Chapter 4
Up-Conversion
Luminescence Study



Introduction

In the general process of luminescence, a lower energy photon is generated on excitation by a
higher energy photon. However, in the case of upconversion, the process is exactly the opposite.
i.e. higher energy photons are generated on excitation by multiple low energy photons.
Generally, two electrons of lower energy, in near infrared region carry out the excitation process
by subsequent absorption. The emission process is a single step process by raditative energy
transfer and results in a photon in the visible region. The process is different than the
simultaneous multi photon absorption in the sense that the intermediate level is virtual, while in
case of up conversion, it is real. This results into higher efficiency in case of upconversion

process, which leads to several applications [1].

The process of photon, upconversion has been extensively studied in particularly lanthanide-
doped materials. These studies have opened up a large number of potential applications like
infrared pumped visible lasers, colour display, optical storage, solar cells and bio-labels. The
lanthanides have been particularly useful in the field of up conversion due to their rich energy
levels and long lived excited states, which result from the unique electron configuration of these
elements i.e. the f-block elements, whose electrons in the 4f shells are effectively shielded by 5s
and 5p shells, which are in close proximity. The shielding ensures that there is hardly any
perturbation due to the local environment of the host lattice, leading to steady spectroscopic
properties i.e. the exhibition of sharp emission bands almost independent of the host lattice. The
sharp emission bands leads to better colour characteristics in terms of purity of colour, as they

can be doped in various solid matrices while retaining the same colour characteristics [2]. In case

2|Page



of multiphoton processes, a handful of trivalent rare earth ions serve as the absorption and
emission centers. They are Yb, Er, Sm, Ho, Pr and Tm (Ytterbium, Erbium, Samarium,

Holmium, Promethium and Thulium)

4.1 Mechanism of up conversion

The mechanism of up conversion has the usual two step process.
a. Absorption
b. Energy transfer (non-radiative)

“The process of absorption” can be categorized into two:
M Ground State Absorption (GSA)

Here, an ion in the ground state absorbs energy to go the excited state

(i) Excited State absorption (ESA)

Here, an ion in the excited state absorbs energy and goes to a higher excited state.
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The process of Energy transfer can be categorized as under.

(i)

(i)

(iii)

(iv)

Energy transfer between the same kind of ions, which is a very common form of

energy transfer.

A

S

“Energy Transfer” between different kind of ions. It happens for a pair of ions, one

\4

acting as activator and other sensitizer.

"1

\ 4

Energy released by an ion to come from a higher excited state to a lower excited state
is absorbed by another ion to move from ground state to lower excited state. Hence

both the ions are in lower excited state. This is called “Cross Relaxation”(CR)

A\ 4
A

Energy released by an ion in the lower excited to come down to the ground state is

absorbed by an ion in the lower excited state to go the higher excited state. This is

called “Energy Transfer Upconversion (ETU)”.

)

A
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A combination of the above processes make up for the complete process of upconversion.

1. Ground State Absorption is followed by Excited State Absorption. (GSA/ ESA)
This process is inherent in case of materials with single optical center. Hence it is relatively
insensitive to the concentration of the optical center i.e. the ion which produces up
conversion.

2. Ground State Absorption is followed by Energy transfer up-conversion (GSA/ ETU)

This process is inherent in case of materials with two optical centers i.e. one activator and one
sensitizer. Initially the ions are activated by ground state absorption, which is followed by energy
transfer up-conversion. This is the most common up-conversion mechanism. The advantage with
such up-conversion processes is that they require a low power source e.g. low power continuous

wave diode laser. [3]

The phenomenon of up conversion was put forward way back in 1959. It was the called the
“Quantum counter action”, which in today’s context, is known as the “Excited state absorption”.
Right from the initial stage, it was observed in rare earth activate materials. Subsequent studies

have established that the effectiveness of the up conversion mechanism depends on the

Host material

Activator

Sensitizer

Concentration of activator and sensitizer
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The efficiency of up conversion is dependent on

- the spatial distribution of dopant ions

- the structure of host lattice

The dopant concentration and the structure of host lattice must be such that it leads to the
enhancement in the formulation of complexes of associated ions. If this condition is fulfilled, the

up-conversion efficiency increases.

