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INVESTIGATION OF THE LUMINESCENCE PROPERTIES and WHITE
LIGHT PRODUCTION FROM Nd3*and Cr3* DOPED METAL OXIDE
NANO-POWDERS

SUMMARY

The main focus of this thesis is to proviabetter understanding of the effect of the
crystalline size on the luminescence properties of th& dlaped %03 nanepowder

which is oneof thebest host materiafor rare earth iondldence, he present research
includes the synthesis, structural and optical characterizatior,@f:Nd®** nano
powders.

The nanocrystals of Y.O; doped with different N& concentrations were
synthesized using the thermal decomposition method which is based on the thermal
decomposition of the yttriumeodymium alginate gels. The powders were thermally
treated to camol the particles 8izes at temperatwseanging from 600 to 140€C.

The synthesized powders were then structurally characterized to deté¢nesirze

of the naneparticles,the morphology and the crystalline phases occurred using X
ray diffractometer ad electron microscopes.

The contineus emission spectra and the response to pulsed excitation measurements
were conductedn the samples tdeterminethe luminescenceproperties of the
materials studied and to see the effe€tthe nanesize on theluminescence
properties of the materials. The results of the optical characterization showed that the
samples have enough strong emission even if they are insimnfmrm and the
luminescencepropertes of the materials are strongly relatexthe size 6 the
particles. It was also shown that the Ndoncentration has a decisive role on the
emission properties of the materials and concentration quenching effect takes place
due to increasing dopant ion interactions at higher dopant concentrations.

Anothe most importahfinding of this thesis which was not in its originalrpose

and which led uso make a patent appétion was the production of laright,
wideband white light emission froite studied nangowders induced bw laser

diode output. We detmined most of the properties of this WL emission in detail and
showedthat the obtained white light emissiomas comparable with that of a
commecial incandescent lamps and was 36 more efficient than that of an
incandescent lamp.
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1. INTRODUCTION

Synthesis, structural and optical characterization of new and suitable materials are
very important in photonics technology due to the increasing mategiglgrement

as a result of the fast developments in this field. Phosphor materials doped with
different +3 valence rare earth io(REI) such as glasses, crystals, nanopowders,
quantum dots(QD) etc. are candidaseto meet these requirements in photonics
technology. These materials have attracted more interest due to their potential
applications to optoelectronics and photor{itst]. In particular, they have many
application areas such as displays, florescent latigig emitting diodes and bio
sensing. Some phosphor materials converted infrared light to visible radiation, and

are known as Ad¢5ptical transducerso

REIs generallyshow an emission due to electro transitions between the energy
levels of the 4f configuration. These 4f electrons are wealbtected from the crystal
field by the 58and 5§ electrons. So, the host material has a very small effect on REI
energy levels.Among these RElIs there is a particular interest in Neodymiurfi'\Nd
due to its stng absorption at about 808 nm, which matches with the emission

wavelength of the commercially available laser didéé¢s

REIs doped materials haveevery wide application area in photonics technology; a
lot of research articles can be found in the ditere about them. Their selection
varies depending on thmarticular applicationThe priority target in the production
and developmerntf a laser is to increase ggiantum yields in the wavelength range
of interest. The factor that directly affects theagtum yield is the energy loss due to
nonradiative interactions. So, it is important to select a material with minimum non

radiative energy loss.

In particular, among these materials, rare earth ions doped culg (Yttria)
crystals with controllableize and morphology are worthy of investigation due to
their excellent properties, such as stability, high thermal condygtivgh corrosion

resistance,wide spectral range optical transparen®?2 i 8 eEm) and a



refractive indexx( 1.8). Also, yttria is one of the best host material for REIs due to
some similaritiesf Y3* with the REIssuch as chemical propertiaad ionic radius
Yttria is a sesquioxide with a higher melting poin@1® ) and a phonon energies
of about 4307 550 cm'[7, 8].

Synthesis, structural and optical characterization of the materials withsizaso

have ben studied over the last decad@ue to the size confinement effect,
nanostructured materials possess optical, magnetic and thermal properties distinct
from those of their bulk counterparti. has been proven that as the size of the
materials decreasesome optical, magnetic and thermal features of the materials are
enhanced. It is expected in general that confinermayt affectinterionic electronic

and vibonic (electroinphonon) interactions. Therefore, both radiative and
nonradiative relaxation processes of optical centers in nanocrystays ba

significantly influenced.

REIs are particularly effective as luminescent centers in host latticesarand
commony utilized to produce high quantum efficiency bulk phosphors. Unlike the
semiconductorQDs where the electronic states are spatially extended and thus
guantum confined, REI 4f electronicatés are highly localized and affected by
reduced dimensions. Hawer nanophosphor phonon levels are delocalized and the
phonon density of states is reduced by particles of nan@ndions. Because
phonons are responsible for the wadiative relaxations of luminescence in
nanophosphors, and because these modes are cut off due to spatial confihement,
optical properties of nanophosphorslwiiffer from thoseof their bulk counterparts

[9, 10].

It is difficult to grow yttria single crystals with large dimensions and high optical
quality with traditional crystal growth techniques from the melt due to the high
melting temperatureé (2403 ) of yttria. It is alsovery expensive to growth yttria by
using these techniques. Since these techniques are very expensitvis difticult to

obtain single crystals of yttria, in recent yeamsany wet chemical techniques
described in literature have been used for synthesizing REIs doped yttria nano
powders suchas chemical c@recipitation [11], combustion [12], sgkl [13],
chemical vapor deposition [14] et€hermal decomposition techniqused in this
study is also a cheap and efficient wet chemical technique to obtain yttria

nanopowders.



Most of the resealc on Y.O3; systems has concentrated on the synthesis with
different REI dopants such &suropium(Eu*") [2, 15], Thulium (Tm?**) [16], Erbium

(Er*") [17] ions, reduction and controlling of the particle sizes, structural and optical
characterization and sonapplications such as biosensing, displays, lighting etc.
There is nomuch detailed information available for the luminescence properties of
the N&* doped ¥%0s powders and the effect of confinement on the luminescence

properties of these powders.

In this studysynthesis, structural and optical characterizatioNeddymium(Nd®*)

ions doped ¥YOs nanepowders were performed in a systematic way. The powders
were synthesized at different temperatures by using thermal decomposition technique
and annealed atrtgperatures between 604003 to control the particle sizes. The
structure, morphology and particle sizes were investigated by usHigy X
diffraction, Scanning Electron Microscope (SEM) afdansmission Electron
Microscope (TEM) methods. Emission spagtresponse to pulsed excitation, {ine
width and the lineshift measurements were performed in order to investigate the
effect of the particle sizes on the luminescence properties of the samples.

The outline of this thesis is as follows: The theoreticakbeound such as physical
properties of ¥Os crystal, properties of REIs, surface effects and effect of size
confinementare presented in Chapter 2. Chapter 3 deals with the experimental
procedures used for the synthesis of npawders, struct@ charaatrization and
optical characterization. The results of the structural and optical characteremadio

the production of white lighare presented in Chapter 4 toThe conclusions and the

prospects for future studies of this study giken in Chapter 10






2. THEORETICAL BACKGROUND

2.1 Rare Earth lons

The rare earth i (REI) are also called lanthanide ions are commonly used as
luminescence activation centers in photonic materials and have raidge of
applications in phophors, lasers, amplifiebglogical sensorsetc. They are formed

by ionization of a number of atoms with an atomic numbers range from 58 to 70
which areranging from theCerium(Ce)which has an electronic configuration of 5s

5p° 5d! 4f! 65 to theYtterbium (Yb) which has an etgronic configuration of $5p°

4f1% 6, respectively. These atoms are generally incorporatechdterias as an
optically active centersn their divalent ortrivalent forns. All of the optical
properties of REIs are characterized by transitions between energy sublevels of the
unfilled 4f" electronic configuration due to elimination of 5d, 6s and sdiffie
electrons inthe trivalent formof the REIs. On the other handivalentions contain

one more electron and thisnay causef-d interconfigurational transitions. This
difference of oneelectron leads to differees inthe spectroscopic properties of

divalent and trivalent ions.

Trivalent REIs have 4felectronic configuration ith n values range from 1 to 13
which corresponds to €eand YB* ions, respectively. The number of the 4f

electrons for each trivalent ions are tabulated in Table 2.1.

The most important property of REIs is the shielding effect of the outer 5s and 5p
electrons on the 4f electrons. As the 5s andrbjitals fill beforethe 4f orbital, these
two orbitals havea shielding effect orthe 4f orbital. So, theself electrons are
weakly affected by the surrounding mediumamely crystalline fieldin host
crystdline material. As a result of this, REIs show sharp absorption and emission

lines.

Whentrivalent REIs are introdued irto crystals,the spinorbit interaction term of
the ion Hamiltonian over the that of the crystalline field caubessplittingof the
251, states of the REIs. The crystalline fiefthy causesmall shifs and additional



splittings on these states but these effects are much smaller than therbgpin

splitting, thereforeghe optical spectra oREIsin crystalline fieldare similar tathose

of thef r e e

i ons. Further mor e, main features

muchon host material andoesnot change from one crystal to anotfis, 19].

Table 2.1: The number of 4f electrong)(in trivalent lanthaide ions.

lon

ce*
PR

Nd3*
Pt
Sn¥t
Eu*
G
Th*
Dy3*
Ho®*
Ert*

Tm3*
Yb3*

OCoOoO~NOOUPA,WNE O

The interpretation of the REIls absorptiand emission spectra can be mdxy

empl oyi ng

enbrgy leiel didgrand whiclobtained by Diekg20] by

systematically measuring the spectroscopic properties of all REls in tgGlalline

host materialbndis given in Figure 2.1The diagram shows the energy values of all

REIls. Since the main features of a spectrum of a REI rsrgimilar from one

crystal to another, as mentioned above, Dieke diagram can t¢ousderpret any

spectrum obtained from R&ih any crystalline host materidh slight difference can

be observe for different host material due to thenergy splitting and center of

gravity of the®S"™lL; energy levels for a (REY) ion can change slightly but most of

the main features remains similar. Despite the fact that the maximaorber of split

components for eack'L; multiplet is (2J + 1) for integerd, or (J + 1/2) for half

integerd, the actual number of components determined by the local symmetry around

REI[18, 19]
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Figure 2.1 : An energylevel diagram for triglent lanthanide rareagth ions in lanthanum chlorif9].



As we mentioned above Dieke diagram uses to interpret both of absorption and
emission spectra of REIs. Lets give an example of usage of Dieke diagram to
interpret absorption spectrum of a REI. Theem temperature absorption spectrum

of Nd®* ion in tellurite glass hosf21] is given in Figure 2.2 with corresponding
Dieke diagram. The sharp absorption lines given in the figure corresponds to
transitions from sublevels of the ground state of'Nd the upper excited sublevels

of the different™>"lL; states. These sublevels are the result of splitting effect of the
crystalline field on the NY. By using Dieke diagram located on the left hand side of

the figure, we can easily define whidbsorpion line arise from which interlevels
transition.

Energy (x10° cm™)

Absorption Cross Section (10'20 cmz)

Figure 2.2 : The absorption spectrum of Ritbns inTeOQ:+WO;3 glass systemtaken

at room temperature (rigtiand side)[21]. The Dieke diagram levels
corresponding to the Ntdon are shown on the leftand side.

We can also easily assighe emission spectra of REIs by using a same way given
above for the absorption spectra of REHisve re-check the Dieke diagram, we can
see that some energy levels of REIs aegk®d with a semicircle belovinem which

are correspahto light emitting levels of the REIs. The levels without any semicircle

below them are not give rise to direct light emission, they areadiatively relaxed



to the lower energy level#s given in Figure 2.3. that every emission lines are
assigned tddifferent transition between sublevels in Dieke diagram. We can see
several peaks for each emission bands in emission spectrum which are correspond to
splitting of the energy levels. So, we can make a lot of similar interpretation of the

emission spectruy using Dieke diagram.

As a result, the Dieke diagram is a useful tool for spectroscopists to roughly estimate

average wavelength for each interlevel transitions of REIs in any crystal host.

Also we should remind that all of thesé transitions are p#y forbidden but most
of them become partially allowed at the electric dipole order, depending on crystal
host, as a result of mixing with orbitals that have different parity because of a non

inversion symmetry of crystal field [18, 19].

11395 cm*
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Figure 2.3 : The lowtenperature emission spectrum of ¥idns in YOz and the
Dieke diagram for the Niion for interpretatior{22, 23].

2.1.1 Common properties of the are earths
These common properties apply to both the lanthanides and actinides.
1 The rare earths are silvailvery-white, or gray metals.

1 The metals have a high luster, but tarnish readily in air.



1 The metals have high electrical conductivity.

1 The rare earths share many common properties. This makes them difficult to

separate or even distinguish from each othe

1 There arevery small differences in solubility and complex formation between

the rare earths.

1 The rare earth metals naturally occur together in minerals (e.g., monazite is a

mixed rare earth phosphate).

1 Rare earths are found with nametals, usuallyin the 3+ oxidation state.
There is little tendency to vary tivalence (Eualso has a valence of 2+ a@e also
a valence of 4+) [24

2.2Properties of the Yttrium Oxide (Y203) Crystal

Yttrium oxide (Y20s) called yttria, is a sesquioxide crystal with a cubic bixbyite
structure with théY - 1a3 space group and a 10.6 A lattice constant. The elementary
cell of Y203 contains 16 formula units with 32 cation sites, 8 cesyrmmetric sites

with Csi symmetry (or S6) and 24 non cenymmetric sites with symmetry>Cfor
which the trivalent REI dopants can substitute. The crystal structure of2@eisy
given in Figure 2.4. The trivalent ions can occupy the two types of sites with
approximéaely equal probability and the optical transitions mostly occur within the
ions at the €sites.Y20s is a refractory oxide with a melting point of about 24C0

Due to the high melting temperature ofO4, it is difficult to grow Y203 crystals

from the nelt by using traditional crystal growth techniquaiso, yttria is the one of

the best host material fortheRElue t o t he some similarities w
chemical properties and ionic radius with other REtsme of the physical properties

of Y203 crystal have been collected from the literature and tabulated in Tab[&,2.2.

8, &].
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~

yttrium(III) oxide

Figure 2.4 : Crystal structure of O3 [26].

Table 2.2: Physical properties of 03 [7].

Property Values

Crystal system Cubic

Structure type Bixbyite

Space group Y -la3

Y3* site symmetry Czand G;

Y3* site density COYPPMTOA
Lattice constant 10.607 A

Melting point 2410°C

Debye temperature 460 K

Phonon Energy

Specific heat

Thermal Conductivity

Thermal expansion

Density
Mohs Hardness

Index ofrefraction

x 43071 550 cmt
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2.3Quantum Confinement and Surface Effects

2.3.1 Quantum confinement effect

Quantum confinemergffect describes how the electronic and optical properties of
materials change when the materials sampled sufficiently small, typically & nm
less. The phenomenon originates from the electrons and holes being squezed into
small dimensions that approach to Bohr radius which is the critical quantum
mechanical measurement, namely when electrons and holes confined by the crystal
dimensions thatsi smaller than Bohr radiushe wavefunction of the electron is
collapsed. Due to the size confinement effect, retnactured materials possess
optical properties differenthan those of their bulk counterparts. The most
remarkable modifications arises from tféect of the size on the energy levels and
densities of statesThis phenomenon can easily describe by using the particle in
potentialwell [27, 2§.

