PXRD
Rietveld refinement of KLa.95-x)GdxF4:5% Eu®" (x = 0.4) nanophosphor.

(a) Room temperature 405 nm laser excited PL spectra, (b) corresponding
luminescence images.

Red/Orange ratio of KLa(.95sxGdxF4:Eu*" (x = 0-0.4) under long duration
of 405 nm laser excitation.

Confocal laser scanning bright field, PL and mixed microscopy images of

Huh-7 cancer cells cultured with silica capped KLa0.950GdxFa:Eu*" (x = 0—
0.4) after 24 h of incubation. A,,,. = 460 nm.
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List of nanophosphor’s properties and the characterisation techniques used to
measure these properties.

Lattice parameters a (A), ¢ (A), GOF (S) and wt.% of cubic and hexagonal
phases for KLaF4:Nd** nanoparticles after the final cycle of refinement.

Refined positional parameters for KLaF4:Nd** nanoparticles after the final
cycle of refinement.

The Lorentzian fitting parameters evaluated from Raman spectra.

Experimental (f,,,x10), calculated (f4;x107) oscillator strengths and r.m.s

deviation (8p,sx10%) of KLaF4:x% Nd** (1 to 30 mol%) nanoparticles
colloidal solution. The Judd-Ofelt parameters are calculated by excluding *F3
transition due to remarkable reabsorption between *F32 and “Io levels.

Judd-Ofelt parameters Q. (x10?° cm?) of Nd** ions doped KLaF4
nanoparticles along with other reported values.

Calculated radiative transition probability, branching ratio, radiative lifetime,
experimental lifetime, and quantum efficiency for different Nd** ions doped

samples in colloidal solutions.

Calculated emission peak wavelength (4p), effective bandwidth (AAp),
stimulated emission cross-section (o(4p)), gain bandwidth (AG=AApxc(4p)),
and gain per unit length (Tgx,x6(4p)) for Nd** doped fluorite nanoparticle
colloidal solutions.

The fitted and evaluated energy transfer parameters from I-H and Y-T
approximations.

Crystallographic data of cubic KLa(.79-x)GdxF4:Er**/Yb*" (x = 0).
Refined positional parameters after the final cycle of refinement.

Crystallographic refinement data of hexagonal phase KLa(.79-xyGdxFa:
Er*/Yb** (x = 0.25).

Refined positional parameters after the final cycle of refinement.
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Crystallographic data of cubic undoped KLaF4 lattice.

Refined positional parameters after the final cycle of refinement.

Summary of dopant concentration and number of photons (n) involved (I «
AP™) in upconversion photoluminescence (UC-PL) in various host lattices
under 980 nm laser excitation.

CIE coordinates calculated from the recorded PL corresponding to the highest

power of 405 nm, P = 85 mW, and for 980 nm, P = 450 mW of the samples
doped with KLaF4:6%Eu**/18%Yb*" and KLaF4:0.5%Er**/6%Eu*/18%Yb*".
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Abbreviations

PL Photoluminescence

LASER Light Amplification by Stimulated Emission of Radiation
ucC Upconversion

DC Downconversion

UC-PL Upconversion Photoluminescence
DC-PL Downconversion Photoluminescence
nm Nanometre

RE Rare Earth

QD Quantum Dot

ET Energy Transfer

GSA Ground State Absorption

ESA Excited State Absorption

ETU Energy Transfer Upconversion

CR Cross-relaxation

PA Photon Avalanche

NR Non-radiative

MPR Multi-Phonon Relaxation

Uuv Ultraviolet

Vis Visible

NIR Near-infrared

NP Nanoparticle

XRD X-ray diffraction

PXRD Powder X-ray diffraction

ICDD International Centre for Diffraction Data
JCPDS Joint Committee on Powder Diffraction Standards
SEM Scanning Electron Microscopy

BSE Backscattered Electrons

SE Secondary Electrons

EDX Energy Dispersive X-ray Spectroscopy
TEM Transmission Electron Microscopy
CCD Charge-Coupled Device

SEAD Selected Area Electron Diffraction
HRTEM High-resolution Transmission Electron Microscopy
XPS X-ray Photoelectron Spectroscopy
SQUID Superconducting Quantum Interference Device
EPR Electron Paramagnetic Resonance

BF Bright Field

DF Dark Field

FWHM Full Width at Half Maximum

J-O Judd-Ofelt

I-H Inokuti- Hirayama

Y-T Yokota-Tanimoto
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Symbols

Upconversion emission intensity
Laser Power

Number of pump photons absorbed for each emitted up-converted photon

Hamiltonian

Free ion Hamiltonian

Crystal field Hamiltonian
Experimental oscillator strength
Calculated oscillator strength
Judd-Ofelt parameters

Mass of the electron

Charge of the electron

Speed of light in vacuum
Wavelength

R.M.S deviation

Emission peak wavelength

Effective bandwidth

Stimulated emission cross-section
Gain bandwidth

Gain per unit length

Distance between the donor and acceptor ions
Donor-acceptor interaction parameter
Donor-donor interaction parameter
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