4.2 Electronic structure of Lanthanide elements

The Lanthanide group in the periodic table consists of 15 elements.

Element Atomic Number
Lanthanum 57
Cerium 58
Praseodymium 59
Neodymium 60
Promethium 61
Samarium 62
Europium 63
Gadolinium 64
Terbium 65
Dysprosium 66
Holmium 67
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Erbium 68

Thulium 69
Ytterbium 70
Lutetium 71

The elements Yttrium (39) and Scandium (21) are also considered to be associated with the
lanthanide group.

The electronic configuration of the rare earth (Lanthanide) atoms are built up as

Xe Core
(1s2, 2s2, 2p6, 3s2, 3p6, 4s2, 3d10, 4p6, 552, 4d10, 5p8)
+
2 or 3 outer electrons (6s2 or 6s2 5d1)
and

4f electrons (0 to 14)

The successive elements in the group have incremental filling of electrons in the 4f shell from
4fo in Lanthanum to 4f14 in Lutetium. By losing the 6s and 5d electrons, they are generally
available in the trivalent ionic state. However, the 5s and 5p electrons shield the 4f electrons,
making them almost insensitive to the surrounding environment. Since the up-conversion process
involves 4f - 4f transitions, the absorption and emission cross sections are very small, while the

Luminescence life times are relatively long (up to few milli seconds) [4]
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The Lanthanide elements, in general, are considered to be non-toxic and having unique emission
properties in a wide range of wavelengths from ultraviolet to near infrared, resulting into their
potential applications in lasers, lighting and optical fiber. Lanthanide ions are widely used as
activators in solid-state lasers, lamps, displays, communication systems and other photonic
devices. [4]

The Lanthanide elements have the same valence electrons. Hence, the ions show similar
behavior in terms of coordination and reactivity. The Luminescence properties of these ions,
which are mostly in the trivalent state, arise from transitions within the 4f shell. Due to the
shielding effect, their absorption and emission characteristics remain almost the same in any host

lattice. [4]

The transitions that give Luminescence are in accordance with the Russel Sannders or LS
coupling scheme. In case of LS coupling, the formula by which each of these levels are labelled

is given by

28+1L
J

where S corresponds to the total spin multiplicity,

L is the orbital angular momentum and J represents total angular momentum.

Energy level diagrams of the Lanthanide ions, based on such schemes are widely available. They
are valid for these ions incorporated in different lost lattices, as the shielding effect ensures that
there is no appreciable change due to the local fields. There diagrams do not generally include
the Lanthanum (La**) and Lutetium (Lu®*) ions as the former has emptily while the latter has a

completely filled 4f shell.
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Both electric as well as magnetic dipole transitions are allowed within the 4f states, with some
exception, as the symmetry of the environment influences the selection rules of these transitions.
Electric dipole transitions are not allowed in a crystal site with inversion symmetry. However, if
the ion is under the influence of a non-center symmetric crystal field, the selection rule relax to
partly allow such transitions. Such transitions are termed, induced electric dipole transitions. [5]

In such cases, the interactions lead to the mixing of higher energy configurations of opposite

parity into the 4f wave functions through the odd terms of the crystal field potential. [6]

Magnetic dipole transitions are readily allowed. However, they are weak. Both types of
transitions have similar intensities in the trivalent ion spectra, as one is weak and the other

happens as a consequence of a perturbation. [3]

4.3 Up conversion in Erbium (Er3*)

Very few ions have the ability to exhibit up conversion luminescence as an activator or
sensitizer. While Erbium, Holmium, Praseodymium and Thulium are the only elements, which
act as an activator, the role of synthesizer is limited to Ytterbium and Samarium. Erbium can be

both an activator and sensitizer.

