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CHAPTER-1

INTRODUCTION AND REVIEW OF LITERATURE

This chapter represents the Introduction and Literature Review of the Present
Thesis Work done.









Chapter - 1

1.1. INTRODUCTION

Luminescent materials, including glass, thin-film, fiber, nano- or micro-composite, are highly
interesting due to their absorption and emission of light in the ultraviolet—visible and infrared
regions. These materials find lucrative applications in various fields, such as anti-reflection
coatings and spectral converters in photovoltaic solar cells (Richards 2006), bio-sensing (Wen et
al. 2018), bio-imaging (Escudero et al. 2017), thermometry and nano-heater (Anna M.
Kaczmarek, Kaczmarek, and Deuna 2018), luminescent Ink (Loo et al. 2019), confocal
microscopy (Liang et al. 2019), optical memory (Kunkel and Goldner 2018), and more. In recent
decade, Quantum dots (QD), Organic dyes (OD), and Upconversion nanoparticles (UCNPS) have
emerged as three important luminescent materials adhering to Strokes’ Law. UCNPs, on the
other hand, conform to both Stokes’ and anti-Stokes’ Laws. These materials exibit various merits
and demerits, particularly concerning their bio-applications as presented in Table 1. Quantum
dots offer advantages such as broadband excitation multiplexing, size-tunable luminescence, and
a high photo-blenching threshold. However, their notable disadvantage includes toxicity and
blinking effect. Organic dye molecules feature narrow absorption spectra and wide asymmetric
emission spectra with high quantum yield. The major advantage of UCNPs lies in their variable
absorption and emission centers with narrow emission lines, setting them aside from quantum
dots and organic dye (Wen et al. 2018). Upconversion luminescent (UCL) materials have been
synthesized by doping RE*" ions (e.g., Pr**, Nd*, Er¥*, Yb*, etc. ) into various solid hosts
(Reisfeld and Kalisky 1981), (Liégard et al. 2005), (Dihingia and Rai 2012), (Battisha 2007),
(Meijer et al. 2010), (Pudovkin, Ginkel, and Lukinova 2021), (Sun et al. 2013), (Faria,



Gongcalves, and Camargo 2021). They exhibit privileged anti-Stoke luminescence, multiplexing,
and dopant tunable luminescence (Escudero et al. 2017). One of the major drawbacks of the
UCL materials is their low quantum yields (QY), which have been a primary focus to develop
brighter luminescent materials. The luminescence of RE® ions in solid host materials can be
categorized into three main types: (a) quantum cutting (QC) by downconversion (DC), (b)
upconversion (UC), and (c) downshifting (DS) luminescence which will be discussed in detail in

section 1.3.

Table 1.1: Comparison between QD, OD, and UCNPs material based on bio-applications

Properties QD oD UCNP
Penetration depth o o [
No auto-fluorescence o o ]
Photo-stability [ o n
Non-toxic o (] n
Chemical stability [ (] n
Narrow emission line o o [
Functionalization o [ |
Quantum Yield ] [ o

o(No) m (Yes)

In the past decade, UCL and DCL materials have been prepared in various shape and
size, made possible by the availability of various physical and chemical synthesis routes such as
sol-gel, hydrothermal, vapor deposition etc. The sol-gel and hydrothermal route are particularly
intriguing, as they can be utilized to obtain the final product with desired shapes and sizes in
nano- and micro-range, in spherical and cylindrical form. Consequently, UCNPs and DCNPs
emerge as highly attractive luminescent materials, thanks to properties like volume-to-surface
aspect ratio, among others. These materials have garnered considerable recognition in both the
photovoltaic and bio-photonics applications.

In photovoltaic applications, the UCNPs and DCNPs layer have been employed as
spectral converters to address the spectral mismatch of the AM1.5G solar spectrum in solar cell,

a significant ongoing research interest. Solar photons incident upon the solar cell are not



absorbed by the bandgap if their energy falls below or exceeds the bandgap (Van Der Ende,
Aarts, and Meijerink 2009), (Kumar et al. 2018). This limitation is mitigated by adjusting the
solar spectrum using either UCNPs (Fischer et al. 2010) or DCNPs layer (Huang et al. 2013),
enhancing photon absorption within the energy gap of the solar cell (Wen and Tanner 2011).
UCL proves especially advantageous for solar cell with a large bandgap, where “transmission
losses” dominate. The QC by DC mechanism is favorable for solar cells with a smaller bandgap,
where “thermalization losses” are the primary factor in losses (Wen and Tanner 2011). The bio-
application of the RE®*" ion pair significantly reduces overheating effects and enhances the
penetration depth of the laser within tissues in the second biological window (Liang et al. 2021),
(Dibaba et al. 2019).

Here, we specifically discuss UCL and DCL of three particular RE®*" ion pairs (Pr**-Yb**
/ Er** -Yb¥*/ Nd* -Yb**) from the perspective of important photonic applications. The discussion
includes crucial parameters of the UCL mechanism to optimize UCL materials. Additionally, this
introduction highlights some of the essential applications of luminescent materials. Finally, we

conclude by presenting the scope of the study, including the chapterization of the research work.
12.  RARE EARTH ELEMENT

Rare-Earth elements encompass lanthanum (Z=57) through lutetium (Z=71), as well as
Scandium and Yttrium. A distinct fluorescence transition in the Ultra-violet (UV)-visible (VIS)
and near-infrared (NIR) regions of the electromagnetic (EM) spectrum is observed in
paramagnetic RE>* ions with an electronic configuration of [Xe] 4f" 6s% In this configuration,
the 4f" electrons are partially shielded by the outer electron in the 552, 5p®, and 6s? shells, while
the ligands in the first and second coordination sphere exert diminishing perturbations on the
electronic configurations of the RE®" ions, This shielding imparts a unique spectroscopic
property of RE>" ions, rendering them relatively independent of their environment and
distinguishing them from transition metals. The 4f-4f transitions within RE** ions are initiated
within this shielding, resulting in extended lifetimes (metastable state) of the excited states and
narrow-band emissions (Binnemans 2009). The gradual reduction in the ionic radius of RE** ions
from Lanthanum to Lutetium is known as the "lanthanide contraction”. The Dieke diagram

(Carnall et al. 1989) displays numerous energy levels of various RE** ions, which have been



extensively utilized in identifying the electronic states. W.T. Carnall, H. Crosswhite, and H.M.
Crosswhite conducted a  substantial amount of calculations, assuming the environment
independence of RE** ions, to determine Reduced Matrix Elements (RME) of the tensor operator
[UY] for Electric-Dipole interaction (Hehlen, Brik, and Kramer 2013). The Judd-Ofelt (J-O)
theory is a powerful mathematical tool with three parameters derived from various
approximation-based solutions of the time-independent Schrodinger equation. It enables to

estimate various radiative properties of RE*" ions in various host materials.

Table 1.2: Electronic structure of RE** ions (Carnall, W. T.; Crosswhite, H.; Crosswhite 1977)

Element Atomic Electronic Color of Ground Selective
(Symbol) Number configuration oxides State (GS) Excited State
(ES)
Cerium (Ce) 58 [Xe]4f'5d'6s Pale yellow “Fs “Fap
Praseodymium 59 [Xe]4f6s° Black *H, *Hse; *Fai34; 'Gs; 'Dy;
(Pr) 3|:’071,2
Neodymium 60 [Xe]4f*6s’ Grayish blue T hagem: Fapmn e
(Nd) *Hiw; ‘G
Promethium 61 [Xe]4f6s° n.a 1, *lsg7s; Fi23
(Pm)
Samarium (Sm) 62 [Xe]4f°6s? Cream ET ®Hz10,02.1072 1302}
6F1/2,3/2,5/2,7/2,9/2,11/2
Europium (Eu) 63 [Xe]4f'6s? White Fo "Fa46, "Doy1 2
Gadolinium 64 [Xe]4f'5d"6s? White S P
(Gd)
Terbium (Th) 65 [Xe]4f6s” Brown 'Fe Farz, "Dy
Dysprosium 66 [Xe]4f6s° Yellowish ®H .5 ®Haarz, 112,902, 712502;
(Dy) 6F11/2,9/2,7/2,5/2,3/2,1/2
Holmium (Ho) 67 [Xe]4f'6s® Yellowish *lg *17654; "Fs
Erbium (Er) 68 [Xe]4f*?6s> Pink *l1ss2 *lyar 112,003 *Forz
Thulium (Tm) 69 [Xe]4f6s® Greenish *He *Fu3; *Hs s
Ytterbium (Yb) 70 [Xe]4f6s° Greenish Fap Fyp




1.3. PHOTOLUMINESCENCE SPECTRA

Photoluminescence (PL) spectra of RE®* ions collectively represent the emission of a photon ,
rather than “fluorescence” or “phosphorescence”. These terms are used to distinguish between a
spin-allowed transition (singlet — singlet emission) and a spin-forbidden transition (triplet —
singlet emission), respectively. The PL spectra from RE®" ions are classified into upconversion
and downconversion luminescence depending upon Stokes’ and anti-Stokes’ Law.

1.3.1. Downconversion luminescence (DCL):

DCL is a linear process where the wavelength of the emitted photon is always longer than that of
the incident photon, as shown in Figure 2(i-v). It follows Strokes' law as high energy incident
photons are converted into one or more low-energy photons. If two or more photons of lower
energy are emitted, it is termed downconversion by quantum cutting (QC) and if only one low
energy photon emerge, it is called downshifting (DS). DCL exhibits high conversion efficiencies
(approximately 100%) where the energy of one high-energy photon splits into multiple photons
of lower-energy (Meijer et al. 2010). DS is a subcategory of the DCL process with subunity
quantum efficiencies and is involved in transforming high-energy photon into a lower-energy
photon (Kumar et al. 2020).UCL is a non-linear process that arises in RE** ions whenever the
absorption of two or more lower energy photons get converted into single photon of higher

energy.
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Figure 1.1: Schematic diagram of various probable DCL mechanisms of RE** ion (i) single

ion, (ii-iv) sensitizer-acceptor pair, (v) sensitizer-acceptor pair with no intermediate energy



state in sensitizer as adopted by Huang et al., (Huang et al. 2013).

1.3.2. Upconversion luminescence (UCL):

UCL is an anti-stroke process where successive absorption of NIR excitation promotes nonlinear
emission in the UV- VIS region (Wang and Liu 2009). It was first envisioned as a theoretical
possibility by Nicolaas Bloembergen in 1959, and Francois Auzel was the first to report it a
decade later (Auzel 1990). UCL of RE** ions is classified into four distinct types (Zhou et al.
2015): (a) excited-state absorption; (b) energy transfer upconversion; (c) cooperative
sensitization upconversion (d) photon avalanche .

Excited-state absorption (ESA) occurs via multi-phonon relaxation among the energy
levels of a single RE* ion through transfer of energy (ET) to the electrons and host crystal
before relaxing to the ground state with the help of a long-lived metastable state, as in Figure
1.2(i). The maximum efficiency (n) reported for RE** ion-doped NaYF, host to date is around
10° cm® W' (Zhou et al. 2015).

Energy Transfer Upconversion (ETU) requires an activator-acceptor pair, where both
the RE** ions in the excited state (ES) cooperatively exchange energy from the donor (activator)
ion to the nearby acceptor (sensitizer) ion. This absorption of energy promotes the sensitizer ion
to a higher ES (ESA), and relaxation from this excited state initiates the emission of a photon
with higher energy than the excited photon, as in Figure 1.2 (ii) (Zhou et al. 2015). This process
depends on factors such as the absorption capacity of the acceptor; the presence of donor-
acceptor pair in close vicinity; energy transfer efficiency among the sensitizer-activator pair; and
various other luminescence quenching effects etc. RE>* ions co-doped NaYF4 host was reported
with maximum efficiency around =10 cm? W' (Zhou et al. 2015).

Cooperative Sensitization Upconversion (CSU) is similar to the ESU process, but the
acceptor (e.g, Th**) with physically non-existent intermediate states, as shown in Figure 1.2 (iii).
The maximum efficiency reported for RE** ions co-doped NaYF, host is around 10 cm? W™
was reported (Zhou et al. 2015).

Photon Avalanche Upconversion (PAU)occurs in bulk materials with two different ions
in GS and ES, analogous to quenching, where both the ions populate an intermediate energy
level, as in Fig. 1.2 (iv) (Zhou et al. 2015). PA is rarely observed in UCNPs due to the

challenging conditions for establishing avalanches.



Bandgap tuning is also a luminescence process in which two low-energy photons
emerge from the host after absorbing a high-energy photon, without the involvement of two
different RE** ions (Mir et al. 2020).
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Figure 1.2: Schematic diagram of upconversion luminescence mechanisms (i) ESA;

(it) ETU; (iii) CSU (iv) PA. The full arrows, dashed/dotted, dotted arrows represent

emission, photon excitation, and energy transfer process correspondingly (Wang and
Liu 2009)

1.3.3. Quantum Efficiency (QE)

The QE of UCNPs is expressed as the ratio between the total lifetimes of an excited state and the
radiative lifetime of the same state. Consider the population density (N) of donor electrons in the
excited state that may decay through radiative (k;) or nonradiative (kn;) pathways from the

excited state (ES). The evolution of the ES with respect to time can be described by:

dN 1.1
E = _(kr + knr)N ( )

The exponential decay of luminescence with a time constant T is



_ 1 (1. 2)
k. + k,,

Thus, the quantum efficiency can be calculated using the following formula (Vasconcelos and
Pinto 2017):

T

k T 1.3
NpL — = ( )

- kr + knr - TR
The lifetime of the ES in the absence of nonradiative decay processes is termed a radiative
lifetime (tr =1/K;), which is typically estimated using J-O theory. The lifetime (1) can be
computed from intensity decay curves (Huang et al. 2013).

14, THEORETICAL BACKGROUND

Professor Brian G. Wybourne once suggested that the discovery of J-O was an indication of the
right time for solving the RE®" ion through understanding the fascinating luminescence of RE®*
ion. This can be considered as the initial step in the journey to comprehend RE>* ions and the
actinides, with no foreseeable end in close vicinity (Walsh 2006). The Hamiltonian of RE** ion-
doped solids have a major contribution (80-90%) from the combined magnitude of the
electrostatic and spin-orbital parts as shown in Fig 1.3. The remaining part is a contribution of
crystal field and higher-order atomic interactions (Hehlen et al. 2013). The total Hamiltonian of

the RE®" ion in a host is represented as,

H=HO+He+H50+ + ++HCF (1 4)

The free-ion Hamiltonian can be expressed as (Carnall et al. 1989),

H=H,+ Z F* (nf,nf)f i + (A + aL(L +1) + BG(G,) +YG(R;) (1D

k=0,2,4,6
+ Z t;T' + Z m,M"
i=2,3,4,6,7,8 h=0,24
+ z prf..........Z BXc (i)
=246 k.q,i



The spherically symmetric one-electron Hamiltonian (Ho) symbolizes the kinetic energy of an
electron and its interaction with the nucleus. It includes the electrostatic (Columbic repulsive
interaction between pairs of 4f electrons; Fy) and spin-orbital integrals (the coupling of spin and
orbital angular momenta; () with respective angular components of the electrostatic interaction
(f ) and spin-orbit interactions (fy and As,) (Binnemans 2015). These parameters associated with
the two body correction terms are denoted as a, B, and y with G (G;) and G(R7) representing
Casimir’s operators for the groups G, and R;. Here, L stands for orbital angular momentum
(Binnemans 2015). Judd's three-particle configuration interaction terms, tT' (i=2, 3, 4, 6, 7, 8),
arise from the effect of perturbation offered by specific configurations that differ from the 4f"
configuration in the quantum numbers of a single electron. At this point, tjand T' represent three
particle operators and parameters, correspondingly. Magnetic interrelated corrections (my, and ps)
also contribute. The spin-to-spin and spin-to-other-orbit relativistic corrections are symbolized
with the Marvin integral My, (h =0, 2, 4) (Binnemans 2015). The electrostatically co-related spin-
orbit perturbation P" (f = 2, 4, 6) is participated in the excitation of a 4f electron into a higher-
lying 4 f shell (Binnemans 2015).

1.4.1. Crystal Field Interaction

The crystal field interaction of the Hamiltonian with a single-particle crystal field parameter for

different site symmetries is represented as (Binnemans 2015),

k k) /. .
Hep = Z BY ¢ (i) (1. 6)
k,q,i

Here, the spherical tensor [Co® (i)] of rank k relies on the coordinates of the i" electron, and this
summation, encompassing i, run over all 4f electrons of the ion of importance. The values of k
and q determine the non-zero value of the By(k) parameter, depending on the site symmetry
(Carnall et al. 1989). The crystal-field perturbation transforms the spherical symmetry of the
Hamiltonian of RE®* ion, splitting >** L ; term into the number of crystal field (Stark level) level
(Binnemans 2015).
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Figure 1.3: Schematic diagram of 4f" energy level splitting of RE** due to
various perturbations as Zhou et al., envision (Zhou et al. 2015)

1.4.1.1. The Relativistic Approach:

The Dirac equation is employed in the j-j (/=) ji with ji=s; + |;) basis. It explicitly depends on
the radial integral components arising from the solutions of the Dirac equation, as well as the
total angular momentum quantum number (j) along with a one-electron orbital quantum number
(1) (Smentek and Wybourne 2000).

Two distinct problems emerge from the above assessment, as reported elsewhere (Smentek
1988):

)} Determining the form of the relativistic effective operators that can be expressed in an
appropriate perturbative structure as relativistic radial integrals with tensor operators.
i) Quantitatively evaluating system-specific matrix elements for the radial integrals and

tensor operator (Smentek and Wybourne 2000).

This work is still in progress and falls outside of the scope of this specific review
1.4.1.2. Non-Relativistic Approach:

In the time-independent Schrodinger equation, the Hamiltonian operator of the RE** ion operates

on the wavefunction of Z*1L; multiplets of the RE** ion to estimate different energies, where

10



various radial integrals are invariant to the total angular momentum quantum number j of an
electron. Unfortunately, there is no exact solution available for this multi-electron Schrodinger

equation.
14.1.3. Intermediate coupling approximation

Under the intermediate coupling approximation, three assumptions are made to solve the time-
independent Schrodinger equation (Hehlen et al. 2013),

@ The repulsive electrostatic (He) and spin-orbit coupling (Hs,) account for the
energy-level structure of the 4f" state in the RE** ion.

(b) Spin-Orbit coupling (Hs,) is comparable to the electrostatic interaction (He)
among the 4f electrons for the RE®* ion, and the magnitude of H, increases with the fourth
power of nuclear charge (2).

() The Hs, coupling perturbs the >*'L terms of a [Xe]4f" configuration of the RE**

+
I 2S 1|—J

ion, causing it to split into severa multiplets and following the L-S (Russel-Saunders)

coupling scheme.

The explicit matrix form of the time-independent Schrodinger equation with square and

symmetrical Hj; is as follows:

Hyy Hyy - Hyz] [P E{][¥1
H3, :szz H;, '1:'2 _ E:z 'Ifz 1. 7)
Hy Hyp -~ Hullel [E]le,

1.4.14. Electrostatic interaction: The central-field approximation

The central field approximation for the electrostatic potential operator is based on the assumption
of independent motion of each electron in the field [-U(r;)/e] which arises from the contribution
of the nucleus and other electrons as an averaged spherical central field (Hehlen et al. 2013).
Thus wavefunctions (W) are expressible in terms of the spherical harmonics Y | m (6, @) and
radial function R ; (r). Hamiltonian operator for the electrostatic potential operator (Hehlen et al.
2013),

11



e? 1.8
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r. .
Y ' k=0246

41T

(k) _
Here Cq = J@rnre

and Yiq are spherical harmonics.

The electrostatic matrix element of He with I1=3 is,

<4fNSL (1. 9)

cPclastsi)
= 8556, (-1 (7)?
3 k 3\°(3 3 k
% 2 (0 0 o 3 3 [JFu
k=02,4,6
The separation of the variable for H. is possible through its expression in terms of Legendre

polynomials (Carnall, Fields, and Rajnak 1968),

6 (1. 10)
EOZkaF(k)
k=0
Here
ks s o aLemzo(3 k 33 3 k (1. 11)
=850 x (5 o o) 3 3 L

The electrostatic energy (Eo) as in Eq. (1.10), is articulated in terms of products of Slater
radial integrals [Fg], and angular coefficients (p) where this sum is constrained to k=0, 2, 4 & 6
due to null value of 3j and/or 6j symbols for all other k terms. The electrostatic operator is not
acting on the spin, hence the Kronecker delta destroys the matrix element with S # S"and L # L'.
The 2*1L terms of RE®*" ion with the identical L and S are differentiated with an extra sequential
index T which is later solved using two notations Fy and F® by Nielsen and Koster for the Slater
integrals, based on the Racah’ idea of respective classification of states to get all matrix elements
of electrostatic operator for the configurations of all the 4f" electrons with parameters [E®]

related to Slater integral reported elsewhere (Hehlen et al. 2013),
3 (1.12)

(4fNSL|He|4fNSL) = Z exEX
k=0
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1.4.15. The spin-orbit interaction
The Hamiltonian operator for spin-orbit interaction is (Hehlen et al. 2013):
N (1. 13)
Hso = z $(r(si-ly)
i=1

Here r; stands for the radial coordinate of the i electron with the orbital (l;), and spin (si)

angular momentum, and the central field potential [U (r;)] (Hehlen et al. 2013),

() =

m2c?r; dr;

h? {(dU(ri))} (1. 14)

The matrix elements of Hy,

<4f”SL]|Hso|4fN$L'j> (1. 15)

= 1Y I+ 121+ 1)

x{i s ;}(INSL|V(11)|INSL)

The energy arising from spin-orbit interaction (Esp) may be expressed as for 4f
configuration with I=3 and the constant parameter of spin-orbit coupling (¢ ) for a host-specific
each state of 4f configuration with the angular part of the spin-orbit interaction (Aso) and radial

integral ({u ) as follows (Hehlen et al. 2013).

Ego = Aso(4f (1. 16)
The approximation-based total energy is the sum of the energy eigenvalue of spin-orbit

interaction (Eso ) and electrostatic interaction (E,) (Carnall et al. 1968).
1.4.1.6. Wigner symbols

The Wigner 3-j symbol provides a mathematical treatment for two coupled angular momenta,

with a similar relation as the Clebsch—Gordan (Hehlen et al. 2013),

13



(a b c) (1. 17)

a B vy
= (-1)%?7/A(a,b,c)J[(a+a)! (a—a)! (b+B) (b—B)! (c+y) (c-
(-1t
x(t)
Where
x()=tl(c—-b+t+a)!(c—a+t—-pB)!(a+b—c—t)!(a—t (1.18)
—a)! X (b—t+pB)!
And

(a+b—-0c)l(a—b+c)(—a+b+c)! (1. 19)
(a+b+c+1)!

Three angular momenta (ji, j2, js) are coupled to stimulate the Wigner 6-j symbol as a

A(a,b,c) =

sum of products of 3-j symbols as reported elsewhere (Hehlen et al. 2013),

e Y JAGugadn) X 8G T X el X A0 2
—-18(t+1)
G

Here summation is running over all t such that all factorials in f(t) are greater than equal

to zero.

fO=C—j1—jo—=j )N —ji—=J2 =] —J1 —jz2 —J3)! (1. 21)
X(A—J1—J2—j )G+ + )i+ ] —0)!
X(Gpt+jztlt3—0O'(Gs+ji+Js+]—0)!

1.4.1.7.Wigner-Eckart theorem

Wigner-Eckart theorem states that each element of the matrix related to a specific tensor operator
is considered simply as a product of the Wigner 3j-symbol with the subsequent RME of the
tensor operator, calculating only once for a specific combination of T, , j, and j* (Hehlen et al.
2013). Mathematically

14
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<] ma |T¢(Ik)|]ma> =(—1)y ™ (—]m’ q L)(} a' |[T®|ja) ( )

The multi-electron system with various interactions is expressed with tensor operators

[T¥] transforming as spherical harmonics Y 4(6,¢).
1.4.1.8. The Reduced Matrix Elements (RME)

The RME of the Electric Dipole (ED) transition operator for the transition from ¥Y—Y’,
operating on the states [|INSLJ)] of a 4f" electron configuration which is a linear combination of
the angular momentum of the states of the preceding 4f\* electron configuration [|{¥L'J')] and
one another 4f electron. Here, S and L quantum number are coupled to yield J (Hehlen et al.
2013):
(rm'a|r|ima) = -y (28 DY ar®la) &2
The RME for Spin-Orbit interaction operator [V ], operating on state [|I¥SLJ)] of 4f"

electron configuration:

(INSL|VAD|INSL) (1. 24)

= NJs(s +1)(2s + 1)(2S + 1)(2L + 1)(2§ + 1)(2L + 1)

X Z <lN_1ﬁ|lNSL> {S S 1} {L L J_C} (_1)§+Z+S+L+s+l+x+1
s s U 1 L
lp(lN—l)

When s =1/2 and | =3 for 4f electron,
(IM4-NSLIvAD|14-NSL) = (—1)*(INSL|V I [INSL) (1. 25)

The RME of Magnetic Dipole (MD) transition operator [L+gS], operating on state
[1INSLJ)] of 4fN electron configuration (Hehlen et al. 2013):

For J'=J with g-factor of electron g= 2.002319304362

(INSLJ|L + gS|IVSL)) = g\JJJ + 1)(2] + 1) (1. 26)
For J=J-1,
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(INSLJIL + gS|IVSL(J — 1)) (1. 27)

S+L+]J+D)S+L-J+1DJ+L-S)J+S-L)
=@-1 Y,

1.4.2. J-O Intensity Parameters

The J-O theory was primarily manifested with keeping in mind **'L; multiplate RE** ion,
although the parity-forbidden 4f'— 4f'transitions are partially allowed in presence of crystal field

interaction.
1.4.2.1.The transitions probability of a transition
The transition probability from [ — W] state is proportional to the transition moment,

M12 = j-lpzﬁ)q]ld‘[ (1 28)

Here p is dipole moment operator.
1.4.2.2. Laporte selection rule: Symmetry of host

Laporte selection rule guarantees non-zero values integral in [Eqg. (26)] for the symmetric
(gerade) direct product of [¥, ® i & ¥,] with respect to the center of symmetry where
mixing of odd-parity crystal-field or vibrations to 4f wavefunctions with ungerade (u) inversion
symmetry is possibly allowing these transitions (Hehlen et al. 2013). A new wavefunction (X) is
admixed with an even-parity state (&) into the pure 4f" wavefunction (f*JM;) via an odd-parity
crystal field (V) with [E(f Nim ]) — E(®,,;)] energy difference as reported elsewhere (Hehlen et
al. 2013),

[FNIM)) + Zo, ((FVIM) V]| @n)) 1X) (1.29)
E(fNJM;) — E(Pn)
The elements of matrix with ED moment for a transition between two admixed wavefunctions of

1X) =

RE®" ion are represented in,
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(1. 30)

il -3 [ L2 o
o)) -

™ E(f"IM)) — E(®y)

(P10, |V @) 1M DS | @)
E(fNIM;) — E(®y)

Two assumptions were considered to solve the Eq. (1.30) as follows (Hehlen et al. 2013):

1) The even-parity state [ ¢,,;] has entirely degenerate sub-levels.

2)  E(fNIM;) — E(pn) = E(fNIM;) — E(@n)

With these assumptions, the ED-induced absorption |fVJM;) — |fV]J'M’;) can be used to derive

the calculated oscillator strength from three J-O parameters [Q;,] (Hehlen et al. 2013). Here y&5°
is the local-field correction.
8n’m, v  yobs (1. 31)

2, (P, U@ |7y
A=2,46

abs __

ED ™ 3n (2J+1) n

The magnetic-dipole (MD) induced absorption |fN]M]) - |fN]’M’]) with the oscillator strength
(Hehlen et al. 2013),

abs _ 1V (1. 32)

MD ™ 6m,c? (2] + 1)

For material without any magnetic properties have zero local field correction for the magnetic

A(my|L + gs| i)

field. Thus total oscillator strength is:

f° = fi5° + fitp® (1.33)

1.4.2.3. The virtual-cavity model

The ED-induced absorption is accompanied by the local field correction from the virtual cavity
model (Hehlen et al. 2013),

Ewel?  [(% + 2T (1.34)
=[] =[]
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1.4.2.3.1. The Calculated Oscillator Strength (fca))

Thus theoretical oscillator strength (f.a)) with local field correction of Eq. (32) is articulated as a
sum of the transition matrix element comprising the J-O parameters (£;) which relies on the host
(Hehlen et al. 2013),

wps  BTEM, v (n? + 2)? (1. 35)

= N @|Nfar, )|
773 @ +Dn om HZw”alb" M) U@ )|

Here v=c/J, A stand for the mean wavelength of the transition, ¢ represents the velocity of light in
vacuum, m. is electron mass, h is the Planck's constant, n is the index of refraction, and [|U” || is

the RME between initial and terminal level.
1.4.2.3.2. The Experimental Oscillator Strength (fexp)

The feyp are estimated from absorption spectra as follows,

4g.m,c? 1010g(10) o (1. 36)
f exp — o2 N, j € (W)dv
l.cm?
— 4.319 % 10-9MJ € (W)dv

The integration over the respective peak is estimated from the area of absorption peaks in the

energy (v) domain to avoid distortion in spectral distribution,
1.4.2.3.3. Root-Mean-Square (RMS) deviation

The relative RMS deviation is estimated from the calculated and experimental oscillator strength

with the number of parameters (p=3) as reported elsewhere (Hehlen et al. 2013) ,

(1. 37)

n

RMS, o= |——) (ff"" - f)
rel — exp
n—p:s f.

i=1 t

The non-radiative relaxation process involves RE* ions dissipating excitation energy
through thermal mechanisms, such as collision quenching and vibrational relaxation, rather than

emitting a photon. Additionally, RE** ions in the excited state can depopulate the excited state
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through processes like multi-phonon relaxation, cross-relaxation (CR), Upconversion (UC),
energy migration, etc (Hehlen et al. 2013).

