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1. Introduction

In the last several decades, we have witnessed unprecedented changes to
people’s way of life which were possible through rapid advances in science and
technology. Undoubtedly, miniaturization of solid-state electronic devices provided
the biggest contribution to the onset of a new era both in scientific research and in
development of novel consumer goods.

The beginning of the nano-age can be dated back to 1959, the year when the
first integrated electronic circuits were patented and Richard Feynman gave his talk
“There’s plenty of room at the bottom” introducing the field of nanotechnology. It was,
however, not until 1990s, that actual nanotechnologies were developed and today,
50 years after the invention of ICs and Feynman’s lecture at Caltech, there is still a
lot of unexplored space not only “at the bottom” of electronics but also in other scien-
tific areas, for example, in solid-state luminescence.

Research on inorganic light-emitting materials was initially focused on proper-
ties of phosphor powders consisting of particles significantly larger than the wave-
lengths of visible light. Most of the phosphors in use nowadays consist of particles
with the sizes ranging from several micrometers to several tens of micrometers.
However, down-scaling of phosphor particle size into the sub-micrometer and nano-
range could be advantageous for numerous applications, e.g., digital imaging in the
ultraviolet spectral range.

The first semiconductor imaging integrated circuits called charge-coupled de-
vices (CCDs) were invented in October 1969, just ten years after the invention of
electronic ICs. (It must be mentioned that the authors of CCDs were awarded with
the Nobel Prize in physics in 2009 because of the high impact of their invention on
modern society.) Since then, the performance of image sensors has been constantly
pushed to its physical limits. As of 2011, pixel size of the state-of-the-art CCDs and
their successors based on CMOS-technology is below 2 um. Main global vendors
already have a 0.9 um technology node on the roadmap for the nearest future (for
back-side illuminated CMOS chips). Following the progress in fabrication of integrat-
ed circuits, resolution of image sensors could relatively soon reach the diffraction lim-
its for visible light (0.2-0.3 pm).

Advances in digital imaging do not merely rely on the ongoing development in
the field of manufacturing of semiconductor ICs but also support it. CCDs are widely
utilized in photolithography (the predominant method of material structuring in IC-
industry), e.g., in systems for mask inspection or adjustment of laser beams. At the
current stage of development of IC-manufacturing technology, the market of lithogra-
phy tools is dominated by 248 nm and 193 nm wavelength optical systems. There are
several next-generation lithography candidates: extreme ultraviolet lithography, nano-
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imprint, and multi-beam e-beam maskless patterning. However, they are still far away
from being commercialized. UV lithography will continue to be the mainstream tech-
nology for at least next 10 years or more and the requirements imposed on mask
inspection tools and excimer laser adjustment systems will become considerably
more stringent, because there will be a demand for the highest achievable resolution
and high sensitivity to radiation in a range of deep UV (DUV: A < 300 nm) at the
same time.

Sufficient sensitivity of solid-state detectors to UV-light may be acquired via
special device architecture of the image sensor, choice of material, etc. However, it is
also possible to enhance the UV-performance of standard front-illuminated silicon
CCDs by introducing a phosphor plate in front of it, which would convert the UV ra-
diation into the visible light. This approach could substantially lower the prices of Ii-
thography mask inspection systems and laser beam profilers for the cases where
sub-optical resolution is not necessary. However, it may appear critical to be able to
produce phosphor screens with extremely high resolution (as close to diffraction lim-
its as can be).

Inorganic crystalline phosphors are known for their photostability and high effi-
ciency. Usually, phosphor coatings are applied in the form of a porous particulate
layer, which has higher brightness of luminescence (as compared to single crystals).
The resolution of powder screens is limited by the size of the phosphor particles. Per-
formance of the screens can be improved by reduction of the phosphor particle size.
Along with high-resolution digital imaging in the UV range, applications of inorganic
phosphors which could benefit from a decreased particle size of phosphors include
CCD-based X-Ray imaging, plasma display panels, field emission displays, phos-
phor-converted white light-emitting diodes, and electroluminescent displays.

Synthesis and further processing of phosphor powders with reduced particle
size are quite challenging and although the nano-age for inorganic phosphors was
entered in the late 1990s, high-throughput low-cost techniques for fabrication of
screens from sub-micrometer-sized phosphors are still in great demand. Perfor-
mance of such screens should be thoroughly investigated because it can be strongly
affected by various effects of decreased particle size.

This thesis is dedicated to a study and further development of flame spray py-
rolysis — a method which combines the synthesis of fine or ultrafine phosphor pow-
ders (with particle size ranging from approximately 1 ym down to 10 nm) and their
deposition onto phosphor screens in a single processing step. The scope of the pre-
sent investigation is further limited to photoluminescence (PL) of non-patterned
phosphor screens made of rare earth-doped oxide phosphors, although many con-
clusions are also valid for luminescence excited by X-rays and cathode rays as well
as for other types of phosphors.



2. Potential of phosphor coatings with decreased particle
size

2.1. Phenomenon of luminescence: theory and related terminology

The word phosphor was coined in the 17" century and means “light bearer” in
Greek." This term is commonly used for any solid material exhibiting light emission
due to luminescence. It should be added that contrary to popular belief, most of the
phosphors do not contain the chemical element phosphorus.

Luminescence is defined as a phenomenon in which the electronic state of a
substance (i.e., of a phosphor) is excited by some kind of external energy and the
excitation energy is given off as Iight.1 Depending on the type of the involved external
energy, luminescence is further subdivided into photoluminescence (excited by pho-
tons), cathodoluminescence (excited by incident electron beam), and electrolumines-
cence (excited by applied electrical field), to name a few. Heat can also participate in
excitation of luminescence (e.g., thermoluminescence); however, the latter should not
be confused with the thermal radiation from heated objects (incandescence, i.e., a
part of blackbody radiation emitted in the visible range).2 Light emission taking place
simultaneously with excitation is usually referred to as fluorescence, whereas an af-
ter-glow observed after the excitation has been interrupted is called phosphores-
cence.

There is a substantial difference between mechanisms of luminescence in in-
organic and organic compounds.1 For inorganic materials, one further distinguishes
luminescence due to band-to-band electronic transitions in semiconductors (band-
gap luminescence) and emission from localized centers (e.g., impurity atoms) in insu-
lating hosts (characteristic luminescence).1’3'4 Most of the currently applied phos-
phors are polycrystalline inorganic materials consisting of a transparent host (matrix)
intentionally doped with small amounts of impurities (activators, which emit light, and
sensitizers, which improve the efficiency of excitation)."® The present study is devot-
ed to phosphors of this type.

2.1.1. Efficiency of phosphors and luminescent devices

In practically any application of phosphors, the objective is to obtain a suffi-
cient brightness of emission at the lowest possible energy consumption. Obviously,
the efficiency of conversion of the excitation energy into the visible light is the most
important property of a phosphor.

The most general measure of the phosphor performance is the energy effi-
ciency. This quantity is defined as the ratio of the energy of emitted light quanta and
the required excitation energy. For cathodoluminescence, the average energy of an
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emitted photon is divided by the energy needed for generation of a thermalized elec-
tron-hole pair in the phosphor (taking backscattering into account),® which is equiva-
lent to the ratio of the total emitted radiant power and the total energy of the electrons
impinging on the surface of the phosphor within unit time. In the case of photolumi-
nescence, the energy efficiency is represented by the ratio of energies of the emitted
and absorbed photons multiplied by the quantum efficiency (QE) of the phosphor.
Quantum efficiency (also called quantum yield) is the number ratio of the emitted and
absorbed photons, i.e., it is another indicator of the performance of photoluminescent
phosphors. For cathodoluminescence, QE is obtained by dividing the number of emit-
ted photons by the number of generated electron-hole pairs. Typical figures of QE for
the phosphors applied in the fluorescent lamps and plasma display panels (PDPs)
are quite close to 100 % and, sometimes, may even exceed it (i.e., multiphoton emis-
sion takes place).>® The performance of cathode ray phosphors is not much different
in this aspect and also approaches a QE of unity.> A comparison of energy efficiency,
however, reveals a difference between these types of luminescence. The energy effi-
ciency of common photoluminescent phosphors is on the order of 50 %. For the ca-
thodoluminescent phosphors, the values of energy efficiency are usually below
25 %.°

The complete performance analysis of luminescent devices must include the
efficiency of the excitation sources (e.g., generation of the cathode rays in the cath-
ode ray tubes (CRTs) or ignition of gas discharges in the fluorescent lamps and
PDPs) and other inherent energy losses. The overall energy efficiency of luminescent
displays is usually in the range of several percent. For applications in lighting, such
values would not suffice. Fluorescent lamps have an energy efficiency of 15-25 %.°
Semiconductor light emitting devices (LEDs) which are based on electrolumines-
cence can achieve higher energy efficiency. It is expected that they will replace fluo-
rescent lamps in the future. The high energy efficiency, however, is not the only re-
quirement imposed on general light sources.

Some of the factors determining the perceived brightness of luminescence do
not belong to the physics of luminescence. For example, human eyes have unequal
sensitivity to different wavelengths of light. Spectral luminous efficiency function of
the eye under conditions of photopic vision (i.e., in bright environments, which allow
for perception of colors) has a maximum at a wavelength of 555 nm and gradually
decreases towards both ends of the visible range (380-760 nm).! As a consequence,
for the equal radiant intensities, blue or red light sources will appear noticeably fainter
than green ones.

The color of light emitted by doped phosphors is to a large extent determined
by the nature of activator. In many cases, it is possible to obtain luminescence of dif-
ferent colors for the same host material doped with various impurity ions. Further-
more, particular activator ions quite often produce luminescence of the same color in
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Figure 2.1 — Example of the emission and excitation spectra (for a commercial
Y20s3:Eu phosphor).

different hosts. However, in general, the exact spectral distribution of emission (usu-
ally presented in an emission spectrum of the phosphor, see Figure 2.1) depends on
the chemical environment of the luminescence centers.

Reproduction of different colors in the information displays and lighting is facili-
tated by simultaneous emission at several wavelengths. Usually in such cases, two
or more different phosphors are blended together based on the concept of human
color vision."*%" Photometric quantities such as luminous intensity, luminous flux,
illuminance, and luminance are obtained by integrating the energy of the optical radi-
ation at different wavelengths over the standard spectral efficiency function for
photopic vision." It is convenient to characterize the performance of a light source by
its luminous efficacy defined as a ratio of the total luminous flux to the consumed
electric power (i.e., measured in units of Im/W). Another important characteristic de-
rived from the spectral distribution of emission is the color rendering index, which
measures the ability of a light source to reproduce colors of various illuminated ob-
jects.®



2.1.2. Photoluminescence performance of doped phosphors

The optimization of excitation conditions allows for increasing the intensity of
emission and/or decreasing the amounts of the consumed phosphors. The
photoluminescent performance of any phosphor can be characterized with an excita-
tion spectrum (Figure 2.1), which shows the dependence of the intensity of emission
upon the excitation at different wavelengths.

In general, excitation spectra of doped phosphors include three wavelength
ranges corresponding to different mechanisms of excitation of the optically active
ions. In the range of direct excitation, which is the closest to the emission bands, lu-
minescence takes place if the energy of incident photons equals the energy of transi-
tion from the ground state of the ions to some of the excited states (i.e., they directly
absorb exciting light). For shorter wavelengths, the energy of exciting light quanta
increases and at some point, excitation of the luminescent ion by charge transfer
from the top of the valence band of the host material becomes possible. The corre-
sponding wavelength range is referred to as the charge transfer band (CTB). For
even shorter wavelengths, in the range of host absorption, the energy of absorbed
photons becomes sufficient for band-to-band transitions between the valence band
and conduction band. The free charge carriers generated in this process can recom-
bine at the activator ions resulting in intensive emission of light.

Low efficiency of the direct excitation is mostly due to a weak absorption of
photons in the corresponding wavelength range. A substantial part of the exciting
radiation is either reflected by the phosphor or transmitted through it. An increase in
the concentration of the activator ions leads to more efficient absorption and thus can
improve the performance of the phosphor. As it can be seen from the curves in Fig-
ure 2.2,% the dependence of the intensity of emission on the dopant concentration is
pronounced for all three mechanisms of excitation. In each case, there is a limit on
the PL-brightness that can be achieved by increasing the amount of luminescent cen-
ters. If their concentration exceeds the limit, the light output decreases. This phe-
nomenon is referred to as the concentration quenching of the phosphor. For increas-
ing concentration of the optically active ions, the average distance between the
neighboring ions decreases and they start to interact with each other. The rate of en-
ergy transfer between the ions increases so that the excitation energy can migrate
from one ion to another until it is lost non-radiatively at a quenching site (a killer),
e.g., at non-luminescent impurity ions or some other defects, which are inevitably
present in the crystalline structure. The values of the optimum activator concentration
corresponding to the maxima of the concentration dependence (CD)-curves can be
quite different. For example, the concentration of luminescence centers in the ZnS-
based phosphors, which have been used in the cathode ray tubes, never exceeds
1 %. The dopant concentration in the rare earth based phosphors is typically
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Figure 2.2 — Concentration dependence of photoluminescence intensity for the
different mechanisms of excitation of the Y,03:Eu phosphor (after Ozawa®).

noticeably higher and totals to a few percent of the cations in the compound. There
are several phosphors (e.g., the CaWO,4 phosphor used in X-ray intensifying screens)
which have no concentration quenching.3

In general, the presence of unintended impurities (contaminants) in the phos-
phor is detrimental at any concentration of the activator ions because they can act as
additional absorption centers and increase the probability of non-radiative relaxation
of the exciting energy. The first contribution (additional absorption) may be figured
out by comparing the excitation spectra with the spectra of optical absorption (or re-
flection). The increased rate of non-radiative transitions can be confirmed by a de-
crease of the decay time constant of photoluminescence. In the simplest case, when
both the radiative and non-radiative contributions can be represented by a first-order
exponential decay, the emission decay time constant z would change according to



l:i.,.L, (2.1)

T T, Ty
where 7, is the radiative decay time constant (without non-radiative processes)
andr,, is the non-radiative decay time constant.’