Erbium in its tri-positive state (Er®") is one of the most efficient ions for up conversion, for the
following reasons:
- Existence of metastable levels “l1, and *lg, corresponding to 973 nm and 800nm

respectively, apart from other levels.
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- Has a favorable electronic energy level scheme with equally spaced long lived excited
states.
Hence, Erbium has been studied as an activator in several materials. A couple of illustrations are

mentioned below.

Erbium doped KLaF4, when excited by 980nm radiation exhibits emission features as narrow
band spectra with a dominant peak at 522 nm corresponding to the transition 2Hi1,->*l15,, and
smaller peaks at 545nm and 660nm corresponding to *Ss;,>*l1s5, respectively [7]. It is used for

2D and 3D assemblies and in bioprobes.

In Bi,Ti;NbO,; ceramics, the excitation of 980 nm gives emission peaks at 533 nm, 550 nm and
670 nm for the transitions *Hyip>*lisp, *San>*lisp and *Fon>*lis, respectively. The peak at
550 nm has the highest intensity. The material finds use in optical thermometry, electro-optical

devices and bio imaging. [8]

Erbium doped CeO, and SiTiO3 have been investigated for excitation at 785 nm [9, 10]

BaCl,: Er** has been studied for multiple excitations of 800nm, 970 nm and 1500 nm [11].

However, there are limitations in using Erbium as a single dopant in terms of up conversion
efficiency. Attempts at increasing the efficiency by increasing dopant concentration have failed.
This is because, at higher concentrations, the Er** ions indulge in cross relaxation, resulting into

quenching of emission. Another limitation is that in Erbium ions, the absorption cross section for
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the transition around 980 nm is relatively low, about 1.7 X 10 cm? at 976 nm, to be precise.

These limitations lead to poor emission efficiency.

4.4 Up conversion in Erbium (Er3*) with Ytterbium (Yb3*)

The efficiency can be increased by adding a sensitizer or co-activator along with Er**, which has
a better absorption cross section. The role of such a sensitizer can be accomplished by Ytterbium
(Yb*"), which has a much higher absorption cross section of about. 11.7 X 10! cm? at 976 nm.
Hence the Yb®" ion can efficiently absorb the radiation and transfer it to Er**.The spectral states
for Yb** emission,?Fs,=>2F7, and Er** absorption, *l11,>*l15,, are almost at the same energy
level causing a large spectral overlap between them that results into efficient energy transfer and

subsequently improves the emission efficiency significantly. [12]

The simple two level system of Yb®" helps in ensuring that even at high concentrations, there is
no quenching as part of the energy is transferred to Er®*. Besides, the ionic radius of Yb** and
Er®* ions are similar. This enables suitable incorporation of these two ions in the host matrices.
[13]. The presence of Yb®* as sensitizer induces donor-acceptor processes between Er** and
itself. Thus, the combination of Er** and Yb** yields good results in particularly low phonon

energy host matrices.

A long with efficiency of up conversion, another important factor is the spectral characteristics
of emission. The choice of host matrix is important here as the emission characteristics can be

manipulated by control of host/ dopant combinations, apart from dopant concentration [14].
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A practical problem arises due to the sharp absorption and emission lines of lanthanide doped
phosphors, which typically have 10 — 20 nm full width at half maximum. This imposes
constraints on the selection of the excitation source. However, this problem is solved due to the
availability of InGaAs diode laser system operating at 980nm, which matches with the

absorption of Yb*" ions.

The host matrices chosen for the study have not been studied extensively but hold a lot of
potential in terms of efficiency and spectral characteristics. Lanthanum Molybdate doped with
Erbium and Ytterbium [Lay(M0O4)3:Er¥*/Yb®*], Bismuth Oxide doped with Erbium and
Ytterbium [Bi,Oz: Er¥*/Yb®*] and Cadmium Oxide doped with Erbium and Ytterbium [CdO:

Er®*/Yb®], in their limited exploration so far, have shown strong emission characteristics.