2.3.2 Particle in a onedimensional potential well
The time independent Schrodinger equatioor fa particle in a ondimensional

potential well is given by

0
ca ‘w

Yo ® O o (2.1)

wherem is the mass of the particle)(x) is the potentiabndE is the energy of the
particle withd(x) wave function. The potentiél(x) can be describe like below

Heh ® &g
Y & mh e o ¢ 8
Hbh ® g

As the potentiaU(x) infinite, the probability of finding particle is zeai outside and

at the boundary of the box. So, the problem convert into a free particle problem
inside the box and we wilbnly interested in solutions fdahe particle inside box
because of the wave functions can only generate values which differ from zero inside
the box. Also we assume that the probability of finding the particle is symmetric
around the center of the box (x=0), ¥x)=U(-x). So, the timeindependent

Schrodinger equation becomes
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The general solution is
w O0fi 0t Bwméi Qw 8

If we apply the boundary conditions aras seen from Figure 2.5 we deduce that we
can find two types of solutions which are given by cosine and sine functions

corresponds to oddand evem values, respectively.

6 m - 0wét+
1) t AT & =
t Q@ —h ¢ photus

2) t OE}FR m

So
gATbm 8
U
go EQG 8

where N is the normalization constant a@@¢ o ¢ (inside the box otherwise

wavefunctions are zero). If we insé&ro the above wavefunctions

gATg ca Ow 8
§OEE G 0w 8

Finally, normalization of wavefunctions read

%ATB G 0m Qi 0B 8
C.-P T mms v o s
Z)OE+ CdOw QEQL @& 8
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Figure 2.5 :Energy levels and wave functions for (a) particle in a well with
infinitely high walls, and (b) particle in a well with finite height. (c)
The dispersion curve for faee particle. The dots on these curves are
the quantized energy values for a particle in a box. In case of a finite
well, above U the dispersion curve for a free particle is obtaif2d.

As seen from Figure 2.5, the wavefunctions vanisigt ¢j ¢. When particle is in

the well, the probabilityS @S must be nonzero. So the minimum energy of a

particle is nonzero

“ "Q
Ca W

(2.11)

The wave functions vanish at x>a. When a particle exists in the well, the product c
must be nonzero somewhefihe minimum energy of a particle (n=1) is therefore

nonzero and given by (see (4)):

“ "Q
Ca W

(2.12)

All above equations can be derived by using Heisenberg uncertainty equation.
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The nature of the solutions obtained for the finite potential wells are almost same.
There are few differences such as the probability of finding a particle outside the box
iIs not zero and increases with increasmgalue and after a certain kinetic engrg

value, the states form a continium. The number of states inside the well is given by;

Oy <t p (2.15)

For n = 1, there is at least one state inside the well. For a particle infiaite
potential well, the detion betweenk and E, called dispersiomelation, consist of

points on a parabola as seen from Figure 2.5. The dispersion relation is given by

o — (2.16)

For a particle with a finitékJowa | | 6 s h elUo,ghe sojutiohsete guantized.
Above U any values ok is possible. All of these results are summarized in Figure
2.5[27-29.

2.3.3 Particle in a general threedimensional potential

In three dimensions, the wave funcsoare consist of a radial and an angular
dependent part of Schrodinger equation. In order sratterize the wavefunctions in

three dimensions, we need three following quantum numbers (without spin);

1 nY The principal quantum numbavhich describes the electron shell or
energy level of an atom. The value ranges from 1o the shell which contains
outermost electrom(=1, 2, 3¢é)

1 IY The orbital(or azimuthal)quantum numbewhich describes the subshells,
ie for any value ofn, n states (subshells) exist. The orbital quantum number
determines the magnitude of orbital alagumomentum through the relation

0 _ aa p 8
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The states with differertvalues are called , p , orbitals. The oévital quantum
numbers ranges from O to-1).
1 mY The magnetic quantum numberhich used to describe the components
of L paralel to the quantization axis and yields the projection of the orbital angular
momentum along a specified axis;

0 a. 8
Everyl states(2l+1) fold degeneracy due ta ranges froni | to H. The priority of
the wavefunction is determined hy
If we consider again a infinite potential welle can obtain energy values fibnis

system[27-29].

<

T (2.19)

where...j are the roots of the spherical Bessel functions.

The smallest energy value for= 1 and = 0 is given by,

1] <
Oy — .
TR (2.20)

2.3.4 Density of states in low tmensionalstructures

In solid gate and condensed matter physics, densitgtates (DOS) is used to
describe the number of available states per energy interval at each energy level that
are waiting to be occupied by electrons. The density of states phenomenon become
more important in the determination of the spectroscopic prepatithe nangized
materials.

We will consider a sphere ikspace for the evaluation of the DOS. Also we will
consider the periodic boundary conditions of a crystal thdisCE o The

volume ofthe sphere with the radikgs;

~ ~

whereQ Q Q 71
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Also we know from the Schrédinger equation thaergy of a particle is quantized

and given by;
S 0
7 ~ 8
¢ ¢
The smallest nonzero volume in thispace,
W foXoXe) Lp ~ 8
D0 O

So the total number of states is given by the ratio between the volume of the sphere

and the state;

The 2 coefficient in the Eq2(25 arises from the spin degeneraafyelectrons Now

we can define the DOS per unit volume which is

~

) 0 Q g
000 o
Finally if we consider an energy density,
a .
"'0Q0 B 0! Q0 8

At this point we can easily calculate the DOS for two and one dimension. DOS for

the two dimensions is given by

a
» oqo 2L 8

It is interesting to notice thahé DOS of the 2D does not depend on the energy. For
the 1D

17
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Finally, in a zero dimensional systen@3[¥s), the DOS of such system is described
just as a series of delta functidag-30]

"0Q0 ¢ 1 O O w 8

h h

All results are summarized in Figure 2.6.
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Figure 2.6 : Density of states for 3, 2, 1, and zero dimensional syq2rhs
2.3.5 Low-dimensional gructures

Since the dimensiodecrease by moving from crystal to the ngaoticle, at least

one of the dimensions of the nanmmaterial may becom¢he same order of the
magnitude or even smaller than the wavelength of the electron and holes, or the Bohr
radius of an exciton. This resedl in a quantized motion in the confined axis. One
direction confinement results in a quantum well, two directions results in a quantum

wire and finally three directions results Q.
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We candefinethree limitingcases to classify confinement effectording tonanc

particle radius t@ohr radiugatio. First one is the fiWeak Cc
occurs when the radius of the ngparticle is few tims larger than the Bohr radius,

the s econd Intermediate €onfingment Regimehich occus when the
radius of thenanpar ti cl e i s c¢close to Bohr radius
Confinement Regi med whi ch o-paticleis muethen tF
smaller than the Bohr radi(®&7].

2.3.6 Surface dfects

Another most important deal ohé size reduction is the surface effects. As the
particle sizes decrease, the surface area to volume ratio become larger and starts to
play an important decisive role on the optical, catalytic, magnetic etc. properties of

the nanemateria. Sincethe surface area to volume ratio of a sphere is proportional

to theP j, the fraction becomes larger with the decreasing r. As a result of this, the
larger fraction of the atonmarefound at the surface of the naonystal For example,
while the fractooo f t he atoms at the surface for 1
% for 5 nm CdS nanorystal B1].

One of the failings of the particle in a box model that mentioned above is that it does
not takethe surface of a QDmto accountActually the surhce of a QD is not an
infinite potential barrier. Also the chemical potential of the surface is significantly
differs from the interior of the materials due to the dangling bonds, reconstructions of
the crystal and the possible adsorbates. Thereforeasingeratioof surface area to
volume can make particles very reactive or catalytic. As a result of this, smaller
particles make more of themselves available at the surface to react chemically with

other molecule§32].

Also at high temperature sinteringpe high surfacareato volume ratio provides a
driving force for diffusion and narmaterials become more sinterable according to
their bulk counterparts. So this makes low temperature sintering possible over a short

time scales than for larger partic[&S).

2.4 Spectroscopic Properties of Bnthanides in Nanocrystals

Lanthanidesdoped luminescent materials areidely investigateddue to their

potential applications irsolid-state lasers, luminescent lamps, fanel displays,

19



optical fiber communication systemsplogical sensorand other photonic devices.

The great interest on lanthanides is due to the their notable luminescent properties
which originate from intraband transitions between their unique-pvetected 4f
orbitals. Since the 4f electrons are well protected from the crystal field by 5s and 5p
electrons, lanthanides shows a sharp emission transitions withiorffguration[6,

18, 19] The better understanding of the spectroscopic properties of the lanthanides
has been provided with many researchs in the literature under the illumination of the
pioneer work by Dieke, Judd, Wybourne, Carnall and otf#€s3436].

Although the spectroscopic properties of lanthanide mmswell-understood, the
requirement of theinderstanding of the lanthanides in nanaterials has been came
out with rapid evolution of the nanotechnologies. Especially, with the development
of the new, cheap and low temperature methousgerials synthesis based on wet
chemical techniques and tibhange in the physical properties of the naraierials
according to their bulk counterparts, the growimigresthas been Hocused on the

understanding of the spectroscopic properties of the lanthanides imzaeicals.

The understanding of these tm@aals is important because of optimizing and
adapting their emissive properties for their potential applications. Most of the
researchs in the literature shown that the some physical properties ehaterals,
particularly, some optical, theal and atalytic properties dranced with decreasing
dimensions of the materials according to their bulk counterparts, but there is no
definite evidence of a trendf these properties with decreasing particle size.
Therefore the change in the particle size ané assult in the physical properties
affect the luminescent dynamics of the optically active lanthanide ion insiaed
materials. These effects can manifest itself as a change in the radiative lifetimes,
luminescence quantum efficiency and concentratjoenching phenomena. All of
these observed changes are arised from the change in the local environments of the
doped lanthanide ions due to the possibteuctural defects induced bsgize
reduction.As a result, the site symmetry, crystal field strengtid the index of
refraction may be significantly different from that in the bulk materials. Although
electronic energy levels shift and excited state lifetime varies as a function of particle
size, literally, many of these effects are not considered assult ref nane

confinement on electronic stat&y].
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It is well known that in solid phases electrons in tHeotbitals of lanthanides are
localized, therefore do not exhibit quantum confinement even in nanocigstal.
According to crystal fieldheory, the electronic energy levels for lanthanide ions in
nanoparticles may vary because of changes in the strength of local electrostatic field
and site symmetry. In nanocrystals, structure disordering and surface defects are
inevitable, thus induce mersignificant inhomogeneous line broadening than that in
bulk crystals. However, in the literature, some observed variations in energy levels
have been attributed to quantwonfinement effects when the particle diameter is
less than 5 nm. It is reporteldat, for nanoparticles doped with transition metal ions
such as M#:ZnS, the luminescence lifetime becomes shorter by several orders of
magnitude. Similar effect has been reported for lanthanide ions in
nanosemiconductors. Such size dependent effectp@stulated to result from
mixing of the $p electrons of the host with th&fdsalence electrons of the activator

due to quantum confinement, causing the normally forbidddrodfi f transitions to
become allowed. Although research in nanostructured sahictors has long been
conducted to produce a clear theoretical picture of these materials, very little
theoretical work addressed the sdmpendence of localized emissive ions in
nanostructured hos}9, 10,37].

Nanophenomena due to size confinementaimhanide nanoparticles may indeed
occur because of iamphonon coupling that directly affect excited state lifetime and
energy transfer. Namely, the size confinement is not on electronic states, but lattice
vibration modes. In a nanocrystal, the densitphonon states becomes discrete and
application of Debye approximation of a continuous density function is
inappropriate. Moreover, lodrequency acoustic phonon modes are cut off.
Nanoparticles not only become thermal insulators, but eléghmmon copling

may be restricted. It is expected in general that the confinement effects on
spectroscopy and luminescence dynamics can be induced byomteelectronic

and vibronic interactions. Significant size dependence of the excited state dynamics
and lumnescence properties is the most commonly observedptemmenon for
lanthanide ions in nanomaterials. Given the localized nature of the 4f orbitals of
lanthanides in complexes, it is obvious that changes in local environment would
influence, mostly throgh iori phonon coupling, the dynamics of ther 4iff

transitions, whereas the static energy levels of the 4f states experience less impact.
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Size effects on electrophonon interaction are primarily due to the modification of
the phonon density of states (PD@%a nanocrystal. Discrete phonon spectrum and
the lowenergy acoustic phonon modes cutoff are the consequence of the size
reduction. As a result, luminescence dynamics for lanthanide ions in nanocrystals,
particularly nonradiative relaxation and enetggnsfer efficiency are expected to
differ from that in bulk materialg®, 10,37].

2.4.1 Size Effects on thestructure of electronic levels

In a 4f' configuration electrons in the partially occupied 4f orbitals are shielded by
the 5% and 58 subshells and pneented from interacting with the ligands; therefore
they have little participation in chemical bonding. On placing a lanthanide ion in a
dielectric crystal, the energy levels split under the influence of the electric field
produced by the crystalline eneitment. The -electrons have very localized states
that are conventionally described within the framework of crystal field theory. In
general, quantum confinement effects on the energy level structure are not expected
for the localized electronic states dtiie lanthanide ions doped in insulating
nanocrystals. The electrostatic crystal field which splits ¥ ,multiplet of a
lanthanide ion up to several hundreds'tmmay be divided into shorange
components and loaginge electric dipolar interactiof37].

2.4.2 Confinement on excitedstate dynamics

The nanostructure dependence of the excited state dynamics can be derived from the
interaction of the electronic excitation with the surrounding environment and its
phonon modes. A variety of nanophenomena,iqasrly, the lifetime of excited

states of lanthanide ions in nanostructures may exhibit stronedejmandence.
Energy transfer rate and luminescence efficiency in lanthanide activated phosphors

are also sensitive to particle size and surrounding emagot{37].

2.4.2.1 Radiative and nonradiative relaxation

According to JudtlOfelt theory, one can evaluate the radiative lifetime of any
excited state of interest via Einstein spontaneous emission coefficients. The rate of
relaxation, A, from an initial states ®'to final states @@through radiative

processes is given by:
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. t YO
0 b v et 2 O €0 (2.31)

cQcu p
where B and M are the matrix elements of the electric dipole and magnetic dipole
moments, respectivelyee E(cmi ') represents the energy gap between state®
ands @9 ... ¢ ¢ (¢ jwis the Lorentz correction for local field withbeing
the refractive index of the host material. The observed lifetime of a particular excited
state,4, is determined by the sum tife inverse of the radiative and nonradiative
lifetimes. Thus

T 0O U 0 (232

whereA ( yis the total radiative relaxation rate from state®) that is, the sum of

the rates of radiative decay to all states with energy less than thal®ff (% is the

total radiative lifetime ok @thent 0 U . Similarly, W 0

is a total nonradiative lifetime summed over all nonradiative relaxation processes.
The magnitude of the energy gap between a luminescent state and the next lower

energy state plays a major role in determining the nonradiative lifetime of that state.

As aresult of ion phonon interaction, the population of the excited state decreases
via nonradiative transition from the excited state to a lower electronic state. The
energy difference between the two electronic states is converted into phonon energy.
This process of population relaxation is characterized by a relaxationGimehich
depends on the energy gap between the two electronic states, the frequencies of
vibration modes, and temperature. At room temperature, the excited state lifetime is
dominatedby the nonradiative relaxation except in a few cases such aBdhevel

of Eu**and %Py level of Gd*for which the energy gap is much larger than the

highest phonon frequency of the lattice vibrations.

With the assumption that the phonons involved @requal energy, a commonly
used expression for the temperatdependent multiphonon relaxation rate is,

Age jQv 7k

Agp jQVY p

@Y o (2.33)

where_ 7 is the maximum phonon energy of the lattice vibrations that couples to

the electronic transition of the metal idfQis the energy gap between the populated
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state and the next lelying state, andW(0) is the spontaneous transition ratd at 0
when tle phonon modes are all initially in their ground state. At low temperatures
where 1 | "Q"tthe nonradiative relaxation rate is dominatedM¥(@), which can

be expressed as a simple exponential function depending on the energ@gap,
®m 8Qdn YO (2.34)

where C and U are empirical parameters which are characteristic of the particular
crystal. Known as the energpap law, this exponential dependence has been used to
describe the energyap dependence of multiphonon transitions rateghio 4f states

[37].