1.4.3. Significance of JO parameters

Thus J-O parameters (£2;) are evaluated from the absorption spectra for a particular RE** ion-
doped host. The dependence of Q, parameter’s dependence is observed based on the local
environment around the RE®*" ion and the covalence between RE** and ligand anions. The RE-O
bonding indicates the asymmetry of the local environment around RE** ions. Therefore, £, has a
small value for ionic host materials (such as fluoride glasses) and lage value for covalent host
materials (like silicate glasses) (Brik et al. 2015). The €, parameter is related to the viscosity and
rigidity of the host material.

1.5. FACTORS OF UCL AND DCL

UCL and DCL mechanisms in luminescent materials face a bottleneck of insufficient emission
intensity, which must be improved to optimize photonic performance. The discussion includes

key concepts that can be tuned for optimization.

1.5.1. Dopants: Activator- Sensitizer pair

UCNPs and DCNPs with sensitizer-activator ion pairs have been extensively reported in various
host materials to achieve efficient ETU luminescence. This concept benefits from closely
matched intermediate excited states, resulting in a high quantum vyield (QY) by reducing
nonradiative decay (Wen et al. 2018) . The high absorption cross-section of Yb*" ions in a single
excited state plays a crucial role as an efficient activator ion for the most efficient ETU process,
and vice-versa (Villanueva-Delgado, Krdmer, and Valiente 2015), (Meijer et al. 2010). In the
ETU process, various RE®* ions (Pr**, Nd**, Er** etc.) with different intermediate energy levels
can serve as sensitizer ions. A schematic diagram (Fig. 5) of the Yb**-Pr®* ions pair illustrates
the absorption of two NIR photons through GSA [Pr**(*Hs —'Gy4 ); Yb** (?F7; —%Fsi2)]. The
energy transfer from Yb>* ions to nearby Pr** ions [*Fs;, —'G,] promotes the electron to a higher
excited state through ESA [Pr¥*(*Py — G.)] process.
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1.5.2. Concentration quenching

Dexter and Schulman reported luminescence quenching in bulk materials occurring at activator
concentrations between 0.001-0.01 M, limiting the use of highly RE*" ion-doped materials for
brighter luminescence (Liu et al. 2017). Therefore, RE** ion doping concentration of low value is
a significant obstacle to producing brighter luminescent nanomaterials with small size. Various
strategies are available to overcome concentration quenching (Zhou et al. 2015), such as (a)
blocking the path of energy migration to the surface, (b) increasing the sensitizer-acceptor
distance within the host crystal with large unit cell, (c) minimizing ion segregation by uniformly
doping the host, (d) introducing surface plasmon resonance (SPR) with gold and silver particle
co-doping to modulate the electromagnetic field around RE®" ions, (¢) modulating the local
crystal field for local distortion in the crystal lattice, and (f) introducing a host with low site
symmetry to reduce nonradiative decay . The Forster critical distance naturally falls in 2—6 nm
range, so the doping concentration of RE3+ ion should maintain below 103 M for organic dye-
doped SiO, and 102 M for UCNPs (Wen et al. 2018).

1.5.3. Phonon energy of host

The RE®*" ion host must be an optically transparent material with low phonon energy (as shown
in Table 3). Incorporation RE** ions into inorganic lattice host matrices initiates the mixing of
certain odd-parity configurations, enabling otherwise forbidden electric dipole transitions of
these ions (Kumar et al. 2017). A phonon represents a quantized vibration mode occurring in a
crystal lattice (Ahrens 2009). The high phonon or vibrational energies of RE** ion hosts escalate
the probability of NR relaxations. Consequently, quenching of PL spectra is inevitable and is
proportional to the number of vibrational quanta (hv) of the matrix required to bridge the gap
between the highest non-emitting level and the lowest emitting level of the RE®*" ijon. This
quenching drops promptly as the number of vibrational quanta escalate (Ahrens 2009),
(Escudero et al. 2017).

Oxide hosts exhibit high chemical stability, although their phonon energies are relatively
high, often exceeding 500 cm™ due to the stretching vibration of the host lattice (Wang and Liu
2009). However, oxide glasses are more advantageous hosts than crystals, as nearly every
element in the periodic table can be incorporated into glasses, allowing for easier control of
quantity and shape control (Qiu et al. 2000). RE*" ions are preferred in hosts with a coordination
number (CN) > 6 (Mir et al. 2020) . Oxide and fluoride lattices, which possess higher
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coordination numbers (CN=8 or 9), are well-suited hosts. The wide band gap of these hosts
contributes to poor absorption of visible light and poor charge transport. For optoelectronic
applications, such as solar light harvesting and LEDs, efforts have been made to dope RE** ions
into the lattice of semiconductors. However, RE®*" ion doping in semiconductors remains
challenging as most semiconductors offer a tetrahedral coordination environment (CN= 4) for
RE*" dopant (Mir et al. 2020).

Table 1.3: Different hosts for the Pr**-Yb* /Nd*"-Yb** ion pair co-doping with phonon

energy
Host Specific composition State Phonon Advantage Ref.
energy (cm™)
Borate GdAl;3(BO3), Phosphor 1400 NA (zZhang and
Yang 2007)
Tellurite Glass 780 High refractive (Dwivedi,
index; Low reflection Rai, and Rai
loss 2008)
Fluoride NaYF, Phosphor 200-450 NA (Chen,
Huang, and
Zhang 2009)
Fluoride LaFs-ZrF, Glass- 350 Transparent, low (Dieudonné
ceramic phonon energy, et al. 2013)
crystal-like PL and
high solubility of
RE* ion
Fluoride KY3Fy Powder 420 Low phonon energy;  (Serrano et
high solubility of al. 2011)
RE* ion
Fluoride LaF; Powder 350 NA (Anna M.
Kaczmarek
et al. 2018)
Borate Lead borate Glass 1321 Higher doping levels  (Wen and
of RE* ions, flexible Tanner
geometry and ease of 2011)

fabrication
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Oxide CaYAIO, Powder 756 High solubility of (Guille et al.

RE* ion 2012)
Fluoride GdF; Powder 400 NA (Nizamutdin
ov et al.
2019)
Silicate Lanthanum- Glass 1100 High solubility of (Liang et al.
aluminume-silicate rare earth ions; 2021)

transparency of a

wide spectral range

YOF Phosphor NA NA (Saeed,
Coetsee, and
Swart 2020)
Germinate Glass 840 High refractive (Reisfeld
index; Low reflection  and Kalisky
loss 1981)
phosphate Lead meta- Glass 1200 NA (Liégard et
phosphate al. 2005)
Silicate Titania-silicate Thin film 1100 NA (Battisha
2007)
Fluoride Yttrium-fluoride Powder 500 High concentration  (Meijer et al.
of doping ions 2010),
(Pudovkin et
al. 2021)
LiNbO; Crystals NA NA (Sun et al.
2013)
phosphate Fluoro-phosphate Glass 1100 melt quench (Faria et al.
2021)
Silicate Sodium-calcium- Glass 1100 Low phonon energy;  (Muniz et al.
silicate high energy gap 2023)
AVL: Available NA: Not available

1.5.4. Doping impurity elements

Semiconductor and transition elements have been employed as hosts or modifiers for RE** ions,
as discussed in reference (Prathibha et al. 2021), (Hien et al. 2019), (Raevskaya et al. 2014),
(Chang et al. 2017), (Dihingia and Rai 2012). The addition of semiconductor and transition

element impurities enhances luminescence performance, as detailed below.
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1.5.4.1. Transition metal impurity

Transition metal ions (e.g., Ti**) are commonly used in inorganic host materials due to their
similar ionic size to RE** ions and their ability to create crystal defects. Titanium oxide (TiO,) is
a naturally occurring material derived from titanium ore (approximately 95% pure) and exists in
the orthorhombic brookite structure (space group Pcab, density = 4.12 g/ cm?), tetrahedral
anatase (space group I14,/amd, density = 3.894 g/cm?), and rutile (space group P42/ mnm, density
= 4.25 glem?) structures. Titanium oxide is valuable in environmental and energy research (Sta et
al. 2014). The rutile phase is the most stable, while anatase and brookite transform into the rutile
upon heating. Anatase has applications in lithium-ion batteries (Amin et al. 2018), dye-sensitized
solar cells (Liang et al. 2013), self-cleaning coatings (Li and He 2013), and as a catalyst (Kumar
et al. 2020).

1.5.4.2. Semiconductor impurity

Semiconductor nanocrystals, like Zn?* , with larger ionic dimensions, are used as host materials
to push RE** ions to the remotest layer of these nanocrystals (Wang and Liu 2009). ZnO is an N-
type semiconductor with a wide band gap (Eg ~ 3.3 eV or 376 nm at 300 K) (Kumar et al. 2017)
and a large excitation binding energy (60 meV) (Hien et al. 2019). Semiconductor nanocrystals
also exhibit the benefits of quantum confinement, where the semiconductor bandgap widens due
to smaller particle size, leading to electron-hole pair localization in a restricted environment,
resulting in quantized energy levels for electrons and holes (Bang, Yang, and Holloway 2005).
The hexagonal wurtzite phase of ZnO is preferred due to its stability at room temperature and
normal atmospheric pressure, which differs from the zinc blende and rock salt structures (Kumar
et al. 2020) while the wurtzite structure has a tetrahedral coordination of four zinc ions (Zn*) at
the corners and one oxygen ion (O at the center or vice versa. The size of crystallites and
doping concentration are crucial factors in modulating the energy band gap of ZnO. DCL
processes are accompanied by emission from defects in the ZnO host for RE** ion doping
(Kumar et al. 2017). Two emissions are observed from ZnO: (a) band-to-band emission (BBE;
UV region) resulting from recombination of a bonded (Columbic force) electrons-hole pairs
within the valance and conduction bands, and (b) deep-level emission (DLE; VIS region)

initiated by extrinsic impurities or intrinsic defects in ZnO (Kumar et al. 2017).

23



1.5.5. Dielectric superlensing effect: Mie resonance

A convergent low-power incident light beam serves as a photonic hotspot with high field
intensity. Dielectric microbeads act as a superlens, allowing for collimation of highly divergent
emission for far-field accumulation through Mie resonance (Liang et al. 2019). Liang et al.,
manipulated the wavefront of both excitation and emission fields through dielectric superlensing
to achieve amplified PL intensity.

1.5.6. Excitation lrradiance

The efficiency of heavily RE*" ion-doped luminescent materials is significantly impacted by
concentration quenching, where an excess of nearby RE* ions in the ground state absorb
excitation energy. Therefore, an adequate excitation photon flux ensures that the majority of
RE* ions are promoted to the excited (intermediate) states (Wen et al. 2018). High-energy flux
excitation activates otherwise dark activators and enhances luminescence intensity (Zhao et al.
2013). High irradiance increases the path length from excited states to ground states, which, in
turn, enhances luminescence intensity (Zhao et al. 2013). This effect has been observed in
various studies, such as the intensity enhancement of UCL spectra of Tm®" ion-doped NaYF,
phosphor at high excitation irradiance (Zhao et al. 2013), quadratic excitation power dependence
and excitation power dependence and corresponding color tunability for Pr¥* -Yb*" codoped
tellurite glass reported by Dwivedi et al. (Dwivedi et al. 2008), the intensity enhancement of
UCL for Yb*'-Er**:BiNbO, powder at different pump power, as reported by Sales et al. (Sales et
al. 2016).

1.5.7. Core-Shell

The arrangement of core-shell structures in luminescent materials is achieved by combining the
Stober sol-gel and hydrothermal methods. Luminescent RE** ions in the core are protected by an
inert shell to prevent the non-radiative (NR) decay triggered by surface defects and other
vibrational deactivation from surface-bound ligands or solvents (Li et al. 2014). For instance,
Lee et al. prepared SiO,@TiO, core-shell particles with controlled shell thickness using a
modified Stober method (Lee et al. 2007). Song et al., prepared NaGdF,:Nd**-Yb** luminescent
nanoparticles with both core and shell made of NaGdF, through a coprecipitation method,
followed by hydrothermal treatment and annealing in a vacuum, to record temperature-dependent
UCL spectra when excited at 980 nm and DS emission spectra with 808 nm excitation (Song et

al. 2021). Zhu et el., prepared Pr¥*-Yb*" codoped monodisperse luminescent nanoparticles in in
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NaGdF, with and without active shell (eg Yb*:NaYF,) to achieve intense NIR emission. The
efficient ET from Pr** to Yb** ions was observed in materials with active coating, along with a
longer lifetime of the °Py level of Pr®* ions under 445 nm excitation (Zhu et al. 2014). Core-shell
luminescent structures with rod, plate, and dumbbells shapes also warrant investigation for
possible applications.

1.5.8. Plasmonic material

Plasmonic materials, such as gold and silver, are doped into nanocrystals to confer plasmonic
properties. These plasmonic electric fields can tune the localized electric field related to dipole
moment by modifying the surrounding crystal field of acceptor-sensitizer ions (Escudero et al.
2017). Plasmonic structures confine light below the diffraction limit, facilitating the generation
of large local energy densities. However, it should be noted that the quenching of UCL spectra
can occur due to the heat generation by transfer of energy from the UCL material to the metal ion
(Eriksen et al. 2019).

1.6. POTENTIAL APPLICATIONS

RE* ion-doped materials have empowered a wide range of utilities, for example solar-energy
harvesting, bio-applications, and super-resolution microscopy (Wen et al. 2018). The diverse and
lucrative potential applications are driving further research in this area, as evidenced by the
increasing number of publications over the last 20 years. A clear overview can be obtained from
the pie chart of the survey conducted on the Web of Science (WoS) (version 5.32), showing the
percentage of published research in nanomedicine, biophotonics, and additional allied areas (Loo
et al. 2019).

1.6.1. Photovoltaic Solar Cell

A photovoltaic solar cell converts a photon into an electron-hole pair only if its energy is close to
the semiconductor’s bandgap energy. Photons with energy lower than the bandgap energy pass
through the cell without being absorbed (sub-bandgap transparency), while supra-bandgap
photons are absorbed, and the excess energy of the excited electrons is converted into thermal
energy (Serrano et al. 2011). UCL and DCL mechanisms are employed to create passive

luminescence conservation layers, overcoming lattice thermalization loss and sub-band gap
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losses by maximizing sunlight utilization from the AM1.5G spectrum (Richards 2006). For a
detailed discussion of the use of DCL and UCL mechanism in photovoltaics, refer to Huang et
al., (Huang et al. 2013).

1.6.2. Multicolor tuning for Bio-label

Bio-labels exhibit strong absorption at specific excitation wavelength and well-resolved emission
spectra, alongside chemical stability. The emission spectrum of RE* ions varies significantly in
different hosts due to the presence of the dopant ions in different site symmetries. Different
contributions of dopant ions at the surface and in the interior of the particles lead to variations in
the emission spectra, and these surface dopant concentrations increase with smaller
nanocrystalline dimensions. Color tunability of RE®** ion-doped nanocrystals is achieved by
modulating the dimensions and concentrations of surface dopant ions, resulting a redshift in
emission as particle dimensions decrease (Wang and Liu 2009). Wang and Liu prepared
Yb*/Er¥*/Tm*": NaYF, phosphors to demonstrate UCL multicolor tuning with a dual emission
process.

1.6.3. Optical thermometry: nanoheater

RE®*" ion-doped solid host materials have been used as optical sensors and nano-heaters due to
their higher temperature sensitivity, outstanding photo-stability, extended luminescent lifetimes,
sharp emission bands, high brightness, high melting point, chemical stability, and low toxicity
(Pudovkin et al. 2021). Optical nanoheaters, novel materials at nano- or micro-scale, can
generate heat when excited by NIR lasers (Soni, Dey, and Rai 2015). Optical sensors
(thermometer) rely on the luminescence response of active ions embedded into solid hosts. They
offer an alternative to overcoming environment and size-related limitation of contact sensor. The
advantages include high spatial resolution, sensitivity, fast signal acquisition, and absence of
electromagnetic interference (Faria et al. 2021). The working range of a thermometer depends on
the energy gap of RE>* ion (Faria et al. 2021). For example, Eu®* ions have a high energy gap
(~1500 cm'), making them suitable for high-temperature measurements. Er** ions emit in the
visible region (Eq < 800 cm™'), making them suitable for room temperature measurements. The
closely spaced energy levels of Nd** ions enable emission in the near-infrared region spanning
the first (700 — 950 nm) and second (1000 — 1350 nm) biological windows (Faria et al. 2021).
The working range of Nd** ions extends to much higher temperatures, as Nd** ions have three

thermally-coupled levels, and the simultaneous usage of twofold intensity ratios enhances
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temperature sensing accuracy. The co-doping of Yb*" ions with the aforementioned RE** ions
promotes an additional emission band with the possibility of FIR.

Fluorescence intensity ratio (FIR) and fluorescence lifetime (FL)

FIR and FL techniques have been used for temperature sensing with the assistance of a
population of thermally coupled exciting levels of the RE*"ion (ES | & ES I1). An induced small
change in fluorescence is correlated with the population of a specific RE*" ion level participating
in a transition, along with the rate of spontaneous emission transition, at room temperature (Faria
et al. 2021).

The electrons in the lower energy level (ES I) move to the upper energy level (ES 11) as
the temperature of the system rises, directly influencing the emission spectrum. Here, the
emission intensity of ES | decreases, while the emission intensity of ES Il increases (Faria et al.
2021). FIR thermometry is possible with thermally coupled energy states of RE** ions (e.g. Pr¥,
Tm?** and Dy** etc).

The Boltzmann distribution law states that temperature influences populations (N) of
each energy level, such that the thermalization of the two emissive levels is much quicker than
the associated radiative rates with time-independent emission rates (k;"
as (Faria et al. 2021),

). The FIR is represented

L(T) k3N, (T) mwLE (1.38)
= = Ae kT
L(T) ki adn, (T)

Measuring the thermometric parameter [R(T)] specifies the temperature and its variation. The

R(T) =

term “A” depends on the levels of energies, degeneracies, and spontaneous emission rates. Thus,
the exponential of temperature and the difference in energy gap of thermally coupled levels (AE
= E; - E;) determine the thermometric parameters.

Finally, the absolute sensitivity (Sas) is determined by the observed change in the
thermometric parameter R(T) with respect to temperature.

dR (1.39)
Sabs = ﬁ

Temperature sensing is achievable with luminescent materials containing pairs of RE** ions
(Ho**/Yb*, Tm*/Yb®*, Er¥*/Yb®"), which have thermally coupled levels or stark sublevels that
are usually split when incorporated into a ligand field/crystal field (Soni et al. 2015). Soni et al.
prepared Tm**~Yb**: Na,Y,B,0; phosphor based on the G, stark sub-level of Tm** ions for

optical sensing and frequency upconversion. Song et al. reported temperature-dependent UCL
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emission in the 323-575 K range for NaGdF,:Nd**-Yb** luminescent core@shell nanoparticle
(Song et al. 2021). Kaczmarek et al., prepared LaFs: Pr¥*/Yb®" nanoparticles to explore potential
temperature-sensing applications with the help of DCL spectra (Anna M. Kaczmarek et al.
2018). Meijer et al., reported emission peak broadening in Nd** -Yb®* codoped Yttrium Fluoride
phosphors for temperature sensing applications in the 3-300 K range (Meijer et al. 2010).

1.6.4. Bio-application

In flow cytometry, a laser beam is focused on fluorophore attached to cells with a property that
forces them to flow through a detector. UCNPs and DCNPs are extensively used as fluorophore
in in-vitro and in-vivo bio-applications due to the strong absorption of Yb*" (980 nm) and Nd**
(808 nm) ion in the transparent biological window (650-1350 nm), where deeper tissue
penetration and higher photobiocompatibility can be achieved, as living cells can endure an
intense beam of NIR photons (Wen et al. 2018). The heat generation in living cell is further
reduced with the DCL of the sensitized 808 nm by Nd** ions to nearby Yb** ions, reducing
radiation absorption by water by a factor of 20 (Y. Wang et al. 2013). The high tissue penetration
depth and low autofluorescence background are two additional advantages of this application (Y.
Wang et al. 2013), (Zhou et al. 2015).

1.6.5. Other applications

Quantum computing (Kunkel and Goldner 2018) and Confocal microscopy (Tavernaro et al.
2017) are two noteworthy domains of ongoing research where UCNPs and DCNPs have

potential applications.

1.7.  REVIEW OF LITERATURE: In the context of present work

The pair of RE* (Pr**-Yb**/Nd**-Yb*/ Er**-Yb®") ions have been co-doped in different host
materials, whereas the available data on their synthesis, structure, and luminescence properties
are tabulated in Table [5-7]. The power and temperature dependence of UCL or DCL spectra are
also monitored. ETU and CSU processes are two of the most efficient UCL processes, which
require a pair of sensitizer-activator ions; hence, the above-mentioned pairs are of uttermost

significance, respectively.
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1.7.1. Pr¥-Yb* pair

The diverse emission bands, broadband and ultra-broadband emission of the low toxic Pr** ion
(Wen and Tanner 2011), have privileged in switchless scintillation and photo-bleaching, deep
excitation penetration, and cell-free auto-fluorescence coverage applications (Liang et al. 2021).
It has very low absorption in the NIR region (Villanueva-Delgado et al. 2015). The Pr®* ion has
two important metastable states, *Po (20,000 cm™) and G, (10,000 cm™) (Serrano et al. 2011),
which can be resonate with the solo energy band of the Yb®" ion at 10,000 cm™. Here, the Pr** -
Yb** ion pair has been co-doped in different host material to obtain UCL and DCL spectra as

shown in Table 5.

Zhang and Yang reported the synthesis of the Pr¥*-Yb** ion pair co-doped [GdAls(BOs)4]
phosphor through the combustion synthesis route to report DCL spectra at varying Yb** ion
concentrations. The gradual quenching of *Py—°Hs transition of the Pr** ion was perceived at
high Yb®" ion concentrations, along with a reduction in the decay lifetime of the excited state of
the Pr¥* ion (Zhang and Yang 2007). Dwivedi et al., prepared Pr®* -Yb*" co-doped tellurite glass
with the melt and quenched method to report white light from the sensitization of NIR photons.
The absorption spectra indicated the presence of Yb*" ion. The intense blue and red anti-Stoke

bands in UCL spectra were reported, along with some weak green bands (Dwivedi et al. 2008).

Chen et al., prepared Pr** -Yb** ions co-doped hexagonal NaY F, phosphor with the facile
hydrothermal route method to report intense DCL spectra in the VIS-NIR region upon blue
photon sensitization (Aex =443nm). The PL excitation spectra indicated the presence of Yb** ion
(Chen et al. 2009). Dieudonne et al., prepared Pr¥*-Yb® codoped ZrF, planar waveguide glass-
ceramic by the physical vapor deposition method to present absorption spectra and luminescence
spectra for excitation wavelength (Aex) of 980 and 443 nm at different Yb®" ion concentrations
(Dieudonné et al. 2013). Braud et al., prepared Pr¥*-Yb*" codoped KY3Fyo glass with the melt
and quenched method to present DCL spectra at optimum Yb** ion concentrations, whereas the
reduction in the lifetime of 3P state is correlated with the rise in ET efficiency at higher Yb** ion

concentration (Serrano et al. 2011).

Wen and Tanner, prepared Pri*-Yb® ion pair codoped lead borate (PbO—B,05) glass with

the melt-quench method to report the DCL spectra (Aexc =454.5nm) at different concentration of
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Yb®" ion and temperature. The intensity enrichment was observed in the NIR region with the rise
in Yb® ion concentrations in comparison to the intensity in the VIS region. The decay time of
the Pr** ion decreases swiftly with an increase in Yb** ion concentration, thus demonstrating a
fast CR from Pr** ion to Yb** ion due to the short-distance interaction between the two different
RE®*" ion species (Wen and Tanner 2011). Guille et al., prepared Pri*-Yb** ions codoped
CaYAIO, (CYA) host by the solid-state reaction to report the optimized DCL spectrum for Aex =
450 nm excitation wavelength with an intense peak for the *Hs — 3P, transition (Guille et al.
2012). Nizamutdinov et al., prepared Yb**-Pr®* ions pair codoped in GdF; and YFs host with the
melt-quenched method to study DCL spectra under 445nm excitation wavelength. The
enhancement in the lifetime of the P, state of the Pri* ion was reported for ET from the Yb* ion
(Nizamutdinov et al. 2019). Liang et al., prepared Yb*'-Pr*" ions pair codoped lanthanum
aluminum silicate (SAL) glasses with a high-temperature melting process to report DCL spectra
under 442 and 980 nm excitation sources at different doping concentrations (Liang et al. 2021).
The presence of Yb** ion co-doping benefited the absorption intensity of the Pr** ion (Liang et
al. 2021).

Saeed et al., prepared Yb**/Pr** codoped yttrium oxyfluoride (YOF) phosphor with the
pyrolysis method, which turns rhombohedral (R3m(166) space group) YOF structure after
annealing at 900 C to record visible DCL spectra. The optimum UCL spectra were reported for
2 mol % Yb* ion concentrations. Luminescence quenching for a high concentration of Pr** ion
through cross-relaxation processes was also confirmed with the variation of decay time (in ps) of

Pr¥* and Yb** ions (Saeed et al. 2020).

Table 1.4: List of literature available in Pr¥*-Yb*" ion co-doped in different host

Host Type Absorption DCL UCL Power Temp- Ref
(Structure) Spectra spectra  spectra (mW) erature
hex (NM)  hex (NM) (K)
GdAIl3(BO3), Phosphor AVL 489 NA NA NA (zhang and
(NA) Yang
2007)
Tellurite Glass AVL NA 980 100-500 NA (Dwivedi
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NaYF,

LaFs-ZrF,

KY3F10

LaF;

Lead borate

CaYAIO,

GdF4/ YF,

Lanthanum-
aluminum-
silicate
YOF

(NA)
Phosphor
(Hexagonal)

Glass-ceramic
Powder
(Single crystal)
Powder

(NA)

Glass
(NA)

Powder

Powder

(SAL) glasses

Phosphor
(Rhombohedral

)

AVL

AVL

NA

AVL

AVL

AVL

AVL

NA: Not Available

443

476

440

375

454.5

450

450

455

225; 250

NA NA
980 NA
NA NA
NA NA
NA NA
NA NA
980 NA
NA NA
AVL: Available

NA

NA

NA

15-105

10-100

NA

NA

NA

et al. 2008)
(Chen et al.
2009)
(Dieudonné
et al. 2013)
(Serrano et
al. 2011)
(Anna M.
Kaczmarek
et al. 2018)
(Wen and
Tanner
2011)
(Guille et
al. 2012)
(Nizamutdi
nov et al.
2019)
(Liang et
al. 2021)

(Saeed et
al. 2020)

1.7.2. Nd*-Yb** pair
Nd** ions have the highest absorption cross-section (cas= 1.2x10*° cm? ) among RE*" ions at

808 nm, and twenty-time lower water absorption than that of 980 nm (Villanueva-Delgado et al.

2015), (Song et al. 2021), whereas it has emission in the biological windows I (650-1000 nm)

and Il (1000-1350 nm). Efficient energy transfer to sensitizer ions (Pr**, Er¥*, Ho®" etc) is

promising through the Yb®" ion using the Nd** (*Fs;)—Yb>* (°Fsp) transition as a bridge (Song

et al. 2021). Thus, the Yb**-Nd** ion pair benefits from the isolation of Nd** ions from direct

ionic interactions and energy cycling through energy capture (Song et al. 2021). The bio-

application of the Nd**/Yb>* pair drastically reduces overheating effects and significantly boosts
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the penetration depth of the laser inside the tissue in the second biological window (Liang et al.
2021), (Dibaba et al. 2019). The Nd*" ion has photoemission with different metastable
intermediate states with long lifetimes in the IR (*Fso— *li12), NIR (*Fap—"lon) & (“Fsit
Hg,—"1g1), and red region (*Fr+*Sap—"lesp). Here, Nd** -Yb** ion pair has been co-doped in
different host materials to obtain UCL and DCL spectra, as shown in Table 6.

Reisfeld and Kalisky prepared Yb*-Nd** co-doped tellurite and germinate glass
fabricated by the melt quenched method to report absorption and DCL spectra (Aexc =575 nm).
The decay curve with the reduced lifetime of the *F, level of the Nd** ion was observed due to
the energy transfer to the Yb*" ion (Reisfeld and Kalisky 1981). Liegard et al., prepared Yb**-
Nd** co-doped Lead metaphosphate [Pb(POs),] glass fabricated with the melt-quenched process
to report enhanced lasing of the 980 nm laser through radiative and nonradiative (partly resonant
—partly phonon-assisted) processes using an 808 nm diode laser excitation source. The lifetime of
Nd** ions was observed to be decreased with the presence of Yb®" ions (Liégard et al. 2005).