If the radiative decay time is known, one can assess the degradation of the
efficiency of the phosphor from the measured value of
g=—-, (2.2)
TR
where ¢ is the quantum efficiency of the phosphor.®

It should be noticed that quenchers can be generated in the phosphor during
its use. For example, the decrease of brightness of the fluorescent lamps in the first
minutes of lamp burning is attributed to color centers (structural defects which absorb
light) generally formed in phosphors upon exposure to Hg radiation at 185 nm." Gen-
eration of color centers is reversible. The long-term degradation of the inorganic
phosphors is usually attributed to the ion or electron bombardment. The efficiency
loss over the operational lifetime for the fluorescent lamps is relatively small
(~10 %)."® In the case of CRTSs, the maintenance is usually much worse (30-50 %).°

The probability of non-radiative recombination is not exclusively determined by
the structural perfection of the phosphor material and concentration of activator.
Changes of temperature also affect the quantum efficiency of a phosphor. In general,
QE degrades at elevated temperatures. This process is called thermal quenching.

2.1.3. Configurational coordinate diagram

A configurational coordinate model can be used to explain the dynamics of the
luminescence process (Figure 2.3). This model represents the potential energy
curves of an absorbing center as a function of a configurational coordinate which de-
scribes the symmetrical stretching vibrational mode of the center."™* This mode is
assumed to be harmonic and curves corresponding to different electronic states all
have parabolic shapes. Nuclei surrounding the ion very slowly accommodate to a
change of the electronic state (as compared to durations of electronic transitions) and
therefore electronic and vibronic transitions can be treated separately (Born-
Oppenheimer approximaz‘ion).9 In the terms of the model, it means that the
configurational coordinate does not immediately change upon an electronic transition
between different states. As a result, electronic transitions always have vertical direc-
tion in the diagram (Franck-Condon principle)." Generally, each transition is accom-
panied by emission of phonons (process of thermalization). The average amount of
phonons involved in the absorption and emission processes (expressed by Huang-
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Figure 2.3 — Configurational coordinate diagram (schematically).

Rhys factors) corresponds to the difference between the energies of electronic transi-
tions Eap and Een, in Figure 2.3, which is termed the Stokes shift.>®

The diagram sketched in Figure 2.3 shows why the wavelength of light emitted
by a phosphor is usually longer than that of the light, which excites luminescence
(Stokes law). It can also be seen that the Stokes shift increases with increasing offset
of parabolae along configurational coordinate axis (represented by the distance be-
tween Ry and Rg). Based on this offset, emission from luminescence centers in dif-
ferent materials can be classified into cases of weak, intermediate, and strong cou-
pling, which determines the shape of the peaks in the emission spectra.3 The proba-
bility of thermal quenching is also determined by the mutual arrangement of the two
parabolas.

The configurational coordinate model can include charge transfer states and
multiple excited states of the dopant inside the band-gap of the host material. How-
ever, it delivers a somewhat oversimplified description of optical processes because
more than one vibrational mode actually exists (i.e., several configurational coordi-
nates may be needed) and thermal expansion of the host lattice is not taken into ac-
count.”*° Furthermore, behavior of real systems often significantly deviates from
harmonic approximation.® Nevertheless, the model is very helpful for interpretation of
dynamic effects and is commonly used in addition to the theory dealing with static
interaction of luminescence centers with their surroundings.



2.1.4. Quantum mechanics

A detailed description of radiative transitions of an optically active ion in a solid
is based on quantum mechanics and involves group theory. The application of the
theory of groups in the field of optical spectroscopy has started its way to a wide ac-
ceptance about one century ago. In the 1930s, the nature of the optical transitions
was unknown and even the number of energy levels participating in light emission, in
many cases, was puzzling for spectroscopists.’® Group theory provided a strategy for
analysis of the symmetry properties of the luminescence center and its local envi-
ronment and helped solving many spectroscopic problems such as:"

e Determining the number of energy levels of particular center.

e Labeling these electronic energy levels in a proper way (according to ir-
reducible representations) and determining their degeneracy.

e Predicting the energy level splitting induced by a reduction of symmetry
(e.g., due to application of pressure).

e Establishing selection rules for optical transitions and determining their
polarization character.

e Determining the symmetry properties of the active center
eigenfunctions.

e Analyzing the vibrations of the center’s environment.

The energy levels E; of a luminescent ion in a solid are determined by the

Schrédinger equation
Hy, =Ey,, (2.3)

where H is a Hamiltonian (the operator of the total energy) of the ion and y, are its
eigenfunctions.” The multi-electron Schrédinger equation cannot be solved analyti-
cally and even for the simplest case of a free ion (i.e., an isolated ion not embedded
in any lattice), approximate methods must be applied. Usually the Hartree-Fock ap-
proach is used.®'? First, within the framework of the central field approximation, the
Hamiltonian of the free ion H,, is split in the following terms:

H,=H,+H.+Hg,, (2.4)
where H is the central field Hamiltonian (reflecting the spherically averaged interac-
tion of the valence electrons of the ion with the electric field created by the nucleus
and all other electrons), H. is the Hamiltonian that accounts for Coulomb repulsion
between the valence electrons, and H, is due to the spin-orbit interaction (a mag-

netic interaction between the spin and angular moment of these electrons). Second,
some initially assumed value of the central field potential (a part of the central field
Hamiltonian representing potential energy which constitutes the greatest calculation
complexity) is used for calculating one-electron wavefunctions that satisfy the Pauli
10



exclusion principle and the orthonormality condition. These wavefunctions produce
new values of the central field potential. The calculation is iterated until the difference
between successively obtained values falls below a predefined threshold (i.e., the
self-consistent field is found). The effect of non-central field interactions is considered
by diagonalizing the Hamiltonian with additional effective parameters derived from
the experimental data.®'? As the standard Hartree-Fock method neglects relativistic
effects and configuration interactions, numerous extensions of this approach relying
on the availability of ever increasing computational resources were recently pro-
posed.'

The problem of calculating the energy states of an ion embedded in a crystal-
line host is most commonly handled by the crystal field theory, which assumes that
the effect of the lattice on the optically active ion can be represented by the electro-
static field created by surrounding ions and the Hamiltonian can be rewritten as

H=H,+H,, (2.5)

where H . is the crystal field Hamiltonian.>""

The Hamiltonian of the ion in the crystal is then
H=H,+H.+Hy, +H . (2.6)

Each term of the Hamiltonian introduces the splitting of the levels of electron
configuration of the ion (Figure 2.4). The relative magnitudes of the different terms
have an essential influence on the properties of the luminescence center and the
choice of the proper analytical methods. First, depending on the ratio of H. and H,,

an appropriate coupling scheme for the construction of the wave function of a free
multi-electron ion can be chosen. For lighter atoms, the spin-orbit interaction is usual-
ly weaker than the Coulomb interaction between the electrons. In such cases, the
Russel-Saunders, or LS coupling, is preferable because L (the total orbital angular
momentum) and S (the total spin momentum) are good quantum numbers.''® In this
coupling scheme, orbital momentum / and spin momentum s of individual electrons
are summed separately

L=>1, S=>s,. (2.7)

Russel-Saunders terminology is generally used for labeling the electronic en-
ergy levels of the ions. Each energy state is denoted by a term symbol

sy (2.8)
where J is the total angular momentum of the electronic configuration
(J=L+9). (2.9)

L is traditionally specified by letters S, P, D, F, G, H, ... correspondingto L =0, 1, 2,
3,4,5,etc.'>"
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Figure 2.4 — Splitting of electronic energy levels (schematically, after Henderson
and Imbusch® and Ropp™®).

For the heavier atoms, H . is small in comparison with H,, and LS-terms be-
come “mixed” (i.e., they are no more pure “spin-orbit” coupling states).15 Thus, L and
S are not appropriate quantum numbers and the j-j coupling scheme, in which the
total angular momentum j is calculated for every electron and the summation over
individual j-values is performed, should be preferred.'*' For the lanthanides, the
magnitudes of H. and H,, are comparable and the intermediate coupling scheme
(developed from the LS-coupling) has to be applied."?

The crystal field is able to lift the degeneracy of J multiplets and produces up
to (27 +1)or (J+1/2)split components for integer or half-integer J, respectively (see
Figure 2.4)."" Depending on the relative contribution of the crystal field to the Hamil-
tonian, again different cases are considered:®

Strong crystal field: H .. > H. > H, .

Intermediate crystal field: H. > H . > Hg, .

Weak crystal field: H .. is much smaller than the other terms.
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The strong or intermediate crystal field usually applies for transition metal ions
in different crystalline environments."" Crystal field levels are denoted with

Wy (2.10)

where X is determined by degeneracy of the level; A stands for no degeneracy, E
stands for twofold degeneracy, and T stands for threefold degeneracy.? Special dia-
grams, known as Tanabe-Sugano diagrams, are used for representing the influence
of the crystal field of a particular symmetry on the splitting of the energy levels of
such ions.?%™

The weak crystal field is characteristic for the trivalent lanthanide ions. Their
valence electrons are situated in the 4f-shell, which is shielded from the crystal field
by 5s and 5p electrons and therefore only a slight shift of the energy states and rela-
tively insignificant additional splitting is introduced. As a consequence, optical spectra
of rare earth ions usually consist of sharp peaks and their energy level structure in
different crystalline solids is quite similar (and also similar to that of the free ions).
This greatly simplifies the calculations of the energy-level parameters of the RE3*-
ions in any crystalline host (they can be obtained by least-squares fitting the parame-
ters of the free-ions into the corresponding experimental data12) and makes such ma-
terials to a very convenient investigation object.

The energy states of trivalent rare earth ions are conveniently represented in
the Dieke diagram shown in Figure 2.5."® The magnitude of the crystal field splitting
is shown by the width of each state. Light-emitting states are denoted by semicircles
below them. All other states are depopulated by non-radiative processes. The Dieke
diagram can be used for predicting the positions of the peaks in the spectra of lumi-
nescence and optical absorption of rare-earth-doped crystals. Furthermore, the dia-
gram helps to properly assign the observed peaks to the transitions between J-
multiplets.

Based on selection rules, all these transitions are classified into electric dipole
transitions, magnetic dipole transitions, electric quadrupole transitions, and further
higher order transitions.>'"'2'® For the intraconfigurational f-f transitions of lantha-
nide ions, only the induced (or forced) electric dipole transitions, magnetic dipole
transitions, and electric pseudo-quadrupole transitions (i.e., hypersensitive induced
electric dipole transitions) are of practical relevance."’ Actually, the electric dipole
transitions are forbidden by Laporte (parity) selection rule but for ions in
noncentrosymmetric environment, this rule is not strict and therefore transitions of
this kind can be induced.
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Figure 2.5 — Energy-level diagram for trivalent ions of Eu, Gd, and Tb in LaCl3
(after Dieke et al."®). Semi-circles denote light-emitting levels.

2.1.5. Judd-Ofelt theory

As most of the emission peaks in the spectra of lanthanides are due to the in-
duced electric dipole transitions, the Judd-Ofelt theory, which allows to predict inten-
sities (i.e., oscillator strengths) and decay rates of such transitions, constituted a cru-
cial development in the field of luminescence.'"®"° The theory assumes static inter-
action of an ion with its environments and treats the influence of the host as a pertur-
bation of the free ion Hamiltonian. Interactions between different electron configura-
tions are neglected and all Stark states are assumed to be equally populated. The
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oscillator strength f can be defined as follows"’
2ma, 2
o
3he” (2J +1)
where m and e are the electronic mass and elementary charge, respectively; @ is the
average frequency corresponding to the transition J — J'; his the reduced Planck
constant; the factor (2J +1) accounts for the degeneracy of the initial state; and 4 is

f= (2.11)

the matrix element of the electric dipole moment.
In the Judd-Ofelt theory, the matrix element is determined by the so-called
Judd-Ofelt intensity parameters Q,:

a’J')‘z, (2.12)

W =e S Q,xKa}HU(”
(=2.4.6

where <04]HU(’)

a‘J') are the reduced matrix elements of tensor operators of rank ¢, «

and o'represent all quantum numbers defining J and J’ states. The reduced matrix
elements are generally independent of the host and can be found in the literature.?®~
% The Judd-Ofelt intensity parameters are material-specific and have been tabulated
for many hosts." Usually these are obtained from absorption spectroscopy of the
rare-earth-doped materials (if the doping concentration and refractive index of the
crystal are known) by a least squares fit of the calculated oscillator strengths to the
values extracted from experimental data. An example of such calculation can be
found, e.g., in the work by Ivankov et al.** The so-called Smakula’s formula relates
the oscillator strength to the concentration of absorbing ions and the intensity of the
corresponding peak in the absorption spectrum. Once the oscillator strength is
known, the spontaneous emission probability (i.e., the radiative lifetime) can also be
determined.”'? Typically, relatively long luminescence decay times on the order of
1 ms are observed for rare-earth-doped phosphors because the induced electric di-
pole transitions are parity-forbidden.