2.4.2.2 Line broadening and shifts

One of the direct consequences ofiipinonon interaction is a broadening of the line

wi dths of electronic transitions. A spectral
width at half maximum intensity, is much smaller tkans, where¥p is the Debye

frequency of the solid. The temperature dependence of the widths and positions of

sharp (no phonon) spectral lines has been studied by many workers on 3d, 4f and 5d

ions in crystals and mostly explained in terms of a simplglwnon interaction as a

peruurbation and of a Debye phonon distribution. Thepbonon interaction causes

the thermal broadenings and shifts of the energy levels of the impurig2p88]

The broadening of an energy level is mainly due to the crystal strain inhomogeneity,
direct onephonon processes, multiphonon processes, and Raman phonon scattering

processes. The width of thth level is given by

o

YO @ da YO Yo YO YO (2.35)
where
VI P p
YO ®a [ ——
g o ° A (2.36)
VI Y Ao R
YO wa 5 Wﬂw (2.3@0)
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YO is the contribution to the width due to the random microscopic strains of the
crystal, which give rise to an inhomogeneous broadening and hence produce a
Gaussian line shape, and is assumed to be temperature indep¥@leit.due to

the multiphonoremission processes, which can take place between two levels whose
energy difference is greater than the greatest energy of the avaliable phonons, and
has been shown to be essentially temperature independent. Multiphonon absorption
processes are negligible the temperature range of intere¥0 is due to direct
onephonon processes betwadmenergy level and other nearby levels. The first and
second terms in Eq. @a) correspond to ofghonon emission processes and-one
phonon absorption, respealy. YO is due to Raman phonon scattering processes
which consist of the absorption of one phonon and the emission of another phonon
without changing the electronic state of the ipn.andf [ are the coupling
coefficients for the iofphonon interactionTp is the effective Debye temperature of

the phonon distribution. The broadenings due to the direepbaron, multiphonon,

and Raman phonon scattering processes are homogeneous and giveidroteme
shape$22, 38]

Itis useful to rewrite Eq. (2.3§ as follows:

YO oda i Yo (2.37

where

g1 g1, (2.37)

We can see from Eq. (2.Bthat the broadening, due to direct gpf@non processes,
consist of a temperature dependent Y4Bt , and a temperature independent part
B 1 [ which is due to spontaneous eplgonon emission. For rare earth ions, the
energy separation amonket Stark levels is of the order-10? cm®, andB [

could produce an observable broadening.

Now we can write Eq. (2.3%s

YO &6 YO YO i yo Yo (2.39
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YO ®d& YO YO I [k YO (2.38)

The YO atT = 0 is due to the random crystal strains, the spontaneougtwren

and multiphona emission processes, andthie residual width of theh level.

Since the crystal strain widtifO gives inhanogeneous broadening with a
Gaussian shapand the other terms in Eg. (2)3@ive rise to homogeneous
broadening with a Lorentzian shaplee tsimple summation in Eq. (2)38 a rough
approximation. A shape composed of a homogeneous part and an inhonuggeneo
part can be represented by a Voigt profile. The width may be resolved into
homogeneous and inhomogeneous contributions by using the PosendB&jbles

The shift of thei! energy level is due to the stationary effects of thepioonon

interaction. Using the perturbation theory, the shift is given by

1004 10 10 (2.39
where
o Y I w Q6
1 | ~ Q o w (2.3%)
0 1 Yoo o Qw
~ U ; : ;
Y Q pYjYY (2.3%)

The| andf are the coupling coefficientSY O 'O jQis in the range of
< , andP denotes the principal value of the integral.
2.4.2.3 Modification of radiative lifetimes

The decay patterns dfie luminescent Nt ions embedded in the nanopatrticles are
expected to deviate from an exponential decay of the same ions in staé fTytwo
reasons:

1) The role playd by the surfaces will be incresingly important as the radius of

the particle is redwd, producing a deviation from exponentiality. Molecular groups
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such as @H residing on the surface may enhance the decay process due to their stiff
vibrations that rob the ion of its excitation energy. We reasonably expect that a
deviation from exponentiidy at the beginning of the decay pattern.

2) The ensemble of particles in the sample differs also from the bulk material for

the presence of the interstices between the particles. In what follows we shall
describe how we can handle the problem presentétidylifferencgd22, 38]

The rate of spontaneowdectric dipole radiativeelaxation ofan atomic system is

given by [4Q

& o 9t Yo 0
oQch p (249

whereF = matrix element of the electric dipole operatqrE= energy gap between

the states 0Oands NI and-

: is the Lorentz correction for the local

field with n = index of refraction of the host material.

Applying those considerations to the ions embedded in the nanoparticles, we can say
that therate of their spontaneous emission (inverse of the radiative lifetime) depends
on an effective index of refractior#+ which consist of a combination of the index of
refraction of the nanoparticlene and of the index of refraction of the surrounding

medum Nmed:

wherea is the filling factor indicating the fraction of space that is occupied by the
nanoparticles. The validity of the usagenefin calculating the probability of decay
rests on the fact that the size of the particles is much smaller than the wavelength of
light [22, 38]

2.4.2.4 Modification of phonon density of states and confinement on electrén

phonon interaction

Although no quantum anfinement should occur in the electronic energy level
structure of lanthanides in nanoparticles because of the localized 4f electronic states,
the optical spectrum and luminescence dynamics of an impurity ion in dielectric

nanoparticles can be significhntmodified through electrarphonon interaction.
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Confinement effects on electrigshonon interaction are primarily due to the effect
that the phonon density of states (PDOS) in a nanocrystal is discrete and therefore
the lowenergy acoustic phonon modes aw off. As a consequence of the PDOS
modification, luminescence dynamics of optical centers in nanoparticles,
particularly,the nonradiative relaxation of ions from the electronically excited states,
are expected to behave differently from that in bulkemals.

The most essential property of acoustic vibrations in a nanopatrticle is the existence
of minimum sizequantized frequencies corresponding to acoustic resonances of the
particle. In dielectric nanocrystals, the Debye model is not validvaluation of the
PDOS if the radius of the nanocrystal is less than 103in
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3. MATERIALS AND METHODS

3.1 Synthesisof the Nd** Doped Y203 Nano-Powders

Nd®** doped ¥%Os; samples were synthesized by using the Thermal Decomposition

Technique.

3.1.1 Thermal decompositionmethod

Thermal decompositignalso known aghermolysis is a chemical decomposition
caused by heat. Thdecomposition temperatutd a substancesithetemperatureat
which the substance chemically decomposes. The reaction is usoddithermicas
heat is required to brealkchemical bondsin the compound undergoing
decomposition. If decomposition is sufficiendyothermic a positive feedback loop

is created producintperma runawayand possibly an explosion.

The methodwe useds based on the thermal decomposition of alginate gels. In this
process yttrium nitrate hexahydrat@ 00  J3pOU0, neodymium nitrate
hexahydrate) Q00  3p'O0 and low viscosity (250 cps of 2% lation) alginic

acid sodiim salts with analytical grade veeused as a starting reagents. Alginate is a
biopolymer whichis extracted from brown sea algea. It is a heteropolysaccharide
which is composed of fnannuronic and dguluronic acids. Gelation of gihate is
possible bytheinteraction ofthe carboaylate group with divalent ions [41Alginate

is used in food industry and in medicine. The reaction that occurs in thermal
decomposition process is given in Eq (3.1) and the procedure followed to obtai
nancpowders is given beloy42];

TOO0 QP00 O ¢d @b 6 ¢ T00 (3.1)

A 0.2M yttrium-neodymium nitrate solution is prepared by dissolving
appropriate  amounts of yttriummitrate hexahydrateand neodymium nitrate

hexahydrate salts inultrapureat er (conduc'd)i vity <0. 1

29

€S


http://en.wikipedia.org/wiki/Chemical_decomposition
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Endothermic
http://en.wikipedia.org/wiki/Chemical_bond
http://en.wikipedia.org/wiki/Exothermic
http://en.wikipedia.org/wiki/Positive_feedback_loop
http://en.wikipedia.org/wiki/Thermal_runaway

A A 1% wi/w alginate solution is prepared by dissolving appropriate amount of
sodium alginate in ultra pure water.

A Yttrium alginate beads we obtained via dropwise additon tife alginate
solution into yttriumneodymium rrate solution with a stainless steel needle.

A The obtained gel beads memaintained irthe gelling medium under gentle
magnetic stirring.

A After that,thebeads wee separated frore gelling medium by employing
stainless steel grid.

A The beads we placed into a porcelain crucible heated upttie desired
synthesis temperatuveth a heating rate of 10C/min for 24 hours.

A Formed nanophosphors meannealed to temperatures 6Q0) 800°C, 1000

°C and 140C°C to investigate the effect of annealing tenapgre on particle sizes
and t o study t he effect of particl esod
nanophosphors.

3.2 Structural Characterization of Nd®* Doped Y203 Nano-powders

Three different methods were employed to determine the morphology and the

particlesizes of the synthesized samples. These are;

3.2.1 X-ray diffraction (XRD)

XRD is one of the most important structural characterization technique in materials
science used to determine atomic and molecular structure of a crystal by using Bragg
condition As thename suggests, it is a diffraction pattern obtained byalecting
diffracted X-rays from the planes of the crystallites into many specific directions

which satisfies the Bragg condition [#3
n & 2d sind (3.2)

Since the each crystalline solid h#is unique Xray pattern like fingerprintby
measuring the angles and intensities of these diffracted beams, one can determine the
mean positions of the atoms in the crystal, as well as themical bondstheir
disorderand various other information [B4XRD can also be usddr estimating the

mean crystallitesizes by using Scherrer Equation |45
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O = (3.3)

where L is the crystallite length, K ésconstant that varies with the method of taking

the breadth (0.89<K<1l), > -faytheamwavbl et
width of the peak at half maximum intensity of a specific phasé¢ iinkadians and

Is center angle of the peak

X-ray diffraction investigations were carried out waBruker AXS D8 Model (Cu
KU radiation) diffractomet arangafrom2@o kV an
70.

3.2.2 Scanning electron nicroscope (SEM)

The scanning electron microscope (SEM) is onthefmost widely used instrument

in materials researcaAnd is common in various forms in fabrication pla®EM is
central to microstructural analysis and therefore important to any investigation
relating tothe processing, properties, and behavior of materials that involves their
microstructure. The SEM provides information relating to topographical features,
morphology, phase distribution, compositional differences, crystal structure, crystal
orientation, ad the presence and Iditan of electrical defectsSEM is also capable

of determining elemental composition of miarolumes with the addition of an x

ray or electron spectrometer and phase identification through analysis of electron
diffraction patternsThe strength of the SEM lies in its inherent versatility due to the
multiple signals generated, simple image formation process, wide magnification

range, and excellent depth of field.

Due to these unique features, SEM images frequently appear not oihe in
scientific literature but also in the daily nevapers and popular magazin&&EM is
relatively easy to operate and affordable and allows for multiple operation modes,

corresponding to the collection of different sigridis).

SEM uses a focused bearnhigh-energy electrons to generate a variety of signals at
the surface of solid specimens. The signals that derive fetentronsample

interactionsreveal information about the sample including external morphology
(texture), chemical compii®n, and orientation of materials making up the sample.

In most applications, data are collected over a selected area of the surface of the
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sample, and a-8imensionalimage is generated that displays spatialatemns in
these propertiesSEM is also capable of performing analyses of selected point
locations on the sample; this approach is especially useful in qualitatively or semi
quantitatively determining chemicabmpositions using Energy DispersiveRay
SpectroscopyEDS) [47]. SEM images and ED&nalysis of the samples were made
by using JEOL 840JXA SEM (equipped with EDS systemnfiecroanalysis) model

equi pment | ocated in Marmara Research Center

3.2.3 Transmissionelectron microscope (TEM)

Transmission electron microscogdy EM) is a microscopytedinique whereby a
beam ofelectronss transmitted through an ultra thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the
electrans transmitted through the specimen; the image is magnifietbansedonto

an imaging device, such adlaorescentscreen, on a layer gfhotographic film or

to be detected by a sensor such @&C® camera

TEMs are capable of imaging at a significantly higtesiolutionthanSEM, owing to
the snall de Broglie wavelengtlof electrons. This enables the instrutemniser to
examine fine detaileven as small as a single column of atoms, which is tens of
thousands times smaller than the sewtliresolvable object imicroscope. TEM
forms a major analysis method in a range of scientific fields, in both physical and
biological sciences. TEMs find application @ancer researgtvirology, materials

scienceas well agollution, nanotechnologyandsemicondutor research.

At smaller magnifications TEM imageontrastis due to absorption of electrons in

the material, due to the thickness and composition of the materiahighter
magnifications complex wave interactions modulate the intensity of the image,
requiring expert analysis of observed images. Alternate modes of use allow for the
TEM to observe modulations in chemical identity, crystal orientation, electronic
strucure and sample induced electron phase shift as well as the regular absorption

based imaging.

The first TEM was built byMax Knoll and Ernst Ruskan 1931, with this group
developing the first TEM witlesolving powegreater than thatfdight in 1933 and

the first commercial TEM in 1939 [48 A block diagram of a TEM is shown in
Figure 3.1.
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Figure 3.1 :Block diagram of typical TEM with STEM capabilif$6].

JEOL 2010RModel TEM located in Boston College wased to get images of the

samples.

3.3Optical Characterization

Three different types of measurements were performed on the samples;

)] luminescence spectra,
i) responses of theamples to pulsed excitation,

i) thermal dependergpectral linewidths and lineshifts.

The components of the usedstruments for these measurements are described

below.
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3.3.1 Components of the ptical Setup

3.3.1.1 Optic components
Monochromator

We used a McPherson model 2051 -ometer scanning monochromator. The

i nstrument is fitted with athéaOadesdutiomm gr at i n
and wavelength resettability of 0.1 A with repeatability of + 0.05 A. The dispersion

is 8.33 A/mm with a 1200 G/mm grating. The scan controller used is modetZ,89A

allowing to set thescanning speed, manually withumbwheel, from 0.10 999.9 A

per minute. The entrance and exit slits are
Titanium 17 Sapphire laser

We used a Tita® Model pulsed, tunable -Bapphire laser, made by Schwarz
ElectroOptics, for pulsed excitation. It can be tuned from 680 nra4@® nm, and
produces pulsesf 10 ns duration with energy up to about 100 mJ. The system is
typically operated at 10 Hz. It is equipped with a second harmonic generator crystal,
resulting in laser pulses between 350 nm and 430 nm. The resonator utibZes tw
Sapphire crystals, a multiple prism tuning system, ad a graded reflectivity mirror as
the output coupler in an unstable resonator configuration. H8agphire crystals

are pumped with frequengoubled pulses from a -Qwitched Nd:YAG
oscillator/ampfier system, thus also making accessible laser pulses at both 1064 nm
and 532 nm.

Diode laser

We used d.aser Drive Inc.LDI 820 diode laser for the continuous wave (CW)
excitation of the samples. This CW thermoelectrically cooled laser is capable of

providing3 W of output power. The laser sraperated at 803.5 nm wavelength.
Photomultiplier t ube (PMT)

The photomultiplier ubes used we the Hamamatsu types R1387 and 7102. The
useful spectral response is from 300 to 850 nfa(qBcurve for the R1387, and 400
to 1200 nm (&) for the 7102. Each PMT is powered by a betoghvariable power
supply. The voltage is adjusted, agjuired, to prevent saturation of the output. The

output current of the PMT is proportional to the voltage applied to the bleeder ladder
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network. Cooling for the PMT is provided by a thermoelectric cooler that cools the
tube to about 5€ below ambient.