Battisha I. K. 2006 prepared Yb*'-Nd*" ions pair co-doped SiO,-TiO, thin film nano-
composite fabricated by a spin-coating sol-gel process to report UCL spectra, where distinct
peaks were observed in the visible region for samples annealed at temperature greater than
350°C (Battisha 2007). Meijer et al., prepared Yb*-Nd*" co-doped yttrium fluoride (YFs)
crystalline powder phosphor by co-precipitation method to report DCL spectra with the CR
through *Gej, —Fap2 transition which further transfer to Yb®" ion. The decay lifetime reduction
of the Nd** ion is evidence of ET from Yb** ion with increasing Yb*" ion concentration (Meijer
et al. 2010). Sun et al., prepared Nd*-Yb*" ion pair co-doped LiNbO; crystals with the
Czochralski method to report DCL spectra for an 808 nm excitation wavelength in the 850-
1500nm range with three emission bands. The emission intensity for the Nd** ion dimmed with
the presence of Yb** ion, parallel with the reduction of the decay time of Nd** ion, evidencing
ET from Nd** ion to Yb* ion (Sun et al. 2013).

Pudovkin et al., prepared the Nd**-Yb*" ions co-doped orthorhombic YF; (Pnma space
group) phosphor annealed above 500°C in a vacuum with co-precipitation method and
hydrothermal treatment. The temperature dependence of the DCL spectra in the temperature
range (80-320 K) was reported with an excitation wavelength 355 nm corresponding to the *lg
— Dgy, transition of the Nd®* ion. The rise in emission intensity of Yb** ion was evidence of ET
from Nd** —Yb* ion (Pudovkin et al. 2021). Faria et al., prepared Nd*'-Yb*" co-doped
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fluorophosphate [BaF,-SrF,- Al(POs)s -AlF; - YF3] glass by melt-quench method to investigate
temperature sensing through FIR technique, where emission spectra under 520 nm excitation
peaked around 800 nm (Nd**), 870 nm (Nd*"), and 975 nm (Yb®") at temperature ranging from
25-240 °C. The absorption spectrum was observed to be enhanced with the increase in Yb** ion
concentration in the 400-1100 nm range (Faria et al. 2021).

Muniz et al., prepared Nd**-Yb** co-doped sodium calcium silicate glass by the melt
quench method to report absorption spectra and UCL spectra under 808 and 975 nm excitation
wavelengths. The power-dependent DCL spectra were also reported for the as-synthesized

sample for a 590 nm excitation source in the 20-80 mW range (Muniz et al. 2023).

Table 1.5: List of literature available in Nd**-Yb** ion co-doped in different host

Host Host Absorption DCL UCL Power  Temp- Ref
(Structure) spectra spectra spectra (mW)  erature
Aex (NM) ey (NM) (K)
Tellurite and Glass AVL 575 NA NA NA (Reisfeld
germinate and Kalisky
1981)
Lead meta- Glass AVL 808 NA NA NA (Liégard et
phosphate (NA) al. 2005)
Titania- Thin film NA NA 808 NA NA (Battisha
silicate 2007)
Yttrium- Powder AVL 354,520 NA NA NA (Meijer et
fluoride al. 2010)
LiNbO; Crystals AVL 808 NA NA NA (Sun et al.
2013)
Yttrium- Phosphor NA 355 NA NA 80-300 (Pudovkin
fluoride (Orthorhombic) et al. 2021)
Fluoro- Glass AVL 520 NA NA 298-513  (Faria et al.
phosphate 2021)
Sodium- Glass AVL 590 808, 975 20-80 (Muniz et
calcium- al. 2023)
silicate
NA: Not Available AVL: Available
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1.7.3. Er**-Yb* pair

The Er** ion also has ladder-like energy levels that can absorb and emit light in the VIS-NIR
region with metastable states [‘Fs, (ca. 20,500 cm™) and “l11, (~ 10,500 cm™)], which is
approximately double and equal to the energy of the Yb*" ion respectively (Llusca et al. 2014).
The Er** ion has photoemission with different metastable intermediate states with long lifetimes
in the IR region (*lis, — *lis), the Red region (*Fer, — “lis2), and the Green region (*Hiyp;
4S3,—"11512). Here Er¥* -Yb** ion pair has been co-doped in different host material to obtain UCL
and DCL spectra, as shown in Table 7.

Auzel was the first to demonstrate UCL spectra in the Er** -Yb** ion pair co-doped in a
glass host (Auzel 1990). Battisha I. K., prepared Yb**-Er®* co-doped SiO,~TiO, thin film nano-
composite fabricated with a spin-coating sol-gel process to report UCL spectra, where distinct
peaks were observed in the VIS region for the sample annealed at temperature higher than 350°C
(Battisha 2007). Dwivedi et al., prepared Er**-Yb®" co-doped tellurite glass with the melt and
quenched method to observe white light from NIR sensitization. The presence of Yb** ion was
evident from an intense NIR peak in the absorption spectra. UCL spectra have intense green and
red anti-Stoke for NIR Yb*" ion excitation (Dwivedi et al. 2008). Goncalves et al., prepared
Yb*-Er** co-doped SiO,—TiO, inverse opal structure fabricated by a dip-coating sol-gel process
to report UCL spectra through Er®* ions (*lia, — “l1s2) for sensitization of Yb®" ion (Gongalves
et al. 2010). Mahata et al., prepared crystalline Er**-Yb®*":YVO, micro-disc nano-phosphor by a
wet-chemical route to report power and temperature-dependent UCL spectra. The thermally
coupled states “Hiy, (973 us) and “Ss, (681 ps) of Er** ion have been used for temperature
sensing in the 302-520 K range (Mahata et al. 2014).

Sales et al., prepared Yb*"-Er*":BiNbO, orthorhombic crystalline powder with a solid-
state reaction process annealed at 850°C to report UCL spectra with prominent green (*Hiys;
4S3,—*1151) and red (*Fer, — *l1552) transition of the Er** jon upon 980nm excitation (Sales et al.
2016). Pellegrino et al., prepared Yb**, Er®":CaF, polycrystalline films on Si, quartz, and glass
substrate with the MOCVD route on various substrates using a molten mixture to study UCL
spectra with the green and red transitions for the Er** ion upon 980 nm excitation (Pellegrino et
al. 2017). Lojpur et al., prepared Yb**, Er** ion co-doped Y03 polycrystalline nano-phosphor
powder from a polymer complex solution to demonstrate power and concentration (Yb*‘ion)

dependent UCL spectra upon 978 nm excitation (Lojpur, Ahrenkiel, and Dramicanin 2013).
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Kaczmarek et al., prepared Er**-Yb®": LaF; nanoparticles to study possible temperature sensing
applications with the help of DCL spectra with ET from Er** ion to Yb** ion (Anna M.
Kaczmarek et al. 2018).

Table 1.6: List of literature available in Er**-Yb®" ion codoped in different host

Host Host Absorption DCL UCL Power Temp- Ref
spectra spectra  spectra (mW) erature
hex (NM) Ay (NM) (K)

Tellurite Glass NA NA 980 0-500 NA (Dwivedi et al.
2008)

Y,03 Powder NA NA 978 1-2 NA (Lojpur et al.
(Cubic- 2013)
bixbyite)

LaF; Powder NA 375 NA NA 15-105 (Anna M.
(NA) Kaczmarek et al.
2018)

BiNbO, powder NA NA 980 100-900 NA (Sales et al.
(Ortho- 2016)
rhombic)
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1.7.4. Zinc Silicate host

RE* ions doped in Zinc-Silicate (ZnO-SiO,) host are tabulated with available structural and
morphological data from selected published reports in Table 8. In the table, “ZnO-SiO,: RE*
(x%)” represents that an x mol% concentration of RE** ion is admixed in the Zinc and Silicate

composite solution.

Table 1.7: Progress in RE* ion doping in ZnO-SiO, host through different sol-gel synthesis

route
Dopent Synthesis product  XRD FTIR TEM SEM Ref.
Tb*/ Eu® spin- Thin film,  (m) (@) NA NA  (Zhang, Pita, and Kam 2003)
coating xerogel
ce™* ex-situ powder (m) (@) NA NA  (Ntwaeaborwa and Holloway
sol-gel 2005)
Eu® Sol-gel Powder NA (o) NA NA (Bang et al. 2005)
Eu® in-situ Glass NA NA NA NA (Yu and Nogami 2007)
sol-gel
Eu* Sol-gel Thin film (m) NA ZnO NA (Linetal. 2012)
NPs
(4-8 nm)
Th**-Yb* Sol-gel Thinfilm  (m) (o) NA NA (Huang and Zhang 2009)
Yb*/ Li Facile Glass NA NA (o) NA (Xiao et al. 2011)
sol-gel
Er**/Li**  Facile Sol- Glass NA NA (o) NA (Xiao et al. 2012)
gel
Er*-Al* Melt Glass (m) Q) NA (Ghaemi et al. 2012)
guench
ce® Ex-situ sol-  Monolithi (m) NA NA NA (Chelouche, Djouadi, and
gel, c aerogel Aksas 2014)
Supercritica
|
Eu’* in-situ sol-  Thin film (m) NA NA Zn0O (Tung et al. 2016)
gel NPs
Eu’* in-situ Glass (%) (@) (o) NA (Tran et al. 2017)
Eu’* Melt- Glass (%) (o) (o) (Khaidir et al. 2019)

quenched
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Er* ex-situ Thinfilm  (m) NA NA (m) (Hien et al. 2019)
Data: Available (o): (x) non crystalline (m) crystalline Not available (NA)

Zhang et al., prepared crystalline thin films on SiO,/Si substrate through spin-coating a
transparent Th**/Eu®" ion-doped ZnO-SiO, sol-gel solution. The green and red emission peaks
for UV exposure (Aex=230nm) were reported for thin films (Zhang et al. 2003). In the DTA
curve, the second exothermic peaks of the xerogel sample confirmed the formation of ZnO
crystallite in the amorphous Silica host, while decomposition of water and combustion of organic
components were signified with solo endothermic peaks and first endothermic peak,
respectively.

Ntwaeaborwa & Holloway prepared powders from Ce®*" ion-doped ZnO-SiO, ex-situ sol-
gel solution. PL spectra of the Ce** ion were observed in the blue region after suppressing the
green emission of ZnO NPs (Ntwaeaborwa and Holloway 2005). Bang et al. also prepared Eu®*
ion-doped ZnO-SiO, powder, as mentioned elsewhere (Ntwaeaborwa and Holloway 2005).
Emission of green light from ZnO NPs was entirely suppressed when embedded in SiO, doped
with Eu®*. The enhanced Eu** luminescence was reported with energy transfer (ET) from the
embedded ZnO NPs and the rise in Eu®" concentration (Bang et al. 2005). Yu and Nogami
prepared glass from a Eu®" ion-doped in-situ sol-gel ZnO-SiO, solution-derived xerogel. The
enhanced intensity for the emission spectra of Eu** ion was evident with the increase of ZnO
concentration due to the variation of the local environment around dopant ions (Yu and Nogami
2007).

Lin T. et al., prepared Eu** ion-doped in-situ ZnO-SiO, solution with varied Zn and fixed
Eu®* ion concentration to report concentration and annealing temperature dependence on the
luminescence of Eu®* ion. TEM monograph was confirming the presence of ZnO NPs in
amorphous SiO, host (Lin et al. 2012). Huang and Zhang prepared Th**/Yb*" ion-doped ZnO-
SiO; transparent sol-gel solution to prepare crystalline thin film on SiO,/Si and quartz substrate
of thickness 0.4-0.5 um and average grain size 70nm (Huang and Zhang 2009). DCL spectra
through transferring energy to Yb*" ion from Tb®" ion was reported for UV photon excitation
where the confirmation of ET was evident from the decrease in decay time from 2.98 ms to 1.91
ms for the °D4—'Fs transition of Th** ion. TG/DTA curve of the xerogel sample was observed to
be consistent for ZnO-SiO; host irrespective of RE** ion concentration (Huang and Zhang 2009).
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Xiao et al., prepared Yb** ion-doped ZnO-SiO, transparent solution where ethanolamine-
stabilized ZnO and acid-catalyzed Si-alkoxides for hydrolysis and condensation (Xiao et al.
2011). The PL intensity enhancement (for a peak around 980 nm) was also reported with the rise
in Yb®*ion concentration for the excitation of UV light (Xiao et al. 2011). The presence of
homogeneously distributed ZnO QDs was observed in the silica host matrix from HRTEM image
which is highly crystalline with size around 2 to 6 nm with lattice fringes due to appropriate
thermal treatment for ZnO crystallization. The SAED pattern, with diffraction rings, were
confirming the growth of wurtzite ZnO (Xiao et al. 2011). A schematic diagram of Energy
Transfer from ZnO QD in silica host to Yb** ion was cited (Xiao et al. 2011).

Xiao et al., prepared Er**/Li** ion-doped ZnO-SiO, sol-gel transparent solution to prepare
bulk composites. Ethanolamine was used to stabilize ZnO solution before admixing it with the
acid-catalyzed TEOS solution to complete the hydrolysis and condensation process. PL spectra
were optimized at 5 mol% of Li* doping. An SEM image asserted the formation of ZnO QD,
which may be the possible reason for enhanced PL intensity through ET from ZnO QD to RE**
ion (Xiao et al. 2012). Ghaemi et al. prepared Er,Os-doped zinc-alumino-silicate glasses with the
melt-quench method. PL spectra with broad emission peaks at 1.54 um were reported for both
the quenched and heat-treated samples (600 & 800 °C) under 518 and 650 nm excitations
(Ghaemi et al. 2012).

Chelouche et al. prepared SiO,-ZnO: Ce**nanocomposite by the sol-gel synthesis method
from an ex-situ mixture of separately prepared ZnO: Ce®" aerogel powder (crystallite size ca. 78
nm) and TEOS solution to complete hydrolysis and condensation before being annealed at 1200
°C (Chelouche et al. 2014). Ali et al., prepared a ZnO-SiO, thin film on the silicon substrate
(100) from an in-situ solution which turn into a polycrystalline of hexagonal wurtzite ZnO at
various annealing temperatures. No RE*" ion were doped in this sample (Mossad Ali et al. 2014).

Tung et al., prepared a thin film on Si substrate from a sol-gel solution where Eu** ion
was doped in ZnO-SiO, solution. The Zn and Eu®" ion precursor were admixed to the acid-
catalyzed silica precursor to modify the surrounding of Er**ion. PL spectra of Eu®* ion were
observed to be dependent on three parameters, such as ZnO to SiO, mol ratio, annealing
temperature, and the concentration of Er** ions. Luminescence of Eu** was optimized for 1.25
mol% sample annealed at 900 °C, where the hexagonal ZnO structure was observed in the Eu®*

ion neighborhood, as in HRTEM image of 0.28 nm crystalline spacing (Tung et al. 2016).
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Tran et al., prepared ZnO-SiO,: Eu®* crack-free amorphous transparent in-situ sol-gel
monolithic glass at 600 °C annealing temperature. The PLE (Aey= 615nm) and PL (Aex = 394nm
and 325nm) spectra were cited for the prepared sample, where an enhancement in the
luminescent intensity of Eu®* ions was observed due to the existence Eu®* ions in the
neighborhood of ZnO NPs. TEM monographs confirmed the presence of ZnO NPs in the
amorphous silica host (Tran et al. 2017).

Khaidir R. et al., reported ZnO-SiO,:Eu®" amorphous glasses prepared with the melt and
quench method from recycling renewable sources of waste rice husk, where a shift was observed
in the absorption edges towards higher wavelength. The optical band gap enlargement (2.97-
4.23 eV) was reported with the formation of larger crystallites in the glass structure (Khaidir et
al. 2019). Hien et al., prepared ZnO-SiO,:Er®* (0.3 M) crystalline thin film on a Si substrate with
a thickness of approximately 3.3 pm through an ex-situ sol-gel process where TEA stabilized
ZnO solution was mixed with acid-catalyzed silica precursor to modify the surrounding of Er*
ions. This modification helped in intensifying the emission of Er** ions in ZnO-SiOhost. PL
spectra of the thin film were reported for 325 nm excitation at different annealing temperature
and ZnO concentration, where optimization was reported for thin film annealing at 900 °C and 5
mol% ZnO concentrations. The FESEM monograph was observed as crystalline with
confirmation of all doping elements in the thin film with a thickness of 3.32 pm (Hien et al.
2019).

1.7.5. Titania Silicate host

RE* ions doped in titania-silicate (TiO»-SiO,) hosts are tabulated with available structural and
morphological data from selective published reports (Table 9). In the table, “SiO,-TiO,: RE*
(x%)” represents that a concentration of x mol% of RE** ion is added to the Titania and Silicate

composite solution.

Table 1.8: Progress in RE* ion doping inTiO,-SiO, host through sol-gel route

Dopants Synthesis Product XRD FTIR TEM SEM Ref.
Ert Sol-gel Thin film/ (m) NA NA NA (Strohhofer et al.
powder 1998)
Tb* Sol-gel Thin film NA NA NA NA (Jenouvrier et al.
2001)
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Er’* Sol-gel Powder NA NA NA NA  (Castan"eda-Contreras

et al. 2006)
Tb* Sol-gel Glass (m) NA NA NA (Ismail et al. 2007)
Eu® Spin-coating  Thinfilm  NA (o) NA NA  (Zareba-Grodz et al.
2007)
Er**-Yb*/  Spin-coating  Thin film (m) (o) NA NA (Battisha 2007)
Nd*-Yb**
La*/Nd*/s Sol-gel Powder (m) NA NA NA (Mohamed and
m*/Gd* Mkhalid 2010)
Sol-gel Glass (x) (o) NA (o) (Dihingia and Rai
Nd** 2012)
Eu*/ Sm** Sol-gel powder (m) (o) NA NA (Azzouz and Klein
2012)
Eu® Dip-coating Thin film NA NA NA NA (Berkani et al. 2012)
Ho** Sol-gel Glass NA NA NA NA (Rai and Fanai 2014)
Er*/Yb* Sol-Gel Thin film (m) (9) NA (9) (Xiaoqi et al. 2014)
Eu® ,Sm* Solvo- Core-shell  (m) (9) NA (o) (Chang et al. 2018)
thermal/Sol-
gel
Er¥*/Yb*- Sol-gel Xerogel, NA NA NA NA  (Buarque et al. 2018)
Eu’* Powder
Eu*'/Tb* Stober/ Core-shell  (m) () NA (9) (Wang et al. 2019)
Hydro-
thermal
Data: Available (e) : (x) non crystalline (m) crystalline Not available (NA)

Strohhofer et al., prepared Er®*ion-doped SiO,-TiO, ex-situ sol-gel solution to spin-coat a
crystalline thin film annealed at 1000 °C on single-crystal Si-wafers although no luminescence
spectra were reported for this combination (Strohhofer et al. 1998). Jenourier et al., prepared
Tb*" ion-doped SiO,-TiO; sol-gel solution as a thin film with and without organic complexes
(e.g. sulphosalicylic acid) to report PL spectra where enhancement was observed in the sample

with organic complexation (Jenouvrier et al. 2001).
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Castafiujhneda-Contreras J. et al., prepared luminescent powder annealed at 500 °C from
Er¥*ion-doped TiO»—SiO, sol-gel solution to report visible UCL spectra with excitation at 979
and 1532 nm. The optimized visible UCL spectra were observed for 2 mol% Er** ion doping.
The structural and morphological studies of these sample were not reported (Castan“eda-
Contreras et al. 2006). Ismail et al., prepared binary glass from Th** ion-doped TiO,—SiO, sol-gel
solution to report annealing temperature dependence on PL spectra and the PLE spectra
(Aemi=541nm). The PL intensity for an excitation wavelength (Aexc) Of 325 nm was lowered at a
higher annealing temperature. The binary dense glass had anatase phase of TiO, when annealed
at 1000 °C, which was not true for a similar sample annealed at 550 °C (Ismail et al. 2007).

Zareba-Grodz et al., prepared thin films on quartz glass from Eu** ion-doped SiO,-TiO,
sol-gel solution to report a decrease in lifetimes of Eu**ions from 780 ps to 220 pis with a rise in
annealing temperature (600-900 °C), which was possibly initiated by agglomeration of Eu** ions
(Zareba-Grodz et al. 2007). Battisha prepared thin films on Si substrate through spin coating two
different ex-situ silica-titania sol-gel solutions where Er®* /Yb*" and Nd** /Yb** ions are co-
doped separately. UCL spectra of these two samples were reported in VIS region for NIR (980
nm and 808 nm) excitation. UCL spectra for thin film annealed at 900 °C were the most intense,
which can be related to the formation of smaller size (15 nm) of titania crystallites at the highest
annealing temperature with broadening of most intense XRD peak (Battisha 2007).

Mohamed & Mkhalid prepared dense glass through annealing La**/Nd*/Sm**/Gd**
doped sol-gel TiO,—SiO, xerogel samples at 550 °C to report the effect of RE** ion doping on the
photoactivity of EDTA. The anatase phase of TiO, in amorphous silica was confirmed from
XRD patterns, which was also emphasized in TEM monograph (Mohamed and Mkhalid 2010).

Dihingia and Rai prepared Nd**ion-doped TiO,-SiO sol-gel solution to dip-coat as
amorphous thin film with no crack where UC and DC spectra of Nd** ion are reported for
different excitation wavelength. FTIR spectra were reported with Ti-O-Si bond in xerogel stage.
SEM monographs also showed thin film with no cracks. TG and DTA thermograms of the
xerogel sample are interesting where an endothermic peak at 89 °C was indicating the desorption
of physically adsorbed water and residual solvents. The exothermic peaks at 129 °C and 211 °C
were accredited to the decomposition of residual alkyl groups and near complete combustion or
carbonization of organic compounds such as alkyl groups remaining in the solid, respectively.

The exothermic peak at 275 °C was observed, due to the carbonization of remaining organic
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residues (Dihingia and Rai 2012). Total polymerization with no unreacted organic groups was
indicated by the absence of exothermic peak beyond 275 °C. The weight loss occurred in two
steps as in the TG curve where the initial loss was owed to the evaporation of a small quantity of
adsorbed water and the volatilization and thermal decomposition of the remnant organic
solvents; along with the carbonization or the combustion of organic compounds responsible for
the second part of weight loss (Dihingia and Rai 2012).

Azzouz and Klein prepared Eu** and Sm** ion codoped crystalline SiO,-TiO, monolithic
glass and powder samples with the sol-gel method to report UCL spectra for different excitation
wavelengths in the visible region. The XRD results confirmed the growth of crystalline ZnO in
the amorphous silica host. The formation of Ti-O-Si bonds was indicated because of the insertion
of Ti into Si glass host as in FTIR spectra (Azzouz and Klein 2012). Berkani et al. prepared with
Eu** ion-doped Titania-Silicate sol-gel solution to prepare thin films on Si substrate. PL emission
spectra of the sample were reported under laser excitation at 351 nm for sample annealed at
different temperatures (Berkani et al. 2012). Rai and Fanai prepared Ho®" ion-doped in silica-
titania monolithic glass from annealing xerogel at 500 °C through the sol-gel technique.
Different radiative parameters were calculated using J-O parameters of Ho®* ion. PL intensity
enhancement of Ho®" ion was reported with rise in Ti concentration at 370 nm excitation (Rai
and Fanai 2014).

Xiaogi et al., prepared Er¥*/Yb* ion-codoped in SiO2-TiO, sol-gel solution to spin-coat
thin films on glass substrate. The visible UCL spectra of Er¥*/Yb** ion pair were reported for
NIR laser excitation (Aexc ~980nm). FTIR spectra confirmed insertion of Si into Ti host along
with the crystallization of the sample. The grain size of the sample was visible from the SEM
monograph of Er**-Yb** co-doped SiO,-TiO, thin film (Xiaogi et al. 2014). Chang et al.
prepared a multifunctional yolk-shell core-shell SiO.@TiO,: Eu**/Sm®*" by a surfactant-free
solvothermal method to report PL spectra and decay times. The SEM and TEM monographs
were observed as spherical nanoparticles of SiO,@TiO,: Eu**/Sm®" NPs which were separated
from each other (Chang et al. 2018).

Chang et al. prepared SiO.@TiO,: Sm*" hybrid material through a combination of Stober
sol-gel and solvothermal method to report a material with photocatalytic and luminescence
properties (Chang et al. 2019). Buarque et al., prepared Er**/Yb*"/Eu®" codoped Silica-Titania
powder from annealing xerogel up to 700-1000 °C to report UCL and DCL spectra with varying
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irradiation from 100 to 4000 mW. UCL spectra of the sample annealed at 800 °C were optimized
for 980 nm excitation wavelength at 2400mW (Buarque et al. 2018). Wang et al. prepared a
hollow TiO2:Eu®" shell on SiO,: Tb*" nanospheres by Stober sol-gel method to report color
tunability of the sample from green to red with variation of doping concentration of RE** ions
(Wang et al. 2019).

1.8. SCOPE OF STUDY

The scope to study UCL and DCL spectra of Pr¥*-Yb** ion/ Nd**-Yb*" ion is identified. The
Ti0,-Si0; and ZnO-SiO; binary composite hosts can be synthesized using a modified ex-situ sol

gel method for uniform distribution of RE** ion.
1.8.1. Pr¥*-Yb*" ion pair co-doping in TiO»-SiO, binary composite

UCL and DCL spectra of the Pr¥*-Yb** ion pair are reported in GdAls(BOs)s phosphor (Zhang
and Yang 2007), Yttrium oxyfluoride phosphor (Saeed et al. 2020), CaYAIO, (CYA) host (Wen
and Tanner 2011), GdF; & YF3 host (Nizamutdinov et al. 2019), Tellurite glass (Dwivedi et al.
2008), KY3F1 glass (Wen and Tanner 2011), Li,0O-ZrO,-SiO, glass (Srinivasa Rao et al. 2011),
Lead borate (PbO-B,03) glass (Wen and Tanner 2011), Lanthanum Aluminum silicate (SAL)
glasses (Liang et al. 2020).

However, UCL and DCL spectra of the Pr**-Yb** ion pair co-doped TiO,-SiO, composite
host (dense glass, phosphor and thin film) have yet to be observed. The luminescence of Pr¥*-
Yb®" ion depends on various properties of the host, such as the synthesis route, symmetry of the
host, phonon energy etc. The TiO,-SiO, composite host has been used for RE** ion doping, and
there is a scope to prepare a host with lower phonon energy using a modified ex-situ sol-gel
synthesis route of TiO,-SiO, composite. This synthesis route is mentioned in the preparation of
monolayer ARC with Ti0O,-SiO, composite by Wang et al., (X. Wang et al. 2013). The co-
doping of the Pr¥*-Yb® ion pair in TiO,-SiO, composite is a first time occurrence to our
knowledge. The Pr** ion concentration is fixed to observe optimized luminescence concentration

of the Yb** ion, which has been observed in other host but not TiO,-SiO, composite. The
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excitation power of laser is also a parameter to observe variation in UCL and DCL spectra of the
Pr*-Yb** ion, which has also been observed in other hosts but not in TiO»-SiO, composite.

1.8.2. Nd**-Yb*" ion pair co-doped in ZnO-SiO, composite

UCL and DCL spectra of Nd**-Yb*" ion pair co-doped pair are reported in Tellurite and
Germinate glass (Reisfeld and Kalisky 1981), Lead metaphosphate [Pb(POz3),] glass (Liégard et
al. 2005), SiO,-TiO; thin film (Battisha 2007), Yttrium fluoride (YF3) crystalline powder
phosphor (Meijer et al. 2010), LiNbO; crystals (Sun et al. 2013), YF3 phosphor (Pudovkin et al.
2021), fluorophosphate [BaF,-SrF,- Al(POs)s -AlF3 - YF3] glass (Faria et al. 2021).

This ion pair has not yet been co-doped in a ZnO-SiO, composite host (dense glass,
phosphor and thin film). The ZnO-SiO, composite host has been used for RE** ion doping. Our
main objective is to prepare a host with lower phonon energy by tuning synthesis route of ZnO-
SiO, composite. Hien et al. (Hien et al. 2019) reported an ex-situ sol gel synthesis method to
prepare Er** ion doped ZnO-SiO, crystalline thin film on a Si substrate, and a similar to this
synthesis method is adopted for the first time for Nd**-Yb®" ion pair co-doping. The ex-situ sol-
gel synthesis method is further modified by adding equimolar water to methanol-dissolved silica
precursor for the pre-hydrolysis of TEOS with the formation of silicic acid. The stabilizer (MEA)
is admixed with Zn precursor to promote ZnO NPs formation. This pre-hydrolysis of SiO,
initiates Zn-O-Si non-bridging oxygen to promote asymmetry in the ZnO-SiO, composite, as the
hydrolysis rate of ZnO is much higher than SiO,. Thus co-doping of Nd**-Yb** ion pair in the
Zn0-SiO, composite is a first time occurrence to our knowledge. The Nd** ion concentration
will be fixed to observe the optimized luminescence concentration of the Yb®" ion, which has
been observed in other host but not in the ZnO-SiO, composite. The excitation power of the laser
is also a parameter to observe variations in UCL and DCL spectra of the Nd**-Yb** ion, which
has also been observed in other hosts but not in the ZnO-SiO, composite.