In spite of the remarkable success of the Judd-Ofelt theory in spectroscopic
analysis of lanthanide ions, it excludes the magnetic dipole transitions. Intensities of
the latter ones almost do not depend of the host matrix and can be calculated from
the free ion wavefunctions.'®"” Some transitions include contributions from both elec-
tric and magnetic dipole interactions.

Unlike other induced electric dipole transitions, the hypersensitive transitions
are strongly affected by the chemical environment of lanthanide ions and often re-
quire some special treatment as well.”>"” The Judd-Ofelt formalism does not provide
a theoretical explanation of the phenomenon of hypersensitivity. Several possible
mechanisms have been proposed (e.g., the dynamic interaction of the ion with the
environment) and it is assumed that different causes can contribute to the observed
effect simultaneously.’®'"18
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2.2. Basics of phosphor screens

The general function of any phosphor is to convert some particular kind of en-
ergy into visible light. This conversion process can serve different purposes and, from
this point of view, all practical applications of phosphors can be classified into several
main groups:

e Light sources (fluorescent lamps, backlights of liquid crystal displays
(LCDs), phosphor-converted light-emitting diodes (pc-LEDs), lasers,
etc.).

¢ Information displays (plasma display panels (PDPs), field emission dis-
plays (FEDs), cathode-ray tubes (CRTs), etc.).

e Radiation converters (X-ray intensifying screens, UV-to-visible convert-
ers for excimer laser beam profilers, viewing screens for transmission
electron microscopy (TEM), various image intensifiers, etc.).

e Fluorescent pigments and tracers (nondestructive testing, non-invasive
medical imaging, biolabeling, security labeling, leisure goods, etc.).

With very few exceptions, luminescent substances are utilized in the form of a
coating, i.e., a film of relatively small thickness extended in the other two dimensions.
Such a coating deposited on a substrate is usually referred to as a screen, if it is
used for representation of any visual information. Each application imposes a corre-
sponding set of requirements on the properties of the phosphor coating, e.g., its
chemical composition, homogeneous or patterned structure, and its thickness. Usual-
ly, a trade-off between the maximum light output for the given excitation conditions,
desired transient characteristics, quality of image reproduction, environmental stabil-
ity, and costs (of the phosphors and their processing) has to be found.

For the given excitation conditions, if the phosphor material is fixed, the bright-
ness of the screen is determined by the geometrical configuration of the screen, the
excitation source, and the observer. Generally, one distinguishes two different modes
of the screen observation. In the transmission (T-)mode, the screen is placed be-
tween the excitation source and the observer (Figure 2.6, Observer A). In the reflec-
tion (R-)mode, the observer and the source of excitation are situated on the same
side from the screen (Figure 2.6, Observer B). The intensity of light exiting the screen
in both modes depends on the screen thickness.

2.2.1. Perfect non-scattering screens

Let us consider the simplest model of the phosphor screen - an infinite contin-
uous self-supporting plate with perfectly smooth boundaries. If we assume a uniform
excitation by unpolarized light (from one side of the screen), the time-averaged spa-
tial distribution of intensity of luminescence from any volume element inside of the
16
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Figure 2.6 — Transmission and reflection modes of screen observation.

phosphor plate should be fully isotropic (i.e., spherically symmetric). We also assume
a perfect match between the refractive indices of the phosphor and the surrounding
medium, so that the light reflection at the boundaries of the phosphor layer can be
neglected. Any light scattering and self-absorption of emitted light are neglected. In
such case, intensities of light emitted forward (T-mode) and backward (R-mode)
should be equal and constant everywhere outside of the screen
I, =1,, (2.13)

where I+ and Ir stand for the transmission-mode and reflection-mode intensities, re-
spectively, expressed as the number of photons emitted in unit time. Their sum
equals the total intensity of luminescence and it can be related to the intensity of ex-
citing radiation absorbed in the phosphor coating 7', multiplied by the quantum effi-

ciency q of the phosphor (from now on, symbols with a prime will be used for exciting
radiation)

ITlequA. (2.14)
Exciting radiation incident on the phosphor screen either gets absorbed or is trans-
mitted through the screen. The sum of the corresponding contributions equals the
initial intensity of excitation

I'y=1',+I",. (2.15)

The part of exciting radiation transmitted through the phosphor is given by the

Beer-Lambert law

17



I',=1' exp(-a'd), (2.16)
where o' is the coefficient of absorption measured in the units of inverse length, e.g.,
cm™, (it is related to the molar absorption coefficient used for calculation of oscillator
strengths of electronic transitions) and d is the thickness of the screen. We obtain the
following final expression

I', (1-exp(—a'd))

5 :
Obviously, both R- and T-mode brightness increase for thicker phosphor screens and
asymptotically approach the values corresponding to complete absorption of exciting
radiation. When considering brightness of a perfect non-scattering screen, there is no
finite optimum value of the screen thickness; the phosphor layer theoretically should
be as thick as possible.

I,=1,=¢ (2.17)

In most practical cases, the refractive index of the luminescent material is sub-
stantially higher than that of the surrounding medium and resulting light intensities
should be corrected for the Fresnel reflection at the interface between the media.
Equation 2.16, which describes transmission of the exciting radiation (for the normal
incidence on the screen), should now become’

_(1-R)’(+ &% /n*)exp(-a'd) _(1-R,)” exp(-c'd)
- 1- R, exp(=2c'd) - 1- R, exp(=2a'd) ’

where n and x are the real and imaginary part of the refractive index, respectively;

I, (2.18)

and R,is the normal surface reflectivity

B (n-1)7°+x°

() i (2.19)

0

Equation 2.15 should now include the part of radiation I’z reflected from the
surface of the phosphor plate
I'y=1,+1',+1'";, (2.20)
which equals
I'y=R,(1+1', exp(—'d)). (2.21)
The emitted light undergoes reflection from the layer boundaries and a signifi-
cant fraction of all light quanta cannot escape the phosphor plate due to the total in-
ternal reflection because their angle of incidence exceeds the critical angle
6. = arcsin(n,, /n,), (2.22)
where na and np are the refractive indices of the ambient medium and phosphor ma-
terial, respectively. Such photons experience multiple reflections inside of the phos-
phor plate while propagating towards the lateral edges of the structure (this phenom-
enon is often referred to as waveguiding) until they finally get absorbed and trans-
formed into heat. Equation 2.14 does not hold anymore and we obtain
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I, =1, <q%. (2.23)

Trapping of light inside of the luminescent layer (or in an adjacent transparent
substrate) can have a dramatic effect on device performance. For example, the light
extraction efficiency of semiconductor light-emitting diodes (LEDs) (i.e., the ratio be-
tween the intensity of light emitted into the ambience and the total intensity of light
generated by the device) would only total 2-4 %, if no special design measures were
taken.?®?® Such inefficient light outcoupling results from high refractive indices of
semiconductors (e.g., n[GaN] = 2.5). However, even for organic LEDs (OLEDs)
which employ materials with moderate values of refractive index (n ~1.5) only about
20-30 % of light would escape into air.”’ Refractive indices of dielectrics used as
phosphor hosts fall into the range between 1.5 and 2.5 and therefore, brightness of
any single-crystalline phosphor screen should also be strongly affected by the inter-
nal reflection. Enhancement of the light extraction can be achieved by optimization of
device structure (e.g., “flip-chip” LEDs?® or truncated cone patterns in single-
crystalline phosphor screens®®) and/or intentional roughening of the emitting surfac-
es, which is introduced in order to disrupt waveguiding by means of light scattering.
LEDs with extraction efficiencies of 80 % have been demonstrated.?® Elimination of
the effect of the total internal reflection led to a remarkable improvement in perfor-
mance so that power efficiencies of semiconductor LEDs and OLEDs could approach
that of conventional fluorescent lamps (60-70 Im/W).222° This can be considered as a
great success because the light extraction efficiency of the fluorescent tubes is close
to unity.

2.2.2. Single scattering model

Fluorescent lamps and many other devices in which phosphors are used in a
powder form are relatively unaffected by waveguiding due to the absence of suffi-
ciently smooth layer boundaries. Intensive scattering at the surface of phosphor par-
ticles, pores, and other inhomogeneities has a drastic influence on the propagation of
both the exciting radiation and emitted light. The equations describing the relation
between the thickness of a screen and its brightness have to be changed according-
ly.

Mathematically, the simplest case of the scattering phosphor screen is when
the entire intensity of scattered light is immediately lost without any further effect on
resulting screen brightness. The Beer-Lambert law for the exciting light (Equation
2.16) should now include the scattering coefficient 4':

I',=I'y exp(—(a'+8)d) . (2.24)
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The scattering coefficient is not a material-specific constant; it is determined
by processing-dependent properties of the phosphor powder. The absorption coeffi-
cient «'in Equation 2.24 also depends on the condition of the phosphor powder and
therefore it should be distinguished from «' for the bulk phosphor material in Equa-
tion 2.16.

The assumption of equality of the T- and R-mode intensities of the emitted
light (Equation 2.13) does not hold anymore, especially for thick screens (i.e., when
intensity of excitation substantially changes with the screen depth) due to the effects
of scattering. The T-mode intensity changes with the increasing thickness of the
phosphor layer as follows

dl, =aqa'l', dx— pl .dx , (2.25)
where a is a fraction of light emitted in the forward direction, q is the quantum effi-
ciency of the phosphor, g is the scattering coefficient for the light at the wavelength

of emission. When combined with Equation 2.24, this results in a differential equation
I+ pl, =aqa'I', exp(—(o/'+)d) . (2.26)

The solution of Equation 2.26 is

1y = Y% (oo pd) - exp(~(@+f)D)] . (2.27)
o+
For the R-mode,
dl, = dI,, exp(—f), (2.28)

where I is the intensity of light coming out from the phosphor plate in the backward
direction and /gy is the intensity of light emitted in the backward direction at a depth x
in the screen. Equation 2.28 results in a differential equation

I, =aqa'l', exp(—(a'+5+B)x), (2.29)
which is solved using
_aqa'l
I, = Py ,B[l exp(—(a'+p'+p)d)] . (2.30)

Figure 2.7 shows the curves of the R- and T-mode brightness, which were ob-
tained by fitting published experimental data.®>! This is rather a special case of the
thickness dependence (TD)-curves, which could only be obtained in the conditions
when the scattered photons cannot reach the detector. The T-mode data in Figure
2.7 could be fitted with a pulse function of the general form

X X
y = Al -exp(=—)]exp(=—), (2.31)
tl t2
which can be easily reformulated to match with Equation 2.27 by setting
_wqaly, p =L - (2.32)
o'+ p'+p B o'+p'-p
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Figure 2.7 — Special example of the transmission- and reflection-mode brightness
curves of powder phosphor screens (after Fran and Tseng®! and Ozawa®).

The R-mode curve is a single exponential decay curve which also agrees with
the corresponding formula derived above (Equation 2.30). The obtained formula
should also be applicable to other types of luminescence, e.g. cathodoluminescence.
In such cases, the values of the absorption coefficients o' and the scattering coeffi-
cient ' have to be changed accordingly.

Even though the single scattering scenario is an oversimplification in most of
the practical cases, it allows us to draw a conclusion which is generally valid. For any
scattering phosphor screen observed in the T-mode, there always exists an optimum
screen thickness corresponding to the maximum brightness at given conditions of
excitation. When the exciting radiation is almost completely absorbed inside of the
phosphor plaque, each additional infinitesimal phosphor layer introduces a net de-
crease in the T-mode intensity because the losses due to scattering exceed the in-
tensity of light generated in this layer.

2.2.3. Models for multiple scattering of light in the powder screens

Even though the shape of the T- and R-mode curves in Figure 2.7 could be
predicted by simple mathematical derivations, the obtained equations (Equations
2.27 and 2.30) do not describe the general case of light generation in a powder
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phosphor screen because usually photons are not immediately lost upon the first
scattering event and can still contribute to the light output of the screen after being
scattered several times. Even for relatively low concentration of scatterers (e.g., at-
mospheric aerosols), this causes significant deviations from the Beer-Lambert
law.3*% |n the case of densely packed particles, propagation of light practically does
not obey the Beer-Lambert law.>*

Figure 2.8 shows an example of the typical dependence of intensity of
cathodoluminescence on thickness of the screen. As opposed to the single scattering
model, the R-mode intensity neither obeys the exponential law nor reaches saturation
when the exciting radiation is fully absorbed in the screen. Both the T- and R-mode
curves have approximately linear character in the range of large screen thickness,
while the sum of the corresponding intensities stays approximately constant. The
comprehensive mathematical description of the process of light generation in the lay-
ers of packed phosphor particles is rather complicated. The most often implemented
theoretical approaches to this problem are based on the Kubelka-Munk’s theory,
Johnson'’s theory, and Monte Carlo method, which will be discussed below." In some
cases, simple practical techniques for optimization of the screen weight could be de-
veloped. For example, for strongly absorbed exciting radiation, the maximum of the
T-mode intensity corresponds to the minimum thickness of the powder screen fully
covering the substrate (i.e., there should be no direct transmission of exciting radia-
tion via the voids between the particles).35

total

R-mode

T-mode

Relative brightness, [a.u.]

Screen thickness, [a.u.]

Figure 2.8 — Relative brightness of cathodoluminescent screens (after Ozawa®*°).
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2.2.3a. Kubelka-Munk theory

The theoretical framework of Kubelka-Munk’s two-flux approach can be used
in many various fields of application of phosphor screens. Along with modeling of
fluorescent tube performance,’® it was successfully adopted for electroluminescent
devices,?” X-ray and vacuum UV (VUV)-excitation,***° and cathodoluminescence.