In an earlier work, La,(M0O4)3:Er¥*/Yb®* particles prepared by microwave-modified sol-gel
method, under the excitation of 980 nm, exhibited strong emission at 525 nm, 550 nm and 655

nm for’Hyipo>*liss , *S32>*l1si and *Foin> 115, transitions of Er®* ions respectively. [15]

Similarly, Bi,Osprepared through a solid-state-chemistry thermal decomposition process exhibits
intense upconversion luminescence on doping Yb, Er ions into the host matrix under 980 nm
excitation. It has been utilized for temperature sensing and optical imaging applications [16].

CdO has not been explored for up-conversion characteristics so far.
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4.5 Up-conversion phosphor applications

Up-conversion materials are useful due to their applications which follow from their
characteristics to convert infra red into visible light. Some of the prominent ones are mentioned

below.

There are many luminescent materials, which give visible light on excitation by ultraviolet
radiation. These materials have been conventionally used for lighting applications. There are
materials, which emit in the infrared region when excited by electric field. This infrared
component can be converted into visible light using up-conversion phosphors. Such materials,

along with up-conversion phosphors are used for Light Emitting Diodes.

These phosphors, particularly in nano dimensions are particularly useful as bio-labels and for
bio-imaging. The advantage of using near infrared radiation is that it is non-invasive and has
high penetration depth. There is a very low probability of auto-fluorescence of the biological
tissues if infrared radiation is used. It also involves a low cost near infrared continuous wave
laser. Biological tissues only weakly absorb infrared radiation, thus preventing damage. Nano
particles with Lanthanide ion embedded in inorganic matrix yield higher luminescence lifetimes,
better quantum efficiencies and photo stability. Lanthanide doped materials are preferable as the
emission mechanism is confined to the host lattice and remains unaffected by the outside
environment. Such a situation is ideal for tagging in complicated bio systems. Hence, there is an
increased emphasis on finding up-conversion materials, which can convert infrared wavelengths

from 700 nm to 2000 nm into visible wavelengths.
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The present work intends to find up-conversion phosphors that can be used in conversion of the
infrared component in the solar radiation into visible radiation, so that it can be used in solar

cells, particularly the Dye Sensitized Solar Cell.

Figure 4.1 shows the distribution of energy in the solar spectrum. It shows distinct peaks at 780
nm, 980 nm, 1250 nm and 1550 nm in the infrared region. While the visible component is 49%
of the solar spectrum, the infrared component is 52%. As the solar cells absorb predominantly in
the visible region to generate electricity, the conversion of infrared component into visible can

increase the efficiency. The absorption range of different solar cells is given in figure 4.2.

1.40 3 Near Infrared

49% 52%
Solar Radlation Solar Radiation

1.20

1.00
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Energy (W/m?)
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0.20

0.00
250 400 500 700 700 1000 1250 1500 1750 2000 2250 2500
Nanometers (nm)

Figure 4.1: Distribution of energy in the solar spectrum {Courtesy: May-Mecho System

[CE Centre — Advancing the Daylight]}
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Solar absorber

GaAs solar cell (28.3%)

C-Si solar cell (25%)

Efficiency

Figure 4.2: Absorption range in different Solar Cells {Courtesy: Light — Science and

Applications (2014) 3 [doi:10.1038/Isa.2014.42]}

Attempts are being made to develop phosphors which absorb at different wavelengths in infrared
region and convert them into visible light. Some of these materials, as mentioned above, include
Erbium activated BaCl, with absorption at 800 nm, 970 nm and 1500 nm [17], Erbium activated
Cerium Oxide absorbs at 785 nm [18]. Er,Mo4O;5 gives emission in visible region under 980 nm
and 1550 nm excitation [19]. Erbium activated SrTiO3 ultrafine powders with absorb at 785 nm
[20]. Other materials which are excited by 980 nm laser diode are KMnF3:Yb**, Er*" [21],
NaYFs: Yb¥*, Er¥* [22], SrF,: Yb**, Er¥ [23], Y.0s: Yb**, Er¥* [24], GdFs: Yb**, Er** [25],
LiBaBOg: Yb*, Er** [26], LiNbOs: Yb**, Er®* [27], Gd,05: Yb**, Er®** [28], GdVO,: Yb*, Er**
[29], ZnWO,: Yb**, Er®* [30], LaFs: Yb*, Er¥ [31], ZrO,: Yb*, Er** [32], CaF,: Yb**, Er*