1.9. CONCLUSION

In summary, this study presents the synthesis and characterization of four novel luminescent
materials intended for potential future photonic applications, as elaborated in subsequent

chapters. Initially, we utilize SAMPLE | (Pr¥*-Yb®" ion pair co-doped Titania-Silicate) and
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SAMPLE I (Nd*-Yb*" ion pair co-doped Zinc-silicate) solutions as starting materials to
fabricate thin film, phosphors, and monolithic glass materials employing a modified ex-situ sol-
gel synthesis approach. We investigate the UCL and DCL spectra of these materials across
varying Yb®" ion concentration while maintaining fixed Nd** or Pr** ion concentrations,
exploring the optimization of these spectra. The thermal characterizations of samples are
observed with TG and DSC to understand thermal stability.

Furthermore, we delve into SAMPLE 111 (Pr¥*-Er** ion pair codoped in Titania-Silicate
host) and SAMPLE IV (Nd**-Er** ions pairs codoped in Zinc-Silicate host) to further investigate
the modification of optical properties. We conduct structural characterizations of these samples
using FTIR spectroscopy and XRD analysis, while morphological characterizations of these
samples are performed with FESEM and FETEM monographs. The chapterization of the

research work is presented as follows:

Chapter 2 provides a summary of the sol-gel synthesis method and various characterization
techniques used in this study.

Chapter 3 presents the results of the structural, morphological, thermal and optical
characterizations of SAMPLE | (Pr¥*-Yb*" ion pair co-doped Titania-Silicate) dense glass
ceramic and thin film.

Chapter 4 presents the results of the structural, morphological, thermal and optical
characterizations of SAMPLE 11 (Nd**-Yb** ion pair co-doped Zinc-Silicate) dense glass ceramic
and thin film.

Chapter 5 presents the synthesis of SAMPLE 111 (Pr®*/Er** ion pair co-doped Titania-Silicate and
SAMPLE IV (Nd**/Er** ion pair co-doped Zinc-Silicate) Dense Glass Ceramic for IR
luminescent application materials, where the structural, morphological and optical
characterization were performed.

Chapter 6 provides concluding remarks on the overall study and suggestions for possible future

studies.
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CHAPTER- 2

EXPERIMENTAL METHODS

This chapter is discussing experimental and characterization technique used in the
present thesis.
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Chapter -2

2.1. INTRODUCTION

This chapter outlines the experimental processes relevant to the present work. It offers a detailed
discussion of the ex-situ sol-gel synthesis method, including crucial points for material synthesis,
different precursors, and useful instruments. The structural characterization of the materials has
been accomplished using X-Ray Diffraction (XRD) analysis and Fourier-transform infrared
spectroscopy (FTIR). The morphology has been studied utilizing Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM). Thermal characterization is
performed with Thermo-gravimetry (TG) and Derivative thermo-gravimetry analysis (DTA).
The optical characterization of the samples has been carried out by recording Absorption spectra
and Photoluminescence spectra. A brief theoretical background of each characterization

techniques are covered along with block diagram and image of corresponding instrument.

2.2. SYNTHESIS

The ex-situ sol-gel method is employed to prepare dense glass, phosphor, and thin film samples.
Various aspect of the ex-situ sol-gel method are discussed below, which includes precursor,
materials, and the procedure to prepare Titania-Silica and Zinc-Silicate binary composites, along

with existing modifications in this synthesis process.
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2.2.1. Precursors and starting material

The following precursors and materials are used in the ex-situ sol-gel synthesis method of RE**

ion co-doping in Titania-Silica and Zinc-Silicate host:

o Tetraethyl orthosilicate (Sigma Aldich, 99%; TEOS) as silica source

o Methonal (MeOH) (Merck, 99.8%) as solvent

o De-ionized water (Sigma Aldich, 99%; H,0) initiate hydrolysis

o Nitric Acid (HNO3, Merck 70%; catalyst)

o N,N Dimethyl formamide (DMF) as dying control chemical additive (DCCA) (99.5%)

o RE salts (Sigma Aldich, 99%: ) as source of RE ** ion

o Titanium isopropoxide (TIPO; Sigma Aldich, 99%) as titania precursor

J Isopropanol (PrOH) solvent for TIPO

o Acethylacetone (CH3COCH,COCHj3; AcAc) as a stabilizer and complexing agent TiO,

o Zinc acetate di-hydrate [Zn(CH3COOH),-2H,0; Sigma Aldich, 99% ] is used as source
of ZnO dopant

o Monoethanolamine (MEA) as a stabilizer and complexing agent of ZnO

o Ytterbium chloride hexahydrate [YbCl3-6H,0; Sigma Aldich, 99.9%],

o Neodymium chloride hexahydrate [NdCls-6H,0; Sigma Aldich, 99.9%], are purchased
and use as such.

Important materials for sol-gel synthesis:

o Glass vessel (15 ml)

o Dropper (1.5 ml)

o) Electric muffle furnace
o) Magnetic stirrer cum hot plate
o Polypropline container

o Spin Coater
o Substrate (Si wafer, Quartz plate, Borosilicate glass etc), Single side optically polished
<100> P-type Silica substrate [Si; Sigma Aldich] are priming and cleaned as discussed in section

(2.2.3) before spin coating the solution.
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2.2.2. SYNTHESIS METHOD

Different material synthesis processes are classified into two main groups: (i) physical and (ii)
chemicals processes, as shown in Table 2.1. Different morphologies of the final sample can be
obtained through both the physical and chemical synthesis methods. In the physical process,
high-temperature and high-pressure environments, along with pure precursors, are required. This
makes the synthesis route an optimized one, although it has limited applications due to its cost.
On the other hand, the chemical synthesis route is used to create chemical compounds from their
precursor. For example, sol-gel, chemical vapor deposition (CVD), sonochemistry, and the
hydrothermal method are some of the important chemical synthesis methods.

Table 2.1: List of physical and chemical synthesis process

Physical process Chemical process
Laser ablation Sol-Gel
Spray pyrolysis Sono-chemical
Vapor condensation Microwave assisted
Thermal decomposition Electrochemical
Plasma sprayed Hydro-thermal
Sputter deposition Chemical Vapor Deposition

Sol-gel is an essential wet chemical synthesis method through which controlled
core-shell morphology such as raspberry or nanoparticles is obtained (Rosales and Esquivel
2020). These morphologies can also be achieved through sonochemical and hydrothermal
synthesis routes. Laser ablation is a superior physical synthesis route for thin films due to its
improved thickness control and particle size (Rosales and Esquivel 2020). In this work, we
strictly confine our focus to the ex-situ sol-gel synthesis route of RE** ion doped Titania-Silicate
(SiO,-TiOy) and Zinc-Silicate (ZnO-SiO,) hosts, which can be utilized for optimized UCL and
DCL spectra of RE** ion.
2.2.2.1. Sol-Gel process
According to C. J. Brinker and G. W. Scherer, a sound knowledge of different areas of physics
(fractal geometry and percolation theory), chemistry ( hydrolysis and condensation), and ceramic
(sintering and structural relaxation) is required to understand the basic principles of the sol-gel
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method (C. Jefffrey and George W. Scherer 1990). The transformation of a "polymer solution”
into "gels™ is termed the "sol-gel transition,” in the same spirit as suggested by the pioneer, Prof.
Pierre-Gilles de Gennes. RE*" ions of different concentrations can be doped into different host
glasses (phosphate, borate, silicate, etc) to optimize promising applications. The RE* ions can be
immobilized into sol-gel glasses using three processes (Binnemans 2009): (i) Impregnation, (ii)
Doping, and (iii) Chemical immobilization. Impregnation of RE** ions in a silica glass occurs
through the diffusion of a luminescent complex solution with a high concentration into the pores
or channels of the silica glass when silica glass is immersed in this solution. Chemical
immobilization occurs as organosilicon compounds are added to a sol-gel solution to form
coordinate groups of organically modified silicates (ormosils). Doping of RE** ions in the host is
achieved by mixing RE®*" ion salts and ligand into the silica sol before gelation, and the RE**
ions are eventually trapped in the silica host matrix during annealing.

There are different processes available to produce Titania —Silicate and Zinc Silicate
monolithic glass and thin films. However, this work primarily targets the Sol-Gel method. It is a
low-temperature synthesis route compared to the melt quenched method, and it allows for phase
separation and crystallization to be avoided (Kozuka 2005).Simple instruments such as a beaker,
a stirrer, a hot plate, and a furnace are used to prepare the sol-gel samples . Less expensive pure
metal alkoxides are used to obtain a highly pure final product with a homogeneous structure
from the aged solution. The aged solution is cast in different form to create bulk samples
(monoliths), thin films, and fibers. Correspondingly, the promising encapsulation of organic
compounds or metal complexes can enhance the photostability of organic luminophores.

Silica host:

The Silica has been used as a host of RE** ions for a long time, benefiting from its thermal and
chemical stability. The preparation of a silica host typically involves four stages: (i) hydrolysis &
condensation, (ii) gelation, (iii) aging, and (iv) drying, sequentially as shown in Fig 4. A
discussion of each of these four steps is necessary to understand the preparation of RE®" ion-
doped silica samples.

Hydrolysis and Condensation

The silica precursor [e.g., Tetra-orthosilicate, Si(OC,Hs)s, TEOS] is typically admixed with DI
water, using a alcohol as mutual solvent to obtain a solution of homogeneous nature for the

hydrolysis and condensation of TEOS, even though they are immiscible (TEOS and water). The

59



hydrolysis of TEOS is slower due to the bulkier ethoxy groups, compared to other silica
precursor. The molar ratio of TEOS to water is usually maintained as 1:4 to complete the
hydrolysis of TEOS to Si-(OH), as seen in Eq. (2.1).

(OC;,Hs)3-Si-(OC;Hs) + 4H,0— HO-Si-(OH)3; + Ethanol (OC,Hs) (2.12)

(OC2H5)3 -Si-(OC2H5) + H,0— HO-Si-(OC2H5)3 + Ethanol (OC2H5) (2.2)

The hydrolysis of TEOS is also performed partially through fixing initial molar ratio of
TEQOS: water as 1:1.The silanol groups (Si-OH) and alcohol evolves in partial hydrolysis of
TEQOS as in Eq. (2.1). The Silicic acid [(OC,Hs)3-Si-OH; alkyl = C,Hs] take part in condensation
reactions for bridging oxygen (BO) formation as Si-O-Si siloxane bonds in Eq. (2.2) (Binnemans
2009). A straight forward chemical reaction for the hydrolysis and condensation of a TEOS is as

follows,

(OC2H5)3-Si-OH + HO-Si-(OC2H5)3—> (OC2H5)3-Si-O-Si-(OC2H5)3 + Water (23)

The hydrolysis and condensation of TEOS occurs in both acidic and basic mediums.
These two mediums are worth mentioning because the dimension and shape of silica particles
change depending on the reaction medium. The hydrolysis of TEOS in the presence of acids [e.g.
Nitric acid (HNOs) and Hydrochloric acid (HCI), ] as catalysts initiates the protonation of the Si-
alkoxide. It is accompanied by a nucleophilic attack by a H,O molecule, resulting in the
formation of a penta-coordinated intermediate and the exclusion of an alcohol molecule. This
process leads to the formation of smaller sol particles and gel network in acidic conditions due to
the faster hydrolysis rate compared to the condensation rate, as shown in Eq. (2.1) (Binnemans
2009). On the other hand, TEOS can also be hydrolyzed in the presence of a base catalyst [e.g.
Ammonium Hydroxide, Sodium Hydroxide (NaOH), Potassium Hydroxide (KOH), etc]. Stober
et al., prepared monodisperse silica spheres by hydrolyzing TEOS in an ammonia (basic)
solution of water and alcohol (C. Jefffrey and George W. Scherer 1990). Different amounts of
alcohol, ammonia, and water are used as parameters to modify the size of spherical silica

particle, which is useful for preparing core@shell nanomaterials.
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The colloidal particles are formed during the hydrolysis of the TEOS precursor and in the
initial phases of the condensation reaction. These suspended particles in a liquid are known as sol
(Binnemans 2009). This sol then converts into a gel in the next step through additional
polymerization reactions and interconnection of the network (Binnemans 2009).

Gelation process

The gelation process is essentially the conversion of sol into gel. This process increases the
viscosity of the liquid medium due to additional polymerization reactions and the interconnection
of the network of colloidal particle network (Binnemans 2009). Gel formation converts the fluid
into a stiff 3-D structure with an interstitial liquid phase (Binnemans 2009). The gelation
mechanisms of SiO; are completed in two phases (C. Jefffrey and George W. Scherer 1990).
Initially, a transparent wet gel is formed in the reaction with the structural frame of (-Si-O-Si-)
expanding in 3D. This 3-D network of Si-O-Si bond continues into the second phase until the
last bond in the gel stage. Silicon is observed as relatively less susceptible to nucleophilic attacks
than transition metals due to its partial positive charge [d(Si)= +0.32], making the gelation of
silica solution a slower process. The viscosity of the solution abruptly increases with the gelation
of silica sol.

Aging & Drying

Gels are usually kept in sealed vessels to avoid the evaporation of the solvent, allowing for the
continuation of condensation reactions and cross-linking among the network to promote strength
and reduce the risk of fracture (C. Jefffrey and George W. Scherer 1990). Three different
products are obtained during the removal of the remaining liquid through drying gel: xerogel,

aerogel, and cryogel among others.

Thermal drying: xerogel

The conventional thermal drying of the gel in a specific temperature range (27-200 °C) is termed
as xerogel. In xerogel state, the shrinking of the gel is accompanied by additional cross-linkage
when the unreacted -OR and -OH groups approach close proximity as the network collapses
(Binnemans 2009). The drying process accelerates the evaporation of the liquid phase along with
volume shrinkage, although a significant amount of liquid remains trapped in the pores
(Binnemans 2009). The formation of cracks during annealing can present challenge in preparing
high-quality monolithic xerogels (Binnemans 2009).
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Supercritical drying: Aerogel

Supercritical drying of the sol beyond the critical pressure and temperature of the liquid phase in
an autoclave initiates a detachment of liquid phase, resulting in the formation of aerogel. Aerogel
is a good insulator with very low densities but is seldom utilized as the host for luminescent
metal ions or organic molecules (Binnemans 2009).

Freeze Drying: Cryogel

Cryogel is obtained from the sol when the liquid phase of the gel is extracted at a much lower
temperature using a vacuum. It is a sublimation phase of the solvent.

Annealing

Annealing of xerogel and aerogel is performed to remove the remaining liquid phase in the
interconnected porous network at higher temperature (T > 200 °C). This process promotes the
oxidation of remnant hydroxyl groups (Kozuka 2005), which could otherwise efficiently quench
luminescence. During annealing, the remaining water and organic components in the network are
eliminated at high temperatures, along with the relaxation of the gel structure to a dense state
through viscous sintering (Binnemans 2009). These dense glasses are typically amorphous in
nature but become polycrystalline at higher annealing temperature, forming what is known as

glass ceramic.

The silica sol is also used to prepare thin film using a spin-coating or dip-coating route on
a heat-resistant substrate. Heat-resistant substrates such as silica wafers, quartz wafers, and
microscopic glass slide are used for optical tests and compositional analysis. In the spin-coating
method, an excess quantity of sol solution is dropped on the substrate and spread under
centrifugal force, typically maintained at speeds ranging from 1000 to 10000 rpm, until the
desired film thickness is accomplished (Binnemans 2009). The volatile solvent evaporates
concurrently, with the film’s thickness depending on the factors such as spinning rate, solution
concentration and viscosity, and the solvent used. In the dip coating method, the substrate is
immersed in the sol and then gradually withdrawn (Binnemans 2009). In thin film, the stress
induced is roughly equal to the tension in the liquid (P = ¢ ), and during annealing, it becomes
equal to the capillary stress, typically resulting in film cracking (C. Jefffrey and George W.
Scherer 1990). RE** ions are typically doped in small amounts in the silica solution to prepare
dense glass and thin film for optoelectronic applications.
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Fig. 2.1: Schematic sol-gel process (Bokov et al. 2021)
2.2.2.2. Host modifier

The sol-gel synthesis method of silica (SiO,) glass host has been discussed in detail in the earlier
sections. The sol-gel synthesis method is comparatively inexpensive and offers good control of
particle size, high homogeneity, and uniform morphology (Esposito 2019), (Mhlongo 2011) etc.
The introduction of the network modifier (e.g.TiO, (Halin et al. 2017) and ZnO (Agustin-Saenz
et al. 2018) ) in silica host is intended to promote lower phonon energy and lower symmetry. The
formation of non-bridging oxygen (NBO) offers an efficient absorption (Lee et al. 2017), and
luminescence of RE®*" ion. The ex-situ sol-gel method is particularly emphasized here, due its
utility for crafting dense glass, phosphor, and thin film samples doped with RE** ions in ZnO-

Si0; and TiO,-SiO, binary composite host.
22221 SiO,-TiO; binary host for RE** ion doping

The homo-condensation of the silicate is slow with respect to the hetero-condensation of the
reaction (C. Jefffrey and George W. Scherer 1990). This faster hydrolysis—condensation rate of
Ti-alkoxides [(TIPO; Ti(OC3H7)4] is going to promote the creation and segregation of bulky
inhomogeneous TiO, sol particles with the addition of water into a mixture of TEOS+TIPO
solution (Chen, Huang, and Perng 2012). An admixture of separately prepared silica sols and
titania sols is used to remove the difficulties in controlling titania dimension and morphology in
the sol—gel method (Chen et al. 2012). Chen et al., reported a homogeneous final solution with

an admixture of Acetylacetone (AcAc)-stabilized TIPO (exothermic reaction) to pre-hydrolysis
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TEQS. The hydrolysis rate of TIPO is slow down as AcAc removes i-Pr [-(C3H-)] ligand and Ti

coordination number raise from four to five as in Eq. (2.1) (Chen et al. 2012).

Ti-[(OC3H7]s + AcAc — (AcAc)-Ti-[(OC3H7)]s + (-OCsHy) (2.4)
The admixing of equimoles of water and TEOS generates more reactive Silicic acid [
(OR)3Si—OH] where Silicic acid can react with AcAc-Ti-(OC3H7); and favorably forms
heterometal Si—O—Ti (Battisha 2007) oxides bond (NBO). The chemical reaction of Silicic Acid
and AcAc-Ti-(OC3Hy)z lead to Si-O-Ti (NBO) bond as follow (Chen et al. 2012),

[(OC2Hs)]5-Si-OH + (AcAc)-Ti-[(OC3H7)]s — [(OC2Hs)]3-Si-O-Ti[(OC3H7)]ls  (2.5)

Battisha I. K. , reported TIPO dissolved with AcAc and Acetic Acid (AcOH) under
continuous stirring before PrOH was added to react with AcOH to generate H,O (Battisha 2007),

PrOH + AcOH — PrOAc +H,0 (2.6)

Chen et al. conducted a homogeneous esterification reaction to synthesize a TiO:
solution. The process began with the pre-hydrolysis of TEOS using an equimolar ratio of TEOS
to H20 (1:1 molar ratio). In the final stage, additional water was added to facilitate the formation
of more Ti—O-Si bonds (Chen et al. 2012). The mixed solutions have a transparent brownish-
purple (SiO,-TiO,) color. This transparent TiO,-SiO- sol is further used to dope RE®*" ion of
different concentration.

2.2.2.2.2. Zn0-SiO, binary host for RE** ion doping

The ZnO-SiO, binary samples are usually made from a mixed solution of ZnO and SiO; solution
where ZnO and SiO; solutions are prepared separately (ex-situ) (Haque and Mahalakshmi 2013)
or together (in-situ) to mold the final solution for synthesis. The Zinc Acetate dihydrate
[Zn(CH3C00),.2H,0] is hydrolyzed in the alcoholic medium in presence of a complexing
agent/stabilizer [e.g Tetra-ethanolamine (TEA) (Haque and Mahalakshmi 2013), Diethanolamine
(DEA) (Hien et al. 2019), mono-ethanolamine (MEA)] to enhance the conversion of zinc
hydroxide into zinc oxide and reducing the agglomeration of ZnO particle. C, opuroglu et
al., reported colloids growth from an initial solution of Zinc Acetate dehydrate, Isopropanol, and

MEA from cluster families such as basic zinc acetate [tetrahedral oxy-acetate Zn,O(C,H30,)s),
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or Zn;004(CzH30,)12]; hydroxy double salt [hydroxy-acetate Zns(OH)g(C2H30,)2(H20).]; and
alkoxy [(RO)-acetate (ROZNnC,H30,),) in the absence of water for hydrolysis and condensation
reaction (Copuroglu et al. 2016). Haque & Mahalakshmi, prepared wurtzite ZnO NPs from TEA
[N(CH,CH,0H)3] stabilized Zinc Acetate dehydrate and NaOH solution (Haque and
Mahalakshmi 2013).

Zn(CH3C00),.2H,0+TEA —[Zn(TEA)]+2CH,COO" 2.7)

[Zn(TEA)]—Zn* +TEA (2.8)
The reaction parameters (temperature, pH, and synthetic methods) decide the final
precipitation of zinc(I1) hydroxide [Zn(OH),] or Zincate [Zn(OH)* 4] of ZnO NPs (Haque and
Mahalakshmi 2013).

Zn**+20H —Zn(OH), | (2.9)

Zn(OH),—ZnO+H,01 (2.10)
The final transparent ZnO suspension can be excited with a UV lamp, where green
emission from it confirms the formation of ZnO NP. Subsequently, the SiO, solution and ZnO
solutions were mixed to form a homogeneous mixture of ZnO-SiO, binary sol material. This

transparent ZnO-SiO, sol is used to dope RE>* ion of different concentration.

After admixing RE** ion of different concentration, these two solutions are further cab be
used as intial solution for dip coating or spin coating on a clean glass or silica substrate or left
undisturbed to convert into a xerogel of various sizes and shapes. The homogeneousness of the
hybrid thin film has also been relied on the dimension and functionality of the silica and
titania/zinc sol particles where sol particles of smaller size offer more homogeneous film through
less structural and compositional fluctuations (Chen et al. 2012). The acidity of final solution
determines the functional behaviour of the sol particles whereas the quantity of DI water can

influence the adhesion of the sol particles (Chen et al. 2012).
2.2.2.2.3. Thin film preparation

The final solution is used to spin- or dip- coated on clean substrate (Si wafer, Quartz wafer, glass

etc). The substrates were cautiously cleaned with following steps;
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a. The substrates are immersed in soap solution under ultrasonic bath (5 min).

b. Next, along with HCI in an ultrasonic bath for 10 minute.

C. Three additional rounds were conducted to the Si-substrate with DI water (1 min each) to
eliminate the impurities of acid agent.

d. The substrate is systematically scrubbed with acetone for 15 min and propanol for 10 min
in an ultrasonic wash in separate rounds to eliminate any adsorbed gases or impurities.

e. To remove native oxide layer and passivate Si wafer, substrate is immersed in HF (5%)
solution for 20-30 s. Native oxide is etched and dangling Si bond (hydrophilic 6=10) are
terminated by hydrogen atoms (more hydrophobic 6=70).

f. Rinsed in DI water and dried up at room temperature.

2.3. PHYSICAL CHARACTERIZATION

The physical characterization of dense glass ceramic materials includes estimation of density,

porosity, and refractive index measurements, which are discussed as follows:
2.3.1. Density and porosity

Archimedes’ principle serves as the basis for determining the density of dense glass ceramic.
According to this principle, “the up thrust acting on a material submerged in a fluid, whether
fully or partially, is equivalent to the weight of the fluid displaced by the material”. To estimate
the experimental density (dexo) Of the dense glass samples, one should measure both the weight

and volume of the dense glass material in the air utilizing the following relationship:

Wa (2.11)

dorp = ———
P W~ W,

In this equation, W, represents the weight of the material in air, and W,, represent the weight of

material in the liquid.

Additionally, the porosity of a sample can be termed as the relative volume of the pores

within the dense glass material. The porosity is estimated for any given material as follows:
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— d .
== P % 100% (2.12)
dy

Here, dy represents the relative density of the sample, and dey, stands for the experimental density

of the material.
2.3.2. Measurement of refractive index

To measure the refractive index of dense glass, one can employ the Brewster angle. According to
Brewster, when unpolarized light strikes the surface of the dense glass material, the refracted
light becomes partially polarized, and the refracted ray is perpendicular to reflected rays. The

relationship between the Brewster angle (6g) and index of refraction (n) is given by:

tanfg = e (2.13)

ny
In this equation, n; and n, denote the refractive indices of the medium and the material,
correspondingly. Here, the refractive index of air (n; =1) is considered. Therefore, at maximum
polarization, the angle of incidence is solely dependent on the refractive index. Consequently, the

refractive index of the as-synthesized material (n), can be calculated as follows:

tanfp = n (2.14)
The experimental arrangement, featuring a laser source, polarizer, and sample mounted

for rotation, and the Brewster angle, is used to derive the refractive index of material with the

help of Eq. (2.11).
Sample ona (
rotating mount

\j o ” Laser Source

Polarizer

Screen

Figure 2.2: Experimental arrangement for refractive index estimation
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Ellipsometer

Furthermore, an ellipsometer is employed as an optical method for inspecting the dielectric
properties of thin film, including the complex refractive index or dielectric function. It quantifies

the transformation in polarization upon transmission or reflection and equates it to a model.

The complex reflectance ratio (p) is defined as the ratio between the amplitude of p-
polarized (r,) and s-polarized (rs) light, normalized to the initial values near the Brewster angle. It

is parameterized by the amplitude component (W) and phase difference (A) as follow:

p =P tanw x 4 (2.15)

rS
2.3.3. Effective mass approximation (EMA):

The dimension of nanoparticles in dense glass ceramic sample is determined with the Effective
Maas Approximation (EMA) formula to ascertain in the average size of these nanoparticles.
Optical absorption in the form of a photon with energy exceeding the bandgap energy of the
semiconductor is required to generate a hole-electron pair. The accessibility of electrons within
the solid is impacted by the binding energy of exciton and the screening of the hole. When
ZnO/TiO, nanoparticles exhibit a shift towards a bluer color in their excitation energy, it is
attributed to a quantum size effect. The effect is produced by the broadening of the bandgap of
finite size. For more comprehensive understanding of the Effective Mass Approximation
formula, Brus (1984) elucidates the theory behind the blue shift (Brus 1986). He presented the
energy, denoted as E(r), which is dependent on the radius (R) of the nanoparticles, as follows

(neglecting polarization energy and coulomb potential):

Ep=Ey+—(—+—
: ° R? He Hn

Here the above symbols in Equation (2.15) have usual meanings.

hrm? ( 1 1 ) (2.16)
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24. STRUCTURAL AND MORPHOLOGICAL STUDIES

The structural studies were carried out by utilizing XRD technique and FTIR spectroscopy. The
morphological analysis of prepared samples is accomplished with FESEM and FETEM analyses.
Brief theoretical backgrounds of all the techniques are covered along with block diagram and

image of corresponding instrument.
24.1. ATR-FTIR Spectroscopy

FTIR spectroscopy is the most advantageous procedure to identify organic and inorganic
chemicals, along with chemical bonds, for example hydrogen bonding interactions, in solid and
liquid form. The vibration of different molecules only lies within the IR range and thus this is an
appropriate technique to detect presence of different molecular species. FTIR spectrometer uses
two coherent but bifurcated IR beams passing through a beam splitter before producing an
interference pattern, which is similar to the Michelson Interferometer. The transmitted and
reflected beams reach a fixed mirror and movable mirror respectively, and recombine after
passing through a beam splitter before passing through the sample and detector respectively as in
Fig 2.3 (a). Here, constructive and destructive interference patterns are produced due to the
introduced path difference. Each sample absorbs only specific frequencies, which is evident from
the shape of the interference pattern (interferogram). The sample-specific variation with
wavelength creates a characteristic spectrum of the sample. FTIR spectroscopy is a collection of
data that is converted from an interference pattern to spectrum using a detector. There are two
sampling technique available to plot IR absorption of a sample.

o Attenuated Total Reflection (ATR)
o KBr pellet method

24.1.1. Instrument

ATR-FTIR Spectrometer [model IRAffinity-1S; SHIMADZU; USA) is equipped with ATR
sampling technique to plot IR absorption of a sample without using cumbersome KBr pellet
method. ATR-FTIR Spectrometer has a resolution of approximately 2 cm™ in diffuse reflectance
(DR) mode within the vibrational frequency scanning range (400-4000 cm™).
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Figure 2.3: (a) Schematic diagrams and (b) Image of FTIR spectrophotometer
2.4.2. XRD Technique

Powder XRD technique is used to determine crystal structures and lattice parameters; measure
crystallite size of material; identify as compounds and phases. A scattered monochromatic x-ray
is passed through the sample with wavelength (A) comparable to the spacing between the atoms

in most inorganic materials.
Bragg’s Law:

When monochromatic X-rays are directed at atoms confined within a crystal lattice, each atom
emits scattered radiation at the exact same wavelength. The crystal lattice acts as a series of
parallel reflecting planes. At a definite angle of incidence, the maximum intensity of the reflected
beam is observed when the path difference (2dsinf) between two waves reflected from two
distinct planes is an integral times of the wavelength. This relationship can be expressed

mathematically as follows:

2dsin® = nA (2.17)

The parallel planes of atom points is separated by a spacing (d) for two subsequent planes

where a narrow X-ray beam is incident on the first plane at glancing angle 6 [Figure 2.3 ( a)].
Here 2dsin@ is the total path difference for x-ray beam with order of the scattered beam n (=1, 2,

3...0). The reinforcement happens between two rays to produce maximum intensity.
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Laue pattern

The rotational averaging of scattered radiation hints to smooth diffraction rings around the axis
of beam whereas discrete Laue spots are monitored in single crystal diffraction. The scattering
angle (20) is the angle between the the ring and the beam axis. The directions of probable
diffractions rely on the shape and size of the unit cell of the material. The intensities of the

diffracted waves count on the types and distribution of atoms in the crystal structure.
Debye-Scherrer’s equation

The dimension of the crystallites (dny) is evaluated from the Debye-Scherrer’s equation as the
half-width of the diffraction peak (P) is inversely proportional to parameter that is a degree of the

crystallites size. Mathematically,

0942 (2.18)
"L Bcos 6

The actual crystallite sizes of the synthesized samples are estimated based on line
broadening of XRD peaks. The lattice strain also initiate broadening of X-ray peaks for particles
with size below 20 nm whereas narrow peak width is observed for the crystallite with average

diameter ca.100nm.