In the approximation of the infinite screen uniformly excited from one side,
scattered light produces a diffuse light flux opposite to the initial direction of propaga-
tion of the exciting radiation or emitted light. In the standard Kubelka-Munk theory,
optical properties of a particle layer (e.g., a pigment coating‘“), which is assumed to
be a continuous optical medium, are completely determined by two optical constants:
the absorption coefficient K and the scattering coefficient S. These coefficients corre-

spond to the previously introduced coefficients & and S generalized to three dimen-
sions, i.e., when incident light is diffuse and scattering takes place in all directions." In
the one-dimensional case, light incident on the layer of non-luminescent particles is
scattered in the forward and backward directions with intensities, which are denoted
by I'(x) and J'(x) instead of ', and I',, respectively. For the forward direction, the
light absorbed in an infinitesimal layer of thickness dx is &'l'(x)dx, and the scattered
lightis S'I'(x)dx. A part of J'(x) is scattered back and has to be added to 7'(x). One

obtains

% = @+ () + BT (). (2.33)
X
For the backward direction, a similar equation can be written
dJ'(x
d)(c ) (@ )T () - BT (). (2.34)

The general solutions to this set of differential equations, known as Schuster-
Kubelka-Munk equations, are
I'(x)=A'(0-4',)exp(er', x)+ B'(1+ B, ) exp(—', x), (2.35)
J'(x)=A4A'(1+ ', )exp(a', x)+B'(1- ', )exp(—-', x), (2.36)
where constants A’ and B’ are determined by boundary conditions, and «';and £,

are defined as

o, =o' (28", (2.37)
Blo=va' (a+2['). (2.38)

Kubelka showed that for diffuse light and scattering in all directions the same
equations can be derived. As light does not always have normal incidence on the
phosphor layer, the mean light path d¢ is longer than dx. It was shown that

dE =2dx . (2.39)

If one defines the new coefficients K' and S' by
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K'=2a', S'=24", (2.40)
Equations. 2.37 and 2.38 can be replaced with

o', =JK'(K'+2S"), (2.41)
B, =K' (K'+2S") (2.42)

and then, the general solutions of the Schuster-Kubelka-Munk equations can be ex-
pressed by Equations 2.35 and 2.36 again.

In the case of photoluminescence, one has to account for both exciting and
emitted light. There are the following contributions to the light emitted in the forward
direction (T-mode)

dl(x)=—dl ,—dl. +dl] +dl,, (2.43)

where dI , denotes changes due to absorption of emitted light; d/. and dI;] stand for

scattering from the forward and backward modes, respectively; dI, accounts for the
process of light generation from the absorbed exciting radiation. For the backward
direction, it holds
dJ(x)=dJ ,+dJ; —dJ—dJ,. (2.44)
The intensity of the light emitted by the infinitesimal phosphor layer of thick-
ness dx is
dl ,(x)+dJ;(x)=gK'[I'(x)+J'(x)]dx, (2.45)
where q is the efficiency of luminescence, K' is the absorption coefficient of the ex-
citing radiation, and ['(x) and J'(x) are the intensities of the exciting light in the for-

ward and backward directions, respectively. By combining Equations 2.35 and 2.36,

one obtains
dl,(x)+dJ;(x) =2gK'[A'exp(c', x) + B'exp(—a', x)]dx . (2.46)

For infinitesimal phosphor layers:

dl(x), =dJ . (x), dl; =dJ;, i} =dJ}. (2.47)
As a result, one obtains a set of differential equations

? =—(K+8)I(x)+SJ(x)+¢gK'[A'exp(c', x)+ B'exp(—', x)], (2.48)

X
dJ(x) 1 1 1 1 1
——==(K+8)J(x)=SI(x)—qgK'[A'exp(c', x)+ B'exp(—', x)] . (2.49)

The general solutions of these equations are
" oA ' _ [y»s]] ' +
qKA _aofo 6;0 exp(avox)_qKB _aO€O 6;0 exp(_avox)+
B, -, B, o, -, , (2.50)
+ Aexp(o,x) + Bexp(—a,x)

I(x) =
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_gK'4A" o, B, +a, gK'B' o', B, — ¢,

J(x)= S exp(ery x) + - —Lexp(-a'y x) +
:Bo o, —«, ﬁo a, —o,
. : (2.51)
+ A(+—’B°) exp(o,x) + B(l_—ﬁo) exp(—a,x)
~—Fo + 5

The values of A and B are determined by the boundary conditions. This allows for
taking into account the presence of the substrate or reflecting coatings (which are
sometimes deposited over one side of the screen in order to increase the light output
from the other side).

In order to perform calculations, a value of either the absorption coefficient K
or the scattering coefficient S must be known. The other constant can be determined

from the value of the Kubelka-Munk function F(R_)(also called remission) by the
equation
(1-R.))> K
FR)=——"2—=—, 2.52
(R.)="— 3 S (2.52)

where R_is reflectance of a semi-infinite powder layer obtained from experiments

R =P (2.53)

1+ 8,

Usually, the scattering coefficient is obtained by measuring the reflectance R, of a

relatively thin layer coated on a black plate (which has negligible reflectance)
R R_(1-R,R.)

=)

S= ——In
d(1-R2) R.-R,

, (2.54)

where d is the thickness of the layer.

If absorption is not strong, the scattering coefficient is practically independent
of the absorption coefficient. Furthermore, for conventional phosphor particles which
are larger than the wavelengths of emitted light, the scattering coefficient is approxi-
mately constant over a wide wavelength range.“z’43 However, in the ranges of strong
absorption (e.g., for the UV-light), the described method of measuring the scattering
constant cannot be used. The Kubelka-Munk theory does not predict the interde-
pendence of K and S and requires special care when applied to the UV-range.1

Another shortcoming of the Kubelka-Munk theory is that it completely disre-
gards the size and shape of phosphor particles, as well as their mutual arrangement
inside of the screen. It is known from experiments that S is reciprocally proportional
to the particle size between 1 and 10 pm."*? In many practically relevant circum-
stances, the absorption coefficient K linearly depends on the volume concentration of
particles fy (volume fraction filled by par’ticles).41 However, the onset of multiple scat-
tering results in a strong deviation from the linear dependence between the concen-
tration fy and the scattering coefficient S. It was shown that S/ f , is linearly depend-

ent on sz/3 41 Several authors attempted to derive the relations between the coeffi-
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cients K and S and the properties of single particles.***° It is left to be mentioned that
the assumption of symmetric and semi-isotropic (two-flux) scattering made in the
Kubelka-Munk theory is not always valid. In some cases, a many-flux (>2) radiative
transfer calculation procedure can produce noticeably more accurate results.**

2.2.3b. Johnson'’s theory (p-layer model)

A reference to the phosphor particle size is made in the Johnson’s theory and
other comparable approaches where phosphor screen is treated as a stack of particle
monolayers.'31*34¢ Once the reflection and transmission of such monolayer are de-
fined, one can calculate the optical properties of the phosphor coating of any thick-
ness. In this case, recursion formulas are used instead of differential equations. The
size of the phosphor particles may be accounted for in different ways. For example,

the surface mean diameter of particles ¢, (also called Sauter diameter*”*®) constitut-
ing the phosphor powder can be used®
_ [ noias
Dsv = LL— (2.55)
[, ne*do

where n is the number of particles and ¢ is the diameter.

The thickness of one monolayer of particles is sometimes merely assumed
equal to the mean particle size,"* which hardly corresponds to the actual geometric
arrangement of phosphor particles in the screen. It appears difficult to define a mono-
layer of randomly packed particles having considerable size distribution. Further-
more, thickness of the phosphor screen is most conveniently characterized in screen
density, i.e., in weight of phosphor powder per unit of area of the screen. It was sug-
gested that one conventional standard phosphor layer can be represented by N,

closely packed particles per unit area™
5 =
N, ="=|n¢’dg . 2.56
=5 j g (2.56)

The density of particles in the screen Na (humber of particles on the unit area) can be
found as follows
3Y/4

‘o ﬂpjown¢3d¢ ’

where W is the screen density of the phosphor powder and p is the bulk density

N (2.57)

(specific gravity) of the phosphor material. Then, the number of phosphor layers L
can be calculated from the screen density (Equation 2.55 is used)
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N W s W (2.58)

N, - ﬂpgSM PP .
It was shown experimentally that for phosphor powders with mean particle sizes of 6,

10, 15, and 25 ym, the optimum value of thickness of cathodoluminescent screens
corresponding to the maximum of the T-mode brightness did not change when ex-
pressed in phosphor layers according to Equation 2.58.50%" This fact provides a phys-
ical justification of the proposed definition of the monolayer of phosphor particles. The
total surface area of particles in one so-defined layer is independent of phosphor par-
ticle size. For conventional commercial phosphors (i.e., those with particles much
larger than the wavelength of light), the intensity of light scattering is directly propor-
tional to the area of the interface between the two phases with unequal refractive in-
dices.”® Thus, the contribution from a single phosphor layer should have approxi-
mately the same value for phosphor powders with different size of particles (still pro-
vided that the phosphor particles are sufficiently larger than the wavelength of emis-
sion).

Some authors successfully applied this definition of the phosphor layer in their
calculations.®' However, it should be noticed that there are no strict reasons for the
unit particle layer to be related to the phosphor particle size when used for the pur-
poses of modeling of optical properties of phosphor screens. Thickness of such an
elementary layer may actually be chosen arbitrarily small. For example, a single
phosphor layer can be assumed infinitesimally thin, and then the recursive formulas
reduce to differential equations equivalent to the Schuster-Kubelka-Munk equa-
tions.*? In other words, Johnson’s theory and other “discontinuous” models based on
the notion of the particle layer are very similar to the “continuous” theory of Kubelka
and Munk, and also do not explicitly account for the size and shape of phosphor par-
ticles.

2.2.3c. Monte-Carlo method

There were certain attempts to develop a theory revealing the influence of the
size and shape of particles on properties of phosphor powders. For example, in the
work of Melamed,®® the reflectance and transmittance of a phosphor layer were de-
rived for an ordered packing of phosphor particles of uniform size. In most of the
practical cases however, phosphor particles have unequal size and are randomly
packed. Therefore, the relationship between the properties of single particles of
phosphors and resulting optical properties of the screens usually constitutes a math-
ematical problem that cannot be solved analytically. The simplest bottom-up ap-
proach to modeling of the collective properties of packed phosphor particles is based
on stochastic computational algorithms, which explicitly use random numbers. There
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Figure 2.9 — Tracing of exciting and emitted photons. A UV-photon is absorbed in
A (a), which leads to the emission of a visible photon in E (b).

exist numerous different implementations of this technique generally termed as the
Monte-Carlo method.

In order to demonstrate the basic principle of the method, let us consider its
application to a single spherical phosphor particle exposed to the UV radiation (see
Figure 2.9). First, a UV-photon is generated. Its direction of propagation (if it is not
fixed) and initial location are determined by Monte-Carlo decisions. For example, at
the origin of the coordinate system, a virtual UV-lamp is located so that emitted UV-
photons can appear between the points (0;0) and (L; 0). In this case, the initial coor-
dinates of the UV-photon should be (Z4;0), where Z4 is a random number picked be-
tween 0 and L. If the UV-light is diffuse, the direction of the photon can also be cho-
sen randomly between 0 and 180°( y, =Z,).

The next Monte-Carlo decision is made upon the incidence of the UV-photon
on the surface of the particle. At this point, the photon either penetrates the particle
volume or is reflected away. The probability of being reflected is determined by the
reflectance R, obtained from the Fresnel equation (assuming unpolarized light and a

perfectly smooth particle surface)>*
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R = l{( cos(d,) —mcos(6, )JZ N ( cos(6,)—m COS(@)I} . (2.59)
2| cos(8,)+mcos(6,) cos(6,) +mcos(6,)

In this equation, m is the relative refractive index
m="" (2.60)
o
where n, and n, are the refractive indices of the phosphor material and interparticle
medium, respectively. 6, denotes the angle of incidence and 6, is the refraction an-

gle, which can be calculated from the Snell’s law

0, = arcsin(Mj. (2.61)

m

If the random number Z3 is smaller than or equals the value of R; obtained
from Equation 2.59, the photon gets reflected from the surface of the particle. For
Z, > R,, the photon propagates inside of the particle in the direction of 6, . In the lat-

ter case, it can get absorbed by the phosphor. The corresponding probability can be
assessed by the Beer-Lambert law. Equation 2.16 can be rewritten as

T' =exp(-a'S,) , (2.62)
where T’y is the transmission probability; o' is the absorption coefficient, and Sy is
the path length between the intersections of the photon with the surface of the parti-
cle. The next random number (Z, € [0,1]) is picked and, if it is smaller than T’;, the

photon arrives at the opposite surface of the particle. Here, it would experience inter-
nal reflection or escape from the particle depending on the subsequent Monte-Carlo
decision. If Z4 is larger than T’;, one calculates a location A along the path of the pho-
ton where the event of absorption takes place®

A= i,m(i} (2.63)

a \Z,

If absorption is weak, a significant fraction of incident photons is transmitted by
the particle. As a consequence, the exciting photons can be absorbed after several
scattering events (both reflection and refraction, see Figure 2.9). Otherwise, they can
be diffusely reflected from the screen. Such particles are called semi-transparent. In
the case of opaque particles, absorption is strong and UV-photons do not reach the
opposite particle surface, so that multiple scattering is suppressed.

Once the UV-photon is absorbed, the next Monte-Carlo decision has to be
made. At the location E (approximately coinciding with A, quantum efficiency of
100 % is assumed), a visible photon with random direction of propagation is generat-
ed. This photon can be traced in an analogous manner until it escapes from the simu-
lated volume. Phosphor particles are usually franslucent in the visible range, i.e., ab-

29



sorption of emitted photons can be neglected and at the same time, the number of
scattering events experienced by photons increases.