3.3.1.2 Sample environment
Cryogenic cooler

The cryogenigefrigerator operates on the GiffeMcMahon (GM) principle using a
closed helium gas cycle. The advantage of GM is that the compressor unit can be
separated from the Cold Head which is the part of Saenple Chamber, thus
allowing the flexibility of mounting the Cold Head in any position. The compressor
and the Cold Head are connected veittressure flexible tubing. The system is filled
with helium to a pressure of 16 bar, capable of cooling the sampiK.

Vacuum system

The vacuum system lowers the pressure of the sample chamber to cabout

p 1t Torr. A mechanical roughing pump was used to achieve this vacuum.
Sample dlamber

The sample chamber was manufacturedhieyanisResearch Corhe sample cabe

easily mounted on a pedestal and adjusted for orientation with the Monochromator
input and the light source beam. It has five optical windows for versatility of beam
positioning and steering. The sample can be cooled to about 20 K in a vacuum of 10
Torr. Because of the vibration and noise generated by the cyrogenic pump, the
sample chamber is mounted on a steautical table.

3.3.1.3 Signal conditioning
Pre-Amplifier

The output current ahe PMT anode is read asltagevia load resistor with respect

to the ground potential. The effective bandwidth (BW) of the output pulse is
inversely proportional to the product of the resistor and all parasitic capacitance in
the PMT output circuit, including cabling. Thus to increase the BW an amplifier is
put close tahe PMT output and the load resistor is made as small as possible. The
preamplifier is homemade using an ultrfeow distortion high speed integrated
circuit, the Analog Devices AD 8008. The chip has a BW specification of 230 MHz
for a voltage gain of 2WVith the preanmplifier in place the PMT outpus 50 to 1000
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ohms, depending on the output signal strength. Tham@ifier gain can be 2 or 20.
The preamplifier is powered by AA cells.

Chopper

The chopper is placed at the entrance of the monochrog@ttinuous wave (CW)
optical signal. In esence the mechanical chopper, operated at nominally 150 Hz,
reduces the carrier frequency of the optical signal, thus removing all the DC biases

introduced by the intrumentation and amplifiers.
Lock-in amplifier

The purpose of this instrument is to amplify the low level AC signal of the PMT
output, when the signal is chopped, and demodulate it to recover thédmkse
optical signal. In this saip we useanEG&G Model 5208ock-in amplifier. It has a

1 ¢V t @infuts&hsitivity, with a carrier frequency of 0.2 Hz to 200 kHz. The
signal to reference phase shift can be controlled in 0.025 degree steps from 0 to 360

degree.

3.3.2 Luminescencespectral measurementsset-up

The continuous emission spectra of the samplesevobtained by pumping the
samples with the output of a Laser Drive Inc. Model 482D laser diode, that
resulted in the excitation of the leveldo, i “Sso. The luminescence signal was
direced toward the entrance slit of then McPherson Model 205thonochromator

and chopped at a frequency of 150 Hz before entering the slit. The monochromator
provi ded a resol ution 0. 8 i wi t h t he
reproducibility of 0.1 A.

The optical signal was detected by a Hamamatsu 7102 phoiglieuliube with a S1

response sent to an EG&G Model 5210 katlamplifier and recorded in a computer.

The same arrangement was used for theirkth and lineshift measurements with
the entrance and output slits of the monochromator set &t B8 pm which
correspond to +2 A spectral width and a 5 A/min scanning rate. A schematic

diagram of the system is @w in Figure 3.2
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3.3.3 Response to pulsed excitation measurementstsip

The experimental data on the responses of the samples to the pulsed excitation were
obtained by usig the system givem Figure 3.3 Unlike the luminescence system
given in Figure 2, Titan P Model TiSapphire laser and Tektronix Model
TDS3052B oscilloscope were employed as an excitation source and for recording the

response of the samples to the pulsed excitationectsely.

For the experiments in the temperature rang8@D K, the samples were mounted

on the cold finger of a closed cycle Helium refrigerator. This system uses a Janis
Research Model RD dewar connected with a Leybold Model RW2 compressor. The
temperatre was controlled by using the Lake Shore Cryotonics 805 Model
controller. For the experiments at higher temperatures the samples were placed on a
hot plate which provided up to 700 K temperatures and the surface temperatures of

the samples were preciseheasured by using atype thermocouple.
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4. FABRICATION AND SPECTRAL INVESTIGATION OF 1% Nd 3*
DOPED Y203 NANO-PARTICLES

4.1 Introduction

New avenues to research have been opened by the fabrication epovaters
doped with opticallyactive ions. Experimental results indicate that the energy levels
are not much affected by the spatial confinement, whereas the dynamical properties
are dependent on the size of the npadicles.Another important result indicates
that nanepowders dopeavith optically active ions may luminesce even when the
dopant concentration exceeds the maximum concentration at which solids of the

same nature can emit luminescence radigd9n50].

The problem ofthe role playedoy t he parti cl esiGnerpartsf aces
needs investigation, especially in regard to the setting of the phonon spectrum in the

presence of the spatial confinement.

Thermal decomposition is a powerful and cheap wet chemical technique that can be
used to synthesize ¥s nanopowders. This process is based on the chemical
decomposition of the materials caused by 2k In this study we used thermal
decomposition to synthesizex®; nanepowders. The composition of the prepared
formulations, synthesis and anriegl temperatures and mean crystallisizes are

given in Table4.1.

Table 4. 1 : Formulations of yttriurmeodymium alginate solution prepared,

synthesis and annealing temperatures and mean particle sizes
estimated from Scherrer Equation.

Alginate  Ytrium Nitrate Neodymium Synthesis Annealing Mean
(% wiw) (Molar) Nitrate Temperature ~ Temperature Size
(Molar) (&P (&P (nm)

350 - 13,8

400 - 16.0

450 - 20.4

500 - 27.1

1 %99 of 0,2M %1 of 0,2M 500 600 323
500 800 40.0

500 1000 49.7

500 1400 248.2
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4.2 Experimental

4.2.1 Preparation of the Nd#* doped Y203 powders

Nanosized ¥Os; samples doped with 1.0 %mol Ndions concentration were
prepared by thermal decomposition of yttrum@odymium alginate. Yttrium nitrate
hexahydrate Y(N@s.6H.O, neodymium nitrate hydrate Nd(N@H-O and low
viscosity (250 cps of 2% solution) alginic acid sodium salt of an analydubegrere

purchased from the Sigma Aldrich Company.

The yttriumneodymium alginate beads were prepared by thermal decomposition
method according to the prescription given in the litera{dd. 0,2M 100ml
yttrium-neodymium nitrate solution were prepared digsolving the appropriate
amount of the yttrium nitrate and neodymium nitrate salts in ultra pure water. Also
50ml alginate solution with 1%w/w concentration were prepared by dissolving an
appropriate amount of the sodium alginate salt in the ultravpater under magnetic

stirring.

Alginate is a biopolymer which is extracted from three species of brown algae. It is a
linear heteropolysaccharide composed efmBnnuronic acid and-guluronic acid.
Gelation of alginate is possible by the interaction of ¢heboxylate group with
divalent ions and the formation of beads can be achieved by dropwise addition of
sodium alginate into divalent solution by using a syringe with a needle or gipktte

42). The formation of the yttriunmeodymium alginate beads washieved by the
dropwise addition of the sodium alginate solution into yttriumoedymium salts
solution by using a syringe.

The prepared beads were kept in their gelling medium for 30 minutes under gentle
stirring; then they were removed from their gellingedium, placed in a porcelain
crucible and heated to different temperatures ranging from 350 € 5®@024h with

a heating rate of 16C/min in an electric furnace in air mediunsome of the
products obtained were annealed at 600, 800, 1000 andd 400investigate the

particle size dependence on the annealing temperature.

4.2.2 Structural characterization

X-ray diffraction investigations were carried out with a Bruker AXS D8Modet (Cu
KU radiation) diffractomet arangafom20do k V
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70° with a scanning steps of 002A JEOL 6335F model scanning electron
microscope was used to get SEM images of the samples. Elemental analysis was
made by using an energy dispersive spectroscopy (EDS) attached to SEM. TEM
images of the samplesere obtained by using a JEOL 2010F model transmission
electron microscope operated at 200 kV with a field emission gun. TEM specimens
were prepared by depositing a few drops of a sample dispersed in ethanol by using an

ultrasonic bath, on a carbon coategper grid.

4.2.3 Spectroscopic neasurements

The continuous emission spectra of the samples were obtained by pumping the
samples with the output of a Laser Drive Inc. Model 4820 laser diode, that
resulted in the excitation of the levelds, i “Ss2. The luminescence signal was
directed toward the entrance slit of a 1 m McPherson Model 2051 monochromator
and chopped at a frequency of 250 Hz before entering the slit. The monochromator
provi ded a resol uti on 0. 8 i wi length t he
reproducibility of 0.1 A.

The optical signal was detected by a Hamamatsu 7102 photomultiplier tube with an
S1 response, sent to a EG&G Model 5210 doclamplifier and recorded in a

computer.

The same arrangement was used for theirtkh and Ine-shift measurements with
the entrance and output slits of the monochromator set &t B0 um, which

correspond to 12 A spectral width and a 5 A/min scanning rate.

The experimental data on the responses of the samples to pulsed excitation were
obtaned by using a Schwarz Elect@ptics Inc. Model TitarP Model Titanium
Sapphire laser and a Tektronix Model TDS3052B oscilloscope.

For the experiments in the temperature rang8@3 K, the samples were mounted

on the cold finger of a closed cycle Heliwefrigerator. This system uses a Janis
Research Model RD dewar connected with a Leybold Model RW2 compressor. The
temperature was controlled by using the Lake Shore Cryotonics 805 Model
controller. For the experiments at higher temperatures the sampieplaeed on a

hot plate which provided up to 700 K temperatures and the surface temperatures of

the samples were precisely measured by usintypelthermocouple.
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4.3 Experimental Results

4.3.1 Structural characterization

The XRD patterns of the 1 % Riddoped ¥%Os samples are given in Figu#el. The

crystal structure and phase of all samples were analyzed by using these patterns. The
cubic phase of the yttria without any other phases was identified by comparing the
peak positions and the intensities with thosetha Joint Committee on Powder
Diffraction Standards (JCPDS) data files. It was clearly seen that the peak positions

correspond well to the standard card with numbet #05.
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Figure 4. 1: XRD patterns of the 1 % Ntdoped ¥0s nanopowders.

Figure4.2 shows the SEM images of thieOs samples which were aynthesied at

500°C and annealed at 10 The nanopowders with spherical shapes are relatively
uniform and have an average diameter of ~30 nm and ~50 nnpnepeared500°C)

and anneale{llO0CC) samples, respectively. It is clearly seen from the SEM images
that the prticle sizes of the samples strongly dependhe synthesis and annealing
temperature and show an increasing tendency with the increasing annealing
temperatre. Also SEM images confirmed the particle sizes estimated from XRD
measurements by using Scherrer Equation. The inset of Mdlishows the EDS

(Energy Dispersive »Ray Spectrscopy) spectra of the samples.
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Figure 4. 2: (a) SEM image of agprepared(500 °C) 1 % Nd&* doped Y%Os
nanopowders (inset: corresponding EDS spectiionyEM image of
1 % N&* doped %Oz nanopowders annealed at 1080 (inset:

corresponding EDS spectrum)

We also conducted a series of TEM measurements to confirm the particle sizes and
the morphologies of the synthesized samples. Representative TEM images are given
in Figure4.3. It is clearly seen from the micrographs that the particle sizes are in
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good ageement with the results obtained from both of XRD and SEM

measurements.

Figure 4. 3: Representative TEM micrographs of 1 %°3Ndoped ¥%Os sample(a)
synthesized at 358G and(b) annealed at 100G.

4.3.2 Spectroscopic baracterization

The measurements of continuous luminescence spectra were conducted from 35 to
300 K and in the 85D 1150 nm wavelength range. The luminescence spectra of all
the samples at 35 K and 300 K and the corresponding energy level scheme are given
in Figured4.4ab and Figuret 5, respectively.
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Figure 4.5: Energy level scheme of Riin Y2Os.

The emission spectra of the samples consist ofgneaps of emission peaks due to

the “Fa2Y “lorz and'FsY 4111/ transitions. We note that the general aspect of the
spectra is the same for all the samples. The intensity of the emission lines increase
for all samples with the decreasing temperature; it is also found to increase with the
increasing particle sizes. Tlspectra with greatest intensity are those of the crystal.
Examining the spectra in detail we see that the smaller is the size of the particles, the
wider are the spectral lines and the greater is the shift of each line toward longer
wavelengths with respeto the corresponding line in the crystal. Figd@ presents

the shift of a well isolated line at 914.5 nm with respect to the corresponding line in
the crystal. This is the line we have chosen in order to study the effects of
temperature on the widdnd position of the spectral lineSthe samples. The results

of these measurements are reported in Figirand4.8.
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The measurements of the response of the samples to pulsed excitation were carried
out in the 351 700 K temperature range. The results are given Fig9ed. Since

the luminescence output of the fddped samples consists of spectral lines related to
transitions that initiate in the doubl&s,, the response of these systems to pulsed
excitation is the same, regardless of the spectral line at which it is measured. We
have chosen to measure this responde=aB92.5 nm (see Figu#5).The lifetime

of the *Fs/2 doublet is hostlependent: it is 80ns in YLF [51], 230 ns in YAG [52

53], 33 ns in YVO4 [51, 52|, and 260ns in Y-Os3 [53] etc., but it is generally
independent of temperature due to the large gap betweéfstheoublet and the

lower *1152, multiplet [54]. We have found that the lifetie of the*Fs/2 doublet in the

Y203 crystal the value ~ 25@s, almost independent of temperature.
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Figure 4. 9: Response to pulsed excitation results of all powdel&)aB3 K (b)
30K (c) 600 K (d) 700 K.

The response pattern of the crystal is close to an exponential, more so at high
temperatures. The response of the powder samples deviates from exponertial

early times and then becomes exponential with a decay constant greater than that of
the crystal, so that at a time after the initial response the two patterns (the pattern of

the crystal and that of the sample) cross out.

The smaller is the particle dnthe lower is the temperature the greater is the
deviation of the initial pattern from exponentiality and the longer is the time at which
the two patterns cross. FigudelO presents the lifetimes of all the samples as
function of temperature. When a dgcpattern was exponential, the lifetime was
calculated from an exponential fit. When a pattern was not exponential, we took as
measure of the lifetime the area under the decaying signal, having set the intensity of
the initial signal equal to one.
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4.4 Discussion of Results

4.4.1 Structural properties

The cubic phase of the yttria was determined by using XRD patterns. It was observed

that the lattice parameter increases with tihditeon of dopant iongnd found up to
10.6051 A which is the proof of the incorporation of theé'Ndns into ¥* sites due
to the larger ionic radius of the Rfd(112.3 pm) than ¥ (104 pm) [15 55]. It was
observed that the widths of the diffractidines broadened with the decreasing
temperature because of the esing crystallg sizes. The most narrow line was
observed for the sample annealed at 2@00'he crystallitesizes of the powders

were estimated bysing the Scherrer Equation [4®pored below:

. 0 _
O ——, 8
T wel —

where L is the crystallite length, K ésconstant that varies with the method of taking
the breadth (0.89<Kk) , & 1Is the wavetawgthl amf

bhe si

h &

width of the peak at half maxi mum intensity

i's center angle of the peak. The (222)
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As seen from the Fige 4.1 and our calculations given in the Tall&, the particle

size of the samples increases witbreasing annealing temperature.