The area under the peaks contain information regarding the number of crystallites, the
process whose calculation depends on integral breadth (area/height) is of significant value for

precise crystallite size measurements.
Uniform deformation model (UDM)

The crystal strain is expected to be homogeneous in all crystallographic directions, thus taking
into account the isotropic nature of the crystal, where the properties of the materials are invariant

of the direction along which they are estimated.
Williamson-Hall equation

The W-H equation helps in plotting 4sinf (x-axis) vs fnucosd (y-axis) to measure the crystallite

size and micro-strain produce in the crystal structure:
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KA (2.19)
Brki = dcosd + 4etanf

The size of the crystallite is calculated from the intercept of the y-axis in linearly fitted

data, whereas the strain from the slope of the fit.

Advantages:

The sample preparation is simple

swiftness of measurement

the ability to evaluate mixed phases,
o "in situ" structure determination
ICDD reference database (JCPDS file)

The identification of compound and phase is convenient through search and match software
which associates experimental data with standard patterns from the ICDD reference database
(JCPDS file).

24.2.1. Instrument

The 9 kW Powder X-Ray Diffractometer [model: Smartlab; Rigaku Technologies; Japan] is used
to record XRD with CuKa radiation (A =0.15406nm) at different glancing angle (o= 0.5 and
0.2 A% at CIF, IIT Guwahati.

R
P
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Figure 2.4: (a) Incident and diffracted radiation from crystal planes (b) Image of X-Ray
diffractometer.
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2.4.3. THE MORPHOLOGICAL CHARACTERIZATION

The morphological characterizations were carried out by utilizing FESEM and FETEM analyses.
A brief theoretical background of each characterization technique is covered along with block

diagram and image of corresponding instrument.
24.3.1. FETEM analysis

FETEM is an instrumental technique employed to capture the morphological features of prepared
samples. This electron microscope operates across four distinct stages. FETEM provides
information about the sample in both real space (imaging mode) and reciprocal space (diffraction
mode) by utilizing a focused electron beam, rather than visible light, to "image" and collect data

pertaining to the structure and composition of the specimen.
Principle and Operation

FETEM relies on the de-Broglie wavelength of energetic electrons, where a smaller de-Broglie
wavelength results in higher-resolution images compared to a compound microscope. The
schematic diagram of FETEM comprises four stages, as depicted in Figure 2.5(b). In the initial
stage, an electron gun generates a beam of electrons, which is then accelerated to the specimen
with the help of a positive electrical potential ranging from 80 to 300 keV. This electron stream
is subsequently focused through the use of metal apertures and magnetic lenses referred to as
“condenser lenses,” resulting in the formation of a monochromatic, narrow, and focused beam.
The beam impinges on the specimen, with a portion of it being transmitted through the sample.
This transmitted portion is further focused utilizing a set of lenses known as “objective lenses,”
resulting in the creation of an image. In the third stage, intermediate and projector lenses assist in
enlarging the image, relying on the desired enlargement. The phosphorous image screen has been
employed to render the image visible. The image strikes screen, and light is generated, enabling
the operator to observe the image. Darker regions within the image correspond to thicker or
denser areas of the sample (here fewer electrons were transmitted), while lighter areas

characterize thinner or less dense regions (here large number of electrons were transmitted).
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TEM Sample preparation

A crucial aspect of FETEM involves sample preparation, where the thickness of TEM samples
must be less than 100 nm. Typically, a solution is drop-cast onto a 3.1 mm-diameter copper TEM
grid and allowed to dry. The high-vacuum environment within TEM imposes specific
requirements on the sample, like as the samples must be dry and capable of withstanding

exposure to high-energy electron beams.
High resolution TEM (HRTEM)

HRTEM delivers high-magnification images of samples at the atomic scale by exploiting the
interference of both transmitted and scattered electron beams. This technique allows for the easy
observation of 2D projections of crystals with defects, with the lattice spacing of inorganic
materials typically on the order of 10"° m. HRTEM operates by tilting a thin slice of crystal
including a low-index direction is precisely making an angle 90°C to the electron beam. The
alignment result in all lattice planes approximately parallel to the electron beam, which facilitates
diffraction from the entire lattice plane. The diffraction pattern in two dimensions can be
understood as the result of performing a Fourier transform on the periodic potential experienced
by the electron. Within the objective lens, each diffracted beams is recombined with the primary
beam, leading to an extended representation of the periodic potential at approximately a 10°—fold

magnification.

Energy dispersive X-ray spectrometer (EDS)

EDS is an invaluable tool for determining the chemical composition of samples with minimal
quantities. Each, element possesses a characteristic x-ray spectrum that can be employed for
identification. The EDS detector includes a crystal that absorbs inward Xx-rays’ energy through
ionization, generating free electrons within the crystal, thereby producing a signal of electrical
charge. The absorption of x-ray transforms the energy of distinct x-rays into electrical voltages
of relative size, with the electrical pulses corresponding to the characteristic x-rays emitted by

the elements.
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2.4.3.1.1. Instrument

FETEM instrument used is JEOL 2100F (USA) at CIF, IIT Guwahati. This microscope operates
in Bright-Field mode, Dark-Field mode, HRTEM mode, SAED and Convergent Beam Electron
Diffraction (CBED) modes. The JEOL 2100 features a single-tilt stage with a maximum Tilt
Angle of + 80° in Goinometer, here UHR pole section functions at a highest accelerating voltage
(Vmax) OF 200kV. The LaBg filament operates in the pressure range of 10 to 10° Pa in a
vacuum, with a 0.14 nm lattice resolution and a 0.12 nm point-to-point resolution. A Gatan
digital camera is coupled with JEOL 2100 for digital image processing with a largest
magnification of 1.5 million. Additionally, it features an anti-contamination device (ACD)
operates with liquid nitrogen to avert filament contamination from volatile material. The
OXFORD EDS system is integrated to the FETEM for mapping and elemental analysis of the

sample.
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Figure 2.5: (a) Schematic diagram (b) Image of FETEM (lIITG)

2.4.3.2. FESEM analysis

FESEM is an advanced electron microscope utilized for producing high resolution images of
small-sized samples. It operates by scanning a focused beam of electrons with an energy range
spanning from 0.2 -40 electronvolts (eV). To achieve this, the electron beam is precisely focused
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to a diameter ranging from 0.4 nm to 5 nm using one or two condenser lenses. Different pairs of
scanning coils or pairs of deflector plates are stereotypically positioned in the terminal lens,
which control the electron beam’s movement along the x and y axes. The scanning action allows
the beam to transverse the sample’s surface in a raster pattern, covering a rectangular area. As
the beam of primary electrons interact with the sample, it experiences a repetitive random
scattering and absorption, primarily within a teardrop-shaped region within the specimen known
as the interaction volume. This interaction volume covers from below 100 nanometers to
approximately 5 micrometer beneath the surface and varies in size based on factors such as the
landing energy of the electrons, the atomic number of the specimen, and the the specimen's
density. The exchange of energy among the electron beam and the material consequences,
several phenomena, including the emission of secondary electrons through inelastic scattering,
the reflection of high-energy electrons by elastic scattering, and the emission of electromagnetic
(EM) radiation. Specialized detectors are employed to capture and detect each of these signals.
Additionally, the amount of beam current absorbed by the specimen is measured and utilized to
generate images that depict the distribution of specimen current. To visualize and analyze the
signals, electronic amplifiers of various kinds used. The distinctions in signal intensity are
exhibited as brightness variation on a monitor of computer or, a cathode ray tube (for vintage
models). Each pixel of the computer’s video memory is synchronized with the position of beam
on the material, creating a distribution map of the emitted signal’s intensity within the scanned
area of the material. In modern FESEM systems, images are stored as digital data on a computer,
but in older models, high-resolution cathode ray tubes were used for capturing images through

photography.
2.4.3.2.1. Instrument

FESEM [Model: Sigma; Make: Zeiss, USA] are used to record monographs of samples in CIF,
IIT Guwahati, which is capable of magnification around 10-300000x with spatial resolution of
0.1 nm. The OXFORD EDS is attached with FESEM for EDS mapping and elemental analysis
of the sample.
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Figure 2.6: (a) Schematic diagram (b) Image of FESEM (IITG)

2.5, THERMAL ANALYSIS

The thermal studies were carried out by utilizing Thermo-gravimetry analysis and Derivative
thermo-gravimetry analysis. A brief theoretical background of each characterization technique is

covered along with block diagram and image of corresponding instrument.
2.5.1. Thermo gravimetric -Derivative thermo gravimetry analysis

Thermo gravimetric (TG) analysis is basically a tool for studying the change in the mass of a
sample as a function of temperature. Derivative thermogravimetry analysis (DTA) represents
how the mass change grows or reduces with temperature. With the help of this technique, the
evaporation temperatures of the different constituents of samples, as well as the amount of
weight loss due to temperature, can be determined. TG analysis continuously measures the mass
of the sample while the temperature varies over time. It contains a balance capable of measuring
with high precision and a sample holder inside a furnace. The temperature of the furnace can be
controlled by programming. The temperature is gradually raised at a constant rate during the
experiment. A sample purge gas (inert or reactive) is used to maintain the environment around

the sample, it drifts over the sample and exits through an exhaust. The data for TG analysis for
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the sample is collected from the thermal decomposition of the sample. Then it is expressed as a
variation of mass or % of mass of the sample (Y-axis) with temperature (X-axis). This curve is
known as the TGA curve. The first-order derivative of the TGA curve is referred to as the DTA
curve. The DTA curve is used to determine inflection points, i.e., maximum or minimum change

in the TGA curve.
2.5.1.1 Instrument

TGA/DTG analysis had been done with the help of a thermal analyzer (Model: TGA-4000 from
Perkin Elmer, UK) in the Analytical lab, School of Energy Science & Technology, IITG. The

temperature range of the instrument is 15-900 °C.
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Figure 2.7: (a) Schematic diagram of TG/DTA thermal analyzer (b) Image of TGA-
4000 from PerkinElmer (11TG)
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26. OPTICAL CHARACTERIZATION

The optical studies were carried out by utilizing absorption spectra and photoluminescence
spectra. A brief theoretical background of each characterization technique is covered along with

block diagram and image of corresponding instrument.
2.6.1. Ultraviolet-Visible (UV-VIS & NIR) absorption spectroscopy
Beer-Lambert’s law

In UV-VIS & NIR absorption spectroscopy, an electron is excited from the valence band (VB) to
conduction band (CB) with the absorption of a photon in UV-VIS or NIR range. It can be
utilized to estimate the value of the optical bandgap, where the absorption coefficient (a) is
calculated using the relation,

2303 x log(absorption) (2.20)
* = thickness of the sample

Tauc Plot

The association between the absorption coefficient (o) and the incident photon energy (hv) can

be presented as:

ahv = A(hv - Eg)n (2.21)
Here, A is a constant, and Eg4 stand for the bandgap energy of the material. Here direct
band gap (n = %2) and indirect band gap (n = 2) material have different value of n, where the

optical bandgap is estimated by extrapolating the straight line portion of Tauc plot.
2.6.2. Photoluminescence (PL) Spectra

PL spectra are emissions from luminescent materials where electrons in the materials are excited
from the VB to the CB by gaining the photon energy from the excitation source, which is greater
than the band gap of the materials. It is a non-destructive characterization technique used to
study the electronic structure of the band gap in semiconductor materials, along with the
characteristic of structural and compositional defects within the materials, such as the existence

of involuntary dopants and surface-associated defects. The presence of impurity levels and their
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position can also be identified from PL spectra. The light sources are aligned at an angle of 90°
geometry to the sample, as in Fig 2.7 (b).In direct band gap semiconductors (TiO,), the electrons
in the conduction band promptly relax by emitting photons of energy equivalent to the band gap
of the material. Electrons could potentially recombine with defects and perturbations within the
lattice structure of the material, including valence band holes. These extra energy states might

influences the characteristics of the emitted photons.

The UCL and DCL mechanisms have already been discussed in chapter 1, section 1.3.
UCL and DCL spectra are basically PL spectra measurement, which are measured using a

spectrometer using a monochromatic excitation source (e.g. Aex = 980 or 808nm).
CIE diagram

The CIE 1931 color co-ordinates were the first to perceive the quantitative relations amid
distributions of wavelengths in the visible EM spectrum and the physiological perception of
colors in a human eye. The mathematical relations that describe these color spaces are crucial
tools for color management and are vital when dealing with illuminated displays, color inks, and
image processing devices for instance digital cameras. The CIE diagram represents each possible
color with a pair of numerical co-ordinates (X, y), representing hue and saturation (also called
colorfulness), respectively. The mixing of different colors of light can be observed, and the
purity of the resultant color from luminescent material are also be determined geometrically from
the CIE diagram.

Life time measurement

The rate of depopulation of an excited state can be represented by its life time. The longer the
lifetime of a radiative transition, the more suitable the system is for laser applications. The
lifetime of an excited state of RE jons varies from 50 ps to 10 ms in different matrices. In
general, the lifetime of RE®" ions are estimated in two different ways: calculated (here defined as
radiative) lifetime and experimental lifetime. The radiative lifetime of a particular upper state is
calculated using J-O theory, whereas the experimental lifetime is evaluated from the time co-
related PL spectra. The radiative lifetime estimated from the J-O theory is always greater than

experimental lifetime because it contains the non radiative contributions like cross relaxation,
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multi-phonon relaxation etc. The PL quantum efficiency can be expressed as the ratio of

experimental lifetime (7) to the radiative life time (t154) Of & particular metastable state.
2.6.3. Photoluminescence excitation (PLE) Spectra

PLE spectra represent the transformation in PL intensity as a function of the wavelength of the
excitation light. Here wavelength of the emission monochromator (Aem) IS fixed to an identified
PL emission wavelength from the material, and the wavelength of the excitation monochromator
is scanned across the anticipated excitation range, recording the PL intensity on the detector as a
function of excitation wavelength. If the material complies with Kash’s Rule and Vavilov’s rule,
then the PLE spectrum will be indistinguishable to the absorption spectrum. PLE spectra can,
therefore, be termed as PL-sensed absorption spectra.

2.6.4. Instrumentation
The optical characterizations of the dense glass ceramic materials are performed using following

instruments.

2.6.4.1. Spectrometer (iHR320)

The optical absorption spectra are acquired at room temperature by employing a spectrometer,
specifically the iIHR320 model from Horiba Scientific, in conjunction with the with the Syner
JY™ software. The spectroscopic system was configured with a medium scan speed and a
sampling interval of 0.5 within the wavelength range of 200-800 nm. The iHR320 spectrometer
is equipped with integrating acquisition and data analysis capabilities. The iIHR320 model
incorporates a CCD detector and lacks an internal light source. Therefore, an external light
source, in the form of an incandescent bulb, was utilized to cover the entire spectral range from
visible to the infrared (IR) region for the purpose of recording absorption spectra. Due to the
inherent weakness of UV emissions from the bulb, it was not suitable for capturing absorption

spectra in that specific region.

For the acquisition of absorption spectra, the external light source was positioned and
directed through the monochromator, as illustrated in Figure 2.8 (a). The monochromator’s was

carefully adjusted to allow the light to pass through, subsequently reaching the detector. The
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detector, equipped with a CCD, then discerned the intensity of the incident light at various

wavelengths within a predefined range.

O_}_ Sample > Monochromator - CCD Detector ——{ Computer
et |
Excitation Source
Saple _\J —l M CCD Detector [—>— Computer
compartment

Figure 2.8: Schematic diagram of the recording (a) Absorption and (b) PL
spectra(c) Image of iIHR320 imaging spectrometer (MZU).

2.6.4.2. Horiba Fluromax 4

A 150 W Xenon lamp laser of wavelength of 350 nm is used as the excitation source. PL is
collected by a collimating lens, where a photomultiplier tube measures the PL intensity over the
range of wavelengths. For PL spectra, light sources of 370nm and 430nm of diode laser of max

power 2 watt is utilized at 90° geometry to the sample.

2.7. CONCLUSION

This chapter explores into a comprehensive discussion of the ex-situ sol-gel method, with a
particular emphasis on its utility for crafting dense glass, phosphor, and thin film samples doped
with RE* ions in doped ZnO-SiO, and TiO,-SiO, binary composite. Additionally the chapter
provides a detailed explanation of various physical, structural, morphological and thermal

analysis techniques employed for the sample characterization. Notably, optical characterization
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take center stage in this research and the discussion touches upon the recording of absorption and

emission spectra in a concise manner.
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CHAPTER-3

STRUCTURAL, MORPHOLOGICAL, THERMAL AND OPTICAL
CHARACTERIZATION OF Pr¥ - Yb* ION CODOPED TITANIA- SILICATE
DENSE GLASS

This chapter is focused on synthesis method of STPYX-DGC and -TF along with
structural, morphological, thermal and optical characterization of these samples.
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Chapter- 3

Structural, morphological, thermal and optical characterization of Pr¥*-Yb** ion co-doped
Titania- Silicate dense glass ceramic and thin film

3.1. INTRODUCTION:

Herein, Pr¥* (0.7 mol%) and Yb** (X mol%; X= 0.0, 0.7, 1.5, 3.0) ions co-doped titania-silicate
(STPYX) solution were prepared through ex-situ sol-gel method. The STPYX final solutions
were further used to prepare dense glass-ceramic (DGC) and thin film (TF) samples. The
structural characterization of the STPYO07-DGC sample was performed using the X-ray
diffraction (XRD) pattern and Fourier transformations infrared spectroscopy at different
annealing temperatures to investigate the structural evolution of the sample at different annealing
temperatures. The morphological characterization of the STPYX-DGC and -TF samples were
analyzed via Transmission electron microscopy (TEM) and Scanning electron microscopy
(SEM) respectively. The energy dispersion spectroscopy (EDS) was used to understand the
doping purity of the samples. The thermal characterization of the STPYOQ7 xerogel was
performed using thermogravimetric (TG) analyzer and differential scanning calorimetry (DSC)
to record the difference in the amount of heat required to increase the temperature with respect to
the copper crucible as a reference material. Finally optical properties of these as-synthesized
STPYX-DGC materials were studied using absorption and photoluminescence spectroscopy in

this chapter.
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3.2.  SYNTHESIS: RE* ion co-doped TiO,-SiO, binary composite

The ex-situ sol-gel synthesis of the STPYX-DGC materials were initiated with two separate
solutions, namely “SOL-B: stabilized-TiO, and “SOL-A: activated-SiO,”. The SOL-B and
SOL-A were admixed in 1:9 mol ratios respectively to ensure final solution for RE** ion doping
(Fig. 3.1). The admixing of mutually immiscible TEOS and water leads to inevitable phase
separation during the hydrolysis-condensation of SiO, compound. Here, the pre-mixing of TEOS
in alcoholic medium promotes the dispersion of both TEOS and water, thereby helping to
prevent phase separation (Livage 2004), (Chen, Huang, and Perng 2012). The equimolar ratio of
TEQOS and water (r =1) was retained in initial stage to promote pre-hydrolysis TEOS. The SOL A
was prepared by admixing TEOS: EtOH: H,O: HNO3z = 1: 30: 1: 0.5 molar ratios and stirred
vigorously for 90 min at 60 °C. In “AcAc-stablized TiO,” solution, TIPO was added initially to
PrOH to avoid evaporation where AcAc was added as a stabilizer. The dropwise addition of
AcAc reacts exothermally and produces a clear orange solution. The equi-molar ratio was
maintained for AcAc and TIPO. The TiO, solution is stirred for 20 min at room temperature to
get a stable jelly-like sol. The pH of the solutions is maintained at 1.5 to reduce the time of
gelation by maintaining the viscosity of the solution. The composite SiO,-TiO; binary solution
was further stirred vigorously for one hour and the remaining water is slowly added to maintain
1:4 molar ratio of Si: DI water for completion of the hydrolysis and condensation. The salt of
Pr** and Yb** ions were dissolved in MeOH in final stage before admixing to the SiO,-TiO;

composite solution under uninterrupted stirring for 60 min.

The final solution (SOL-C) was poured in to a polypropylene container to convert into
the STPY X-xerogel materials within three weeks of aging at room temperature. The annealing of
the STPYX-xerogel materials were performed in two steps where the materials were dried
gradually in hot air oven up to 235°C before heating ca. 900 °C for one hour in an electric muffle
furnace at the cooling rate of 1.0 °C/min. Here STPYO00, STPY07, STPY15, and STPY30 are
representing STPY X-DGC materials with fixed Pr** (0.7 mol%) ion and varying Yb** ion molar
concentration (X mol%; X= 0.0, 0.7, 1.5 and 3.0 ) respectively with respect to the total 9.98

mmol of SiO,-TiO; binary solution.
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(TEOS+MEOH)+ DEIONIZED (TIPO"’ PrOH) +AcAc
WATER+ Nitric Acid

(Stirring for 90 min @ RT)  (Stirring for 15+15 min @ RT)

v

Silica sol Titania sol

Mixing A+B Stirring for 1Thr @ RT

RE salt +
MEOH

(Added drop wise)

/BN

Ageing for 1day @RT Ageing for 2 weak@RT

Spin coated/Dip coated RE ion co-doped:
Titania-Silicate Xerogel

RE ion co-doped. Titania- RE ion co-doped: Titania-
Silicate thin film Silicate binary glass

Figure 3.1: Schematic diagram of (a) ex-situ sol-gel preparation (inset) Image of
the STPY X-DGC materials
The STPYX-TF samples were prepared on cleaned Si wafer from final STPY X solution
after aging for one week. The spin-coating of these thin films are performed at 3000 rpm for 30
sec with successive baking at 90 °C before annealing at higher temperature. The cleaning and
priming of Si substrate is followed as mentioned elsewhere (Shi et al. 2016). Here STPY X were
annealed at three different temperatures (900 °C, 700 °C and 235 °C).
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3.3. STRUCTURAL CHARACTERIZATION

The structural characterization was performed with ATR-FTIR spectroscopy and XRD pattern at
different annealing temperatures to highlight the structural growth.

3.3.1. XRD analysis

XRD measurement of the STPYO07-DGC material annealed at three different annealing
temperature (235, 700, 900 °C) have a broad diffraction peak at 15° and 30° which is relatable to

the amorphous nature of the SiO, component as in Fig. 3.2.
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Figure 3.2: XRD spectra of the STPY X-DGC samples at different annealing temperature.

The crystalline growth of TiO, at higher annealing temperature (< 900 °C) suppresses the
amorphous nature of the as-synthesized material (El-Bashir 2017), (Amin et al. 2018). No
amorphous diffraction peak of the a-cristobalite phase was observed for the STPY07-DGC
material The diffraction peaks of TiO, nano-crystallites as rutile (200), rutile (111), anatase
(202), and rutile (220) phase have been observed for two thetas (20) values at 26.64°, 40.64°,
46.08° and, 56.1° respectively as reported elsewhere (Ismail et al. 2007). The enhancement of
intensity was observed with the escalation in annealing temperature. The temperature-dependent
crystalline quality improvement of the TiO, compound can enhance the photoluminescence of
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immovable RE*" ions in the crystalline host. Thus as-synthesized and -annealed STPY07-DGC
material is converted into glass-ceramic at 900 °C.

The STPYX-TF samples were observed as amorphous although Si substrate peaks (Fig
3.3) are observed due to the formation of cracks at higher annealing temperatures which is also
confirmed by the SEM monograph. A shift in high annealing temperature is observed due to the
possible formation of Anatasa phase (101) of TiO, which only can be confirmed if the film is

annealed at a higher annealing temperature as mentioned elsewhere (Amin et al. 2018).
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Figure 3.3: XRD spectra of STPYO07-TF thin film at different annealing temperature.

The amorphous silica peak shift toward left and become narrow with rise in annealing
temperature due to the crystallization. Thus homogeneous and regular dispersion of Ti and Si
atoms in the composite solution is promoting Ti—O-Si bond along with TiO, particle in
amorphous SiO, to offer a better host for RE** ion doping (Amin et al. 2018).

3.3.2. ATR-FTIR Spectra

Figure 3 shows ATR-FTIR spectra of STPYOQ7-xerogel and -DGC sample annealed at different
temperature as in Fig 3.4. The FTIR absorption bands for the xerogel material around 3356 cm™
(Buarque et al. 2018) and 1658 cm™ due to the telescopic and angular vibrations of the OH™ bond
respectively (Sun et al. 2020). The removal of surface adsorbed water in the material annealed at
higher temperatures (ca. 235, 700 and 900 °C) is useful against hydroxyl-quenching (Wang et al.
2013). The Si—O-Si bonds with symmetric (vs) and asymmetric (vas) Vibration were observed
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from the absorption band around 779 and 1064 cm™ respectively (Chang et al. 2018), (Wang et
al. 2013). The formation of TiO, crystallite is confirmed with corresponding peaks at 448 cm™

for Ti-O-Ti bridging stretching mode.
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Figure 3.4: ATR-FTIR spectra of the STPY07-DGC sample at different annealing

temperature.

The important result of this characterization is stretching vibration at 941 cm™ which can
be attributed to the Si—O-Ti bond (non-bridging oxygen) formation during condensation reaction
(Wang et al. 2013) and stretching mode [ vSi-Oq4 ] of dangling Si-O (Chang et al. 2018). These
results confirm the existence of oxygen-related defects in the host matrix which considerably

impacts the luminescence properties of the STPY07-DGC materials.
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Table 3.1: FTIR peak positions and its different assignments for STPY07-DGC samples

Wavenumber Assignment Observation
(cm™) intensity
524 Si-0O, asymmetric stretching vibrations, O-Si-O stretching Strong, broad
[*]
540 NBO (Non-bridging oxygen) [*] No peak
612
671 Si-0 of SiO, symmetric bending [*] No peak
771 OH
925 Si-OH, SiO group, Si-O-Ti bonds (Weisenbach et al. Strong
1991), (Wang et al. 2013),
1041 Si-O-Si bonds (Wang et al. 2013), SiO, asymmetric Intense peak
stretching [*]
1334 Ti-O-Ti [*] Minor peak
3271 OH stretching vibration of different Si-OH species and Broad, strong

water molecule (Wang et al. 2013)

The presence of RE** ion was not confirmed in the structural analysis RE*which may be
due to the lower concentration of RE®" ion in the host matrix structure or complete dissolution of

* ion without agglomeration (J. et al. 2020).

3.4.  Morphological characterization

The morphological characterizations of the STPY07-DGC and -TF samples were performed
using the FETEM and FESEM analysis respectively.

3.4.1. FETEM analysis

FETEM micrographs of the annealed STPYQ07-DGC material were shown in Fig. 3.5 (a-b); the
agglomeration of the composite is endorsed along with the occurrence of TiO, crystallite in the
SiO, matrix. The observed border fogging confirms the existing connections among the silica
particles (Wang et al. 2018). The amorphous nature of SiO, was confirmed with the diffuse
nature of the selected area electron diffraction (SAED) pattern as in Fig 5 (c). Three bright spots
in the SAED pattern were related to the anatase and rutile phase of TiO, nano-crystallites

although the domination of amorphous SiO, over lower concentration of crystalline TiO,
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screened complete crystalline growth. The rise in annealing temperature and concentration of
TiO, doping are developing crystalline nature although we fixed TiO, concentration (10 mol% of
Si0,) for the composite solution (Minehan, Messing, and Pantano 1989). The presence of Si, O,
Ti, Pr, and Yb in the as-synthesized material was confirmed via FETEM-EDS spectra as in Fig
5(d).

0 2 3 4
Full Scale 20001 cts Cursor: 4,909 (104 cts)

Figure 3.5: FETEM image at magnification bar at (a) 20nm (b) 200 nm, (c) SAED
pattern, (d) EDS spectra of the annealed STPY07-DGC material.