After the visible photon has left the simulation volume (e.g., reached a virtual
detector or was absorbed elsewhere), another UV-photon is generated. The accuracy
of the calculations requires a large number of repetitions. The complexity of the mod-
el (number of simulated particles, their shape, size, and mutual arrangement) is usu-
ally limited by available calculation resources.

The Monte-Carlo methods can be applied to any problem, which allows for
probabilistic formulation. It was used for spherical and polyhedral particles, mono-
sized and those possessing a size distribution, ordered and randomly distributed on
the substrate.®>™” There are numerous reports on the Monte-Carlo modeling of prop-
erties of CRTs,*® X-ray imaging systems,sg’60 and LEDs.%"#2 Along with the possibility
to explicitly account for the size, shape, and arrangement of phosphor particles on
the substrate, it allows for adding further parameters (e.g., roughness of the particle
surface®) and can be combined with theoretical methods (e.g., Mie scattering theo-
ry,%°° see Section 2.3.3).

The very important advantages of the Monte-Carlo method over the two-flux
methods discussed previously in this section are that it can be used for calculations
of angular distribution of light intensity, for assessing the quality of image reproduc-
tion by the information displays and radiation converters (this topic will be discussed
in the next subsection), and can handle powder screens with a complicated struc-
ture.” Furthermore, in the two-flux methods, the forward and backward intensities are
set equal (see Equations 2.47), which is not always physical.®> When using the ray
(photon) tracing technique, such implications are resolved without any additional ef-
forts. On the other hand, the application of geometric optics sets a limit on the particle
sizes that can be simulated to those significantly larger than the wavelengths of
light.>> All reported works treating the optical properties of the phosphor screen by
the Monte-Carlo method are dedicated to micrometer-sized phosphor particles. It
should to be noted that the Melamed’s theory53 also cannot be applied for submicron
phosphor particles.

2.2.4. Resolution of the phosphor screens

Along with high efficiency of conversion of external energy into visible light,
phosphor screens used for acquiring or displaying any visual information have to sat-
isfy several additional requirements. The imaging performance of a phosphor screen
is determined by the amount of the information it can convey and is usually assessed
by the limit of resolution, i.e., by size of the finest structural details of an image that a
display or an image converter is able to reproduce.

30



1.0

1.0+ g

2 S 0.8+
@ 0.8 <
< [0

g 2 0.6
5 0.6 ©
@ -

5 0.4 S 041
£ IS,

2 0.2- .§ 0.2
=

0.0 y 0.0

0 0

a) Distance from image point, [um] b) Spatial Frequency, [Cycles/mm]

Figure 2.10 — Example of a point spread function (a) and the corresponding modu-
lation transfer function (b).

The smallest element of an image is a single point. In an ideal imaging sys-
tem, excitation by a radiation beam of infinitesimal diameter would result in a perfect
infinitesimal image point. In reality, the smallest point always has some certain finite
size. Therefore, the resolution of the screen can be characterized by defining a cor-
responding point spread function (PSF), i.e., measuring the size of the spot produced
by the point-like excitation source. The PSF is a unique characteristic of the imaging
performance of a phosphor screen. The intensity distribution in the entire image,
which should be considered as an aggregate of image points, can be obtained by
convolution of the intensity distribution of exciting radiation with the PSF of the phos-
phor screen. When two image points are spaced by less than the width of the PSF,
they cannot be fully resolved. Such blurring of an image leads to losses of visual in-
formation.

For isotropic imaging systems, the two-dimensional point spread function is ro-
tationally symmetric64 and can be described by a curve for one spatial dimension
(Figure 2.10a). Often a simple Gaussian intensity profile is assumed and the full
width of the PSF at half of the maximum intensity (FWHM) is commonly used as the
representative value. The shape of the PSF of different screens, however, may signif-
icantly vary, so it is advisable to measure it down to at least several percent of the
peak intensity® and the full width corresponding to 1-5 % of the maximum is some-
times specified as well.®°

Direct measurement of the PSF is quite cumbersome because it requires a
point source of excitation. In many applications, it is difficult to reduce the area of the
screen exposed to the exciting radiation to a vanishingly small size and have suffi-
cient intensity at the same time. It can be more convenient to measure the line
spread function (LSF) — another transfer characteristic of phosphor screens. Similarly

31



to the PSF, which describes the transfer of intensity distribution from the point source
of excitation to its image, the LSF defines the intensity profile of the image of a line
source. The LSF is related to the PSF by the expression®

LSF(x)= [ PSF(x,y)dy. (2.64)

The LSF is a one-dimensional function but, for the isotropic imaging systems,
the two-dimensional PSF can be obtained from the single LSF by the Abel trans-
form.®*% If a PSF has a Gaussian shape, the corresponding LSF is a Gaussian func-
tion as well.” The width of the LSF is also usually measured by its FWHM value and
by the full width at some intensity in the range of several percent of the peak re-
sponse.”® Sometimes, the full width comprising most of the area of the integrated
LSF (e.g., 90 %) is applied.®’

How much overlap of the spread functions is needed for adjacent points/lines
in the image to become irresolvable? There are several resolution criteria used in
various fields of applied optics. The most well known is the Rayleigh criterion, which
states that two equally bright point objects can be resolved if the maximum of the
PSF of the first point falls into the first minimum of the PSF of the second one.®® This
definition of the limit of resolution was developed for diffraction-limited optical sys-
tems, where the PSF is represented by the Airy pattern of concentric rings with multi-
ple minima. For the PSFs without local minima (e.g., those of Gaussian shape) the
Rayleigh criterion is ambiguous. Furthermore, it cannot be applied to the resolution of
unequally bright point objects. Very often the limit of resolution is simply identified
with the FWHM of the PSF. The so-defined Houston criterion can be used with
spread functions of any shape. However, it is also impractical for resolving the
points/lines of different brightness. In many cases, the Sparrow criterion is pre-
ferred.®® Sparrow has suggested that the natural definition of resolution is the point
separation at which the saddle point between the two maxima first develops, i.e.,
when the second derivative of the sum of the PSFs in the midpoint between the
points vanishes. If the distance between the points is less than or equal to the Spar-
row limit, they will be perceived as a single elongated point. The same applies to the
LSFs. For example, it is known that a series of equidistant Gaussian profiles separat-
ed by 20, where o is the standard deviation of the spatial intensity distribution,
should produce a uniform intensity (20 = 0.85FWHM ). This property, referred to as a
merging raster, is utilized for reproduction of images with pixelated screens, i.e.,
screens composed of an array of pixels (discrete picture elements).” If the distance
between the lines increases, a variation of intensity with the corresponding spatial
frequency will be observed as soon as this variation exceeds some perceivable
threshold, i.e., the lines will be resolved.

For a general case of an arbitrary LSF, any quantitative treatment would re-
quire extensive calculations and it has been long recognized that the problem can be
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simplified by solving it in the (spatial) frequency domain. This approach is based on
the notion of the optical transfer function (OTF), a representation of the frequency
response of the optical system. The one-dimensional OTF can be obtained by the
Fourier transform of the LSF (or of the PSF for two dimensions).?”® It can also be
directly measured for sinusoidal excitation patterns. As the emission and excitation of
luminescence are incoherent, only the modulus of the OTF, termed modulation trans-
fer function (MTF), has importance and its phase component (phase transfer func-
tion) can be disregarded. Modulation is defined as the ratio of the amplitude of the
sinusoid to its average value and, therefore, cannot be greater than unity.64 An ex-
ample of MTF is shown in Figure 2.10b. The limit of resolution of a phosphor screen
is usually associated with spatial frequency (measured in cycles per unit length) at
which the MTF decreases to 3-5 %.

The list of transfer characteristics conventionally applied to phosphor screens
would be incomplete, if the contrast transfer function (CTF) was not mentioned. The
CTF quantifies the frequency response of an imaging system for a square-wave input
instead of the sine wave, which is more convenient for experiments (e.g., with bar
charts or rectangular slits).70 For the same reason of simpler experimental procedure,
the line spread function is sometimes obtained by differentiating an edge ftrace, i.e.,
the intensity distribution on a boundary between “black” and “white” half-planes in the
image of the knife edge.®® A CTF equal to one designates perfect transfer of contrast.
The limit of resolution of the imaging system is specified in lines per unit length. Such
units are very convenient for pixelated displays and radiation converters, where the
smallest resolvable details of an image are inherently limited by the size of single
pixels. However, when two neighboring lines of pixels have the same intensity, they
cannot be resolved. “Black” lines should be interlaced with “white” lines, i.e. at least
two lines of pixels are needed for reproduction of each line in the image. In the sam-
pling theory, this is justified by the Nyquist-Shannon theorem. In order to avoid con-
fusion in specification of resolution, the units of line pairs per unit length (e.g., I[p/mm)
are widely accepted. Generally, the cutoff spatial frequency for pixelated screens is,
in the best case, approximately equal to half the density of lines in the raster (or pix-
els in the line). Strictly, it is often somewhat worse if the PSFs of the neighboring pix-
els significantly overlap.

The resolution of unstructured (unpixelated) screens is determined by a num-
ber of parameters. The following primitive example, adopted from Ozawa,? reveals
the major factors of influence. Let us consider a double layer of phosphor particles
deposited on the transparent substrate (Figure 2.11). The coated side is exposed to
an electron beam and the screen is observed in the T-mode. It is assumed that the
incident electrons are completely absorbed in the top layer of phosphor particles and
particles in the deeper layer(s) merely scatter emitted light without contributing to the
output of luminescence. It can be concluded from the discussion in Section 2.2.3c

33



@ Emitting particle (top layer) (O Non-emitting particles (deeper layers)

Substrate

a) Top view b) Side view

Figure 2.11 — Schematic illustration of expansion of the light spot in the deeper
layers of phosphor particles (after Ozawa,® see text for explanation).

that light emitted inside of the phosphor particle usually experiences multiple internal
reflections and can escape the volume of the particle in any direction at an arbitrary
point of its surface (especially if the particle surface is rough and randomly scatters
incident photons). Therefore, even for a single layer of phosphor particles, the small-
est light emission spot would be approximately equal to the phosphor particle size.
For the sake of simplicity, optical interaction between particles in the top layer is ne-
glected. If we assume spherically symmetric intensity distribution of emission from a
single particle, nearly 50 % of the light is emitted towards the substrate. Some of the-
se photons impinge upon the particles in the second layer and get either reflected or
refracted on their surface. The rest reaches the substrate and either goes through it
or is partially reflected back. For the situation depicted in Figure 2.11 where each
particle in the top layer has four nearest neighbors underneath, this means that the
size of the light spot D,, produced by one emitting particle increases to approximate-
ly
D, =2¢+c, (2.65)

where ¢ is the phosphor particle size and c is the inter-particle clearance (i.e., the

width of the gap between the particles) for neighboring particles situated in the same
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layer. When there are N, particle layers below the top layer, the spot increases fur-
ther and totals to at least
D,=N,(¢p+c)+¢. (2.66)

Although this expression is strongly oversimplified, it clearly demonstrates that
the resolution of unpixelated screens can be improved by decreasing the thickness of
the phosphor screen, increasing the packing density of phosphor particles and, final-
ly, by reducing the phosphor particle size. This conclusion is generally valid for any
cathodo- or photoluminescent powder screens as well as for those excited by X-rays.
However, each parameter affecting the screen resolution can be varied only within
some certain limited range determined by other application-specific requirements or
available technology. For example, X-rays are weakly absorbed by phosphors and a
considerable thickness of the screen may be required for sufficient efficiency of con-
version into visible light. Usually, in such cases, a trade-off between better resolution
and fainter emission intensity is found. On the other hand, penetration depth of an
electron beam into the phosphor is often much smaller than the size of a single
phosphor particle. It was experimentally proven that the optimum thickness of the
cathodoluminescent screens optimized for the highest brightness is less than two
complete layers of particles (L,, =1.4 conventional layers defined by Equation 2.58

in Section 2.2.3b).%°' However, from the point of view of manufacturing CRTSs, it is
difficult to deposit such thin phosphor coatings free of voids and irregularities. The
thickness of phosphor screens in conventional CRTs often has to be increased in
order to assure uniformity and thus, the obtained resolution is compromised due to
technological constraints.