[33].
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4.6 Spectral characteristics of synthesized phosphors

The photoluminescence spectra of the synthesized samples were recorded using a fluorescence
spectrometer with an excitation source of 980 nm. Similar amount of sample was taken for each

of the recording. The results are given below.

4.6.1 Laz(Mo0y)s: Yb3*, Er3+

Figures 4.3, 4.4 and 4.5 show the emission spectra of the three samples of Lay(Mo0O,)s: Yb, Er
with varying amount of Erbium in the increasing order, designated LMO 1, LMO 2 and LMO 3

respectively.

LMO 1

2 4
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o 1o 1o

3500 A
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1000 - U 659 671
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Figure 4.3: PL spectrum of sample LMO 1{Lay(.79)(M0QOa4)3: Yb(0.2), Ero.01)}
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Sample LMO 1 as shown in Figure 4.3 gives strong emission at 523, 527 and 533 nm in the
bluish green region as well as 547 and 555 nm in the green region. There are minor peaks at
wavelengths 644, 659 and 671 nm in the red region. The peaks in the green region only

contribute to the intensity as the intensity of peaks in the red region is insignificant.

T LMO 2
11/2 15/2
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— 533
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523
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3000 - Foi2 - 11512

2000 - 659 671
o] A
I ¥ 1 e 1 ® 1 J |
500 550 600 650 700
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Figure 4.4: PL spectrum of sample LMO 2 {Lay(0.78)(M00O4)3: Yb.2), Er.02)}

Sample LMO 2 gives similar emission at wavelengths of 523, 526, 533, 546, 554 nm in the
bluish green as well as green region and at 659 and 671 nm in the red region as shown in Figure

4.4. Here too, the intensity of the green color emission is much higher.
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Figure 4.5: PL spectrum of sample LMO 3 {Lay(.77(M004)3: Yb.2), Er(0.03)}

Figure 4.5 for the sample LMO 3 again shows emission peaks at wavelengths 524, 528, 532, 546
and 555 nm for bluish green and green color emission and at wavelengths 659 and 672 nm for
red color emission. Here also, the intensity of the green color emission is high and of red color,

emission is low.

The peaks in the bluish green region are attributed to the transition “Hyy, — *lis2 of Er¥fion,
while those in the green region are attributed to the transition 433/, — %155 Of the same ion. Peaks
in the red region are of *Fg;, — “l155, transition of Er**. The free Er** ion would have an electron
configuration 4f**. The lower term corresponding to this configuration is *l.s;,. However, in the
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presence of crystal field, this level degenerates due to stark splitting giving multiple peaks for the

transitions mentioned above [34]. This explains the multiplicity of peaks for each transition.

The changes in intensity of the peaks in all the three samples show a general trend as shown in
Figure 4.6. It shows that there is increase in intensity of the peaks with increase in the amount of
Erbium. The Erbium content increases from LMO 1 to LMO 3. At lower concentration of
Erbium (sample LMO 1), the transition S/ — *l15/, dominates as the intensity of the 555 nm
peak is higher than the 533 nm peak of transition 2H11/2 — *ly5;. However, at higher
concentrations of Erbium (samples LMO 2 and LMO 3), the transition *Hu, —
4Ilg—),gcorresponding to 533 nm clearly dominates over the other. Intensities due to the *Fopp —

*Isotransition in the red region do not show any significant change.