3.4.2. FESEM analysis

FESEM micrographs of the STPYQ7-TF are reported with different scale bars as in Figure 3.6 (a-
c). The large flaky size and large cracks with inhomogeneous distribution are observed
throughout the coatings which is a consequence of high annealing temperature as it induces
surface tension between the film and the air along with rise in capillary forces and generation of

cracks on the surface (Halin et al. 2017). Figure 3.6 (b) and (c) are taken from the edges of the
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samples and centre of flaky respectively. The porous nature of STPYQ7-TF can enhance the
required antireflection and transmission properties of promising upconversion and

downconversion layer on Si-solar cell.

Signal A= InLens
T GUWAHAT!
Mag= 600X

Figure 3.6 (a, b, c): SEM image of STPYO07-TF annealed at 900 °C

SEM-EDS analysis of STPYOQ7-TF was performed to investigate the presence of Si, Ti,
O, Yb and Pr in the thin film which is confirmed as 51.6, 46.7, 0.8, 0.7 and 0.2 atomic %
respectively as in Fig. 3.7.

Si Kal Ti Kal
10um

PrLal 0O Kal Yb Mo
Tym * 10um 10um

Figure 3.7: SEM-EDS image of the STPY07-TF annealed at 900 °C
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SEM-EDS component mapping image of the STPYQ7-TF sample is cited with the location-
specific identification of Ti, Si, O, Yb, and Pr in the thin film which are visually confirmed
although component distribution is not very homogeneous due to evaporation of adsorbed water
and trapped solvents present during coating.

3.5. THERMAL CHARACTERIZATION

The TG and DSC analyses of the STPYO07-xerogel material with temperature rise are shown in
Figure 3.8 (a, b). The TG curve depicts a gradual weight loss of around ~17% up to the
remaining 83% mass for the original. The prominent exothermic peak in the DSC curve at
around 70 °C is due to the evaporation of adsorbed and absorbed water as shown in Fig. 3.8 (b)
(Kakoti et al. 2019), (Zielinski et al. 2017). The glass transition temperature (Tg) at 60°C is an
important parameter where the xerogel starts converting into dense glass. The decomposition of
ethoxy and butoxy groups occurs in the 80-150 °C temperature range with a second exothermic
peak in the DSC curve (Kakoti et al. 2019).
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Figure 3.8: (a) TG-DTA and (b) TG-DSC curve of the STPYQ7- xerogel

Temperature (°C)

The thermal stability of the STPY07-DSC material at higher temperatures is confirmed
with an almost straight curve in the range ca. 450-900 °C. The nature of TG curves is
independent of RE®** ion doping concentration (J. et al. 2020). The optical characterization of the
STPYX-DGC material was performed in two ways. Initially, absorption spectra of the material
were recorded to signify the possible excitation channels. In the next phase, the samples were

excited with specific excitation wavelength to obtain the photoluminescence spectra. The
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excitation wavelengths of photoluminescence studies were chosen to maximize the material’s

absorption cross-section.
3.6.  Optical characterization

3.6.1. Absorption spectra

Fig. 3.9 shows that the absorption peaks of the STPY07-DGC material can easily be assigned to
the earlier recorded spectra (Dwivedi, Rai, and Rai 2008). The absorption peaks have been
confirmed for excitation of 4f electron from the ground state of Pr®* ions for a transition from
ground state [°H. ] to different excited state [°P; (J=0,1,2), 'D,]. The absorption peaks at 980 nm
is relatable to the *F7;, —*Fs, transition of Yb®* ion with the shoulder at 1060 nm due to the stark
splitting of ?Fs, state (Liang et al. 2021), (Dwivedi et al. 2008) as depicted in schematic diagram
Fig 3.12.

( ——Absorption Spectra
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3+ ,2 2
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Figure 3.9: Absorption spectra of the STPY07-DGC material
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3.6.2. Upconversion luminescence spectra

Fig. 3.10 shows a novel ultra-broadband UCL spectra of the STPYX-DGC materials for
excitation photon of wavelength (A= 980 nm) for different Yb®" ion concentration. The
broadband °P;—°H, (450-750 nm), *Po—°Fi=345 (450-750 nm) and *P;—'G, (ca. 900 nm)
transitions of Pr®* ion are assigned to the earlier recorded UCL spectra (Nizamutdinov et al.
2019), (Zou et al. 2016). The broad emission does hamper clear identification of the contribution
of the *P;—°H; transitions. The optimized UCL has been observed for material with Yb®" ion
concentration of 1.5 mol%. The gradual intensity enhancement has been observed with an initial
increase in Yb** ion concentration to 1.5mol% and successively falls with further rise in Yb** ion
concentration. The transfer of energy from Yb** to Pr** ion is usually low due to the cross-
relaxation between Pr** jon (Dieudonné et al. 2013). The possibilities of energy back transfer
from Pr** ion to Yb®" and concentration quenching of Yb®" ion has been impacting quantum
yield of UCL process (Dieudonné et al. 2013).
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Figure 3.10: UCL spectra of the STPY X-DGC samples under 980nm excitation
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3.6.3. Downconversion luminescence spectra

The DCL spectra of the STPYX-DGC materials were reported in the UV-VIS region, utilizing an
excitation wavelength of Aex = 450 nm (ca. 222222 cm™) corresponding to the Pr¥*: *H,—°P,
transition. The emission peaks typically stem from *Py—°Ha 56 and *Po—°F23 4 transitions, along
with the weaker 'D,—3H, ¢ transitions of the Pr** ion, as illustrated in Fig 3.11 (Chen, Huang,
and Zhang 2009) (Saeed, Coetsee, and Swart 2020). Non-radiative relaxation among the P, and
3py multiplates occurs due to the narrow energy gap (Chen et al. 2009). The co-doping of Yb**
ion was anticipated to facilitate quantum cutting (QC) of one visible photon into two NIR
photons, but this phenonomenon is not observed in the PL spectra of the Pr** -Yb®" ion pairs
(Wen and Tanner 2011). The maximum phonon energy of the SiO,-TiO, binary host (ca. 1100
cm™) and the relatively small energy difference between the 3Pq and 'D; states (ca. 3780 cm™)
allow bridging the energy gap by three photons, initiating multiphonon relaxation from *P, to ‘D,
multiplets (Wen and Tanner 2011).
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Figure 3.11: DCL spectra of the STPYX-DGC materials for 450 nm excitation
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3.6.4. Results and discussion
3.6.4.1. Judd-Ofelt (J-O) parameters

In accordance with the J-O theory (Judd and Lindgren 1961) (Ofelt 1962), the analysis of
radiative transitions associated with the 4f* configuration of Pr** is rooted on the absorption
spectra of Pr**ion (Fig. 5) (Hehlen, Brik, and Kramer 2013), (Hua et al. 2017). The J-O intensity
parameters [Q, (A = 2, 4, and 6)] for Pr** within the STPY07-DGC sample are determined
through a least square fitting approach, utilizing both the experimentally derived oscillator
strength (fexp) and the calculated oscillator strength (fca), using the obtained squared matrix
elements (Carnall, Fields, and Wybourne 1965). The intensity parameter €, iS notably
susceptible to the asymmetry and covalency of the RE** ions, while Q4 and Qg are linked to the
bulk property and rigidity of the materials, respectively. Higher values of Q) represent a
pronouncedly asymmetrical and strongly covalent environment, owed to the presence of TiO,,
which changes the ligand field of Pr** and thus achieves intense fluorescence emission (Hua et
al. 2017).

Table 3.2: J-O intensity parameters and oscillator strengths of Pr* ion

Transitions  Wavelength  Energy fexp fexp Q, Q, Qg
*H,— (nm) (cm™) (x10%)  (x10°) (10%cm?)
'D, 589 16957 1.3302 0.7411
Py 482 20705 0.4903 0.3088 7.014 0.4850 3.472
%p, 469 21315 0.8305 0.9766
°p, 444 22487 1.6136  1.8073
Refractive (23+1) =9 Thickness = 0.2 cm Concentration of Pr** ion RMS=
Index =1.67 Radius = 0.8cm =0.1280 mol/L 0.6152

The comparison of J-O parameters of the Pr** ion is tabulated in Table 3.3. Here €, is
sensitive to the structure and is also correlated with the symmetry and degree of covalency in the
chemical bonds among the Pr** ion and the coordinating ligands (Bokatial and Rai 2012). The
relatively high value of Qg is correlated with the less rigid TiO,-SiO; host matrix (Hehlen et al.
2013). The larger spectroscopic quality factor (Q4/€Qs) indicates higher stimulated emission

cross-section and lower photoluminescence intensity.
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Table 3.3: Comparison of calculated Judd-Ofelt intensity parameters

Host Q, Qg Q,/Q

Present work 7.014 0.4850 3.4728 0.1396

Tellurite (Hua et al. 2017) 3.23 3.56 0.6264
CdSs- SiO, (Bokatial and Rai 2010) 10.58 7.4 0.95 7.79

The assessment of radiative properties, such as probabilities of spontaneous emission

(Avrag), luminescence branching ratios (), and radiative lifetime (traq), for the optical transitions

of Pr’* in the STPY07-DGC can be obtained using the J-O intensity parameters, which is

presented in Table 3.4.

Table 3.4: Radiative parameters

Transition Wavelength Energy Ag Br T
(nm) (cm™) % (%) (1s)
*P— *H, 468 21367 748.10 7.62 101.88
*Hs 519 19267 1289.41  13.13
*H, 586 17064 357.74 3.64
*F, 611 16366 2991.1 30.47
3F, 668 14970 5167.89  52.65
°F, 687 14556 366.28 3.74
Ar = 9814.68 s
'Dg— *H, 595 16806 216.25 10.40  481.28
*Hs 678 14749 3.48 0.16
*He 800 12500 67.81 3.26
°F, 842 11806 124.95 1.27
°F, 956 10460 101.90 4.90
°F, 995 10050 1563.37  75.24
A = 2077.79 s
Ar(sh = 1297.86 us
*Po— *F, 718 13661 131.33 3.32 253.47
°F, 635 15748 2931.56  74.30
*He 608 16447 186.62 473
*H, 482 20746 695.65 17.62
Ar= 3945.18 s
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3.6.4.2. Energy transfer upconversion (ETU)

ETU mechanism of the Pri*-Yb®" ions pair is helpful in the transfer of energy among this
activator to sensitizer ion pair as in Fig 3.12. In ground state absorption (GSA) of two NIR
photon leads to excitation of Yb®** and Pr** ions to respective excited state. The absorption of
photon through the ?F7,—%Fs), transition path of Yb®" ion ends up transferring energy to a
nearby ion at excited state. Thus excited electron of Pr®* ion jumps up from G, (10176 cm™)
state to *Pg (20683 cm™) state. The population of *P; (21302 cm™) state is also observed from
emission spectra where thermal energy play critical role. Thus excited electron at Py and P,
states may come to ground state (*H,) by emitting a photon of higher energy as shown in figure
below. The intensity enhancement of UCL has a direct relationship with presence of more
available Yb** ion around each Pr** ion which usually increases with the doping concentration of
Yb® ion. Here Yb*" ion plays a role of efficient activator by absorbing photon of 980 nm and
transfer it into a nearby Pr’* ion. Further, rise in Yb® ion concentration has negatively
influenced luminescence because the excess acceptor ion (Yb*") promotes transfer of energy to a

nearby acceptor (Yb**) ion in the ground state.

A Absorption/UCL mechanism of Pr3+/Yb3+ ion pair co-doped system
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Figure 3.12: Schematic ETU mechanisms of Pr¥*-Yb®" ion pair in the STPY X-DGC material

The investigation on concentration dependence indicates that the UCL spectra are most
effective when the concentration of Yb®* ions is twice that of Pr’* ions in the sample.

Consequently, having two Yb** ions surrounding one Pr** ion enhances the desired luminescence
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outcomes. However, a subsequent rise in the concentration of Yb®" ions adversely affects the
intensity of the UCL spectra.

3.6.4.3. CIE-chromaticity diagram

Fig. 3.13 presents the CIE chromaticity coordinates of corresponding UCL of the STPYX-DGC
materials. The change in CIE coordinates with respect to Yb®" ion concentration towards red

region endorses color tunability of the as-synthesized material.
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Figure 3.13: CIE chromaticity diagram of the STPYX-DGC material at different Yb** ion

concentration (Color is indicative only)
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3.6.4.4. Confocal PL microscopy

Figure 3.14 represents confocal PL mapping of the STPY15-DGC material at 980 nm excitation
wavelengths, observed as the most intense among all other as-synthesized materials. It also cites
a non-uniform UCL intensity distribution due to the uneven topological surface of the material in
powder form. Thus, PL mapping results of the STPY15-DGC materials endorse throughout
spatial UCL emission (Kumar et al. 2018).

Figure 3.14: PL confocal mapping of the STPY15-DGC material

3.7.  CONCLUSIONS

In conclusion, the STPYO07-DGC and -TF materials have been successfully synthesized using an
improved ex-situ sol-gel method and annealed at three different annealing temperatures (235,
700 & 900 °C). The absence of OH- molecules with increasing annealing temperatures offers an
advantage against the hydroxyl quenching of luminescence. The formation of a pure oxide phase,

as well as non-bridging oxygen (Ti-O-Si) bonds, promotes an asymmetric TiO,-SiO, binary host.

103



The presence of anatase and rutile phases of TiO, nano-crystallites in an amorphous SiO,
background at higher annealing temperatures supports the luminescence of Pr®* and Yb** ions in
a crystalline environment, where the RE** ions are immobilized in crystalline surroundings. The
existence of the Pr** and Yb®* ion pair was confirmed by the EDS spectra. Based on TG/DSC
analyses, the material was found to be thermally stable, with thermal decomposition identified at
80 and 120 °C. Therefore, the material can remain stable even in adverse environmental
conditions. From optical analysis, an ultra-broadband UCL of the STPYX-DGC materials was
obtained for the first time, optimized for the STPY15-DSC material. PL confocal mapping of the
STPY15-DGC material confirms UCL throughout the space material in powder form. The
concentration of Yb** ion has been observed as a color-tunable factor of UCL spectra from white
to red. The obtained outcomes endorse that the STPY15-DGC material is optically active and
capable of ultra-broadband red UCL for near-infrared excitation at 980nm, suitable for diverse
photonic applications such as solar photovoltaic, thermal sensor, lighting and display device, soft
robotics, soft electronics etc. The as-synthesized STPYEQ7-DGC material has been observed as

optically active with possible application in various photonic applications.
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CHAPTER- 4

STRUCTURAL, MORPHOLOGICAL, THERMAL AND OPTICAL
CHARACTERIZATION of EX-SITU SOL-GEL SYNTHESIZED Nd* - Yb*
ION CODOPED ZINC- SILICATE (SZNYX) DENSE GLASS CERAMIC

This chapter is focused on synthesis of SZNYX-DGC and -TF along with
structural, morphological, thermal and optical characterization of these samples.






Chapter- 4

Structural, morphological, thermal and optical characterization of ex-situ sol-

gel synthesized Nd**-Yb®" ion co-doped Zinc- Silicate dense glass and thin-film

4.1. INTRODUCTION:

Herein, Nd** (0.7 mol%) and Yb** (X mol%; X= 0.0, 0.7, 1.5, 3.0) ions co-doped
zinc-silicate (SZNY X) solution were prepared through ex-situ sol-gel method. The
SZNYX final solutions were further used to prepare dense glass-ceramic (DGC) and
thin film (TF) samples. The structural characterization of the SZNY07-DGC sample
was performed using the X-ray diffraction (XRD) pattern and Fourier
transformations infrared spectroscopy at different annealing temperatures to
investigate the structural evolution of the sample at different annealing temperatures.
The morphological characterization of the SZNYX-DGC and -TF samples were
analyzed via Transmission electron microscopy (TEM) and Scanning electron
microscopy (SEM) respectively. The energy dispersion spectroscopy (EDS) was
used to understand the doping purity of the samples. The thermal characterization of
the SZNYO07 xerogel was performed using thermogravimetric (TG) analyzer and
differential scanning calorimetry (DSC) to record the difference in the amount of
heat required to increase the temperature with respect to the copper crucible as a
reference material. Finally, optical properties of the resulting STPYX-DGC materials

were investigated using absorption and photoluminescence spectroscopy.
42.  SYNTHESIS: RE* ion co-doped ZnO-SiO, binary composite

The SZNYX solutions were prepared with an ex-situ sol-gel route where two
different solutions of “MEA stabilized-ZnO~ and “activated-SiO,” were admixed to

have ZnO-SiO, composite solutions. The phase separation is inevitable during the
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hydrolysis-condensation process because TEOS and water are not miscible with each
other. Pre-mixing of TEOS with MeOH improves dispersion in water. The pH of the
solution was kept below 1.5 to maintain the viscosity. The mol ratio of TEOS to
water (r=1) was maintained initially to prepare “activated-SiO,”. The “activated-
Si0,” solution was stirred vigorously for 90 min at 60 °C. The molar ratio TEOS:
MeOH: H,O: HNO3; = 1: 30: 1: 0.5 was maintained for the SiO, solution. “MEA
stabilized -ZnO” solution was prepared by admixing zinc acetate di-hydrate to
MeOH where MEA was added dropwise as a stabilizer under continuous stirring for
15 min at 60 °C to transform into a jelly-like solution. The molar ratio for zinc
acetate di-hydrate and MEA is maintained at 3:1. The “MEA stabilized-ZnO~ and
“activated-SiO,” solutions were admixed to have final solutions of 1:9 mol ratio
Finally, Nd** and Yb** ions salt was dissolved in MeOH before being admixed to the
mixture under continuous stirring for another hour. The DI water was added in the
final stage to maintain Si: water (1:4) molar ratio to complete the hydrolysis and
condensation. The final solution was transformed into the SZNY X-xerogel samples
in a sealed container after three weeks at room temperature. The xerogel samples
were initially dried slowly from room temperature to 235 °C in a hot air oven and
then annealed further up to 900 °C at the rate of 1 °C per min in an electric muffle
furnace. The xerogel samples were dried slowly up to 235 °C in a hot air oven and
then annealed to form dense glass through annealing up to 900 °C at the rate of 1°C
per min for 1hr in a muffle furnace. Here SZNY00, SZNO7, SZNY15, and SZNY30
are representing the SZNYX-DGC samples with Yb®*" ion molar concentration X=
0.0, 0.7, 1.5, and 3.0 mol% of total mol of [Si+Zn] in the binary solution
respectively.

The SZNYX-TF samples were prepared on cleaned Si wafer from final
SZNYX solution after aging for one week. The spin-coating of these thin films are
performed at 3000 rpm for 30 sec with successive baking at 90 °C before annealing
at higher temperature. The cleaning and priming of Si substrate is followed as
mention elsewhere (Shi et al. 2016) . Here SZNY were annealed at three different
temperatures (900 °C, 700 °C and 235 °C).
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Figure 4.1: Schematic diagram of preparation of the SZNY binary host

STRUCTURAL CHARACTERIZATION

The structural characterization of the SZNYO07-DGC and -TF samples were

performed using the X-ray diffraction (XRD) pattern and Fourier transformations

infrared spectroscopy.
4.3.1. XRD analysis

The XRD patterns of the SZNYO07-DGC sample annealed at different temperatures
were obtained as shown in Fig. 4.2. It has an amorphous halo between 15° and 30°
which is a characteristic of the SiO, component of the host matrix. The peaks of ZnO
crystallites are weakly visible because of the low concentration of ZnO (EI-Bashir

2017) or the low annealing temperature (Amin et al. 2018). The XRD pattern
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revealed different peaks at 20 = 20.86° (012), 26.64° (220), 35.16° (042), 39.42°
(104), 40.28° (502), 40.72° (241), 42.44° (502), 45.82° (600), 50.12° (161), 54.10°
(054), 59.62° (006), 64.3° (306), 68.8° (345), and 75.7° (713), indexed as a-
Zn,Si0, crystal phase as in Fig 4.2 (Chandraboss et al. 2013). The intensity
enhancement of the diffraction peak is observed for the SZNYOQ07-DGC sample with
the rise in annealing temperature which is a clear indication of crystalline quality
improvement (Tung et al. 2016). The formation of a tetragonal willemite Zn,SiO4
structure with R-3(148) has been confirmed after comparison with JCPDS card No:
00-008-0492. The SZNYOQ07-DGC sample is converted into glass-ceramic at 235 °C
with the rise in annealing temperature. The annealing temperature is related to the
conversion from the amorphous to the crystalline phase. These results are further
extended to other as-synthesized samples. The presence of the optical center
(Nd**/Yb®* ion) in the ZnO neighborhood promotes luminescence enhancement
(Bang et al. 2005), (Hien et al. 2019).

- 900 °C

=}
N e 700 °C
& — 235°C
SZNY07-DGC (powder)
JCPDS Card No:00-008-0492
a T IN S A : N —_ —~
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l J Y U T et l DU 1 A
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Figure 4.2: XRD pattern of the SZNY07-DGC sample annealed at different

temperature
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The XRD pattern of the SZNYO07-TF samples, annealed at 235, 700 and 900
°C were observed with peaks at 20 = 20.86°, 26.64°, 35.16°, 36.6°, 39.42°, 40.28°,
40.72°, 42.44°, 45.82°, 50.12°, 54.10°, 59.62°, 64.3°, 67.9°, 68.8°, 73.8° 75.7° and
75.7° which can be indexed as a-Zn,SiO, crystal phase as in Fig 4.3 (b) (Chang et al.
2018). The crystalline growth in SZPY07-TF sample annealed at 235 C was hindered
either due to the with lower thickness or lower annealing temperature which may
further affect the detection sensitivity of XRD instrument (Amin et al. 2018). The
SZNY-TF sample annealed at 700 and 900 °C were crystalline in nature.

——SZNY 235 C —
6000 ( b SZNY 700

Thin film on Si substrate
5000 ( a )

Intensity (a.u.)
&

§

Intensity (a.u.)

PN GNPS L SO VPP P ST, S S WY, SRoe

T T T T - T T T r T
20 40 &0 &0 10 20 30 40 50 60 70 80
2 theta (20) 2 theta (20)

Figure 4.3: XRD pattern of the SZNYO07-TF samples annealed at (a) 235 ° C (b) 700
& 900°C.

4.3.2. ATR-FTIR Spectra

The ATR-FTIR spectroscopy has been used as an effective tool for analyzing the
chemical and structural changes of the SZNYO07-DGC sample annealed at different
temperatures in the range of 400-4000 cm™ (Fig. 4.4). The absorption bands at ~
3356 and 1658 cm™ occur due to the stretching and bending vibrations of surface
adsorbed water and OH groups respectively which slowly removed with a rise in
annealing temperature. The Si—O-Si bonds with asymmetric stretching of bridging
oxygen (BO) are observed at around 1054 cm™ (Lee et al. 2017). The overlapping of
the intense band of bending vibration 8(Si-O-Si) at 440 cm™* and the D2 band at 603
cm ! of amorphous SiO, are creating difficulties in distinguishing the characterized
vibrations of ZnO in the SZNY07-DGC sample from Fig 4.4 (Tran et al. 2017). The
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interface of zinc silicate has been evident from the materialization of a shoulder at
950 cm™ because of Zn-O-Si vibration, it also stands for the penetration of Zn into
the Si glass matrix (Raevskaya et al. 2014), (Galedari and Rahmani 2017). The
formation of non-bridging oxygen (NBO) promotes absorption enhancement along
with alteration of absorption edge and decrease in band gap (Lee et al. 2017) which
Is evident from the sharpness of peaks towards the lower wavenumber region. The
ATR-FTIR results confirm the complete removal of hydroxyl impurity and the
presence of oxygen-related defects in the host matrix which significantly influences

the luminescence properties of the SZNY07-DGC sample.

——900°C
(= T700°C
e 235°C
(= xerogel
SZNY07-DGC

|
|
|
|
|
|
|
—
|
|
|
|

Transmittance (a.u.)

| O-H stretching O-H bending:
1 3317 1658
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4.4: ATR-FTIR spectra of the SZNY07-DGC sample annealed at different

temperatures

The presence of RE** ions in the as-synthesized samples has not been confirmed by
structural characterization as the homogeneous distribution of RE** ions do not offer
any structural modification on the host matrix (J. et al. 2020). Thus as-obtained
results can be extended for all other samples with different Yb** ion concentrations.

114



Table 4.1: FTIR peak positions and its different assignments in the SZNYQ07-DGC

sample

Wavenumber (cm™)

Assignment

Observation

509

547
612

671

771

810

879

950-964

1056

1219

1342-1396

1543

3325

Si-0, asymmetric stretching vibrations, O-Si-O stretching
(Helmiyati and Suci 2019), (D1) are assigned to symmetric
breathing modes of four membered rings of SiO2
tetrahedral,
NBO (Non-bridging oxygen) [*]
(D2) are assigned to symmetric breathing modes of three
membered rings of SiO, tetrahedral
Zn-0O-Zn stretching mode (Mossad Ali et al. 2014), Si-O of
SiO4 symmetric bending [*]
O-Si-0 stretching modes (Tran et al. 2017)
Si-O-Si deformation (Mossad Ali et al. 2014)

Zn-0-Si bending vibrations (Mossad Ali et al. 2014),
stretching vibration of Si-OH (Tran et al. 2017),
TO vibration mode of the asymmetric stretching of Si-O-Si
bond (Mossad Ali et al. 2014), SiO, asymmetric stretching
(Kumar et al. 2013)

Zn-0 stretching vibration in
wurtzite hexagonal-type ZnO crystal (Tran et al. 2017)
Zn0-OH band (Kumar et al. 2013), C=C (Helmiyati and
Suci 2019)
Stretching vibration of different Si-OH (Mossad Ali et al.
2014) bonds and H-OH bonds (X. Wang et al. 2013)

Strong, broad

Strong

Intense peak

Minor peak

Broad, strong

44, MORPHOLOGICAL CHARACTERIZATION
The morphological characterization of the SZNYO07-DGC and -TF samples were
performed using the TEM and SEM analysis.
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44.1. FETEM analysis

The FETEM micrographs of the SZNY07-DGC sample were recorded to observe the
morphology of DGC where agglomeration of composite have been confirmed as well
as the presence of ZnO nano-crystallite in SiO, matrix as in Fig. 4.5 (a). The SAED
pattern of the SZNY07-DGC sample has been observed as the growth of the ZnO
crystallites as in Fig. 4.5 (b). The HRTEM image further confirms interplanar
spacing of 0.28 nm in ZnO nano-crystallites as in Fig 4.5 (c). These results from the
FETEM monograph are in also agreement with the XRD outcome. The EDS spectra
of the SZNY15-DGC sample is found to be consistent with the elements (Si, O, Zn,
Nd**, Yb**) supposed to be present in the sample as in Fig 4.5 (d), which is also true

for other as-synthesized samples.

SiK 44.43
ZnK N
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Figure 4.5: TEM image of SZNY07-DGC sample annealed at 900 °C

4.4.2. FESEM analysis

FESEM micrograph of SZNY900C thin is reported with asymmetrical nanoflower
with cracks on the surface with scale 200 nm but in different magnification (100kX
and 150kX) as in Fig. 4.6. EDX analysis of SZNY thin film was performed to
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investigate the presence of Si, O, Zn, Yb and, Nd in the fabricated samples as 2.09,
0.25 and 0.59 atomic % confirmed respectively as in Fig. 4.6.

EMT= 5004V Signal A = InLens
HT GUWAHAT
WD= 2.1 mm Mag= 100.00K X

EHT= 500 kv ignal s
HT GUWAHATY
WD = 2.1 mm Mag= 15000 K X

Figure 4.6: (a, b) SEM image of the SZNY thin film annealed at 900 °C

EDS component mapping image of STPY thin film is performed to
investigate the location specific identification of Zn, Si, O, Yb and Nd in the thin
film which are visually confirmed although component distribution are nearly
homogeneous as pores are created with evaporation of adsorbed water and trapped
solvents present during coating which can benefit SZNY thin film as upconversion

and downconversion layer in Si solar cell.
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Figure 4.7: SEM-EDS image of SZNY thin film annealed at 900 °C

4.5, THERMAL CHARACTERIZATION

TG and DTA of the ZnO-SiO,: Nd*/Yb* xerogel is performed in the nitrogen
atmosphere up to 900 °C to report thermal stability as in Fig. 5. The TG curve
depicts a weight loss of the material in two phases as initially, 30% weight loss
occurred on heating to ca. 120 °C as in inset of Fig 4.8. Two exothermic peaks in the
DSC curve are observed at around 139 °C and 189 °C along with an endothermic
peak at around 119 °C.

Zn0-Si0,: Nd**/Yb** material was found to be thermally stable with an
almost straight curve in the range 220-900 °C which is also indicating phase
transformation of the material. The evaporation of adsorbed water and trapped
solvents in the matrix are the possible reasons for this loss (Zielinski et al. 2017). The
evaporation of chemically bound water, decomposition of surface-bound hydroxide
groups, and other byproducts of the reaction is evident from the first phase of mass
loss with a broad endothermic peak around 70-120 °C. The first exothermic peak at
140 °C is co-related to the combustion of trapped organic solvents which is also seen
as a 30% loss of mass in the TG-DTA curve. The second exothermic peak at 200°C
is co-related to the complete pyrolysis of zinc alkoxide and the energy required for it
to sinter into ZnO crystallite as observed by XRD (Fig. 4.2) with nearly no change in
mass (Tseng et al. 2012). We assume that the nature of TG curves for RE*" ion
concentration is not a factor as the matrix structure remains unaffected with low RE**
ion doping (J. et al. 2020), (Xu, Keefe, and Perry 2004).
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Figure 4.8: TG —DSC curve of the SZNYOQ7 xerogel. Inset TG-DTA curve

OPTICAL CHARACTERIZATION

cross-section.