A general relation for the optimum screen density W,,: of CRTs, which ac-
counts for the non-close packing of phosphor particles, was obtained in®:

W = 2005027
(2.67)
where @,., is the volume median diameter (measured by sedimentation), p is the
phosphor density, and f, is the packing density of the phosphor screen. The highest
packing density of monodisperse spherical particles (as assumed in Section 2.2.3b)
is equal to 0.74. Typical values of f, for conventional phosphor screens are in the
range of 0.3-0.6.°*"" For f, =0.3 and ¢,., ~ @, , W obtained from Equation 2.67

closely matches previously mentioned optimum screen density of 1.4 layers of phos-
phor particles. For the log-normal particle size distribution (PSD) which is approxi-
mately valid for most of phosphor powders produced by standard methods, the aver-
ages of the PSD are related by the Hatch-Choate equations and it holds*"#8:"2
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brs0/ 05 =expl0.5I0% 0, ), (2.68)
where o, is the geometric standard deviation of the PSD. Equations 2.58, 2.67, and

2.68 can be combined to produce

14 b .7
L, =165 =330l _33 0 %05 o,). (2.69)

p¢SM SM
The values of the geometric standard deviation of phosphors may significantly vary

(e.g., o,=[1.4.25] for halophosphates.”’) For Ino,=[0.35.037] (ie.,

o, =[1.42..1.45] as reported by Ozawa®), Equation 2.69 may be rewritten in the sim-
ple form

L, =35f75. (2.70)
The values of Ly, corresponding to f, = [0.3..0.6] span the range from 1.6 to 2.5 lay-

ers of phosphor particles, which does not include the primary assumption of
L,, =1.4. This discrepancy should be attributed to the rather approximate value of
the constant factor in Equation 2.67 and the inherent inaccuracies of measurements
of the phosphor particle size and screen weights. The main conclusion is that, if the
packing density f, is fixed, Loy Stays constant. However, if we increase the packing

density of phosphor powder in the screen, Loy (and W) should increase with fy%.
How would this affect the screen resolution? A simple relation between the width of
the LSF at 5 % peak intensity L,; and the geometric thickness d of the screen was
found for practical CRT phosphors®®

L, =4.5d. (2.71)

This equation may be rewritten for the optimum screen density W, and combined
with Equation 2.67 to obtain

Ly, =45 Wop = 9¢ﬂ : (2.72)
2 fV%

Therefore, an increase in packing density of phosphor particles in the screens of op-
timized density leads to a “sharpening” of reproduced images. This effect would be
even more pronounced if the screen density W would be fixed at some certain value,
however this would also cause a noticeable degradation of brightness. It can be con-
sidered as a general trend that screens with high packing density of particles have
better resolution but decreased brightness.”

A combined effect of the size and packing density of phosphor particles can be
expressed by the change of the scattering mean free path of the emitted photons.*®
Intensive optical scattering is found to suppress the tails of the spread functions, i.e.,
to decrease the L, in Equation 2.71. As a result, the MTF of the powder phosphor
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screens at low spatial frequencies often surpasses that of non-scattering ones (e.g.,
single-crystalline or glass plates).%>7>7®

Scattering of the exciting radiation usually has a minor effect on the quality of
image reproduction in most of the applications. For example, in case of CRTs,
changes of the MTF introduced by an increase of the energy of electrons from 5 to
40 keV were less than 15 %.”" For the X-ray excitation, scattering of X-rays can be
completely neglected.

It should be emphasized that Equations 2.71 and 2.72 are valid only for the T-
mode of screen observation. For powder phosphor screens exposed to the strongly
absorbed exciting radiation, the MTF in the R-mode is almost independent of the
screen thickness. Scattering of the emitted light in the deep layers of phosphor parti-
cles practically does not distort the image observed from the excitation side of the
screen. The reflecting CRTs have 3-4 times better resolution as compared to the
conventional transmitting ones.”

If the exciting radiation is weakly absorbed, the resolution of the screen is still
to a large extent determined by its geometric thickness so that the values of the MTF
corresponding to the same product of spatial frequency and phosphor thickness stay
unchanged.” The necessity of large values of thickness for complete absorption of
X-rays leads to a relatively low resolution of powder phosphor screens, which usually
is limited to the range of 10-20 Ip/mm.?>"” For some given thickness of the X-ray in-
tensifying screen, the resolution may be improved by several methods, e.g., by de-
positing a reflective or absorbing coating (backing) over the rear side of the screen or
by the introduction of small amounts of impurities which provide weak self-absorption
of luminescence in the phosphor material thus removing long tails of the LSF without
strongly impairing the light output.”"”® Again, the resolution of the screens in the R-
mode is somewhat better than that for the T-mode.”’

Although the R-mode seems to be preferable for high-resolution imaging, it is
highly impractical in most of the applications. In order to achieve superior resolution
in the T-mode without sacrificing the efficiency of detection of X-rays, special struc-
tured screens are sometimes used. Columnar (needle-like) phosphor particles
aligned parallel to the incident X-rays allow to eliminate the strong interdependence
between the width of the LSF and the screen thickness.?® Alternatively, a mask with
an array of thin holes filled with a phosphor can be used. Screens with resolution on
the order of 1 ym were realized based on the latter approach.”® Nonetheless, the
screens with spatial resolution close to the optical diffraction limit could be obtained
only by decreasing the thickness of the phosphor film to 1 um.®""®

It can be noticed that similar techniques of screen structuring (e.g., a black
matrix and a shadow mask) were also applied in order to boost the performance of
CRTs. For the unpixelated CRTs, the size of the observed spot is dominated by the
diameter of the electron beam, which was usually on the order of 200 pm,5° so that
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the resolution of the screen could be experimentally assessed upon the increase of
the emitting spot size over the beam diameter rather then upon the PSF or D,s de-
rived above (Equation 2.66).2° An acceptable difference between the beam diameter
and the produced light spot should be within 10 %. By decreasing the electron beam
size to 10 pym, a CRT screen with an impressing resolution of 307200 pixels/cm?
could be realized (corresponding to the resolvable spot size of 18 ym, the average
phosphor particle size was 2 pm).®

As a closing remark on imaging performance of the phosphor screens, it has
to be mentioned that there are several further screen characteristics which are left
outside the scope of this section but may be important in some specific cases as, for
example, a detective quantum efficiency describing the signal-to-noise ratio of the
imaging system.®’
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2.3. Luminescent screens with submicrometer phosphor particle
size

2.3.1. Limits of performance of the luminescent screens

Let us consider a powder phosphor screen which is excited by UV-light (the
wavelength and intensity are fixed). What can be its highest brightness and resolu-
tion?

For a semi-infinite unstructured phosphor plaque, the R-mode brightness is at
most (see Section 2.2.3a)

Jvux =q1'(0), (2.73)
where ¢ is the quantum efficiency of the phosphor and 7'(0) is the intensity of the

incident exciting radiation. For the T-mode, the maximum intensity (for some optimum
screen thickness) would be

Ly < Vo T sy (2.74)
Thus, the maximum brightness of the phosphor screen is ultimately limited by the
quantum efficiency of the phosphor. The quantum efficiency of phosphors used in
fluorescent lamps, PDPs, and LEDs is about 100 %.° In this aspect, the performance
of the state-of-the-art inorganic phosphors is very close to the physical limits.

The resolution of the unpixelated phosphor screens is mainly determined by
their geometric thickness (see Section 2.2.4). In principle, any desired resolution
could be obtained with an appropriately thin phosphor coating, provided that it ab-
sorbs sufficient amount of exciting radiation for a detectable light output. However,
the ultimate limit of resolution is set by diffraction of the light and not by the screen
thickness. If no special super-resolution techniques are utilized, the resolution of an
optical system cannot be better than

k = 2, (2.75)
A

where k is the Abbe limit of detection (measured in spatial frequency), n is the refrac-
tive index of the surrounding medium, and A is the wavelength of emitted Iight.82 The
highest spatial frequency that can be optically resolved (for A =400 nm) is therefore
about 5000 cycles/mm. For longer wavelengths and a finite aperture of the detector,
the limit of detection can significantly decrease. If we assume for simplicity that the
FWHM of the LSF exactly equals the thickness of the phosphor coating,®’ the corre-
sponding thickness threshold of the diffraction-limited phosphor screen would be on
the order of 200 nm. For the pixelated screens, this is also the value of the smallest
pixel pitch that could ever be needed for the optical imaging.

It is difficult to obtain high brightness and resolution of the screen at the same
time. The thickness of phosphor coatings usually has to be optimized for only one of
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these characteristics while meeting some minimum requirements for the other one.
For the screens designed for observation with unarmed human eyes, a resolution of
20 Ip/mm is usually sufficient.* However, there are several imaging applications like
excimer laser beam profiling, inspection of photolithographic masks, tunneling elec-
tron microscopy, and X-ray microtomography, where phosphor screens with resolu-
tion on the order of 1000 Ip/mm would provide a definitive advantage. Although a few
works on phosphor screens with sub-micrometer resolution have been report-

ed,%” 7984 still a lot can be done in this direction.

2.3.2. Benefits of the decreased phosphor particle size

A decrease in either thickness or the pixel size of a powder phosphor screen
to less than 1 micrometer can obviously be possible only with even smaller phosphor
particles. Conventional phosphor powders consist of particles with a size in the range
of several micrometers and therefore are not suitable for this purpose. Manufacturing
of diffraction-limited phosphor screens would require application of nanophosphors,
i.e., ultrafine phosphor powders with particle size < 100 nm.

The maximum brightness of such a screen made of any known phosphor with
any thinkable powder characteristics (i.e., particle size, width of the PSD, morphology
and packing density of particles) most likely will not exceed than of the best commer-
cial samples (see Section 2.3.1). However, this does not mean yet that phosphor
coatings utilized in non-imaging application (e.g., lighting) cannot benefit from the
decrease in the phosphor particle size.

Inorganic phosphors (especially those doped with rare-earth elements) are
very expensive raw materials which substantially contribute to the final price of vari-
ous luminescent displays and light sources. Phosphor powders scrapped in the pro-
cess of manufacturing of displays are routinely recovered.®® In Europe, phosphor
powders in the fluorescent lamps are recycled as well as elemental mercury (see
WEEE Regulation of the European Community). Minimization of consumed amounts
of phosphor powders can have a significant impact on the economical attractiveness
of the corresponding commercial products. In some cases, this could be achieved by
decreasing the phosphor particle size.

The optimum screen weight of phosphor screens excited by strongly absorbed
radiation decreases for finer phosphor particles. When the penetration depth of excit-
ing radiation is smaller than the size of phosphor particles, the maximum light output
in the T-mode corresponds to the thinnest phosphor coating fully covering the surface
of the substrate (see Sections 2.2.3b and 2.2.4). The ability of phosphor powders to
cover the surface (i.e., to “cast a shadow”) increases for the smaller particle sizes, as
demonstrated in Figure 2.12. Theoretically, the screening density can be reduced
without a significant loss of intensity of luminescence unless the phosphor particle
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Figure 2.12 — lllustration of the improvement of surface coverage by using
smaller phosphor particles. The total volume (weight) of phosphor is the
same in both cases.

size falls short of the penetration depth of exciting radiation or there is a degradation
of the quantum efficiency of the phosphor (e.g., due to particle size effects discussed
in the next section). This conclusion equally applies to most of the fluorescent lamps,
CRTs, and PDPs and could provide a possibility to decrease the costs of manufactur-
ing of such devices.

2.3.3. Physical implications of reduction of the phosphor particle
size

Although the advantages of finer phosphor powders described in Section 2.3.2
are widely known, the practical downscaling of particle size of conventional phos-
phors is limited. Y,03:Eu phosphor and some aluminates produced by conventional
methods maintain high efficiency only down to a mean particle diameter of 3 um,
whereas for halophosphates, predominantly used in fluorescent lamps, a large diam-
eter of 8 um is necessary.1 For finer phosphor particles, luminescence efficiency
tends to decrease.

The influence of the phosphor particle size on quantum efficiency and other
properties of commercial micrometer-sized phosphors can often be attributed to
technological issues. For example, if the synthesis route of the phosphor powder in-
cludes firing at high temperatures, the sintered powder cake usually has to be
crushed and milled later on, in order to break the agglomerates of particles. Exces-
sive milling results in smaller particles but also introduces structural defects on their
surface, which cause a decrease of the phosphor efficiency. In general, any varia-
tion of the processing route required for producing phosphor powders with different
particle sizes can affect the crystallinity and chemical composition of the phosphor
(i.e., concentrations of intentional dopants and impurities) and therefore obscure the
purely physical particle size effects. The technology-related phenomena are not the
subject of this section unless they are based on the “true” particle size effects.
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2.3.3a. Scattering and absorption of light by small particles

The technology-independent influence of phosphor particle size upon the per-
formance of powder screens is dominated by changes of characteristics of optical
scattering. It is, therefore, desirable to derive a mathematical relation between the
particle size and the scattering coefficient 4 (as used in Sections 2.2.2 and 2.3.2a).

It is convenient to introduce a quantity specifying the ability of a single phos-
phor particle to scatter light. As discussed in Section 2.2.3b, the total amount of light
scattered by a powder coating is directly proportional to the specific surface area of
phosphor particles provided that they are large in comparison with the wavelength of
light. The amount of light removed from the incident light by each single phosphor
particle should be then proportional to its geometric projected area 4,

Cscy = Oscadp (2.76)
where C,., is the scattering cross-section of the particle (measured in units of area),

the proportionality factor Q,., is termed scattering efficiency. In the general case of

particles that are both absorbing and scattering, the attenuation cross-section (also
called extinction cross-section) should be used instead of Cj,

Coirr = QurrAp = Caps + Cey =(Q yps + Osea)4p (2.77)
where Q,, and Q,, are the attenuation and absorption efficiencies, respectively;
and C,, and C , are the corresponding cross-sections.