- LMO 1
9000 - —‘ LMO 2
7500 -
S 6000-
L
2 4500 -
7
<
3
3000+
1500 -
1 3 1 % ] e T L4 T v T v T
1 2 3 4 5 6 7
Wavelength Peaks

Figure 4.6: Changes in peak intensity in LMO samples
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Figure 4.7a: Change in peak intensity  Figure 4.7b: Change in peak intensity
for the transition for the transition
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H11/2 |15/2 of Er’ ion 83/2 - |15/2 of Er’ ion

Figure 4.7a and 4.7b shows that the intensities of the peaks attributed to the transition 2Hy1/, —
*l15/> get saturated on increase in the Erbium content, while the intensities of the peaks attributed
to the transition *Sz, — *l15;, increase almost linearly. In general, it is seen that by increasing the
concentration of Erbium, there is an increase in the intensity of the emission peaks for green

color emission.

The colour emitted by a phosphor can be visualized and understood by its position in the
chromaticity diagram. For obtaining this position in terms of chromaticity coordinates, the
emission characteristics of the samples were superimposed with the colour matching functions as

shown in Figures 4.8 a, 4.8 b and 4.8 c¢. Colour matching functions are the amounts of primary
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colours needed to match a particular colour. These primary colours have been standardized by
CIE in 1931 as the RGB colour matching functions r(A), g(A) and b(A) corresponding to 700 nm,
546.1 nm and 435.8 nm respectively in the red, green and blue regions of the spectrum. The

overlap between the emission spectra and the respective colour matching functions give the

chromaticity coordinates of the emitted colour.
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Figure 4.8 c

Overlapping of the emission spectra of samples with the colour matching functions.

21| Page



The values of chromaticity coordinates calculated from the above diagram were plotted in the
chromaticity diagram. Since the emission characteristics are different for the three samples, all
the points are shown in the diagram inside the oval. The photograph of the emitted colour and the

corresponding chromaticity diagram is given in Figure 4.9.

LMO

LMP 1: X =0.3728, Y = 0.6046

B LMP2:X=0.3191,Y = 0.6560
'5 LMP 3; X = 0.3193, Y = 0.6571

Figure 4.9: Photograph of the emitted colour and the corresponding chromaticity diagram
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A  Up-conversion Mechanism for La,(Mo0Q,);:Yb*", Er?*
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Figure 4.10: Mechanism of up conversion in La;(M0oQ,)s: Yb**, Er**

Based on the emission characteristics, the up-conversion mechanism in Lay(MoQy)s: Yb, Er can

be described in the following steps, which is shown diagrammatically in Figure 4.10.

1. The 980 nm radiation is absorbed by the Yb** ions, as they have a much higher
absorption cross section. It results in excitation of the Yb** ions from 2F7;, — 2Fsys.

2. The de-excitation of Yb*" ion from ?Fs; — 2Fy, leads to generation of photons with
energy equal to the difference in energy levels, *l 11, & *l15 as well as *F7p & *I 115 Of

Er’" ions.
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3.

In the next step, there is Energy Transfer (ET) of the energy generated as mentioned

above, from Yb** ions (the sensitizer), to the Er® ions (the activator) in two different

ways.

a) Energy transferred to Er®" ions resulting in Ground State Absorption (GSA) in the
Er®" ion, which leads to excitation of these ions from *lys;, —*1115.

b) Energy transferred to Er** ions resulting in Excited State Absorption (ESA) in the
Er®* ion, which leads to excitation of these ions from *ly1, — *Fyp,.

The electrons get accumulated at the “Fv, level of Er*" ion. Some of the electrons

accumulated at the “F7j, level release some energy non radiatively and reach 2Hyy, level,

from where their transition to the *lys, level results into the bluish green emission of the

three peaks (523, 527 and 533 nm). { “Hy, — *lisp }

Other electrons release more energy by non radiative transitions to reach “Ss, level. Their

transition to the *I15;, level results into the emission of the two peaks (547 and 555 nm).