4.6.1. Absorption spectra

119

Optical characterization of the SZNYX-DGC material was performed in two steps.
Initially absorption spectra of the material were recorded to identify possible
excitation channels. In the next phase, the samples were excited with specific
excitation wavelengths to obtain photoluminescence spectra. Excitation wavelengths

for photoluminescence studies were chosen to maximize the material’s absorption

The absorption spectra of the ZnO-SiO,: Nd**/Yb*" material were recorded in the
VIS & NIR region with the excitation of 4f electrons from the ground state of Nd**
(*lg,—ES) and Yb**(?F7p—°Fs ) ions, as shown in Fig 4.9. Various transitions of

Nd®* ions from the GS to different ES were observed, such as o — “Fap (867nm),



*Fare + “Harz (808 nm); “Sp +*Frp2 (743 nm); *For2 (680 nm); “Huypz (623 nm); “Gsyz +
2Gyp, (581 nm); Gy + “Gopp + “Kiap (524 nm). The absorption peaks at 980 nm
correspond to the F7,—2Fs, transition of Yb*" ions. The most intense absorption
peaks of Nd** ion were observed from the *lg;, — *Fs + 2Hgj, transition (808 nm).
Thus our as-synthesized ZnO-SiO,: Nd**/Yb** material can be excited by a laser

source of wavelength (Aex) 980 nm and 808 nm to obtain photoluminescence spectra.
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Figure 4.9: Absorption spectra of the SZNY07-DGC materials

4.6.2. Upconversion luminescence spectra

The UCL spectra of the SZNYX-DGC samples were observed in visible (VIS) and
near-infrared (NIR) regions using a 980 nm excitation source as in Fig. 4.10. The
contribution of Nd** ion is observed in UCL spectra with the transition of *F; (J= 7/2,
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5/2,3/2) — *lg, (752, 808, 870 nm) and *Gr, — “lgz (540 nm) & “*l11/, (601 nm)
which is only possible because of energy transfer from Yb** ion [*F7,—%Fs,] to Nd**
ions as in Fig 4.12. The intensity of UCL spectra is gradually increased with an
increase in Yb®* ion concentration which is maximized for the SZNY15-DGC
sample. The gradual quenching with the rise in Yb** ion concentration to 3.0 mol%
has been correlated to concentration quenching. The presence of Yb** ions in the
neighborhood of Nd** ion contributes to the enhancement of UCL of Nd** ion
through the transfer of energy which is initially absorbed by Yb** ion. The
concentration quenching is observed at higher Yb*®* ion concentrations due to the ET
among Yb** ions in the ground state. The UCL intensity can enhance with high-
power laser irradiation which is yet to record. The UCL was observed for the
SZNY00-DGC sample with no resonating energy level of Nd** ions at an excitation
wavelength of 980 nm whereas the same observation was made in case of Nd** ion
doped Y03 phosphor material without Yb®" ion due to Er** ion impurity (Sukul and
Kumar 2016). Although we believe that thermal energy plays a supporting role to

excite an electron to metastable state in this case.
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Fig. 4.10. UCL spectra of the SZNYX-DGC materials under 980nm excitation
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4.6.3. Downconversion luminescence spectra

The DCL spectra of the SZNYX-DGC samples are presented in the UV-VIS region
with dex = 450 nm (approximately 222222 cm™), corresponding to the Nd*':
*lorp—?P1y, transition. The emission peaks typically arise from 2Py, — *lop; *Fy (J=
712, 5/2,3/2) — *lgp and *Gyj, — *lor, & *l11o. However, in this specific sample, only
two emission peaks for Nd** ion [*F7, — “*lis2] and Yb* ion [ 4f—5d] has been
observed, as shown in Fig. 4.11 (Muniz et al. 2023). The presence of Yb** ions in the
as-synthesized materials is confirmed by the emission peak at 614 nm for the 4f—5d
transition. Co-doping of Yb*" ions was expected to facilitate quantum cutting (QC)
of one visible photon into two NIR photons. However, this phenomenon is not
observed in the PL spectra of the Nd** -Yb* ion pairs (Wen and Tanner 2011). The
maximum phonon energy of ZnO-SiO, binary host (ca. 1100 cm™) and the relatively
small energy difference between the various energy levels of Nd** ion enable
bridging the energy gap to initiate multiphonon relaxation (Wen and Tanner 2011).
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Figure 4.11: DCL spectra of the SZNYX-DGC sample under 450 nm excitation

source
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4.6.4. Results and discussion
4.6.4.1. Judd-Ofelt (J-O) parameters

According to the J-O theory (Judd and Lindgren 1961), (Ofelt 1962), the radiative
transitions belonging to the 4f* configuration of Nd** can be analyzed based on the
absorption spectra of Nd** ion (Fig. 4.1). The J-O intensity parameters 2, (A = 2, 4,
and 6) for Nd*" in the SZNY07-DGC sample are derived by the least square fitting of
oscillator strength derived from experiment (fex,) and calculation (fe,) oscillator

strength using as obtained squared matrix elements (Carnall et al. 1968).

Table 4.2: Judd-Ofelt intensity parameters and oscillator strengths of Nd** ion

Transitions Wave- Energy fexp fexp Q, Q, Qs
lop— length (cm™) (x10°) (x10°) (102 cm?)
(hm)
*Fan 866 11541 0.4743 0.7045
*Fep + 2Hgp, 797 12546 2.2706 2.4599
Sy +*F7p 743 13455 24773 2.4489 7.4258 1.3166 1.6884
"Gy +°Gp 577 17331 1.6099 2.2961
4Gyt Gt 523 19107 3.4425 2.6317
Kuar
Refractive Index = 1.62 Concentration of Nd** ion =
Thickness = 0.18 cm 0.2477 mol/L
Radius = 0.7cm Degeneracy (2J+1)=10

The comparison of J-O parameters of Nd** ion is tabulated in Table 4.3. The
second intensity parameter (£;) has been acknowledged as sensitive to the
asymmetrical host and the covalency of the RE** ions whereas Q4 and Qg are co-
related to the bulk property and rigidity of the materials, correspondingly (Hua et al.
2017). The higher Q) represent strong asymmetrical and higher covalent
environment owed to the introduction of ZnO altering the ligand field of Nd**, thus

accomplishing the intense PL emission (Hua et al. 2017).
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Table 4.3: Comparison of calculated Judd-Ofelt intensity parameters

Host Q, Q, Q¢ Q,/Q
Present work 3.4894 1.770 2.500 0.7081
TiO,-SiO,(Dihingia 14.807 0.9 3.9 0.2307

and Rai 2012)

The radiative properties such as spontaneous emission probabilities (Araqg),
luminescence branching ratios (), and radiative lifetime (tr54) for the optical
transitions of Nd** in the SZNYO07-DGC sample is estimated using J-O intensity

parameters in Table 4.4.

Table 4.4: Radiative parameters of the SZNYO07-DGC sample

Transition Wavelength Energy AR Br T
(nm) (cm™) % (%) (1s)
‘G — g 540 18518 140569  23.39  166.39
11 592 16891 4396.92  73.16
Shee 601 16638 149.74 2.49
*lis 700 14285 57.45 0.95
Ar(sh) = 6009.81 ps
*Fop— *lo 752 13333 510.82 39.35 77.04
Moz 808 12376 438.40 33.77
*l1an 840 11904 204.34 15.74
Vi 1338 7473 144.28 11.11
Ar(sh = 1297.86 us
*Fgp — *lor 808 12376 515.92 64.55  1246.42
11 948 10548 93.36 7.19
s 1164 8591 161.20 12.42
*lis 1535 6514 29.79 2.29
Ar (st = 802.29 s
“Fap — 1o 878 12376 161.57 38.92  2409.39
Tm 1051 9514 209.54 50.48
13 1329 7524 41.77 10.06
s 1827 5473 2.15 0.51
Ar(s?) = 415.05 ps
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4.6.4.2. Cooperative sensitization upconversion

UCL of the Nd**-Yb* ions pair is only possible because of the ET from Yb** to Nd**
ions. Since the excitation wavelength at 980 nm is not in resonance with any
transition of Nd** ion starting from the ground state, but certainly with the F;,
—2Fg, transition of Yb** ion (Muniz et al. 2023). The two different paths of ET from
the Yb** ion to the Nd** ion are phonons-assisted (energy transfer PAET) and CSU
(Muniz et al. 2023). In the CSU process, two-NIR photons each of ca. 10000 cm™ are
absorbed by two nearby activators (Yb*" ) ions whereas one electron is transferring
energy to the other in ES (sensitizer) before relaxing to the initial energy state. The
schematic CSU of the Nd**-Yb** ion pair is cited in Fig. 4.12. Here sensitizer is
capable of occupying the energy state of *Gy, of Nd** ion (ca. 20000 cm™) and thus

the emission of a photon of higher energy is possible to GS.

The concentration-dependent study reveals that UCL spectra are optimized
for a sample with a Yb®" ion concentration twice that of the Nd** ion. Therefore, the
presence of two Yb** ions around one Nd** ion can enhance the desired luminesce
result. However, a further increase in the Yb®" ion concentration has a negative

impact on the intensity of UCL spectra.
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Fig. 4.12. Schematic diagram of the CSU mechanism in Yb**-Nd** ion pair

4.6.4.3. CIE-chromaticity diagram

The Commission International d’ Eclairage (CIE) coordinates (0.34, 0.35) of
corresponding UCL of the SZNYX-DGC samples have been obtained for different
Yb** ion concentrations as in Fig 4.13. The CIE coordinate in the white region
doesn’t changes with a varying Yb®* ion concentration. Thus PL color coordinates

are not tunable through the modification of the concentration of Yb** ion.
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Fig. 4.13. CIE 1931 chromaticity diagram of the SZNYX-DGC sample

4.6.4.3. Confocal PL microscopy

PL confocal mapping of the SZNY15-DSC sample has been performed at two
different locations of the powdered sample with an excitations source of the

wavelength of 980 nm [Fig. 4. 14]. The intensity of PL emission was not similar in
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the two different locations. This non-uniform PL emission arises due to the uneven
topological surface of samples in powder form. It reveals that the UCL of the sample
is obtained at every point for the SZNY15-DGC sample which is also true for other

as-synthesized samples (Kumar et al. 2018).

s
30 um

Fig. 4.14. PL confocal mapping of the SZNY15-DGC sample

4.7.  CONCLUSIONS

Thus modified ex-situ sol-gel process has been useful to synthesis the SZNY07-DGC
and -TF. These glass and thin film were observed to be crystalline in nature due to
annealing temperature. The transparent dense glasses are free from OH molecule
with higher phonon energy which promotes hydroxyl quenching of RE®*" ion. The
Nd** and Yb*" ion are well distributed all over the thin film although voids are
unavoidable from evaporation of adsorbed water and trapped solvents. Thus
promotion of Nd** and Yb*" ion codoped in Zinc-Silicate asymmetrical host with
non-bridging oxygen (Zn-O-Si) is reported through this modified sol-gel synthesis
route for future optoelectronic applications. FETEM are embedded in an amorphous
silica matrix, with an interplanar spacing of 0.24 nm. TG and DSC analysis provide
insights into the thermal behavior of the material. The synthesized materials

exhibited white UCL spectra under 980nm excitation; with the optimum UCL
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intensity observed for the SZNY15-DSC samples. PL confocal mapping of the
SZNY15-DGC sample revealed non-uniform luminescence due to the uneven
topological surface in powder form.

The optical activity of the SZNY15-DGC material, with both UCL and DCL
properties, makes it promising candidates for various photonic applications such as

display devices, photovoltaic solar cells, temperature sensors, bio-sensing etc.
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CHAPTER-5

Pri*/Er’* AND Nd*'/Er®* PAIR CO-DOPED TITANIA-SILICATE AND ZINC-
SILICATE DENSE GLASS CERAMIC FOR IR LUMINESCENT
APPLICATION

This chapter is focused on the Erbium-Praseodymium and Erbium-Neodymium
ions pair co-doping in Titania-Silicate and Zinc-Silicate dense glass ceramic

materials









Chapter -5

Pr¥*/Er**and Nd**/Er®* pair co-doped Titania-Silicate and Zinc-Silicate Dense

Glass Ceramic for IR luminescent application

5.1. Introduction

The rare-earth (RE) ion based luminescent materials can emit light in the mid-IR
region. A sensitizer RE ion can transfer absorption photon energy to another RE ion
to amplify its emission intensity. The co-doping of different RE** ions can mitigate
cross-relaxation processes between same pair of RE ion through tuning their ionic
interaction, which allow high concentration of RE®** doping. The mid-IR laser holds
promise for various applications including military countermeasures (Liu et al.
2023), remote sensing, and laser microsurgery (Xiangtan Li et al. 2014). Similarly,
optical fiber amplifiers are utilized across different bands such as O-band (1260-
1360 nm ), E-band (1360-1460 nm ), S-band (1460-1560 nm ), C-band (1560-1660
nm ), and L-band (1660-1760 nm ) (Pisarski et al. 2020). Recent interest has surges
in fluorescence imaging technology, particularly in the second NIR bio window
(1000-1700 nm), owing to its advantageous features like high spatial resolution and
minimum tissue absorption and scattering (Lv et al. 2022).

Notably, Praseodymium ion (Pr®*) and Neodymium ion (Nd**), when paired
separately with Erbium ion (Er**) show promise for broadband NIR luminescence
with including a wavelength range from 1.2 pm to 1.7 pm. Pr** effectively sensitizes
Er®" emission at 1.5 and 2.7 pm wavelengths. The broad near-IR luminescence
mainly originates from transitions in Pr**: 'D,—'Gs, Er¥:*lizn—*hsp and
Er3+:4I11/2—>4I13/2 resulting in emission lines around 1.48 and 2.7 um (Pisarski et al.

2020). Similarly, Nd*" has been observed with transitions in the NIR region such as
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Nd**:*Far, > op, NA**:*Fa; > 1o, Nd**:*Fg, — 13 etc. Typically, Er** ions emit
at characteristic emission bands centered at approximately 525 nm (*lyso—2Hi1s)
(Dwivedi et al. 2008), and 640 nm (*115,—"Far) respectively in visible region. Thus
addition of Er** ions with Pr®* and Nd** alters the optical properties of the material,
offering potential applications in photonics.

For c-Si solar cell, the NIR downconversion materials are suitable which can convert
near UV (300-400 nm) part of solar spectrum to photon of 1000-1100 nm (band gap
1.12 eV) (Deshmukh et al. 2018).

Erbium/Neodymium ion (Nd**/Er**) pairs have been doped in Yttrium Oxide
(Deshmukh et al. 2018), Tellurate glass (Wang et al. 2024), etc. Similarly, Erbium-
Praseodymium ion (Er**/Pr®") pairs have been doped in different glasses such as
Fluoroindate (Pisarski et al. 2020), Germinate glass (Xiangtan Li et al. 2014),
Chalcogenide glass (Liu et al. 2023) etc. Thus both of these pairs have interesting
applications in photonics as they cover a wide range of absorption and emission with
multiple emission peaks in UV-VIS and NIR region. However, the phenomenon of
Er¥*/Pr** and Er¥*/Nd** pair doping in TiO,-SiO, and ZnO-SiO, dense glass material
remains unexplored. The incorporation of different RE** ion pairs in Titania-Silicate
or Zinc silicate dense glass ceramic could yield luminescent materials with similar
intrinsic luminescent properties.

Here, we prepared two novel luminescent materials using Er**/Pr** and
Nd**/Er®* pairs. The idea behind the doping of Er**/Pr®* ion in a Titania-Silicate host
and Nd**/Er®* ions in a Zinc-Silicate host arises to observe possible modifications in
structural, morphological and optical properties. The synthesis procedure of Titania-
Silicate or Zinc silicate host for RE* ion doping was kept intact as mentioned in
previous chapters. The Er**/Pr®* ion pairs are co-doped in titania-silicate dense glass
ceramic using the same novel ex-situ sol-gel method as used in the STPYX-DGC
material (Chapter 3). Similarly, Nd**/Er** ion pairs are co-doped in Zinc-silicate
dense glass ceramic using another novel ex-situ sol-gel method as mentioned in the
SZNYX-DGC material (Chapter 4). The absorption and photoluminescence
properties of the as-synthesized material were recorded to mark optical property
modifications after the addition of Er** ions which may have potential applications in

photonics.
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52.  Synthesis: Pr¥*/Er®* ion pair in Titania-Silicate dense glass ceramic

material

The co-doping of low concentrations (0.7 mol% each) of Er** ion and Pr®* ions pair
in Titania-Silicate (Er**/Pr**:TiO,-SiO,) dense glass material was performed using
the similar novel ex-situ sol-gel method as discussed in section 3.1 of chapter 3,
where we replaced Yb** ions with Er*" ions. The structural, morphological and
optical properties of the as-synthesized material were investigated as follows.

5.2.1. Structural Characterization

The structural characterization of the Er®*/Pr**:TiO,-SiO, dense glass ceramic
material annealed at 900 °C was performed with ATR-FTIR spectroscopy and XRD
patterns to highlight the structural growth.

5.2.1.1. XRD analysis

XRD measurements (Figure 5.1) of the Er¥*/Pr**:TiO,-SiO, dense glass material
annealed at 900 °C showed crystalline growth of TiO,, which suppresses the
amorphous nature of the silica host (El-Bashir 2017), (Amin et al. 2018). The
diffraction peaks of TiO, nano-crystallites, such as rutile (200), rutile (111), anatase
(202), and rutile (220) phases, were observed at two thetas (260) values, namely
26.64°, 40.64°, 46.08° and, 56.1° respective ely, as reported elsewhere (Ismail et al.
2007). The average crystallite size of TiO; crystal in SiO, host was calculated from
the most prominent peak corresponding to (200) using Scherrer equation of about 59
nm (Li and He 2013). We can conclude that the as-synthesized and annealed
Er¥*/Pr**:TiO,-SiO, dense glass material is in glass-ceramic form, similar to the
STPYO07-DGC sample reported in chapter 3.
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Figure 5.1: XRD spectra of the Er**/Pr**: TiO,-SiO, dense glass material annealing at

900 °C.

Thus, the homogeneous and regular dispersion of Ti and Si atoms in the
composite solution promotes Ti—O-Si bonds along with TiO, particles in the
amorphous SiO; to offer a better host for RE** ion doping (Amin et al. 2018). The
presence of RE** ions (Pr¥*/Er*") has not been observed in the as-synthesized

material.

52.1.2. ATR-FTIR Spectra

Figure 5.2 shows the ATR-FTIR spectra of the Er**/Pr**:TiO,-SiO, dense glass
material annealed at 900 °C. The FTIR absorption bands for the material around 3356
cm™ (Buarque et al. 2018) and 1658 cm™ have probably been removed due to the
telescopic and angular vibrations of the OH™ group bond, while the broad absorption
band at 955 cm™ corresponds to the Si-O-Si asymmetric stretching stretching
vibrations in the amorphous silica glass. The finding is in agreement with the
observation made in the STPYO07-DGC sample (Sun et al. 2020). The removal of
surface adsorbed water in the material annealed at 900 °C is useful against hydroxyl-

quenching (X. Wang et al. 2013). The absorption bands around 1267 and 1032 cm™
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are attributed to the Si-O-Ti bonds (X. Wang et al. 2013), (Chang et al. 2018). Thus
presence of RE®" ions has not been observed in the ATR-FTIR spectrum.
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Figure 5.2: ATR-FTIR spectra of the Er**/Pr**:TiO,-SiO, dense glass material
annealing at 900°C.
5.2.2. Morphological characterization
The morphological characterization of the as-synthesized Er**/Pr**:TiO,-SiO, dense
glass ceramic material annealed at 900°C was carried out using TEM analysis to
determine the particle size and distribution.
5.2.2.1. TEM analysis
The TEM micrograph (Figure 5.3(a)) of the Er**/Pr**: TiO,-SiO, dense glass material
annealed at 900 C shows the presence of TiO, nano-crystallites along with an
amorphous SiO, matrix. The average particle size of TiO, nano-crystallites was
found to be approximately 55-59 nm, which agree with reported literature (J. et al.
2020), (Wang et al. 2018).
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'Figure 5.3: (a) FETEM image with magnification bar at 200 nm (b) SAED pattern of

the annealed Er¥*/Pr**:TiO,-SiO, dense glass ceramic material annealed at 900 °C.

The amorphous nature of SiO, was further confirmed with the diffuse nature
of the selected area electron diffraction (SAED) pattern as in Fig 5.3(b). The bright
spots in the SAED pattern were not observed due to TiO, nano-crystallites which
may be due to the domination of amorphous SiO, over lower concentration of

crystalline TiO, screened complete crystalline growth (Minehan et al. 1989).

5.2.3. Optical characterization
The optical properties of the Er**/Pr¥*:TiO,-SiO, dense glass ceramic materials
annealed at 900°C were evaluated through UV-Vis-NIR absorption and
photoluminescence spectroscopy.

5.2.3.1. UV-Vis-NIR Absorption spectra

The UV-Vis-NIR absorption spectrum (Figure 5.4) of the Er**/Pr®*:TiO,-SiO, dense
glass ceramic material shows different absorption bands in the UV-VIS & NIR
region for excitation of 4f electrons from ground state of Er** (*115), Pr** (*H4), and
Yb* (?F4;,) ion (Fig 5.4). The presence of Er** ion in the Er**/Pr**:TiO,-SiO, dense
glass ceramic material has been validated with additional peaks around 450 nm
(*lis;p—Fs2), 521 nm (*l15,—°Hu112) (Dwivedi et al. 2008), 653 nm (*l15,—"Fop)
(Naresh and Buddhudu 2015), 799 nm (*lisp—"le) and 942 nm (*lisp—"*11150)
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(Naresh and Buddhudu 2015). The absorption spectra of the Er**/Pr¥*:TiO,-SiO,
sample has two important intense peaks at 450 which can be used to pump the
material for obtaining emission in visible range. Both, Er** and Pr** ions can absorb
photon of wavelength 450 nm. Here presence of Pr¥* ion is already validated with
peaks around 450 nm, 477 nm, 591 nm, as already discussed in Chapter 3. The
intensity enhancement of absorption peaks of Nd*" ion has been observed for co-
doping of Er** ion when compared with the absorption spectra of the Er**/Pr¥*: TiO,-

SiO, dense glass ceramic material in Fig 3.7.
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Fig. 5.4. Absorption spectra of the Er¥*/Pr®*: TiO,-SiO, dense glass material

5.2.3.2. Downconversion luminescence spectra

The DCL spectrum (Figure 5.5) of the Er**/Pr®":TiO,-SiO, dense glass ceramic
material exibits multiple emission peaks in the visible and NIR regions, which can be
attributed to the radiative transitions of Er** and Pr** (*Fy,) ions embedded in TiO,-
SiO, matrix. The excited electron relaxes to lower energy after emitting the
absorption energy from incident photon of wavelength 450 nm. The characteristic
emission peaks of Er** ions are observed around 514 nm (*F7,—"l1s,) (Pisarski et al.
2020), 538 nm (*Hup—'lsp) (Mahata et al. 2014), (Li et al. 2012), 559 nm
(*Sap—"l1sp) (Sales et al. 2016) and 659 nm (*Fo,—"l152) (Lojpur et al. 2013).
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Similarly the transition due to the Pr** ion has also been validated with peaks around
545 nm (°P1—>Hs), 566 nm (°P1—>H,), 598 nm (*D,—>H4), 657 nm (*P—>F,), and
723 nm (3Po—°F,) etc.
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Fig. 5.5. DCL spectra of the Er**/Pr**:TiO,-SiO, dense glass material under 450

nm excitation

5.2.3.3. Luminescence mechanism of Pr¥*/Er** ion pair

The schematic energy level diagram of the Pr**/Er** ion is drawn as in Fig 5.6. From
absorption spectra, the as-synthesized Er**/Pr**:TiO,-SiO, dense glass ceramic
material can absorb photon of different wavelengths as in Fig 5.7. The excitation of
450 nm, helps in populating through the two absorption channel at 450 nm via GSA |
(Er®": *l1s;,—"Fs12) and GSA I (Pr¥*: *Hs—>P,). In DCL mechanism, excited energy
is possibly transferred through several radiative and nonradiative channels and their
mechanism are proposed under 450 nm excitation of Er/Pr ion pair. The energy

transfer (ET) process among Pr¥*/Er®* ion pair in TiO,-SiO- host were identified and
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shown in Table 1. In GSA | process, a portion of excitation energy can be possibly

transfer to 3P, state of Pr** ion by transfer of energy (ET) whereas the remaining part

of the energy depopulate non-radiatively to the “F7, level of Er® ions. Similar

explanation can be put forward for GSA 1l process.
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Figure 5.6: Schematic absorption and DCL mechanisms of the Er**/Pr**:TiO,-SiO,

dense glass material

The different transition peaks of DCL spectra of Er**/Pr**:TiO,-SiO, dense glass

material is listed along with respective FWHM, branching ratio, and different

possible applications:

Table 5.1 : Different transition in PL spectra of the Er**/Pr**:TiO,-SiO, dense glass

material for excitation wavelength 450 nm

Ln** Transitions Wavelength ~ Wavenumber FWHM Branching Ratio (p)
(%)
(nm) (cm™) (nm)
1 )
D,—"H, 598 nm
pr3t 16722 67 28
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*py—°F, 657 nm

15220 24 07

Er® *Fr—"lsn 514 nm 19455 41 15
4Sar—"l1s 559 nm 17889 23 21

5.2.3.4. CIE diagram

The Commission International d’ Eclairage (CIE) coordinates (0.422, 0.506) of
corresponding DCL spectra of the Er**/Pr**:TiO,-SiO, dense glass material have
been obtained as in Fig 5.7.
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Fig. 5.7: CIE 1931 chromaticity diagram of DCL emission of the Er**/Pr¥*:TiO,-

SiO; dense glass material

5.3.  Synthesis of Nd**/Er®" ions pair in Zinc-Silicate dense glass ceramic
material

The co-doping of low concentration (0.7 mol% each) of Er** and Nd** ions in Zinc-
Silicate (Er**/Nd**:Zn0O-Si0,) dense glass ceramic material was synthesized with the
similar novel ex-situ sol-gel method as discussed in section 4.2 of Chapter 4 where
we replace Yb* ion with Er**. The structural, morphological and optical properties
of the as-synthesized material were investigated as follows.

5.3.2. Structural Characterization

The structural characterization of the Er**/Nd**:ZnO-SiO, dense glass material
annealed at 900°C was accomplished using the X-ray diffraction (XRD) pattern and
Fourier transformations infrared spectroscopy (FTIR) to highlight structural growth.
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5.3.2.1. XRD analysis

The XRD analysis of the Er¥*/Nd**:Zn0O-SiO, dense glass material annealed at 900
°C were depicted distinct peaks at various 20 angles 20.87° (012), 26.65° (220),
35.19° (042), 39.43° (104), 40.29° (502), 40.75° (241), 42.43° (502), 45.87° (600),
50.16° (161), 54.11° (054), 59.64° (006), 64.31° (306), 68.7° (345), and 75.5°
(713), which were identified as belonging to the a-Zn,SiO4 crystalline phase as
shown in Figure 5.8 (Chandraboss et al. 2013). Through comparison with JCPDS
card No: 00-008-0492, the formation of a tetragonal willemite Zn,SiO, structure with
R-3(148) was confirmed. Subsequent annealing of as-synthesized material at 900 °C
led to the conversion of the ZnO-SiO, host material into dense glass-ceramic. The
average crystallite size of ZnO crystal in SiO, host was calculated from the most
prominent peak corresponding to (220) using Scherrer equation of about 26 nm
(Kakoti et al. 2019). Despite the absence of direct observation of optical center
(Nd**/Er*") in the vicinity of ZnO lattice from XRD analysis, it promotes

luminescence enhancement (Bang et al. 2005), (Hien et al. 2019).

5000
4500
4000
35001
3000
25001
2000
1500-
1000-

500-

——Er’'/Nd*":Zn0-SiO,

(220) Dense glass ceramic

Intensity (a.u.)

2 theta (20)

Figure 5.8: XRD pattern of the Er**/Nd**:ZnO-SiO, dense glass material annealed at
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900 °C

5.3.2.2. ATR-FTIR Spectra

ATR-FTIR spectroscopy was used to investigate chemical and structural
transformation in the Er®*/Nd**:Zn0O-SiO, material following annealing at 900 °C,
spanning the spectral range of 400-4000 cm™ (Figure 5.9). Absorption bands near
3356 cm™ and 1658 cm™, attributed to stretching and bending vibrations of surface
adsorbed water and OH groups respectively, were absent at 900 °C, indicating their
complete removal. The presence of Si—-O-Si bonds, characterized by asymmetric
stretching of bridging oxygen (BO), was observed at approximately 1054 cm™ (Lee
et al. 2017). Challenges in distinguishing ZnO vibrations in the Er**/Nd**:ZnO-SiO,
sample arose from the overlap between the intense band of bending vibration 3(Si-O-
Si) at 440 cm* and the D2 band at 603 cm™* of amorphous SiO, (Tran et al. 2017).
The appearance of a shoulder at 950 cm™ indicated the interference of zinc silicate,
signifying Zn-O-Si vibration and penetration of Zn into the Si glass matrix
(Raevskaya et al. 2014), (Galedari and Rahmani 2017). The generation of non-
bridging oxygen (NBO) species were evident, promoting absorption enhancement,
altering the absorption edge, and reducing the band gap, as evident from the
sharpening of peaks towards the lower wavenumber region (Lee et al. 2017). ATR-
FTIR analysis confirmed the elimination of hydroxyl impurities and revealed the
presence of oxygen-related defects in the host matrix, which significantly impact the
luminescence properties of the Er**/Nd**:ZnO-SiO, sample.
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Figure 5. 9: ATR-FTIR spectra of the Er**/Nd**:ZnO-SiO, dense glass material

annealed at 900 °C.