The SEM and TEM images confirmed the particle sizes calculated by using the
Scherrer Equation. A nebulous structure whigé attributed to the existence of
organic compound (allgate) was seen in son®EM imagesof the samplesThis
structure disappears with increasing annealing temperature. On the other hand the
EDS results confirm the presence of Ndcontent. All of the suctural
characterization measuments showed that the particle sizes can be effectively
controlled by the synthesis and annealing temperature, and increase with increasing

treatment temperature.

4.4.2 Spectroscopic esponse

The general aspect of the spectratput of the powder samples strongly resembles
the spectra of the crystal confirming the fact that the confinement provided by the
restrictions of the particlesd sizes doe

Nd®* ion.

The shifts reported in Fige 4.6 indicate that their magnitude becomes greater the
smaller is the dimension of the particle. It seems then legitimate to attribute this
behavior to the increasingly important role played by the surfaces in smaller
particles. The Nd ions at the surdaare in a different environment with respect to the
ions in the interior of the material. In a crystal the ions in the surface are a negligible
minority with respect to the ions in the bulk of the material, but in a particle it is not
so. In very small padicles going from the surface toward the center of the particle
there is gradation in the N@ bond lengths, approaching the conditions of Nd in a
single bulk crystal. It is possible that, even in the interior of the particle, the
conditions of the envimment in the bulk will never be reached. This may account
for the fact that the shift of the | ines

The results concerning the thermal line broadening were handled as follows.
The experimental data wererasparedwith the following equation [38
YO®a yo Yo 8

where
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Yo | —Y | &Q 0 8 H
Y Q p
In Eq. @.2), YO is the tempeture independesresidual width from the two levels
due to random crystal strains and spontaneous phonon emission proce34@siand
the temperaturdependent contribution to the width due to the Raman scattering of
phononsi , "Y andYO are treated as adjustable parameters to get best fit (a least

square fit) to the experimental lhvadth data shown in Figuré.7.

The values of the parameters that were used to produce the fitting of the
experimental da with the theoretical formularelisted in Table4.2. It is of interest

to note thatthe residual linavidth at low temperature increases with decreasing
particle size.

Table 4.2 : Best fitparameter§), , To, a nodobtamEd from lineshift andline-
width measurements.

Line shifts Line widths
. : T U T )
Particle Size [K? femY] [g?nli] [K[]) em]
Crystal 429 22 2,46 440 95
248.2 nm 285 12 4,88 397 80
49.7 nm 263 11 5,65 360 62
40 nm 258 9,1 7,46 305,7 44
32.3nm 207 8,3 7,88 305,5 46
27.1 nm 352 12 7,96 210 21
20.4 nm 236 5,7 8,36 109 5.9
16 nm 272 9.5 8,40 194 18

The effect of temperature on the position of the chosen sharp line is presented in
Figure 48. We determined that the line position is -ghifted with increasing
temperature. The experimental data were compared with the following Bpthat
expresses the shift as due to the process of emission bsodp@on of virtual
phonons [38
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whereUandTp are treated as adjustable parameters to get a best fit. The line position
atT = 0 K was estimated by extrapolating the experimental data to zero temperature.

The corresponding fitting values BfandTp for each line are listed indble4.2.

The fitting values of the coupling coefficientsand U obtained for the linavidths
and lineshifts are typical for rarearth ion doped laser crystals. They are usually
less than 100 cth In case of transition metal ion the coupling coeffité¢ andU

are usually about 500 chf56, 57].

The decay patterns of the luminescenf™Ndns embedded in the nanopatrticles are
expected to deviate from an exponential decay of the same ions in the crytal for two

reasons:

1) The role played by the surfaces will be incresingly important as the radius of
the particle is reduced, producing a deviation from exponentiality. Molecular
groups such as @ residing on the surface may enhance the decay process
due to their stiff vibratins that rob the ion of its excitation energy. We
reasonably expect that a deviation from exponentiality at the beginning of the
decay pattern.

2) The ensemble of particles in the sample differs also from the bulk material for
the presence of the interstidestween the particles. In what follows we shall

describe how we can handle the problem presented by this difference.
The rate of spontaneous relaxation of an atomic system is gijég]by
. t YO
R0 2o
o/cu p

whereF; matrix element of the electric dipole operatpi= energy gap between the

statess UOands NI} and— ; Lorentz correction for the local field with

n= index of refraction of thbost material.

Applying those considerations to the ions embedded in the nanoparticles, we can say
that the rate of their spontaneous emission (inverse of the radiative lifetime) depends
on an effective index of refractiars# which consist of a combinain of the index of
refraction of the nanoparticlene and of the index of refraction of the surrounding

mediumnmed:
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wherea is the filling factor indicating the fracn of space that is occupied by the
nanoparticles. The validity of the usagenedf in calculating the probability of decay

rests on the fact that the size of the particles is much smaller than the wavelength of
light [37].

Since the ratios is independst of the size of the nanoparticles the tails of the
response patterns of the particles with different sizes should be parallel after they

cross the pattern corresponding to the crystal response to pulsed excitation.

The responses of the samples to pulsecitation present the following interesting

aspects:

1) At each temperature the decay patterns depend on the size of the particles
with increasingly greater deviation from exponentiality for smaller particles
(see Figurel.9ad)

2) The patterns that deviate from exponentiality eventually cross the exponential
pattern of the crystal. The greater is the deviation the more distant in time is
the crossing. A possible explanation of these experimental finding is the
existence of large amat of Q' H groups at the surface of the eaurticle,
which considering the stiff ©H vibration, could provide a quenching of the
luminescence and the shortening of the lifetime.

3) All the decay patterns of the particles of different sizes become paralel af
they cross the decay pattern of the ions in the crystal. This behavior indicates
that the effective index of refraction is lower for the nanoparticles than for the
single crystal, hence decreasing the radiative decay rate, and the filling factor

G indsperident of thparticlessize.

4 .5Conclusions

This study was focused on the synthesis and characterizatici®gehanophosphors
doped with 1 % Neodymium (N¢) ions. Nanoparticles were synthesized by using
the thermal decomposition technique and annealedlifferent temperatures to
control particle sizes. The synthesized particles were structurally characterized by
using Xray diffraction (XRD), scanning electron microscope (SEM) and
transmission electron microscope (TEM). The cubic phase of th@ Was
determined and the size of the particles was foumdrtge from ~ 15 to 300 nm.
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A series of spectroscopic measurements on a humber of thesparéiole samples
were performed. For comparison we also characterized spectroscopicalOan Y

crystal sample.

For each sample the emission spectrum was accurately measured in a wide range of
temperatures ranging from 30 to 300K. The spectra consisted of tHe bich 0 s
narrow spectral lines corresponding to transitions fronffae doublet level ¢ the

4l112and*lg9, manyfolds.

We also measured the width and the position of a well isolated line in the
temperature range BBOOK. The results indicate that the residual width at low

temperatures is larger for powders with smaller particle sizes.

Finally measurements were performed on the decay patterns*abidfollowing a
pulsedexcitation. These measurements were conducted in the temperature range of
3071 700 K. Such patterns vary considerably with the size of the-parile, so

that they maybe considered signatures of these sizes. When comparing the decay
patterns of the powders with the exponential decays of t@:Nd** crystal we

found larger deviations from exponentiality fdret powders of smaller particles

sizes, and smaller deviati®from exponentiality at high temperatures.
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5. SYNTHESIS AND SPECTRAL CHARACTERIZATION OF YTTRIUM
OXIDE NANO-POWDERS DOPED WITH Nd3** IONS WITH A LARGE
RANGE OF CONCENTRATIONS

The introduction of N& dopants in yttrium oxide nainpowders at concentrations as
high as 10% has motivated the study of their emission as functioonoéntration.

The luminescencérom these systems as function of temperature, particle size, and
concentration of N¥ has bes studiedand the trends been abletie establisked is

given below

5.1 Introduction

The production of luminescent materials in the form of hppwders has given rise

to a new and important chapter in the investigations of such materials. Spectroscopy
has tle necessary tools to conduct these investigations and a large number of
possibilities and situations exist due to the fact that a new parameter enters the
scenario, the size of the namparticles. In addition, the reduction of these materials

to nand powde form allows them to luminescence even when they are doped with
the ions responsible for their spectroscopic properties at concentrations so high that
they would not present any light emission when used in the sar@nsys bulk
crystalline form [4950, 58, 59.

The expansion of experimental situations, and in particular that of the range of
possible dopant concentrations, has motivated the investigation whose results we

now report.

As it has been generally found the attention of the researchers eapinignon

doped nanioppowder systems has to be directed to parameters which are sensitive to
the particul ar situations of such syster
featur es, e. g. energy | evel s, butiseddynar
patterns of the luminescence emission. Of importance is also the possible broadening

effect that the concentrationagnhave on the spectral lines |22
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5.2 Experimental Part

5.2.1Preparation of the samples

In this thesisNand sized YOz samples doped with x &.2, 0.5, 1.0, 2.0, 5.0, 10.0
mol % N&™* ions (Y2-«NdkOs) were prepared by thermal decomposition of yttrium
neodymium alginate gels. Yttrium nitrate hexahydrate Y{NO6HO, neodymium
nitrate hydrate Nd(N€)s.H-O and lowviscosity (250 cps of 29%olution) alginic
acid sodium salt used for the preparation of yttrimeodymium alginate beads were
of analytical grade and were purchased from Sigiaaich Company. The details
about the synthesis procedure are giwreour earlier works [2223, &]. Briefly, this
method is based on the thermal decomposition of the yHnemoedymium alginate
gels. The obtained nanpowders were then annealed at 600, 800 and XD0fr 24

hours with the heating rate of 30/min to control the particle sizes.

5.2.2Structural characterization

Analysis of the crystal structure of the lddped samples was performed XyRay

Diffraction (XRD) method XRD investigations were carried out with a Bruker AXS

D8 Model (CuKU r adiisat=i oln. 5418 ) di ffractometer a-
setti ng range framh28to 200with scanning steps of 0.0Zhe average

crystallitesize L of the powders was estimatgdusing the Scherrer Equation [45

0 — 8
F 0éi —

whereK is a constant varying with the method of taking the breadth (0.89<K<1, with

K=0.89 for spherical particl eaq)y, baaimg tbhe swe
the width at half maximum of the XRD peak of a specific lattice plane (hkl) in

radiansandf i s the center angle of the considere
the plane (hkl)).

As a further confirmation of the average particle size, electron microscope images of
the samples were visualized by a JEOL 6335F model scanning electron microscope
(SEM).
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5.2.3Spectroscopic measurements

Luminescence measurements were performed by pumping the samples with the
output of a Laser Drive Inc. Model LEB 20 | aser diode (& = 808
the excitation of the leveRHo i “Ss2. The luminescencsignal was directed toward

the entrance slit of a 1 m McPherson Model 2051 monochromator and chopped at a
frequency of 250 Hz before entering the slit. The monochromator provided a
resolution 0.8 j with the slittgof@lh at 5
The entrance and output slits of the monochromator were set to 80 um for continuous
emission spectrum measurements and to 600 um for response to pulsed excitation

measurements.

The optical signal was detected by a Hamamatsu 7102 photomultigdie with an
S1 response, sent to a EG&G Model 5210 {oclkamplifier and recorded in a

computer.

The experimental data on the responses of the samples to pulsed excitation were
obtained by using a Schwarz Elee®ptics Inc. Model TitarP Model Titanium-
Sapphire laser and a Tektronix Model TDS3052B oscilloscope.

For the experiments in the temperature rang8@DK, the samples were mounted
on the cold finger of a closed cycle Helium refrigerator. This system uses a Janis
Research Model RD dewar context with a Leybold Model RW2 compressor. The
temperature was controlled by using the Lake Shore Cryotronics 805 Model

controller.

5.3 Experimental Results

The X-ray diffraction patterns of the &ynthesized and thermally treateimplesat

1000°C are shownn Figure5.1 as a function of the Nt content.The diffraction

peaks observed in the XRfattern can be indexed to cubic phas®3(JCPDF:
25/1200); no other phase was detected. The observed diffraction peaks correspond to
the Bragg diffraction from th€211), (222), (400), (411), (332), (431), (440), (532),
(622) and (613) planes. Only the (hkl) values of the most prominent peaks are

i ndicated in the XRD pattern with the
corresponding to the plane (222) for all trEengples. The room temperature lattice
parameter of the unit cell of the yttria cubic phase estimated by the XRD patterns
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was 10.6051 A which is in good agreement with the JCP&&bdse of pdf number
8310927 [6l]. The crystallite size of the samples, caitatl by the Deby&cherrer

formula applied to the diffraction feature (222), resulted to be in the range5Q0
nm. The representative SEM images of the thermally treated at’CO§8mples are

shown in Figuré.2 and confirm such an estimation.
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Figure 5.1 XRD patterns of the samplés) assynthesized(b) annealed at 100C.
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Figure 5. 2: SEM images of théa) 0.2 %, (b) 0.5 %,(c) 1 %, (d) 2 %, (e) 5 %, (f)
10 % Nd* doped %03 annealed at 100T.

The continuous emission spectra of the samples were collected in th8EDK
temperature range and in the 850150 nm wavelength range atite continuous
emission spectra of the samples with 20 nm patrticle size at 30K and 300 K are given
in Figure5.3. Two groups of emission lines associated with*feY “lg» and the

F32Y “l132 radiative transitions of Nt have been observed for all samples. We
were able to see emission of Neven at 10 % N doped ¥%Os. The intensity of

the sharp emission peaks was found to increase with déticentration going from

0.2 to 0.5 % and then decrease at higher concemtsatds it can be also clearly seen
from Figure 5.3 sharp emission peaks become wider with increasing" Nd

concentration.

62



Intensity (a.u.)

Intensity (a.u.)

(a)

. 3. |
Y,0,:Nd
d=20nm
T=30K

0.2% Nd**

0.5% Nd™*

1% Nd™

2% Nd**

5% Nd’*

10% Nd**

= S—

(b)

. 3+ |
Y,0,:Nd
d=20 nm
T=300K

0.2% Nd’*

0.5% Nd”*

1% Nd™*

2% Nd™'

5% Nd™*

— 10%Nd”

1

1000
Wavelength (nm)

1100

Figure 5. 3: Continuous emission spectra(aj 30 K and(b) 300 K
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The representative continuous emission spectra given in FBgustow the shifting
and broadening of the Ntspectral lines of 0.2 % Ntdoped %03 as a function of

temperature.
02%Nd:Y,0,
L d =58 nm
;; L
=
@ | 30k N
8
- £ [100K
5,
~ 300 K . ;
- 890 895 900 905
2 Wavelength (nm)
[ Ji .
£
PO 1 i
850 900 950 1000 1050 1100 1150

Wavelength (nm)

Figure 5. 4: Representative broadening ardfting of the sharp emission peaks of
0.2 % Nd* doped ¥0s.

We also investigated the effect of particle size on the luminescence spectral lines.
We found that for concentrations other than 10 % the intensity of the emission
increases with particle size. On the contrary when the concentration is 10 % the
reverse tred takes place (see Figusé). It was also observed at this concentration

that the peaks become wider and the Stark level splittasnot visible.
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Figure 5. 5: Particle size dependence of the emission spectra of 10 ¥ddped
Y 20s.

The decay patterns of the samples were measured in the380 K temperature
range. I'n what follows we shall designat

curve wih the initial value of the intensity set at 1. The obtained results are
summarized below;

i.  All decay patterns are not exponential.
ii. The longest decay time was observed for the 0.5 96 &nples. The decay
times were found to increase with Xdoncentration going from 0.2 to 0.5 %

and then decrease at higher concentrations (see Fgarasds.7).
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Figure 5. 6: Decay patterns of the samples with 20 nm particle sita) &0 K, (b)
300 K and (c) the variation of he decay times as function of
concentration

iii. The decay patterns were found to deviate more from exponentiality with

increasing N&" concentration (see Figuré$ and5.7).
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Figure 5. 7; Decay patterns of the samples with 60 nm particle sita) &0 K, (b)

300 K and(c) the variation of the decay times as function of
concentration

The decay patterns of all samples become slightly longer with increasing
temperature (see Figube).