{*Sarz— *lis2}

Few of these electrons release further energy at the *Sg, level by non radiative means to

reach the “Fg, level. These electrons transit to the *Iys, level to give emission in the red

. 4 4
region. {"Fop— "lisp}
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4.6.2 Biz03: Yb3*, Er3*

Photoluminescence spectra of the samples BO 1, BO 2 and BO 3 were taken using NIR

excitation at 980 nm wavelength. Figures 4.11, 4.12 and 4.13 show the emission spectra of

samples BO 1, BO 2 and BO 3 respectively. All the samples show a single emission peak at 510

nm, which can be attributed to the transition 2Hyyp — *l1s. The peaks are very narrow with a

value of full width at half maximum below 1 nm.
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Figure 4.11: PL spectrum of sample BO 1 {Bi»O3: Yb(.2), Er.o1}

25|Page




Intensity (a. u.)

BO 2

1800 - 510

1600t 2H+u2-4H5m
1400 1
1200;
1000;
800:

600 -

PO ~ N\ DT A A _w
r i v w ~ar

400 - T - T - T y T y -
450 500 550 600 650 700
Wavelength (nm)

Figure 4.12: PL spectrum of sample BO 2 {Bi,O3: Yb(.2), Er.o2)}
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BO 3
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Figure 4.13: PL spectrum of sample BO 3 {Bi,O3: Yb(.2), Er.o3)}

It can be seen from the figure 4.14 given below that the intensity of the samples increase with the

Erbium content.

A similar exercise as mentioned earlier was carried out for the BO samples to find out the
chromaticity coordinates. A spectrum of only one sample as given in figure 4.15 below was
taken for the purpose as there is no change in the wavelengths of emission in the three samples.
The photograph of the emitted colour and the corresponding chromaticity diagram is given in

Figure 4.16.
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Figure 4.14: Change in intensity with Er content (for BO samples)
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Figure 4.15: Overlapping of the emission spectrum of Bi,O5:Yb**, Er** with

the colour matching functions.
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Figure 4.16: Photograph of the emitted colour and the corresponding chromaticity diagram

Based on the emission characteristics, the up-conversion mechanism in Bi,Os: Yb, Er can be

described in the following steps, which is shown diagrammatically in Figure 4.17.

1. The 980 nm radiation is absorbed by the Yb*" ion, resulting in the excitation of the Yb**
ion from 2Fy;, — °Fsps.

2. The de-excitation of Yb*" ion from ?Fs;, — 2F+, leads to generation of photons.

3. In the next step, there is Energy Transfer (ET) of the energy generated as mentioned
above, from Yb*" ions (the sensitizer), to the Er®* ions (the activator) in two different
ways.

c) Energy transferred to Er®" ions resulting in Ground State Absorption (GSA) in the
Er** ion, which leads to excitation of these ions from *ly5, —111/5.
d) Energy transferred to Er** ions resulting in Excited State Absorption (ESA) in the

Er** ion, which leads to excitation of these ions from *l;1/, — *F7».
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4. The electrons get accumulated at the “F7j, level of Er** ion. The electrons accumulated at
the *F7, level release energy non radiatively and reach 2Hyy, level, from where their

transition to the “*l1s,, level results into the red emission of 510 nm. { *Hyz, — *lisi2 }

4 Up-conversion Mechanism for Bi,O;:Yb3*, Er3*
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Figure 4.17: Mechanism of up conversion in Bi,Os: Yb*, Ert?
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4.6.3 CdO: Yb3*, Er3+

Photoluminescence spectra of all samples CO 1, CO 2 and CO 3 were taken using NIR
excitation at 980 nm wavelength. Figures 4.18, 4.19 and 4.20 show the emission spectra of

samples CO 1, CO 2 and CO 3 respectively.