Structural characterization of the as-synthesized material has not confirmed
the presence of RE>* ions, as their homogeneous distribution does not include any
discernible structural modification on the host matrix (J. et al. 2020).

5.3.3. MORPHOLOGICAL CHARACTERIZATION

The morphological characterization of the Er**/Nd**:Zn0O-SiO, dense glass material
was performed using the FETEM analysis.

5.3.3.1. FETEM analysis

The FETEM micrographs of the Er**/Nd**:Zn0O-SiO, dense glass material sample
were captured to examine its morphology. These micrograph revealed the presence
of composite agglomeration and the existence of ZnO nano-crystallites in SiO;
matrix, as depicted in Fig. 5.10 (a,b). The growth of the ZnO crystallites with

interplanner spacing of 27 nm is confirmed from HRTEM image.
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Figure 5.10: (a) FETEM image (b) HRTEM image of the Er**/Nd**:Zn0O-SiO, dense

glass material annealed at 900 °C

The SAED pattern of the Er¥*/Nd**:ZnO-SiO, dense glass material has
further confirmed the growth of the ZnO crystallites as in Figure 5.11.

Figure 5.11: SAED pattern of the Er**/Nd**:Zn0O-SiO; dense glass material annealed
at 900 °C
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5.3.4. Optical characterization

The optical characterization of the Er**/Nd**:ZnO-SiO, dense glass material has been
studied using absorption and photoluminescence spectra where existing report were

used to confirm the transition related to the Er®* and Nd** ions.
5.3.4.1. Absorption spectra

The absorption spectra of the Er**/Nd**:ZnO-SiO, dense glass material were
recorded in UV-VIS & NIR absorption peak for excitation of 4f electron from
ground state of Er¥* (*l1s), Nd®* (*lg) and Yb** (°F71) ion as in Figure 5.12. The
presence of Er’* ion in the Er¥*/Nd**:ZnO-SiO, material has been validated with
peaks due to transition from ground state (*lss;), around 488 nm (*l1s5,—F7p2), 523
nm (*lisz—"Hi12), 542 nm (*lisz—*S312), 654 nm (*lis—"Far2), 799 nm (*lisp—*ler2)
transition. The simultaneous presence of absorption peaks of Nd** (*lgp, —*Grp;
*Gsj2; *Fs+?Hop) ion has also observed as seen in the Er**/Nd**:ZnO-SiO, dense
glass material in Fig 4.7. The intensity enhancement of absorption peaks of Nd** ion
was observed for co-doping of Er** ion.

The absorption spectra of the Er**/Nd**:Zn0-SiO, dense glass material has
two important intense peaks at 580 and 808 nm which can be used to pump the

material for obtaining emission in visible range.
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Fig. 5.12 Absorption spectra of the Er**/Nd**:Zn0O-SiO, dense glass material

5.3.4.2. Downconversion luminescence spectra

DCL spectra of the Er¥*/Nd*:ZnO-SiO, dense glass material was recorded for
excitation wavelength 450 nm as in Fig 5.13. Both, Er*" (*lis, — “lg;) and Nd**
(*Hs—" F52) ions have absorption peak at this specific excitation wavelength. Here
emission peaks from Er** ion is validated with peaks around 489 nm (*Fi7,—" l1sp2),
518 nm (*Hy1o—" l152) (Deshmukh et al. 2018), 560 nm (*Sz;,—*l15:2) and 673 nm
(*Fero—"l1512) (Naresh and Buddhudu 2015). Similarly the transition due to the Nd**
ion has also been validated with peaks around 539 nm (4G7/2—>4I9,2), 602 nm
(‘Gro—*11112), 665 nm (*G7o—"lgr), and 760 nm (*G7p—"l155) etc (Muniz et al.
2023).
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Fig. 5.13: DCL spectra of the Er¥*/Nd**:Zn0O-SiO, dense glass material under 450 nm

excitation

DCL spectra of the Er**/Nd** ion paired in ZnO-SiO, dense glass material
was recorded with excitation wavelength 808 nm sh in Figure 5.14. Both, Er** (*l1s,
— “*lg2) and Nd** (®Hs—* Fgp) ions have absorption peak at this specific excitation
wavelength. The *Fs;, —*l11,, transition of Nd** ion can been validated with peaks
around 1050-1150 nm. . The emission of photon of lower energy was observed, for
example 921 nm (Nd*":*Fsn —%lgn), 1057 nm (Nd**:*Fsz, —*l), 1079 nm
(Nd**:*Fa —*l1312), 1006 nm (Er**:*l112 —*152), 1104 nm (Er®*:*Sg;, —*11112), 1338

3+.4 4
nm (Er . |13/2 — |15/2).

149



+ DCL spectra
- Er*'s, oY o
>00 / 3> 1oz Nd**/Er**:Zn0O-SiO
(842 nm) 2
Dense glass ceramic
3+ 4 4 —
; 400 Eril, ,~ ., A =808 nm
. 889 nm 3+.4 4
3 ( ) Nd : F3/2_> I9/2
o 3+.4 4
2 300 ER s =l (921 nm)
(72) 3+ 4 4
q:) (1006 nm) Nd . I:3/2—) I11/2
3+ 4 4
= 200 - Er’S,,~'l,, (1057 nm)
" 1104 nm 3.4 R
= ( ) Nd : F3I2_> I13/2
% 400+ (1338 nm)
0-

L ! L I = ! < I L ) L ) > )
825 900 975 1050 1125 1200 1275 1350
Wavelength (nm)

Fig. 5.14: DCL spectra of the Er**/Nd**:ZnO-SiO, dense glass material under 808 nm

excitation

5.3.4.3. Luminescence mechanism of Nd**/Er®* ion pair

The schematic energy level diagram of the Nd**/Er® ion is drawn as in Fig 5.15.
From absorption spectra, the as-synthesized Er**/Nd**:Zn0O-SiO, dense glass ceramic
material can absorb photon in the spectral range of 480 to 870 nm. The excitation of
as-synthesized sample using laser source of 450 nm, through several radiative and
nonradiative channels and their mechanism are proposed for the Er/Nd ion pair. The
energy transfer process between Nd/Er ion pair in ZnO-SiO, host were identified and
shown in Table 2. This excitation source helps in populating through the two
absorption channels at 450 nm via GSA | (Er**: *lisp,—*Fs,) and GSA I
(Nd**:*lg,—?K1sp). The partial excitation energy through GSA | process can
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possibly transfer non-radiatively to ‘Gs, state of Nd** ion by energy transfer (ET)
whereas the remaining part of the energy depopulate non-radiatively to the *F7; level

of Er** ions. Similar explanation can be put forward for GSA Il process.

DCL mechanism of the Er**/Nd**:Zn0O-SiO, dense glass material was also
observed for 808 nm excitation in the near infrared region. Here absorption of
excitation photons (808nm) promotes the electron in the ground state of Er®":
(*115—*1912) and Nd**: (*le,—*Fs12) ion to excited state correspondingly through GSA
process. These electrons in excited state were further relaxed to ground state of

respective ion through a non-radiative or radiative process.

S
4

Absorption/DCL _mechanism of Nd3+/Er3+ ion co-doped system

+ ‘D
25| Er NgS ,
4
3 A 2 S —
4 4
T2of o -
— L un L4
£ EEe 3 Energy ; 11 G
Sl 3lgs s Transfer ] T He
L T H1 F ‘5/1
S 92
3 4 T — "
10 —— 4y ] — e e S
alot ) =1 I11/2 JEH S HEE R
2 Ele EEEE clelclcl g £ 52
frr} 3 3 g ezlzl wla 88
ala|] lszss R I K ElE
8|R ER R 4 0 : O A
05 ——1°l 1 — 1
1T i 13/2 | 15/2
] 4
g ” T i A2 4!312
3 -
-+ 4 I15/2 d | 4:"2
k Absorption DCL Absorption DCL *?

Fig. 5.15. Schematic diagram of the absorption and DCL mechanism in the
Er¥*/Nd**:Zn0-SiO, dense glass material

The different transition peaks of DCL spectra of Er**/Nd**:ZnO-SiO, dense glass

material are listed along with respective FWHM and branching ratio:

Table 5.2 : Selective transitions of PL spectra of the Er**/Nd**:Zn0O-SiO, dense glass

material

Ln** Transitions ~ Wavelength  Wavenumber Excitation FWHM Branching

wavelength Ratio (f)
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(nm) (cm) (nm) (nm) (%)

4 4
Grp—"lp

4 4
Grp—"l1sp

4 4
Fap—"l13

2 4
Hiyo—" lisp

4 4
For—"l15

Here branching ratio of different transition for the Er**/Nd*":Zn0O-SiO, dense glass
material was estimated separately for 450 nm and 808 nm excitation.
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5.3.4.4. CIE diagram

The Commission International d’ Eclairage (CIE) coordinates (0.33, 0.38) of
corresponding DCL spectra of the Er**/Nd**:ZnO-SiO, dense glass material have
been obtained as in Figure 6.16.

520 CIE 1931
Er**/Nd**:Zn0-SiO,

Dense glass ceramic
Aex =450 NM

I ¥ I = I

00 01 02 03 04 05 06 07 08
CIE X

Fig. 5.16: CIE 1931 chromaticity diagram of the Er**/Nd*":Zn0O-SiO, dense glass

material

5.4. Conclusion

Here, two novel (distinct) luminescent materials (SAMPLE 11l & V) are developed
by incorporating different RE** ion pairs (Er**/Pr®* and Er**/Nd*") into ex-situ sol-gel
derived Titania-Silicate or Zinc-Silicate dense glass ceramics host. Here, ex-situ sol-
gel techniques of host synthesis have been unmodified except different RE** ion

concentration was used. The focus of this work was to show that the co-doping
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Er¥*/Pr** and Er**/Nd** ions in respective host can rectify optical properties without
altering structural and morphological properties of host. These ion pairs are chosen
as the co-doping has potential to tune their ionic interaction, which allow high
concentration of RE®*" doping for their potential in photonics. Structural,
morphological, and optical characterizations are conducted on both materials. Both
the pair was observed absorption and emission properties spanning UV-VIS and NIR
regions. For the Er**/Pr¥*:TiO,-SiO, material, XRD analysis confirms crystalline
growth of TiO,, while ATR-FTIR spectra show Si-O-Ti bonds without observable
RE*" ions. TEM analysis reveals TiO, nano-crystallites within an amorphous SiO,
matrix. In UV-VIS-NIR absorption and DCL spectra, different peaks of Er** and Pr**
were observed. Similarly, for Er**/Nd**:Zn0-SiO,, XRD confirms the formation of
a-Zn,Si04, while ATR-FTIR shows Si-O-Si bonds and Zn-O-Si vibrations. TEM
analysis confirms ZnO crystallites in the SiO, matrix. Similarly, in UV-Vis-NIR

absorption and DCL spectra, different peaks of Er** and Nd*" were observed.

Luminescence spectra results from both materials highlight their potential for
diverse photonic applications such as optical amplifiers, lasers, and photonic devices.
Further optimization of synthesis parameters and characterization of optical

properties are essential to enhance luminescent efficiency and overall performance.
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CHAPTER- 6

CONCLUSIONS AND SUMMARY

This chapter is focused on summary and conclusions along with future prospect of
the present thesis work.






Chapter -6

Photoluminescence (upconversion and downconversion luminescence) properties of
different RE** (e.g. Pr¥*-Yb®, Nd*-Yb**, Nd**-Er**, Pr**-Er** etc) pairs have been
interesting from the prospect of broader applicability in photonics. We have
successfully synthesized novel Pri*-Yb®* and Nd**-Yb*" ion pair co-doped Silica-
Titania and Zinc-Silicate dense glass ceramic and thin film materials via an ex-situ
sol-gel method, with varying doping concentrations of Yb®* ion and fixed

concentration of Pr** and Nd** ion, respectively.

For the first time, an ultra-broadband UCL of the SAMPLE | (STPYX-DGC)
have been obtained optimized for the STPY15-DSC sample. PL confocal mapping of
the STPYX-DGC material confirms UCL throughout the space material in powder
form. The concentration of Yb®" ions has been observed as a color-tunable factor in
UCL spectra, ranging from blue to red. Crystalline transformation of the as-
synthesized material has been observed at annealing temperature higher than 700 °C,
resulting in the formation of anatase and rutile phases of TiO, composite. FTIR
spectroscopy supports the formation of Ti-O-Si bonds to promote asymmetry in the
host, with the absence of hydroxyl impurity (OH" group), benefiting the material from
hydroxyl quenching.

In SAMPLE I, the crystallization of ZnO in amorphous silica has been
confirmed at much low annealing temperatures, enhancing with the rise in annealing
temperature. The formation of oxide phases (e.g. Zn-O-Zn, Si-O-Si, Zn-O-Si) was
confirmed, with the absence of OH™ molecules advantageous against hydroxyl
quenching of RE** ions. The formation of NBO contributes to the asymmetry of the
host matrix. TEM monographs further confirm the growth of ZnO crystallites in the
silica host. Elemental purity of the as-synthesized sample is resolved in EDS spectra.

White UCL spectra have been observed for the entire sample under 980nm excitation,
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with the UCL intensity of the SZNYX-DSC samples optimized for a 1.5 mol% Yb**
ion concentration. PL confocal mapping of the SZNY15-DGC sample at different
locations confirms non-uniform luminescence throughout the space for the 980 nm
excitation source.

Two other novel luminescent materials (SAMPLE 11l & V) were developed
by incorporating distinct RE ion pairs (Nd**-Er** and Pr**-Er®") into ex-situ sol-gel
derived Titania-Silicate or Zinc-Silicate dense glass ceramics hosts. The host
synthesis via ex-situ sol-gel techniques remained unmodified, to demonstrate that low
concentration co-doping of Er¥**/Pr¥* and Er**/Nd* ions in their respective hosts can
enhance optical properties without altering the structural and morphological
properties of the host material. These ion pairs were selected for their potential to
adjust ionic interactions, enabling high concentrations of RE** doping for photonics
applications. Structural, morphological, and optical characterizations were conducted
on both materials. Both pairs exhibited absorption and emission properties across
UV-VIS and NIR regions. XRD analysis confirmed crystalline growth of TiO; or
ZnO, while ATR-FTIR spectra showed NBO bonds without observable RE*" ions.
UV-VIS-NIR absorption and DCL spectra exhibited distinct peaks of respective RE**

ions.

Thus, the as-obtained outcomes endorse that all four materials are optically
active and capable of either UCL or DCL or both the luminescence which can be
further used as in diverse photonic applications e.g., solar photovoltaic, thermal
sensor, lightning and display device applications, soft robotics, soft electronics etc.
Further optimization of various parameters is still required to enhance overall

performance.
Future prospects

Based on the work carried out in the thesis and the results obtained, suggestions for

further work are given as follows:

1. Analyze the DCL-QC luminescence of as-synthesized STPYX and SZNY X-
DGC samples under different (e.g. 980/450/250 nm) laser excitation.

2. Investigate the temperature-dependent UCL properties of both the SAMPLE
I/11 (STPYX-DGC and SZNY X-DGC) for potential thermometric applications.
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3. Scrutinize the power-dependent UCL properties of both the SAMPLE I/11 for

photonic applications.

4, Explore the UCL and DCL properties of SAMPLE 111 (Er**/Pr¥*:Ti0,-Si0,)
samples for potential photonic applications in greater detail.
5. Investigate the UCL and DCL properties of both the SAMPLE I

(Er¥*/Nd**:Zn0-Si0,) samples further for potential photonic applications.

6. Luminescence decay analysis of the entire four samples for respective excited
state to understand quantum efficiency using radiative and non-radiative decay rate.

7. Analyze the potential biological application (in-vitro and in-vivo) possibility

of the as-synthesized samples.
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THESIS TITLE: ASTUDY OF DOWN-CONVERSION AND UP-CONVERSION
IN LANTHANIDE DOPED IN SILICA GLASS CO-DOPED IN METAL NANO-
PARTICLE TOWARDS PHOTONICS APPLICATIONS

INTRODUCTION

In recent years, luminescent materials have gained widespread interest across
disciplines for their light absorption and emission abilities spanning UV-visible and
infrared regions. Quantum dots (QDs), organic dyes (ODs), and upconversion
nanoparticles (UCNPs) have emerged as key luminescent materials, with UCNPs
exhibiting anti-Stokes luminescence. Despite challenges like low quantum yields,
UCL materials show promise for applications like anti-reflection coatings, spectral
converters, bio-sensing, and optical memory. UCNPs and DCNPs, synthesized via
sol-gel and hydrothermal routes, offer versatile shapes and sizes, making them ideal
for photovoltaic and bio-photonics applications. Their use as spectral converters in
solar cells enhances photon absorption, while RE®** ion pairs reduce tissue
overheating in bio-applications. This study focuses on the synthesis and
characterization of UCL and DCL materials, specifically exploring different Rare-

Earth (RE>*) ion pairs, outlining key applications and research objectives.

RE*" ions exhibit photoluminescence (PL) spectra, representing photon
emission rather than fluorescence or phosphorescence, based on Strokes and anti-
Strokes Laws. Downconversion luminescence (DCL) follows Strokes' law, splitting
high-energy photons into multiple low-energy ones, categorized as quantum cutting
(QC) or downshifting (DS). Upconversion luminescence (UCL), an anti-Stokes
process, involves successive NIR excitation promoting nonlinear emission in the
UV-VIS region, classified into excited-state absorption, energy transfer

upconversion, cooperative sensitization upconversion, and photon avalanche.

The RE* ion pairs (e.g. Pr¥*-Yb**/Nd**-Yb**/Er**-Yb**) are co-doped in
various host materials through different synthesis routes, having unique structure,
and luminescence properties. Additionally, the power and temperature dependencies

of UCL or DCL spectra were also investigated by various researchers. Among UCL



processes, energy transfer upconversion (ETU) and cooperative sensitization
upconversion (CSU) are highly efficient and necessitate sensitizer-activator ion pairs,

highlighting the significance of the mentioned pairs.

The low-toxicity Pr** ion boasts diverse emission bands, making it ideal for
switchless scintillation, deep excitation penetration, and cell-free auto-fluorescence
applications. Co-doped with Yb*" ions, the Pri*-Yb®* pair has been extensively
studied in various host materials to obtain both upconversion luminescence (UCL)
and downconversion luminescence (DCL) spectra. For instance, studies by Zhang
and Yang demonstrated the synthesis of Pr*-Yb®* co-doped [GdAls(BOs)4]
phosphor, revealing insights into DCL spectra variations with different Yb**
concentrations. Additionally, Dwivedi et al. reported white light emission from Pr* -
Yb*" co-doped tellurite glass, showcasing the potential of these materials in diverse
applications. Similarly, Chen et al. and Braud et al. investigated DCL spectra in
hexagonal NaYF, phosphor and KY3Fi glass, respectively, shedding light on the
luminescence behavior of the Pr¥*-Yb®" pair under different conditions.

On the other hand, the Nd** -Yb®" pair demonstrates promising characteristics
for various applications, particularly in bio-photonics. With the highest absorption
cross-section among RE>* ions at 808 nm and emission within biological windows |
and 11, Nd* ions offer efficient energy transfer possibilities to sensitizer ions like
Pr¥*, Er¥*, and Ho®* through Yb®" ions. The bio-applicability of the Nd**/Yb** pair is
highlighted by its ability to reduce overheating effects and enhance laser penetration
depth in tissues. Nd**-Yb®" ion pairs co-doped in different host materials, reveals
insights into their absorption, DCL, and UCL spectra characteristics. Studies by
Reisfeld and Kalisky, Liegard et al., and Muniz et al. offer valuable insights into the
luminescence behavior of Nd**-Yb** co-doped glasses, crystals, and thin films,

paving the way for diverse applications in photonic and biomedical fields.



RESEARCH GAP

The luminescent properties of Nd**-Yb** and Pr**-Yb*" ion pairs in Zinc-silicate and
Titania-Silicate composites have not been explored in thin films, phosphors, or
monolithic glass. Our investigation focuses on uncovering the upconversion
luminescence (UCL) and downconversion luminescence (DCL) spectra of these ion
pairs within TiO,-SiO, and ZnO-SiO, binary composite hosts. Through a modified
ex-situ sol-gel method, we aim to ensure uniform distribution of RE** ions and

potentially enhance luminescence properties by lowering phonon energy.

While previous studies have examined UCL and DCL spectra of Pr¥*-Yb®*
ion pairs in various hosts, TiO,-SiO composite hosts remain unexplored. Our
approach involves synthesizing a host with lower phonon energy to advance
understanding of the luminescence behavior under different excitation powers.
Similarly, the Nd**-Yb®" ion pair's luminescence characteristics have been promising
in diverse hosts but not in ZnO-SiO, composites. By adapting the ex-situ sol-gel
synthesis method, we aim to uncover insights into luminescence efficiency and
behavior under varying excitation powers, contributing to a deeper understanding of

these luminescent systems.

OBJECTIVES

e The synthesis of lanthanide ions (e.g. Pr**, Er**, and Nd** with or without
Yb* ions) in silicate glass host along with Titanium Oxide and Zinc Oxide
nano-particle.

e The samples will be examined for their structural and optical properties.

Photonic applications of these materials are our key concern.



EXPERIMENTAL METHODS

The structural, Morphological, thermal and optical characterization of the materials
has been accomplished. The optical characterization of the samples has been carried

out by recording Absorption spectra and Photoluminescence spectra.
Synthesis

A novel ex-situ sol-gel method was utilized to prepare Titania-Silica and Zinc-
Silicate host materials for RE*" ions. Separate solutions, "SOL-B" containing
stabilized-ZnO/TiO, and "SOL-A" containing activated-SiO,, were mixed in a 1:9
mol ratio. To prevent phase separation during hydrolysis-condensation of SiOj,
TEOS and water were pre-mixed in an alcoholic medium. The initial stage
maintained an equimolar ratio (r=1) of TEOS and water to promote pre-hydrolysis.
"SOL-A" was prepared by vigorously stirring a mixture of TEOS, EtOH, H,0, and
HNO; for 90 min at 60°C. Separate solutions of "AcAc-stabilized TiO," and "MEA-
stabilized ZnO™ were prepared before admixing them to the pre-hydrolyzed SiO2
solution to introduce asymmetry through NBO (Si-O-Ti and Si-O-Zn bonds). The
composite SiO,-ZnO/TiO, binary solution was stirred vigorously for an hour, and
additional water was slowly added to maintain a 1:4 molar ratio of Si:DI water for
hydrolysis and condensation. RE** ion salts dissolved in MeOH were added to the
Si0,-TiO; and SiO,-ZnO composite solution under uninterrupted stirring for 60 min
to form the final solution (SOL-C).

The SOL-C solution was poured into a polypropylene container to form
xerogel materials, which were aged at room temperature for three weeks. The
annealing process involved gradually drying the materials in a hot air oven up to
235°C before heating at approximately 900°C for one hour in an electric muffle

furnace, with a cooling rate of 1.0°C/min.
Structural and morphological characterization

Structural analysis involved XRD and FTIR spectroscopy, with morphological
analysis conducted via FESEM and FETEM. The ATR-FTIR Spectrometer
(SHIMADZU, USA) provided IR absorption spectra without KBr pellets, with a



resolution of approximately 2 cm™. XRD was performed using a 9 kW Powder X-
Ray Diffractometer (Rigaku Technologies, Japan) with CuKa radiation. FETEM
analysis was conducted using a JOEL 2100F microscope (USA), while FESEM
monographs were obtained using a Zeiss Sigma microscope (USA), with
magnification up to 300,000x and 0.1 nm spatial resolution, and elemental analysis
was performed using OXFORD EDS.

Thermal Characterization

The thermal studies were carried out by utilizing Thermo-gravimetry analysis and
Derivative thermo-gravimetry analysis. TGA/DTG analysis had been done with the
help of a thermal analyzer (Model: TGA-4000 from Perkin Elmer, UK) in the
Analytical lab, School of Energy Science & Technology, IITG. The temperature
range of the instrument is 15-900 °C.

Optical characterization

The optical studies were carried out by utilizing absorption spectra and
photoluminescence spectra. The optical absorption spectra are acquired at room
temperature by employing a spectrometer, specifically the iHR320 model from

Horiba Scientific, in conjunction with the with the Syner JY™ software.
RESULTS

SAMPLE | (STPYX-DGC) materials have been successfully synthesized using an
improved ex-situ sol-gel method and annealed at temperatures of 235, 700 & 900 °C.
The absence of OH- molecules with increasing annealing temperatures mitigates
hydroxyl quenching of luminescence. Formation of a pure oxide phase and non-
bridging oxygen (Ti-O-Si) bonds, promotes an asymmetric TiO,-SiO, binary host,
supporting luminescence of Pr** and Yb® ions in a crystalline environment. The
existence of the Pr** and Yb*" ion pair was confirmed by EDS spectra. Based on
TG/DSC analyses, the material was found to be thermally stable, with thermal
decomposition identified at 80 and 120 °C. Therefore, the material can remain stable
even in adverse environmental conditions. An ultra-broadband UCL of the STPY X-
DGC materials was obtained for the first time, optimized for the STPY15-DSC



material, demonstrating color tunability from white to red. PL confocal mapping of
the STPY15-DGC material confirms UCL throughout the space material in powder
form. Thus STPYX-DGC material is optically active and capable of ultra-broadband
red UCL for near-infrared excitation at 980nm, suitable for diverse photonic

applications.

Similarly, the modified ex-situ sol-gel process facilitated the synthesis of the
SAMPLE Il (SZNYX-DGC) materials, observed to be crystalline in nature due to
annealing temperature. The transparent dense glasses are free from OH molecule
with higher phonon energy which promotes hydroxyl quenching of RE®*" ion. The
Nd** and Yb* ion are well distributed all over the thin film although voids are
unavoidable from evaporation of adsorbed water and trapped solvents. Thus
promotion of Nd** and Yb*" ion codoped in Zinc-Silicate asymmetrical host with
non-bridging oxygen (Zn-O-Si) is reported through this modified sol-gel synthesis
route for future optoelectronic applications. FETEM are embedded in an amorphous
silica matrix, with an interplanar spacing of 0.24 nm. TG and DSC analysis provide
insights into the thermal behavior of the material. The synthesized materials
exhibited white UCL spectra under 980nm excitation; with the optimum UCL
intensity observed for the SZNY15-DSC samples. PL confocal mapping of the
SZNYX-DGC sample revealed non-uniform luminescence due to the uneven
topological surface in powder form. The optical activity of the SZNYX-DGC
material, with both UCL and DCL properties, makes it promising candidates for

various photonic applications.

Two other novel luminescent materials were developed by incorporating two
distinct pair of RE* ion (Er¥/Pr*" and Er**/Nd*") into ex-situ sol-gel derived
Titania-Silicate and Zinc-Silicate dense glass ceramic hosts respectively. The ex-situ
sol-gel techniques for host synthesis remained unmodified, with only variations in
RE** ion pair. The primary aim was to demonstrate that co-doping Er®*/Pr** and
Er¥*/Nd** ions in their respective hosts could enhance optical properties without
altering structural and morphological characteristics. These specific ion pairs were
chosen due to their potential to tune ionic interactions, enabling high concentrations

of RE*" doping for photonics applications.



Structural, morphological, and optical characterizations were conducted on
both materials. Both pairs exhibited absorption and emission properties spanning
UV-VIS and NIR regions. For the SAMPLE I1I (Er**/Pr**: TiO,-SiO,) material, XRD
analysis confirmed the crystalline growth of TiO,, while ATR-FTIR spectra revealed
Si-O-Ti bonds without observable RE®*" ions. TEM analysis unveiled TiO, nano-
crystallites within an amorphous SiO, matrix. UV-VIS-NIR absorption and DCL
spectra exhibited distinct peaks corresponding to Er®* and Pr®*. Similarly, for
SAMPLE IV (Er**/Nd**:Zn0-SiO,, XRD confirmed the formation of 0-Zn,SiOs,
while ATR-FTIR indicated Si-O-Si bonds and Zn-O-Si vibrations. TEM analysis
confirmed the presence of ZnO crystallites in the SiO, matrix, with UV-Vis-NIR

absorption and DCL spectra showing different peaks for Er** and Nd**.
CONCLUSION:

We have successfully synthesized four novel luminescent materials (SAMPLE |, II,
I1l, 1V) via an ex-situ sol-gel method with future potential photonic applications
which can be further used in diverse photonic applications. Further optimization of
the synthesis parameters and characterization of the optical properties are necessary

to improve the luminescent efficiency and overall performance.
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