The decay patterns deviates more from exponentiality at low temperatures
(see Figuré.8).
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Figure 5. 8: Variation of the decay times of the samples w@h20 nm andb) 60
nm particle sizes as a function of temperature

vi.  The decay patterns deviate more from exponentiality with decreasing particle
sizes (see Figura9).
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Figure 5. 9: Variation of the decay times as a function of particle siz@y80 K
and(b) 300 K

The decay times were fodrio increase with increasing particle sizes up to 2 % Nd
doped ¥0s. No remarkable decay time difference was observed for different particle
sizes of 5 % and 10 % Riddoped samples (see Fig&8).
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5.4 Discussion of the Results

The general behavior @he emission output of luminescent systems as function of

concentration of dopant is as follows:

a) The dopant concentrations generally used in crystals is of very few percents.
Within these limits an increase of the emission is generally noted with the
increase of concentration. Beyond these limits the luminescence is quenched. At
concentration of 10% generally no emission can be seen.

b) When the system has only one emitting level (such in the case o) tkd
decay time of the luminescence presents the daenel regarding the dopant
concentration as the intensity.

The most important finding regarding the emission in our samples is the presence of
emission at high concentrations (10%) of the*Ndbpant. When doped with these

concentrations no emission is peated by a crystal.

This finding is in accordance with the mechanism that quenches the emission in a

luminescent system. At high concentrations it is easier to the excitation to move
resonantly from ion to ion anedsizzofeghet ual |y fi
particles impedes the easy transfer of excitation energy and the eventual encounter

with killer sites.

For both intensity and decay time we detect the same trend with increasing

concentration: an initial increase in value followed by a ehese.

As for the decay time an interesting result is the increase of it with temperature that
takes place at any concentration. A possible explanation of this effect is the
following. The emission from N ions actually comes out of the doubiEt.. The

two levels are so close to that they are thermalized even at very low temperature. The
lifetime of two thermalized levels is a combination of the lifetimes of the two levels,
each weighed according to the population residing in each level. If the iotrinsi
lifetime of the upper level of the doublet is longer than the intrinsic lifetime of the
lower level, then an increase of the lifetime with temperature may occur. This seems
to be the case in the ndmpmwdered samples of 03:Nd**. This occurrence, not

seen in the crystal, is most probably due to the sensitivity of the dynamical parameter
fdecay timeo to the partiipowder environment p
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Finally lets spend &w words on the lack of exponentiality of the decay patterns.
The Nd ions at th surface are in a different environment with respect to the ions in
the interior of the material. In a crystal the ions in the surface are a negligible
minority with respect to the ions in the bulk of the material, but in a particle it is not
so. In verysmall particles going from the surface toward the center of the particle
there is a gradation in the Mdl bond lengths, approaching the conditions of*Nial

a single bulk crystal. It is possible that, even in the interior of the particle, the
conditions @ the environment in the bulk will never be reached. The observed decay
patterns are a superposition of the decay curves of ions in different positions in each

particle.

5.5 Conclusions

The results obtained point to the additional information provided byetthection of
luminescent systems to nampowder form, extending from high dopant
concentrations at which luminescence is observed to the behavior of decay patterns
deviating from exponentiality. They indicate the possibility of harvesting interesting
new irformation by spectroscopically investigating laser type systems reduced to

nana particle form.
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6. UNCONVENTIONAL PRODUCTION OF BRIGHT AND EFFICIENT
WHITE LIGHT EMISSION BY ND - DOPED AND NOMINALLY UN -
DOPED Y203 NANO-POWDERS

6.1 Introduction

Nanophosphors (nanoscaized solid, inorganic crystallites showing luminescence
upon excitation) based on rare earth (RE) dope@sYare important optical
materials, with ¥Os being the best host matrix for RIbpants da to its chemical

and thermal stability, similar ionic radius with respect to RE ions and cut off phonon
energy of 380 cnh. Among optical materials, lanthanide ions have attracted the
interest of researchers for their ability to-cgnvert infrared lighto the visible one.
Particularly, neodymium (Nd) ion, besides being very efficient for silite laser
applications, is a very good candidate for accompigisuch ugconversion process
[62, 63].

Nanophosphor based lighting is widely used busugfering a drawback due to the
fact that the luminescence spectra do not cover the whole visible light range (380
780 nm), namelya white light (WL) spectrum close to that of the sunshine.
Therefore such artificial lighting sources are not optimal ifmoor lighting or
displaying [@!] and the production of WL by engineered luminescence spectra

remains an active research field.

Nanopowders doped multiplyith lanthanide ions have been found to emit WL.
When a neamfrared (NIR) diode laser was usedexcite (with high power above a
certain threshold) narcrystalline insulating powders containing lanthanide ions, a
very bright white or yellowish light was observed, corresponding to a strong broad

emission band coveringrabst the whole visible regiot%-70].

A number of researes have found anBtokes wide band emission by exciting
nanccrystals of compounds in wéh Nd was one of the dopantsi]7or a full
stoichiometric part of the system9672, 73].
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Strek et al. have reported the brightagrverted WL emission from LiYbf12[68],
NdAIO3z [69] and LINdP4O12 [72, 73] nanocrystals under low pressure and infrared
(IR) excitation. The production of WL spectrum have also been reported by J. Wang
et al. by using just lanthanide oxides ¢@h, SmOs, CeQ) [66] and YBAlsOx2,
(Yb,Y)20s crystals [@]. Sato et al. [4], Nolas et al.[75] and Zhou et al. 6]
showed that the RE dopants reduce the thermal conductivity of the YAG,
Skutterudites and Lanthanum Zirconatgamics. Also Roura et al.{/78] observed

broadband emission from Si@noeparticles and mechanically milled Si.

Notably, while the WL production reported in the literature was obtained by

materials doubly doped with different RE ions or including RE ions as stoichiometric
componentswe have observed WL by singly Nd doped and nominalkdemed

insulating oxide materials too. In this respect, this paper reports our detailed

experi mental studies on the broadband dAwhite
by the evaluated Commissiont er nati onal e de | 6Ecl arage (CII
following the IR lasetlight excitation of Nddoped ¥%Os (Y20s:Nd) nanocrystals

with different Nd concentrations ranging from zero to 20%. Surprisingly, we

observed WL even in the nominal absence @fddpant in the samples. Moreover no

WL was found to be emitted by Riddoped ¥%Os bulk crystals.

6.2 Experimental

6.2.1Preparation of the Y203:Nd**nano-powders

Samples of nansized Y-Os particles doped with trivalent Nd concentration of 2, 5,

10 and 20 % were ppared by thermal decomposition of yttritmeodymium
alginate. Details on the preparationthud were described elsewhere [22, 23, 60
Briefly, this method is based on the thermal decomposition of alginate gels. In this
process yttrium nitrate hexahydrade0 0  J3pOU0 (99.8%) neodymium nitrate
hexahydraté Q00  3pO0 (99.9%)and low viscosity (250 cps of 2% solution)
alginic acid sodium salts with analytical grade are used as starting reagents. The

reaction that occurs in thermal decomposition ssds given in the equation below

TOO0 200 © ¢cdl @b 0 ¢ 100 8

74



The naneparticles were synthesized at 500°C and then annealed at 600, 800, 1000
and 1400 °C. The effect of such annealing treatment was to sectlea particle size
from 20 to 248 nm.

Hereafter the Nedoped ¥%0Os samples will be referred to a®3:Nd(%) where %

stands for the corresponding Nd doping percentage.

Commercially available ¥O3 nanesamples with particle sizes of 20 to 40 nm and
with the purity of 99.999% purchased from US Research Nanomaterials, Inc.were

also used to obtain WL emission.

6.2.2Structural characterization of the Y203:Nd3* samples

Analysis of the crystal structure of the lddped samples was performed by X Ray
Diffraction (XRD) patterns. XRD investigations were carried out with a Bruker AXS

D8 Model (CuKU r adi ati on) di ffractometed at 4C¢(
range from 20to 7@ with scanning steps of 0.0Zhe averagerystallitesize L of

the powders was estimatbg using the Scherrer Equation [45

where K is a constant varying with the method of taking the breadth (0.89%Kia
K=0.89 for spherical particl eaq)y, baaimg tbh
the width at half maximum of the XRD peak of a specific lattice plane (hkl) in
radians and d is the center angle of the
the plane (hkl)).

As a further confirmation of the average particle size, SEM images of the samples
were obtained by a JEOL 6335F model scanning electron microscope.

6.2.3Emission characterization

The continuous emission WL spectra were produced by pumpingathples with

the output of d.aser Drive Inc. Model LDB20 laser diode operating at 803.5 nm

with the maximum output power of 3 W or of a similar diode operating at 975 nm

with the maximum output of 10 W. The signal was directed toward the entrance slit

of a 1 m McPherson Model 2051 monochromator and chopped at a frequency of 250

Hz before enténg the slit. The monochromatprovided a resolution 0.8 A with the
slits set at 50 em and a wavelength repr
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detected ® HamamatsiR1387 photomultiplier tube with an S20 response, sent to a
EG&G Model 5210 lockn amplifier and recorded in a computer.

Two spectral regions were investigated:

1. A region from 850 to 1500 nm where the emission fronfae level of Nd
occurs, and

2. An optical region from 400 to 900 nm where the WL emission occurs.

To perform experiments in the temperature range8@D K, the samples were
mounted on the cold finger of a closed cycle Helium refrigerator. This system uses a
Janis Research ddlel RD dewar connected with a Leybold Model RW2 compressor.
The temperature of the cold finger was controlled by using a Lake Shore Cryotronics

331 Model temperature controller.

The rise pattern and the decay pattern of the WL were measured by usirttea shu
that allowed the light to reach its full intensity and then cut sharply the pumping
power, operating with a repetition cycle of 10 sec.

The use of the diode operating at 975 nm allowed us totigaés the effect of

excitationwavelength on the WL dput of the samples.

An Avantes Avalight-Hal-Cal calibration light source was used to correct our
spectra for the sensitivity of our system.

We had also at our disposal atliéd Scientific Pro ASAVIK350 model illuminance
meter that allowed us to measurdet CIE (International Commission on
lllumination) coordinates, the CCT(Correlated Color Temperature), the CRI(Color
Rendering Index), illuminance, and to view the spectrum of the WL.We also
measured the above parameters of a 60 W commercial incandesdentobu

comparison.

6.3 Experimental Results

The X-ray diffraction patterns of the &ynthesizedr>0s:Nd samples are shown in
Figure6.1 as function of the Nd conterithe diffraction peaks observed in the XRD
pattern can be indexed to cubic phas©x(JCPDF: 25/1200); no other phase was
detected. The observed diffraction peaks correspond to the Bragg diffraction from
the (211), (222), (400), (411), (332), (431), (440), (532), (622) and (613) planes.
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Only the (hkl) values of the most prominent pealksiadicated in the XRD pattern
with the strongest peak observed at 2d
all the samples. The room temperature lattice parameter of the unit cell of the yttria
cubic phase estimated by the XRD patterns was 10.60%dhich was in good
agreement with the JCPDS database of pdf numbed923. Notably, as the Nd
concentration increases from 2 % to 10 %, the prominent diffraction peaks become
sharper and more intense thus suggesting a refinement of the sample dtystallin
and/or increased nasowder sizes. One would expect that an increase of the Nd
ion concentration would lead to peaks with slightly broader width and reduced
intensity, but the observerksults agree with report according to which a®>Nd
dopant may e as an heterogeneous nudleatand crystallization site §I and
improve the sample crystallinity. On the other hand, depidgced microstrain and

local distortion of the host lattice structure due to the difference in the ionic radii
between the Y &t cation (0.9 A) and Nd dopant (0.980 A) are expected effects
because of the relevant doping level of our samples. The crystallite size of the as
synthesized phosphors, calculated by the De&nleerrer formula applied to the
diffraction feature (222), redted to be in the range 2530 nm.The SEM image of

the sample with Nd concentratioof 2% shown in Figure6.2 confirms such

estimation.
L J Yzos
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Figure 6. 1: XRD patterns of the samples.
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Figure 6.2: Representativ6€EM image of the ¥O3:Nd(2 %).
6.3.1Results of 803.5 nm excitation

Turning to the emission properties of theO§:Nd samples excited by the 803.5 nm
wavelength, the IR spectrum consists of three groups of spectral lines due to the
FaY 4 o, Y112 and*132 transitions. The general aspect of the spectra was found to
be similar for Nd content ranging up to 10 %. Notably for Nd concentration of 10% it
is not possible to see any Melated IR emission in bulk crystals; this is an indication
that the concentration at which the luminescence quenches is higher in the nano

powders thathe onen the crystal [8].

Since the IR emission of the.®s;:Nd** systems was already invigited in our
previous papers [223], it will not be considered furtle Instead, in the present
paper our attention will be focused on the WL band accompanying the IR emission

of our samples as a function of the Nd dopant content.

In this regard, Figres 6.3 (a) and (b) show the WL spectrum collected in the 400

900 nm wavkength range of the samples.(05:Nd(20%) and ¥Osz:Nd (0%),
corresponding to the highest (20%) and lowest (0%) Nd content, respectively, under
excitation at 803.5 nm with pumping power of 2 W and various environment
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temperaturesSome of our preliminary refts on WL emitted by infrared excited-un
doped metal oxide nafmowdershave been reported elsewherd,[82]. The WL
spectra under examination were emitted by samples with peaticle size of 26 nm.

The spectrum of the doped sample consists of a badd with three dips associated
with the absorption of the Nd ion (the 803.5 nm wavelength matches with the strong
absorption of the Nd ions in this region). The three dips due to the absorption of Nd
can clearly be seen the measured spectrum (Erg6.3 (a)), the corrected spectrum
(Figure 6.3 (a)) and the spectrum measured tsjng the illuminance meter (Figure

64 (a)). There is also a good agreement betweernurgsg6.3 (d) and 6.4 (b),
corresponding to the spectrum corrected and measured by usiniuithi@eance

meter, respectively, of the wdoped sample.

'¥,0,(20 %) Un-doped Y,0,

- =803.5 A
;‘.:-283:.5 nm o | z= i nm OO0
— 50K —35K

—— 100 K ——300 K

400 500 600 700 800 900 400 500 600 700 800 900

Intensity (a.u.)

@)
o
TK

e

1 1 1 1 C 1 1 1 1
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength (nm)

Figure 6. 3: Environment temperature dependence and the general aspect of the
white light spectrum under 803.5 nm excitatiga) uncorrected
spectrum of 20% Nd doped samgl® uncorrected spectrum of un
doped sampl€c) corrected spectrum of 20% Nd doped sample for
system responggl) corrected spectrum of tatoped sample for system
response
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Figure 6. 4: (a) Measured spectrum of 20% Nd doped sample by using illuminace
meter(b) measured spectrum of wloped sample by using illuminance
meter(c) the CIE coordinates and the measured CCT, CRI values for
20% Nd doped samplel) the CIE coordinates and the measured CCT,
CRI values for urdoped sample

The parameters CCT, CRI, il luminance and Con
(CIE) coordinates fothe WL emitted by both doped and-doped samples under
examination are shown in the corresponding figuresu(esg6.4 (a) and (b)) and

summarized in Tablé.1.

Table 6.1 : Summary of results when using 803.5 nm excitation.