Calculation of the scattering and absorption efficiency factors is the central
problem of the Mie theory (also called Lorenz-Mie theory). The theory provides the
exact solution of the Maxwell equations describing propagation of electromagnetic
radiation for a plane wave incident on spherically symmetric particles. The intensity of
scattered light at any angle can be calculated for a particle with the given relative re-
fractive index n, and size parameter x, defined by expressions

n, =2, (2.78)
n,
where np and n, are the refractive indices of the phosphor material and ambient me-
dium, respectively; and

x=%¢ , (2.79)

where ¢ is the particle diameter and A is the wavelength of light incident on the par-

ticle. The desired attenuation/scattering efficiency factors are obtained in the form of
a series of Legendre polynomials

) =
O i =72(2nR +1)Re(a, +b,), (2.80)

n=1
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2}, (2.81)

b?‘l

2 (=)
Osca = x_ZZ(z”’R +1){an|2 +
n=l1

where the scattering coefficients a,and b, are given in terms of Ricatti-Bessel func-

tions v, and ¢, of increasing orders

an — l//n’(nR'x)l//n('x)_an//n (I’IRX)!//:[ (x) , (282)
l//n (nRx)é/n (x) - an//n (nRx)éVn ('x)

and

bn — an//n’(nRx)Wn (x)_l//n (nR'x)l//:; (X) ] (283)
an//n (nRx)éVn (x) - Wn (nRx)éVn (x)

The comprehensive description of the procedure may be found in numerous text-

books on scattering of light by small particles, e.g., by Bohren and Huffman,>
Mishchenko et al.,® or van de Hulst.®® If no additional simplifying assumptions can be
made, the required calculations are quite computationally intensive and the results
are best represented in a graph such as shown in Figure 2.13 (taken from the book
by Mishchenko et al®’). The lowest curve in both cases corresponds to non-
absorbing monodisperse particles with a relative refractive index of 1.4. In Figure
2.13a, changes of the attenuation efficiency due to absorption of light inside of the
particles are presented. The imaginary part of the refractive index k (often referred to
as the extinction coefficient) can be transformed into the absorption coefficient o« of
the bulk solid material by the expression®
o= 47
Ay

where 4, is the wavelength of light in vacuum.

, (2.84)

Figure 2.13b demonstrates the effect of averaging over a distribution of parti-
cle sizes. The width of the PSD (the gamma distribution was used in Figure 2.13b%°)
is stated by the effective variance

L[ a0 n@) 0= 0”
Var = =——= o .
P [ dp n(@)p’

(2.85)

The Sauter diameter ¢, (surface mean) is used as a representative average particle

size for the calculations of the effective variance as well as for the effective size pa-
rameter x,.. according to Equation 2.79. It should be noticed that both the presence
of absorption and unequal size of scattering particles lead to a “washing-out” of the
ripple structure. An important outcome for non-absorbing particles is that the scatter-
ing efficiency factor asymptotically tends to a value of 2 as the size parameter in-
creases (i.e., for particles much larger than the wavelength of light). In the range of
small values of the size parameter, a steep decrease of the scattering efficiency is
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Figure 2.13 — Influence of absorption (a) and distribution of particle sizes (b) on the
attenuation efficiency factor obtained from the Mie theory for the relative re-
fractive index ng = 1.4.%° See text for details.

observed in all cases. This is the only feature surviving in the graphs, when the width
of the PSD substantially increases.®®
For particles which are much smaller than the wavelength of light (¢ <50 nm )

the intensity and pattern of scattering can be obtained by the much simpler Rayleigh
scattering theory. For such particles, the incident electromagnetic field behaves al-
most as an electrostatic field and is homogeneous inside the particle. This results in

the following equations for the scattering and absorption efficiencies®®
2

8 .ny—1
QxA=§x4;§IE , (2.86)
ns—1
O 15 =4xlm(n§+2j. (2.87)

The use of suitable approximations as in the case of the Rayleigh scattering
theory facilitates a dramatic reduction of computational effort. In the recent years
however, ever increasing computational capacities become available for scientists.
This trend manifests itself in the development of new theoretical methods which can
overcome the limitations of the Mie theory at the cost of higher complexity of calcula-
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tions. For example, the T-matrix method becomes popular because it can be applied
for particles lacking spherical symmetry. Details on further popular methods as, e.g.,
the separation of variables method (SVM) or the discrete dipole approximation (DDA)
can be found in Mishchenko et al.®®

2.3.3b. Independent scattering and absorption in particulate media

If the effective attenuation cross-section of phosphor particles is known, it can
be used for assessing the collective optical properties of an ensemble of particles.
For the idealized scenario of single scattering by N particles per unit of volume (parti-
cles are assumed to be sparsely spaced), the Beer-Lambert law (see Equation 2.24)
can be rewritten to yield*’

I, =1, exp(~(ar+ B)d) = 1, exp(—NQ 17 A,pd) . (2.88)

Alternatively, it could be reformulated for the particle volume fraction fy by as-
suming particles of spherical shape and diameter ¢

fi = ”N6¢3 , (2.89)
‘@):ﬂfz, (2.90)
I, =1, exp(—%d). (2.91)

For non-absorbing particles substantially larger than the wavelength of light,

Qurr =0scs =2. (2.92)
One obtains a simple relation between B and ¢
ﬁ _ 3fVQSCA — 3fy . (2.93)
2¢ ¢

If volume concentration of particles (i.e., fy) does not change, the scattering constant
in the Beer-Lambert law is inversely proportional to the phosphor particle size.
Similar expressions of the general form
§ = const. (2.94)

Dsus

relating the scattering coefficient S with the size of phosphor particles can also ap-
plied in the framework of the Kubelka-Munk theory.73 Again, the Sauter diameter is
used in order to account for the distribution of particle sizes.

When particles are separated from each other by sufficiently large distances
so that the scattering from each single particle is not affected by the proximity of its
neighbors, it is possible to directly relate the parameters of the Kubelka-Munk theory
with those of the Mie theory by introducing additional parameters*
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_vE~ 3=
K =NGC 55 = 20 $O ins » (2.95)
v M -
§=NE(1-5,)Cye, :2_¢§(1_O-d )Osc. (2.96)

where & is the average path-length parameter (assumed equal to 2 in the original
Kubelka-Munk theory) and &, is the forward-scattering ratio for diffuse radiation (i.e.,

a fraction of the energy that each particle scatters in the forward direction; it can also
be determined by the Mie theory).

2.3.3c. Dependent scattering and absorption in densely packed
powders

For powder screens, which primarily consist of packed phosphor particles with
very small amounts of binders, the condition of large separation of particles is, strict-
ly, never fulfilled. If the thickness of a coating equals at least one complete layer of
particles, the average interparticle clearance (as shown in Figure 2.11) in the first
layer does not exceed the average particle size. Every particle in further layers direct-
ly contacts at least two other phosphor particles (one in the previous and one in the
next particle layer) unless it is situated in the surface layer. With increase of the pack-
ing density, the distances between neighboring particles decrease and more particles
get into contact with each other. The mean free path of the photons between two
successive scattering events is determined by the average interparticle spacing and
thus it should decrease as well. If it becomes comparable to the particle size, the
wavefront of the scattered light incident on the next particle along its path can be ap-
preciably different from the plane wave. As a consequence, the accuracy of calcula-
tions based on the efficiency factors obtained from the Mie theory can be impaired.
Furthermore, in such a case the phosphor particles cannot be treated as point-like
scatterers. The absorption and scattering coefficients (see Equation 2.93) should be
corrected for volume scattering87

oo 30w 5 360 (2.97)
(1_fV)2¢ (l_fV)2¢
These expressions differ from those derived for the point scattering by the factor
(1-£,) in denominator, which is introduced in order to account for shadowing of par-

ticles by each other for £, >0.1.

Significant qualitative changes in the interaction of light with particulate mater
occur when the interparticle distances enter the size range of the wavelength of the
incident light. At this scale, the scattered fields of the neighboring particles can be-
come spatially coherent even for an incoherent radiation source. Coherent addition of
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the scattered light strongly affects the scattering characteristics of particles in the far
field.®® At the same time, the near-field interactions become pronounced.®® At a sub-
wavelength distance from the particle surface, electromagnetic fields include contri-
butions from non-propagating evanescent waves.®®®! Their influence on the radiation
transfer is manifested, for example, by a phenomenon known as frustrated total in-
ternal reflection. When two media with high refractive indices are separated by a
small gap filled with a material of lower refractive index, transmission of light between
the two high-index media is observed at the angles of incidence, for which the total
internal reflection would occur in the absence of the second high-index medium. The
near-field interactions affect both absorption and scattering of light by particulate mat-
ter.®

In some cases, the collective optical properties of densely packed particles
can still be treated as if these particles were attenuating incident light independently
from each other. In many cases, however, the influence of the neighboring particles
cannot be neglected. For example, effects generally termed as particle crowding play
a very significant role in the technology of pigments.®*®® The corresponding regime of
radiation transfer is referred to as dependent scattering and absorption.** The onset
of the dependent effects is usually determined by a 5 % deviation from the independ-
ent Mie theory. It was found that this threshold is usually surpassed when the
interparticle clearance decreases below approximately half the wavelength of the
incident radiation®

¢, <0.54, (2.98)

where ¢, denotes the clearance, for which the dependent effects are significant, and
A is the wavelength of light in the medium between the particles (not A, for vacuum).
Although in general particles are randomly packed and have different sizes and
shapes, the ratio of the average interparticle clearance to the wavelength is very of-

ten assessed by a formula derived for a periodical rhombohedral arrangement of
monosized spheres®®

%_%[&25—1} (2.99)
fV

Figure 2.14 (originally published by Tien and Drolengs) shows the range of par-
ticle volume fraction f,, where scattering is dependent, as a function of the particle

size parameter x. For nanoparticles, the clearance and the distance between the
centers of the particles are practically equal. The position of the boundary between
the independent and dependent regimes almost does not change with the particles
size parameter and therefore, for Rayleigh particles, the critical particle volume frac-
tion of 0.006 is generally assumed.
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Figure 2.14 — Map of the independent and dependent scattering regimes.95

It should be noticed that the near-field effects are not accounted for in the map
because they also involve an additional parameter — the refractive index of parti-
cles.®8% However, it was shown that the criterion given by Equation 2.98 approxi-
mately corresponds to the clearance, at which the near-field zones of scattering par-
ticles begin to overlap.®’

The “dependent” effects described above result in a decrease of the effective
scattering cross-section of particles. For small absorbing particles, the absorption
efficiency factor was found to increase.®® In the range of Rayleigh scattering, the
contribution of absorption to the total attenuation dominates over scattering and
therefore, the dependent attenuation efficiency of absorbing particles increases as
well 9498.99

Quantitatively, the problems of radiation transfer in the regime of dependent
multiple scattering are usually solved by numerical simulations.®® In several cases,

analytical relations between the dependent scattering efficiency factor Q.., and in-

dependent (i.e., Mie) scattering efficiency Q,’., could be obtained. For example, the
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pioneering work by Hottel et al.'®

¢/A>0.092

resulted in the following empirical expression for

QéWCA _ _ ¢

loglogl =~ [=0.25-3.8—, (2.100)
SCA4 ﬂ’

which was verified for x <1.% For the size parameter x — 0, an analytical relation

between Q;., and Q.., could be derived for the Percus-Yevick hard-sphere model®®

QSDCA _ (l_fV)4 (2101)

Ow,  (+2£, )

An approximate expression for the dependent absorption efficiencies Q' in

the limit of Rayleigh particles (i.e., x — 0) was identical for several different models®

ns—1
Qs = 4xlm(§n§+2j, (2.102)
where
2 —
5:{1—”;?—14. (2.103)
Ny +2

Recently, it was shown that changes of the effective refractive index of a
nanoparticulate medium should be taken into account when modeling the radiation
transfer with dependent absorption and scattering.99 A turbid medium filled with parti-
cles much smaller than the wavelength of light acts upon photons which traverse it,
as an optically homogeneous medium with a refractive index determined by the re-
fractive indices of the constituting media and the particle volume fraction. From this
point of view, the influence of the volume concentration of nanoparticles on the effec-
tive refractive index can be considered as a further effect of dependent scattering
and absorption.

Assuming a substantial number concentration N of nanoparticles in the vacu-
um (there should be many nanoparticles in a sphere with a radius equal to the wave-
length of light), it can be related the effective refractive index n,,. by the Lorentz-

Lorenz equation® also known as the Clausius-Mossotti relation'®’

2 —
ARy = Mo L (2.104)
3 N +2

where N is the number concentration of particles and « is the polarizabilty of the na-
noparticles. The polarizability defines a dipole moment of the Rayleigh particles in-
duced by an external electric field and can be used to describe their scattering. Alter-
natively, the effective refractive index can be derived from the volume concentration
of particles f, and their refractive index n,
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HEFF_I =/, nf’_l - (2.105)
N +2 n,+2
For particles dispersed in a medium with refractive index » , it becomes'®
2 2 2
:;E:;;:fV Zngr(l_fV)Zf—;' (2.106)
In many cases however, a simplified expression below is applied'!1%3
Npge = fynp + (=, )n . (2.107)

2.3.3d. Influence of particle size on emission of luminescence

As we have seen in the previous sections, both absorption and scattering of
light by phosphor particles are strongly affected by the ratios of the particle size and
interparticle distance to the wavelength of the incident light (the same applies to any
particles or droplets). How do the particle size and packing density influence the pro-
cess of light emission by the particles of doped dielectrics? According to Equations
2.1 and 2.2, the quantum efficiency of a phosphor is determined by the relation be-
tween the radiative and non-radiative contributions to the decay times of the excited
states. There are several ways in which these parameters may be affected by the
size of phosphor particles, and the mechanisms involved for particles with a size ex-
ceeding the wavelengths of emitted light (superwavelength range) and for nanoparti-
cles (subwavelength range) are quite different.

In the superwavelength size regime, the radiative decay rate of luminescence
(i.e., the inverse of the decay time) can be modified by the Mie resonances. For ideal-
ized spherical particles, the spontaneous emission rate of the emitters oscillates due
to coupling to the whispering gallery modes and interference in the radial modes.'%
When averaged over all positions of emitting ions in the sphere, it results in an exten-
sion of the decay time of luminescence for phosphor particles of decreasing size. A
similar trend is expected for particles of other regular shapes.1°5 For irregularly
shaped particles, particles with rough (i.e., diffusely reflecting) surface, or for phos-
phors with non-negligible self-absorption of luminescence, this effect can be much
less pronounced (if observed at all).