Figure 4.18 for CO 1 shows one sharp and narrow emission peak at 626 nm in the red
region. Figure 4.19 also shows the same feature at 627 nm for CO 2 sample with almost the same
intensity as in case of CO 1 sample. Figure 4.20 for CO 3 sample shows a similar feature at 630

nm with much higher intensity.
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Figure 4.18: PL spectrum of sample CO 1{CdO: Yb(o.2), Erp.on}
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Figure 4.19: PL spectrum of sample CO 2 { CdO: Yb(.2), Er.o2}
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Figure 4.20: PL spectrum of sample CO 3 {CdO: Yb(.), Er.os)}

The full width at half maximum for the first two samples (CO 1 & CO 2) is around 0.5 nm, while
it is still less for the third sample (CO 3). Hence the peaks are very narrow and sharp. This peak
is attributed to the transition *lg, — *l15, of the Er®* ion. The slight shift in the wavelength is due

to the crystal field.

It can be seen from Figure 4.21 that the intensity of emission is the highest for the sample with
maximum Erbium content. Since CdO has not been studied for up conversion so far, these results

open the possibility of studying it further with still higher Erbium content.
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Figure 4.21: Change in intensity with Er** content (for CO samples)

A similar exercise as mentioned earlier for LMO samples was carried out for the CO samples to
find out the chromaticity coordinates. A spectrum of only one sample as mentioned in figure
4.22, was taken for the purpose as there is no appreciable change in the wavelengths of emission
in the three samples. The photograph of the emitted colour and the corresponding chromaticity

diagram is given in Figure 4.23.
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Figure 4.22: Overlapping of the emission spectrum of CdO: Yb**, Er** with

the colour matching functions.
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Figure 4.23: Photograph of the emitted colour and the corresponding chromaticity diagram

35|Page



A Up-conversion Mechanism for CdO:Yb**, Er3*
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Figure 4.24; Mechanism of up conversion in CdO: Yb**, Er**

Based on the emission characteristics, the up-conversion mechanism in CdO: Yb, Er can be

described in the following steps, which is shown diagrammatically in Figure 4.24.

1. The 980 nm radiation is absorbed by the Yb** ion, resulting in the excitation of the Yb**
ion from 2F7;, — 2Fsp,.

2. The de-excitation of Yb** ion from Fs;, — 2F, leads to generation of photons.

3. In the next step, there is Energy Transfer (ET) of the energy generated as mentioned
above, from Yb** ions (the sensitizer), to the Er® ions (the activator) in two different

ways.
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4. Energy transferred to Er®* ions resulting in Ground State Absorption (GSA) in the Er**
ion, which leads to excitation of these ions from “l15, —*l11/5.

5. Energy transferred to Er** ions resulting in Excited State Absorption (ESA) in the Er**
ion, which leads to excitation of these ions from “*ly1, — *Saya.

6. The electrons get accumulated at the *Sg, level of Er** ion. The electrons accumulated at
the “Ss, level release energy non radiatively and reach “lg;, level, from where their

transition to the *l15,, level results into the red emission of 630 nm. { *lg;, — *l1512 }
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4.7 Summary

The phosphor samples synthesized to study up-conversion characteristics were excited by 980

nm radiation.

All the samples give up-conversion luminescence. The samples of La,(MoOy)s: Yb, Er give
major emissions in the green and some emission in the red region. The emission with multiple
peaks is attributed to the Er** ions, while Yb®" acts as a sensitizer. There is splitting of peaks in
the bluish green and green regions on account of the stark effect due to the crystal field of the
host material. An increase in intensity is observed in the green region with increase in the

Erbium content.

In case of Bi,O3: Yb, Er, all the samples exhibits a single narrow and intense peak at 510 nm. It
is attributed to the 2Hyy, > *lisp; transition of Er®* jons. Hence too, the intensity of the peaks

increase with increase in the Erbium content.

The samples of CdO: Yb, Er give emission in the red region with a slight variation from 626 to
630 nm, which might be due to variation in crystal field. The intensity of the peak increases with
increase in the Erbium content. Since these, phosphors have not been explored extensively, there

is scope for further study.
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