Sample CIE CCT CRI Efficiency
Y203 Nd(20%) x=0.47 2422 K 96 327 lum/W
y =0.39
Un-doped ¥O; x =0.45 2756 K 99 864 lum/W
y = 0.40
Incandescent x =0.46 2666 K 99 636 lum /W
Lamp (60 W) y = 0.41
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It was observed that both CCT and CRI:
i) decreaséurning from the urdoped to the doped sample ;
i) depend on the pumping power: while the CCT value goes up, CRI was found
to go dow with decreasing pumping power
iif) dependon the environmental pressure around the sample: while the CCT
value goes up, CRI was found to go down with increasing environmental
pressure.
In regard to point i), the reduction of CCT and CRI upon increasing Nd content could
be ascribed to the strorapsorption of the Nd ions clearly observable fromuFeg
6.3.
One important CIE Standard llluminant is the color point A, located in the CIE color
space by the coordinates (0.448, 0.4880 called warm white point with CCT of
2856 K. This point marks thehromaticity of tungsten incandescent lamps, namely
the artificial light sources most comfortable for human eye. Accounting for the
lighting standards, we also compared the performance of our samples with the one of
a 60 Watt incandescent lamp (&ig 65 and Table6.1). Notably, the CIE
coordinates, CCT and CRI values of our obtained WL emission are very close to
those of a commercial incandescent bulb source: CRI approaching the theoretical
limit (100) and CCT closer to the warm white point were measiarethe undoped
sample. Moreover, as a power excitation of 3 W was used for the 803.5 nm pumping
diode, the efficiency of the WL emitted by our samples seems to be better than the

one of the incandescent lamp source (Téldg
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X : 04630 y : 04120

Figure 6. 5: (a) Measured spectrungb) CCT, CRI and illuminance values, afa)
CIE coordinates of a commercial 60W incandescent bulb obtained by
using illuminance meter

WL emission from commercially available 99.999% purgD¥nanepowde was
also obtained under both of 803.5 nm and 975 nm laser diode excitation. The general
aspects of the WL emission from commerciaD¥were found to be the same as the

ones observed for our synthesized samples.

The investigation of the WL dependenca the nature and pressure of the
background gas revealed that while it was easy to obtain WL under low pressure, it
was possible to obtain WL at atmospheric pressure by increasing the pumping power.
In this respect, as Hige 6.6 shows for the wdoped smple with naneparticle size

of 26 nm, the WL intensity falls down rapidly upon increasthg background
pressure. Figuré.6 is representative, since the same behavior is shown ljoNed
samples. The threshold value of the pumping power to obtain Werum02 mbar
pressure was found to decrease with increasing dopant concentration: 0.7 Watts and
0.12 Watts for nominally wdoped and heavily doped materials, respectively. We
were also able to detect WL at atmospheric pressure and in such a casestizddthre
power value was 0.73 Watts and 1.1 Watts for the 20 % Nd doped and the nominally
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un-doped sample, respectively. Such findings indicate that the presence of the Nd
ions makes easier to induce WL.

Un-doped Y0,
|
T=300K
- R 803.5 nm
i P, =2Watts
u
p— |
3
.8
> |
2
- |
3 .
£
|
]
1 " 1 L | " 1 " 1 L 1 " 1 -
0 2 4 6 8 10 12 14

Pressure (mbar)

Figure 6. 6: Pressure degmdence of the white light intensity in nominally-doped

Y 20s.
Tests dealing with the nature of the background gas were also performed. After
filling the evacuated sample chamber with nitrogep),(§uenching of the WL was
observed. Similar results weobserved by using helium (He), another inert gas. All
of the performed checks indicate that the WL is sensitive to the pressure of the gas
present in the sample chamber, as long as this gas is inert.

The changes in the WL intensity with pumping power iiaigloped sample with 26

nm powder size (shown in Figuée/) demonstrate that WL int
the pumping power BEPHn being ancekpdrient depending anh e |
either the exciting wavelength or the laser diode pumping poviziP@dwe). As the

fit results in Figures.7 indicate, the exponemtis found as 3.08 and 4.63 by linear

fitting for two different linear region of the experimental data.
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Figure 6. 7: White light intensity variation with pumpgpower in nhominally un
doped Y:Os.

In order to further characterize the WL we measured its rise pattern and decay
pattern, counting on such parameters being more sensitive to the conditions of
measurements and to the composition of the samplesuwimarize as follows our

experimental findings for what concerns the WL emitted by théaped sample:

i) The decay patterns of the -doped ¥%Oz were found to be sensitive to the

temperature of the sample holder, as shown inrEig.8.
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Figure 6.8: Dependence of decay patterns on environment temperature in nominally

un-doped Y¥.0s.

i) The decay patterns were found to be very sensitive to the environment

pressure showing faster falling down with increasing pressurar@6g®).
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Figure 6.9: Variation of decay patterns with environment pressure in nominailly un

doped ¥Oa.
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iii) The decay patterns and rise patterns vs. the pumping powershown in Figs
6.10 and 6.11, respectively indicate that, while regnificant pumping
powerdependence of the WL decay patterns occurs, the rising patterns are
very sensitive to the pumping power, becoming shorter with increasing

pumping power.

Un-doped Y,O,
A,.=803.5 nm
T=300K
——0.61 Watts
——1.07 Watts
—— 1.52 Watts
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o
-
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o
=
T

1E-3 & i . : :
0,0 0,5 1,0 1,5 2,0

Time (sec.)

Figure 6. 10: Dependence of decay patterns armping power in nominally un
doped Y¥:0s.
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Figure 6. 11: Rise pattern dependence on pumping power in hominalgoped
Y 20:s.

Considering now the results on theO§:Nd(20%) sample, Figuré.12 reports that

the WL spectrunthanges in intensity and in detail by changing the diode pumping
power: the dips due to absorption by the Nd ions progressively disappear with
increasing pumping power and the emission intensity is enhanced by increasing the
pumping power. Such experimehtiadings suggest mechanisms of filling/saturation

of the dopant energy levels.
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Figure 6. 12: Pumping power dependence of the white light spectrum in 20 % Nd
doped Y03 with size of 26 nm

In addition to the result in Figufel2, our measurements showed the following:

)] The decay patterns did not vary sehswith Nd concentration (Figure
6.13), thus suggesting that the WL decay is mainly an-tieiséndent

effect.
1F
F\ A= 803.5 nm
' T=300K
P=2W
d =26 nm
——20% Nd
>
.*‘7-; 0,1 2% Nd
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E ——10% Nd
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> {1
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Figure 6. 13: White light decaypatterns variation with the Nd concentration
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i) The onset of the WL strongly depends on Nd concentration with a delay
before the rise of the WL to its maximum value long#éh decreasing
Nd content (Figuré.14).

1,0 |
0,8 |
:.? A= 803.5 nm
o T=300K
Q P=2W
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8 ——20% Nd
N ——10% Nd
g 0,4 5% Nd
5 2% Nd
Z
0,2
0,0 st ! | !
1 2 3 4 5 6
Time (sec.)

Figure 6.14: Rise pattern dependence on Nd concentration

iii) The decay patterns associated with th@©3¥Nd(10%) sample plotted vs.
particle size show that while no difference is observable in the 20 to 50
nm size range, the pattern corresponding to 250 nm decaysstoolyg
(Figure6.15).
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Figure 6.15: Dependence of decay patterns on powder size in 10 %Q¢ Y

The rise pattern behavior of the(3:Nd(10%) sample depends on the particle size,

namely it decreases and becomes steepermdeitteasing particles size (Figgé6).

10% Nd** Doped Y,0,
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Figure 6. 16 Rise pattern dependence on powder size 10 % 04.Y
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6.3.2Results of 975 nm excitation

Turning to the laser diode operating at 975 nm, once again WL was obséread
exciting the samples with such a source. The acquired spectrum was corrected for the
sensitivity of the apparatus and also measured by using the illuminance meter for
both doped and udoped samples. We also measured the spectrum of ttiepeal
sampe after the excitation at various times with time interval between successive
measurements of 10 minutes.
The following was inferred by our experiments:
)] the general aspect of the broadband WL spectrum was similar to the one
obtained by using #1803.5 nmexciting source (Figuré.17) with a red
shift of the peak position up to 50 nm;

20% Nd doped Y,0, Un-doped Y,0,
A, =975 nm i A= 975 nm
(') | P=8W P=8W
T=300K T=300K

2
2 500 600 700 800 900 500 600 700 800 900
()]
dand
= §|C 6K
"\_) 1 L 1 1 i /] 1 1 1 1 1
500 600 700 800 900 500 600 700 800 900

Wavelength (nm)

Figure 6.17: General aspect of the white light spectrum under 975 nm excitafion
uncorrected spectrum of 20% Nd doped sam(be uncorrected
spectrum of urdoped samplgc) corrected spectrum of 20% Nd
doped sample for system respofwecorrected spectrum of tohoped
sample for system response

i) the thresholgpumping power value wasWatts at 0.02 mbatr;
i) a pressure value as low as 0.02 mbar was sufficient to obtain WL and no

WL was detectable under atmospheric conditions;
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Iv) the corrected spectra and those measured by the illuminance meter
(Figure 6.18) look similar and are in goabreement both for doped and

un-doped samples;

Y,0;:Nd(%20) Un-doped Y,0,
MWy | [ [ [ | |

360 410 460 510 560 610 B60 710 760 360 410 460 510 560 610 660 710 760

UL o LIRS AL

X : 04892y : 03902 7 290K x : 0471 y :03932 ccT 246K

93 94

Figure 6. 18: (a) Measured spectrum of 20% Nd doped sample by using illuminace
meter (b) measured spectrum of woped sample by using
illuminance meter(c) the CIE coordinates and the measured CCT,
CRI values for 20% Nd doped samyitd the CIE coordinates and the
measured CCT, CRI values for-doped sample

V) while measuring the emission of the-doped samples in 10 minutes
steps, a blushift of the emissin peak was observed (Eig 619) and,
moreover, the intensity was found to increase 8 times with time and the
spectrum became stable after 5 successive measurements. The amount of
the shift was 15 nm which corresponds to temperature chaingé K
according to Wien Displacement Law;
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Figure 6.19: The change of the WL spectrum under 975 nm excitation with time
Vi) in regard to the observed pumping powependence of the WL
spectrum, with increasing pumping power an intgnsghange and a blue
shift of 19 nm of the WL sgctrum were detected (Figuse20);
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Figure 6. 20: The change of the WL spectrum with changing pumping power of 975
nm laser diode

93



vil)  the intensity variation with pumping powemnder 975 nm excitation,
shown in Figire 6.21, indicated a strong dependence of the WL emission

on this power;

v A =975 nm
exc

n=11.8

White Light Intensity

LD Power (Watts)

Figure 6.21: Power dependence of the WL intensity under 975 nm excitation

viii)  all the decay patters were found tortmn exponential, as observed in all
previously examined cases;
Turning to the sample characterization according to the lighting standards
parameters, CIE coordinates, CCT, CRI and illuminance of the WL emitted from
doped and wdoped samples under 975 nixcigation were measured. The results

are given in Figs. 18a and 18b and summarized in able

Table 6.2 : Summary of results when using 975 nm excitation.

Sample CIE CCT CRI Efficiency
Y203:Nd(20%) x =0.49 2190 K 93 19.5 lum/W
y=0.39
Un-doped ¥%03 x =0.47 2416 K 94 28.6 lum/W
y = 0.39
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Notably, as already observed under 803.5 nm excitation source, both of CCT and
CRI values were found to decrease with the presence of the dopant. However, the
same samples exhibited a better WL performance under the 803.5 nm than under the
975 nm excitatin. Moreover, a dependence on either the pumping power or
environment pressure was observed for both CCT and CRI in the case under
examination (975 nm excitation). In detail, while CCT goes up, the CRI value was
found to go down with decreasing (increasim@mping power (environment

pressure).

As a further result, WL emission from commercially available 99.999% pp@8 Y
nanepowders was also obtained under both of 803.5 nm and 975 nm laser diode
excitation. The general aspects of the WL emission fommmercial ¥Oz were

found to be the same as the ones observed for our synthesized samples.

6.4 Discussion of the Results

The amount of experimental results of our experiments demands careful

consideration of their general aspects. The following basic obgsryatan be made:

1. Since no WL emission was observed by bulk samples efidped ¥%O3
exposed to the same exciting infrared light as the -pantcle samples,
definitely the observed production of WL can be considered as typical of the
nanoscale regime.

2. The spectral distributionof the WL is to a large extent independent on the Nd
concentration and even the presence of the Nd dopant. While Nd occurrence
favors the WL generation but is not necessary to induce such process, the
presence of Nd makes it easierdbtain WL emission under low pumping
power and higher environment pressure conditions.

3. The temperature of the samplebds hol de
and seemingly the intensity of the WL emission.

4. The pressure in the sample environmentéhgseat influence on the intensity
of the WL. It acts in the opposite sense with respect to the intensity of the
exciting infrared light: low pressure favors the emission of WL, and a strong
excitation does likewise. The latter occurrence is expectede mxciting
light results in greater absorption and consequently in a stronger emission.

The former effect, the influence of pressure, needs a more elaborate

95



explanation.As nanaocrystalline YOz is very hygroscopic, adsorption of
water on the nanpaticle surfa@ is very likely [83, 8] and this could
contribute to the absorption of the pumping wavelengthsaBsorbed water
molecules easily evaporate with decreasing environment pressure, even at
room temperature, and due to the excitatrmfuced warming up effect.
Hence, surface adsorption ot®i could contribute to the absorption of the
infrared radiation ahigh atmospheric pressure, becaus® Has a relatively
broad absorption band peaking at 760 nm and at 800 nm its absorption
coefficient is 0.02 cm [83].The pressure dependence of the WL intensity
indicates the occurrence of-dgcitation mechanisms. Athe nature of the
gasnanopatrticle interaction is not chemical when inert gases are considered,
at given pressure conditions, the fact that the WL intensity is lower in the
presence of light inert gases indicates the effective role of the collision
densty. Therefore, the pressure dependence of the WL intensity can be
accounted for adsorption of polar species on the -panticle surface as well

as scattering effects gasnoparticle causing dexcitation and/or heating
dissipation. In this regard an elbative or concurrent pressuiependent de
excitation mechanism can be invoked based on the thermal conductivity of
the nanepowders. This parameter is enhanced by the ambient pressure and
reduced when this pressure is lowered. At low pressures thealkitgstare

more isolated from each other and from the cold finger and can reach higher
temperatures favoring the emission of WL.

. The characterization of the spectral properties and of the processes taking
place in the nansystems must include the invegtion of such dynamical
characteristics as the patterns related to the rise of the WL intensity following
the sudden excitation by the infrared radiation and the decay pattern that
follow the sudden interruption of such a radiation. In this regard wesanay

that, as expected, the dynamical parameters are remarkably sensitive to the
variation of such experimental conditions as temperature of thplesufsee
Figure 6.8), pressure of h s ampl es o envi ré®paonent
dimension of he powder crywllites (see Figure6.16). One expected
outcome of the measurements of the decay patterns of the WL is their
independence of how much energy was stored insyls¢em (see Figure
6.10).
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6. The most noticeable aspect of the decay patterns is their deviation from
exponentiality. Such behavior could be inferred by the role played by the

powder sdé surfaces, role that becomes

particle is reduced. Going from ttsarface to the center of a particle one
would encounter a variety of conditions, with each condition determining a
different decay patterns. The observed pattern is the superposition of the
various different patterns. Accordingly the deviation from an expntal
pattern is in general more pronounced in smaller particles.

7. The spectral distributioof the detected WL resembles very closely the one
of an incandescent lamp, which is still unmatched with respect to its color
quality, meaning inherent resembling the sun light which is the most
comfortable for human perception. We have demonstrated gwbpidy to
obtain WL with very high efficiency and CRI approaching the theoretical
limit with an alternative approach. Our experimental results make our WL
emission very interesting at both fundamental and applicative levels and open

the way to an alteative route with respect to incandescent lamps.

The following considerations deal with occurrences that manifest themselves in
different ways depending on the wavelength of the exciting infrared light.

1. The WL spectrum produced by the 975 nm excitationas significantly
different form that produced from the 803.5 excitation. The dependence of
the WL intensity on the fourth power of the exciting 803.5 nm diode power
suggests the mulphoton aspect of the absorption process. In fact, an
interpretation oflie exponent n occurring in the law I=AB just in terms of
number of photons in mulphoton absorption events. The same can be
inferred in the case of the other exciting wavelength (975 nm). However,
being a 975 nm photon less energetic than an 803 haon, more photons
are required to induce mulbhoton absorption in the tdoped system. This
is indeed the case: the WL intensity was found to be proportional to a higher
exponent n of the power of the exciting 975 nm sourceu(Eig21).

2. Of particubr interest is Fig.12 which shows the WL spectrum of 20%-Nd
doped %03 nanepowder sample, with dips corresponding to Nd absorption.

The dips become shallower as the excitation power increases, showing that as
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this power increases the absorption processms to receive dominant
contribution from the host material rather than fromiéded processes.

3. The decay patterns following the 975 nm excitation are not significantly
different than those following the 803.5 nm excitation, as one would expect.
The different experimental conditions may produce different amount of
excitation, but this should have no effect on the enfolding of the spontaneous
decay.

4. The wavelength of excitation has a greater influence on the rise patterns than
on the decay pattern& mog notable effect is produced by the 975 nm
excitation on the rise patterns, by which the WL intens#ggches its
maximum value. Figure 89 is illustrative in this regard. In it we can see that
it took about one hour for the WL intensity teach its maxnum intensity.
Figure 6.20 represents a similar behavior obtained by exciting the sample
with increasing power of the 975 nm light, confirming that the patte
represented in Figure® reflect a gradual absorption of the exciting infrared

light. Such an occurrence is indeed, to our best knowledge, never seen before.

The important thing to notice is that the wavelength of the exciting infrared light has
an effect on the time it takebe system to fully absorbs this light. For practical
applications wavelengths like 975 nm would have to be avoided and attention should
be given to a proper choice of the infrared wavelengths that would ensure a prompt

absorption response.

6.5 Conclusions

We have presented some experimental results concerning the emission of WE by Nd
doped and, very importantly, nominally -doped Y%Os nancparticles under
different conditions of excitation. Our study was directed toward the investigation of
the basic parameteicontrolling the onset and builgp of the observed WL and its
decay following the sudden caff of the exciting light. We found that the presence
of Nd as an optically active dopant in the ngoawticles favored the production of

the WL, but was not esstial for this production.

Another important parameter was the pressure in the sample environment: low
pressure favored the emission of the WL. However, we found that under appropriate

conditions WL emission could be obtained even at atmospheric pre$hisdast

98



result points to the potential applications of systems like the one we examined to the
field of lighting.
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7. BROADBAND VISIBLE WHITE LIGHT EMISSION FROM
NOMINALLY UN -DOPED AND Cr3* DOPED GARNET NANOPOWDERS

Synthetic garnet narpowders of ¥AlsO12 (YAG) and GdGaO12 (GGG) were

produced and the occurrence of a broadband bright visible emission by nominally
un-doped YAG and GGG as well as®Cdoped GGG depending on the environment
pressure as well as exciting on the pumping power was demonstrated. The results
indicate that high intensity infrared laser irradiation in samples not only leads to
heating (melting effects) but also produce a vesilblroadband emission. Low
pressure of the powdersd environment f av
the threshold pumping power. A hypothesis on the nature of the emission is

presented.

7.1 Introduction

White light (WL) optical emission from inorganicaterials is an important research
subject of research emerged in the last decade that finds numerous applications,
especially in the fields of lighting and signaling. The majority of the papers that have
appeared in the literature have dealt with WL oladirby using a blue or an
ultraviolet (UV) light emitting diode exciting one or more suitable and efficient
phosphors (only a yellow phosphor, both yellow and red phosphors or both green and
red phosphors), with the combination of the emitiadiations owginating the WL

[85]. According to this strategy i) yellow phosphors enable to get WL with high
efficiency but with low color rendering index (CRI), ii) yellow and proper red
phosphors let achieve WL with appropriate CRI and moderate luminescence
efficiency and iii) emission by green and red phosphors provides WL with @Ry

but with low efficiency [&].

Other approaches exploit «onversion mechanism with a suitable riedérared

(NIR) source excitation with high power above a certain threshold and- nano
crystalline powders of a transparent host material doped with lanthanid&Tnis [

several cases, very bright white or yellowish light was observed, corresponding to an
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intense and broadband emissimend covering ahost the whole visible region $6

70]. The broadband emission was assigned to blackbody thermal emission in some
cases, to charge transfer luminescence in other cases, or to a combination of these
two processes. For what concerns materials, previously reported WL production
stemmed from tmsparent host materials at leastdoped with rare earth (RE) ions

or including RE ions as stoichiometric components.

In particular, the garnetsz%Is012 (YAG) and GdGaO12 (GGG) are well kown in
nanocrystalline form [8 and are among the most wigaused laser host materials

[89] because of their hardness, general stability against chemical and mechanical
changes, optical isotropy, good thermal conductivity and-tlmwmal expansion,
high-optical transparency, lowacoustic loss, high threshold for mati damage and

high receptiveness to rare earth ions. While YAG has slightly better thermal and
optical properties than GGG, GGG is more easily available and in better crystalline
quality than YAG.

To the best of our knowledge, no study is available é@xa the possibility to
generate broatland WL emission by nominally tsioped or transitiormetaldoped
insulating oxide materials. Hencehis paper demonstrates the occurrence of
broadband bright visible emission, depending on environment pressurerapcg

power, by either nominally udoped YAG and GGG or €rdoped GGG nano

crystalline samples excited by monochromatic CW infrared light (803.5 nm).

7.2 Experimental

7.2.1Synthesis procedures

To produce powders with grain size in the range obnaeters, th&echini method

[90] and the ceprecipitation approacti92] were exploited. The former method
besides being simple and inexpensive, has the advantage of providing reproducible
and monodispersed samples. It is a common method for the synthesis of metal oxide
materials with the aid of an organic polymer and a chelating agent to form a

polyesteric network which can be eliminated by thermal treatment

Four nanocrystalline garnet samples were investigated in our study:
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)] two samples of nominally undoped YAG, bhehamed (YAGpech and
(YAG)co hereafter, mpared bythe Pechini method [93] and by -co
precipitation [4], respectively;

i) one nominally undoped GGG sample, named (G&&)hereafter,
prepared by the Pechini method!9

1) one Crdoped GGG sample, nam&GG:Cr hereafter, with 1 mol% €r
(substituting G#)

The reagents used in the synthesis are given in Tabldhe heat treatment was
carried out for 16 hours at 800 °C for the samples prepared by the Pechini method,
and 3 hours at 900 °C for the YAGnsple made by coprecipitatioifhe metallic
precursors were obtained from Sigkrich, apart from AI(NQ);PH.O (Alfa

Aesar).

Table 7.1: Garnet samples under investigation.

Sample Synthesis Doping Metal source and Metal source and Dopant source
purity purity and purity
(YAG)pech  Pechini Nominally undoped Y(NOs)36H-0 Al(NO3)3PH0
(99.8%) (99.999%)
(YAG)co Coprecipitation Nominally undoped Y(NO3):16H20 NH4AI(SO4) M 2H0
(99.8%) (>99%)
GGGU Pechini Nominally undoped Gd,Oz(99.99+%) Ga(NG;)s;B.31H0
(99.999%)
GGG:Cr Pechini 1 mol% CPF Gd0s3(99.99+%) Ga(NG;)s1B.31HO Cr(NOs)3:PH.0
(substituting G&) (99.999%) (99.99+%)

7.2.2Structural characterization

The powder samples were ground in a mortar and then deposited in-a low
background sample stage for thera§y powder diffraction (XRPD) pattern
collection. XRPD patterns were measured with a Thermo ARL X'TRA powder
diffractometer, operating in BragBrentaro geometry (to increase intensity and
angular resolution), equipped with a-@oode Xr ay s o uai5418 f)Kkakd,
using a Peltier Si(Li) cooled solid state detector. The patterns were collected with a
scan rate of 0.003°/s, time of exposure 9.0 s/atep2f range of 2490°. The phase
identification was performed with the PBIRF2008 database provided by the

International Centre for Diffraction Data (ICDD).

The crystallite sizes of the single phase samples were evaluated using the

Williamson-Hall method.
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7.2.3Spectroscopic measurements

The continuous emission spectra of the samples were obtained by pumping the
samples with the output of a Laser Drive Inc. Model {820 diode laser operated at
803.5 nm. The signal was directed toward the entrance slit of a 1 m McPherson
Model 2051 monoalmmator and chopped at a frequency of 250 Hz before entering
the slit. The monochromator provided a
and a wavelength reproducibility of 0.1 A.

The optical signal was detected by a Hamamatsu R1387 photomutijbleewith an
S20 response, sent to a EG&G Model 5210 Joclamplifier and recorded in a

computer.

The temporal evolution (decay and rise patterns) of the visible broadband emission
intensity of all the samples was measubgdemploying a shutter to steh on or

interrupt the diode laser beam and a Tektronix Model TDS3052B oscilloscope.

The samples were mounted on the cold finger of a closed cycle Helium refrigerator.
This system uses a Janis Research Model RD dewar connected with a Leybold
Model RW2 compressor. The temperature of the cold finger was controlled by using
a Lake Shore Cryotonics 805 Model controller and could be changed from 30 to 300
K.

An Avantes AvalighiHal-Cal calibration light source was used to correct our

spectra for the sensitivityf our system.

An Allied Scientific Pro ASFMK350 Model llluminance Meter was used to measure
the CIE (International Commission on lllumination) coordinates, the CCT
(Correlated Color Temperature), the CRI(Color Rendering Index), the luminous flux,

and toview the spectrum of the WL.

7.3 Resultsand Discussion

7.3.1Structural Characterization of the Samples

The X-ray patterns corresponding to the four samples are shown ir¥ EigThe

results of the structural investigation are summarized in Table 2:
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the (YAG)o (GGG)ypech and GGG:Cr samples were found to be
nanocrystalline, single phase with a cubic garnet structure and with
particle sizes in the range-80 nm (Tabler .2);

Table 7.2: Structural characterization of the garnet sampiegfer investigation.

Sample Phase purity Particle size
(YAG)rech  Not single phase n.a.
7% distorted YAG

(YAG)co Single phase 55 nm
GGGU Single phase 53 nm
GGG:Cr Single phase 78 nm

the (YAG)ech sample was found to contain about 7 mass % of a slightly
distorted garnet phase with a stoichiometry close $@3M4.97/012 [95]

and, even if the average size of such mixed phase sample was not
determined, peak broadening indicates its rnamystalline nature.

Y 3.03Al4.97012 arises from ¥AlsO12 by substitution of a small portion of
Al®*ions, occupying the trigonally distorted octahedral site (with S
symmetry), with ¥* ones. Due to the mismatch of the ionic radii of*Al

and ¥¥* (the latter is larger thmathe former), the cell edge ¥ 05Al4.97012

is bigger than the one of3XIsO12. As a consequence, the diffraction
peaks of “.03Als0/012 are shifted towards lower 2 theta values, with

respect to the ones 0&XI1s5012. (Fig 7.1(a)).
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Figure 7.1: XRD patterns of (a) YAG and (b) GGG samples.

It has been reported in the literature that nanocrystalline garnet materials show weak
aggregation of the particles and the relatively small parsicle is accompanied by

significant porosity and surface are&]9
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7.3.2Spectroscopic Investigation of the Samples

The onset of a broad emission band extending from 400 to 900 nm was observed
peaking in the antstokes side of the exciting laser line (FrR) with the samples
under a pressure of 0.032 mbar, the cold finger at 300 K and the laser exciting power
raised above a certain threshold (0.2 W for GGG:Cr and 1.05 W for (YAG)

| — YAG-Co
— GGG:Cr

| V// |

L | " ! L | s | " |

500 600 700 800 900

Intensity

500 600 700 800 900

Wavelength (nm)

Figure 7. 2: (a) Spectral profiles of théroad band emission for (YA&)and
GGG:Cr (b) corrected spectra of YA@o0 and GGE&Cr for system
response.
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In the experimental conditions described above, a broad band emission could be
visually observed with the maximum exciting power of 3.25 W for tlerotwo
samples, (YAG)ech and (GGGpech but its persistence was very short and no
meaningful measurements could be carried out. For these reasons, in what follows,
only the emission properties of the samples GGG:Cr and (YA®@) be dealt with.
Accordingly Fig. 7.2a reports the WL found emitted these two samples. The peak
intensities are located at 680 and 700 nm for (YA@)d GGG, respectively.

The spikes that appear in Fig2a, superimposed to the WL band are due to the

spurious modes of the laser

The WL was incoherent and with no preferential spatial direction.722y. reports
the spectra in Figr.2a corrected for the system response and Fg&jpresents the
spectra of the WL emitted by the two samples measured by using an illuminance

meter.We may note the similarity of the spectra in Fig2a andr.3.

The chromaticity coordinates were found to be x=0.42 and y=0.36 for (%Al
x=0.45 and y=0.37 for GGG:Cr. These values lie in the greenish yellow region and
correspond to correlated colmperature (CCT) values of approximately 2859 and
2530 K with the CRI of 91 and 92, respectively (see FR).
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Figure 7. 3: (a) Measured spectrum for (YAG)by using illuminance metefb)
measured spectrum for GGG:Cr by using illuminance meCIE
coordinates for (YAG) (d) CIE coordinates for GGG:Ge) CCT, CRI
and illuminance values for (YA () CCT, CRI and illuminace
values for GGG:Cr.
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We also measured the WL emitted by twanpées when varying the temperature of
the cold finger and noted that neither the profile nor the emission intensity appear to
change significantly. This result, per se, indicates that the emitting part of the sample
is at such high temperature that a clean§ temperature of the cold finger has no
relevant effect on the WL emissi¢see Figurd 4).
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Figure 7. 4: Temperature evolution of the broad band emission of GGG:Cr in the
range 33300 K.

The emission intensity exhibidependence on either the excitation power or the
pressure of the sample surroundings. The peak emission intensity increases with the
excitation power in a highly nelnear way, and the increase is more rapid for
(YAG)c than for GGGCr (Figure 75). In fact, the power dependence of the
intensity can be approximated B9 60 , wherel is the peak intensityA is a

constantP is the diode laser power and the expomeist4.8 for (YAG)o.and 3.7 for
GGGCr, respectively
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Figure 7. 5: Evolution of the broad band peak intensity as a function of the diode
laser power for (YAG) and GGG:Cr. The atmospheric pressure was
0.03 mbar.

These findings have relevance on the mechanism by which the 803.5 nm radiation is
absorbed andeposited in the sample. Accounting for the intrinsic energy band gaps
of the considered host materials (6.6 eV for YAG and 5.4 eV for GGG), no direct
interband linear absorption could occur by the host material at the considered
exciting photon energy (28 eV). However, the high intensity radiation provided by

the laser diode may be expected to produce a multiphoton absorption.

Non resonant (i.e. without the presence of intermediate gap states) multiphoton
absorption would require 5.07 and 4.21 incidehbtpns for YAG and GGG,
respectively. Based on the estimation of the exponent n occurring in the law I=AP

(Fig. 7.5), a resonant muiphoton absorption is likely to occur for YAG7-100].

As for the absorption mechanism in GGG:Cr, we need to consideyassible role
played by the Gt ion. The WL emission of the GGG:Cr sample has a weak tail in
spectral region near the exciting wavelength that happens to fall in an absorption
band of C#*[101].
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