The non-radiative decay time in the superwavelength regime is determined
almost exclusively by the technology-related issues as, e.g., chemical purity and
crystallinity of the phosphor. This means that, if the non-radiative decay rate does not
change or increases, the quantum efficiency of the phosphor can decrease. On the
other hand, if the technology is advanced so as to minimize the probability of non-
radiative decay of the excited states, thin phosphor screens made of sub-micrometer-
sized phosphor powders, in general, can have the brightness of conventional phos-
phor screens. In order to achieve the maximum efficiency of phosphors with substan-
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tially reduced particle sizes, a method of synthesis avoiding the milling step should be
chosen. It was reported that the brightness of PDPs manufactured from the phosphor
powder with the particle size decreased to below 1 um could even slightly exceed
that of the screens produced from a conventional phosphor powder.'® At the same
time, approximately 5 times less phosphor powder was needed.

Changes of the quantum efficiency and the luminescence decay time of doped
phosphors are not pronounced much until they enter the size range of nanoparticles
(i.e., <100 nm). A further reduction of the size of phosphor particles usually has a
profound effect on the performance of doped phosphors.

In the subwavelength size regime, the oscillations caused by the Mie reso-
nances disappear and the radiative decay time becomes independent of the particle
shape and the position of the emitter inside of the particle.’® The decrease of the
emission rate with decreasing phosphor particle size is mainly attributed to the
changes of the effective refractive index of the particulate medium.'®” The radiative
decay time of an excited ion embedded in a medium with a refractive index »n can be

expressed as follows® 1%’

_ 1 A
FE L)
3

where f(ED) is the oscillator strength of the electric dipole transition. In the case of

, (2.108)

TR

nanoparticles, the effective refractive index n,,. defined in the previous section (see
Equations 2.104-2.107) should be used. Thus, it can be expected that for vanishingly
small phosphor particles separated by large distances (¢> A4, i.e., f, »0) the

radiative lifetime of electronic transitions can be increased from its bulk value by a
factor of

%’(nf, +2). (2.109)
For the magnetic dipole transitions, Equation 2.108 should be replaced by "%
2
=t (2.110)
f(MD) n

i.e., the radiative lifetime of the nanoparticles could differ from that of the bulk phos-
phor by a factor of #;.

Some authors have suggested that in the case of hypersensitive transitions of
the lanthanide ions the increase of radiative decay time could also be caused by the
changes of the crystal field, e.g., by a decrease of the odd parity crystal field compo-
nent due to an increase of the lattice constant of the phosphor host material.'® The
increase of the lattice constant was also thought to affect the non-radiative contribu-
tion to the decay of the excited states through a decrease of the phonon density.'™
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However, it has been recognized that the phonon density of states in nanoparticles is
primarily reduced due to confinement effects.'”’

At room temperature, the decay time of luminescence of conventional phos-
phors is dominated by the nonradiative relaxation (except for some special cases as

that of the °D, level of the europium ion). If the energies of involved phonons are

assumed to be equal, the temperature-dependent multiphonon relaxation rate can be
expressed by'"’

L:Cexp( , (2.111)

TNR

exp(hw, [kT) —1

m

—(ZAE]|: exp(ha, /kT') :|A%‘Dm

where 7w, is the maximum phonon energy of the lattice vibrations, AE is the energy

gap between the populated state and the next low-lying state, & is the Boltzmann
constant, T is the temperature, and C and « are empirical parameters characteris-
tic for the particular crystals. In most practical cases however, the ion-ion interaction
should also be taken into account. The inter-ionic energy transfer could substantially
shorten the nonradiative decay time (by the effect of concentration quenching, see
Section 2.1.2) and lead to non-exponential characteristics of the luminescence decay
time.

In insulating hosts, the excited state can migrate between the activator ions
due to resonant energy transfer or phonon-assisted energy transfer processes.107
Lattice stresses and defects cause slight variation in the energy levels of the embed-
ded ions, thereby decreasing the probability of the resonant energy transfer. The
phonon-assisted energy transfer is a predominant mechanism of migration of elec-
tronic excitation.

In nanocrystals, the phonon density of states becomes discrete and the low-
energy acoustic phonons are gradually eliminated with decreasing particle size.'"’
The efficiency of the phonon-assisted energy transfer is reduced. As a result, con-
centration quenching, sensitization of luminescence, cross relaxation, upconversion
(anti-Stokes luminescence), and other processes in nanophosphors, which rely on
participation of phonons, can significantly differ from those of the bulk phos-
phors.'?” 1% The resonant energy transfer is also inhibited for particles which are
smaller than 40 nm."""

The increase of the nonradiative lifetime of luminescence due to restricted en-
ergy transfer should favorably influence the overall quantum efficiency of convention-
al downconverting phosphors by postponing the onset of the concentration quench-
ing. However, nanophosphors are usually significantly less efficient than their mi-
crometer-sized counterparts.>'®” The main obstacle for achieving the performance of
bulk materials is constituted by the increased specific surface area of nanoparticles
(i.e., by large values of surface-to-volume ratio).
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In the presence of migration of excitation, the non-radiative relaxation rate is
determined not only by the efficiency of the inter-ionic energy transfer but also by the
concentration of lattice defects acting as emission quenchers. The particle surface
itself should be considered as a distortion of the crystalline structure. Atoms within
several lattice constants from the surface are displaced due to the surface recon-
struction, and dangling bonds are often terminated by chemical species with high
phonon frequencies (e.g., OH-, CO3- or NH-groups) adsorbed from the ambient at-
mosphere.> 19112113 The phonon spectra of nanoparticles are further modified by the
introduction of surface phonon modes, which are localized at the interface with the
surrounding medium and can provide new channels for non-radiative relaxations.”"*
For nanoparticles dispersed in solvents, polymers, or glasses, the effect of size con-
finement leading to the inhibition of energy transfer does not play any significant role
and the nonradiative decay time of luminescence is usually shorter than that of the
same particles not embedded in any medium.'®” All these effects generally referred
to as surface quenching effects become more pronounced with decreasing phosphor
particle size and may dramatically change the dynamics of the luminescence emis-
sion of ultrafine phosphor powders.

Obviously, it is desirable to have a means to suppress the surface quenching.
A simple strategy was proposed, which allows an improvement in the quantum effi-
ciency of nanophosphors. A thin shell of undoped host material or some other dielec-
tric with possibly low maximum phonon frequency and similar lattice constant has to
be grown around each nanoparticle. The external layer efficiently reduces the energy
transfer to the quenching centers at the surface.”'""""®> The same method has been
successfully applied for semiconductor quantum dots with high quantum vyield.""" It
should be noticed that “finishing” of the surface of phosphor particles is sometimes
also used for conventional micrometer-sized phosphors in order to improve their
maintenance or stability in suspensions.'"

The most important difference between the luminescent properties of dielectric
nanoparticles doped with lanthanides and those of semiconductor quantum dots is
the absence of the effects of quantum confinement in the former case. Characteristic
luminescence results from electron transitions inside single impurity ions, which are
strongly localized (this is especially true for transitions between 4f-levels of rare earth
ions). As a result, the positions of the energy levels participating in radiative transi-
tions hardly change even for nanophosphors with particle sizes well below 10 nm.>1%
This is also the reason why the terms nanophosphors and quantum dots should not
be used interchangeably. The first one is appropriate for ultrafine powders of insulat-
ing materials, which emit light due to the characteristic luminescence of the dopants,

whereas the second one implies bandgap luminescence.
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2.3.3e. Non-optical effects of reduced particle size

Not only the optical properties of phosphors are modified by the downscaling
of phosphor particle size. There are several further particle size effects, which can
either have implications for the technology of manufacturing or indirectly influence the
performance of the powder screens. For example, the decrease of the particle size
can lead to the lattice softening (i.e., increase of the lattice constant), which is
thought to be one of the possible reasons for the reduced emission rates of lumines-
cence in nanoparticles.?%110.112

The increase of the surface-to-volume ratio affects the thermodynamics of the
phase transformation. The Gibbs-Thomson effect favors crystallization of nanoparti-

cles in high-pressure polymorphs due to additional hydrostatic pressure P """

4y
p=27 2.112
s (2.112)

where 7 is the surface energy (value of 1.5 J/m? is typical for many ceramic materi-
als) and ¢ is the size of nanoparticle. More generally, it can be stated that reduction

of the particle size decreases the temperature of phase transformation.'® Melting
points of nanoparticles are lower than those of the bulk substances.'®'"® |n addition,
it can result in a particle size limit for crystallization of some ceramic hosts (e.g., 8 nm
for Al,03)."%

The contact mechanics of solid particles undergoes major changes when their
size decreases. For sub-micrometer-sized particles, the adhesive forces can exceed
other common forces by orders of magnitude. As a result, fine and ultrafine particles
firmly stick to any surface they contact.*” Furthermore, such particles become cohe-
sive, i.e., they tend to agglomerate with each other. In many cases, this is an un-
wanted effect. For example, clustering of nanoparticles dispersed in transparent ma-
trices can cause a dramatic increase in light scattering.’®® Agglomeration and large
interparticle frictional forces are also responsible for the extremely low filling fraction

120

of a random loose packing of fine and ultrafine powders <~ as well as for low density

of compacted nanopowders (< 45 % of the theoretical values).'®!

The size of phosphor particles directly influences their stability in colloidal
suspensions. A particle in a liquid of lower density settles down with a velocity that is
proportional to the square of its size (Stokes law).*” For nanoparticles, this velocity
becomes extremely small. This has a strong impact on the technology of phosphor

screens.
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3. Manufacturing of advanced phosphor screens

3.1. Challenges of deposition of phosphors with decreased particle
size

Commercial phosphors are usually manufactured by the solid-state reaction
method’ First, the high-purity materials of the host crystal, activator, and flux are
blended, mixed, and then fired in a container. As the product obtained by firing tends
to agglomerate, it is crushed, milled, and then sorted to remove coarse and exces-
sively crushed particles. The particles prepared by this method usually have uninten-
tionally irregular shapes and sizes in the range of several micrometers. In some cas-
es, the product needs surface treatment.

Many research groups all over the world are currently investigating alternative
methods for phosphor powder synthesis in the sub-micrometer and nano-range, e.g.,
various realizations of chemical precipitation,'?~'?* combustion synthesis,'**>'? sol-
gel methods,'?~?° pulsed laser deposition,”® laser-assisted gas condensation,’’
ultrasonic spray pyrolysis,'>% 134
towards practical application of phosphors with decreased particle size, optical per-

and flame spray pyrolysis."'®'33" As a next step

formance of screens and coatings made of the new materials should be investigated.
The choice of the screening technique can be crucial because it affects both the opti-
cal and mechanical properties of phosphor coatings.

The most widely used method for depositing flat monochrome screens is
gravitational settling of a suspension of phosphor particles in a solution containing a
binder®741% Solutions of potassium silicate buffered by barium nitrate or barium
acetate have been predominantly used over the last decades. However, for particles
between 1 ym and 5 ym, a centrifugal force should be applied in order to reduce the
settling time and to increase the packing density. In addition to the long duration of
the procedure, the unevenness in the screen thickness, due to the subsequent steps
of decantation and drying of the phosphor coating, is also a drawback of this meth-
od.” Excessive amounts of silicates (acting as a binder) should be avoided as they
deteriorate the ruggedness of the phosphor.® In the case of electron beam excitation
(CRTs, FEDs), the silicate can act as an insulator and thereby accelerate the ageing
effects (so-called Coulomb degradation or burning). For that reason, the settling solu-
tions for the monochrome CRT production usually contain only about 0.2 wt% of the
binder."**

The use of organic polymers instead of “liquid glass” has been proposed re-
cently7°’140 Several acrylic compounds doped with commercial lamp phosphors were
tested for application in UV-enhanced CCD image sensors. Authors claimed 350 %
improvement of the quantum efficiency of the CCDs at 265 nm, but there are two
considerations regarding this method. First, the chosen acrylic resins were transpar-
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ent only down to 255 - 225 nm and they cannot be applied at shorter wavelengths in
the UV-range, which can be necessary in certain applications (the same applies to
gelatin used as a binder in preparation of SEM and TEM viewing screens'*"'#?). Se-
cond, the deposited coatings demonstrated 50 % degradation of the conversion effi-
ciency within the first 3 hours of their exposure to UV-light, which is most probably
related to the problem of “yellowing” often encountered with the epoxy encapsulants
of phosphor-converted white LEDs. 344

Electrophoretic deposition (EPD) is often used with fine particle size phos-

74.138,145.146 and nanophosphors.™” '8 |n this method, the phosphor in liquid

phors
suspension is attracted to an immersed electrode. Phosphor particles can be electri-
cally charged by introduction of charging ions (e.g., Mg®*) to the suspension liquid
(e.g., isopropyl alcohol); the particles will then deposit onto the electrode of the oppo-
site charge. Postdeposition samples are then dried and baked. Smooth, dense phos-
phor layers with exceptional resolution and low noise can be deposited by EPD, alt-
hough some authors admit that brightness of settled screens is higher'*® The adhe-
sive strength of EPD-coatings is much weaker than that of the ones deposited by
sedimentation.™® A further disadvantage of electrophoresis is the necessity for a
conductive substrate (e.g., ITO glasses).

Thick layers of nanophosphors could be deposited with the Doctor Blade
method.'*° Dip-coating combined with sol-gel chemistry can be successfully imple-
mented.'? Application of spin-coating was also reported.'°

All abovementioned techniques have common disadvantages: they require
several processing steps and include immersion of phosphor particles into liquids,
which can introduce contamination (from charging species, dispersants, surfactants,
etc.). The same applies to novel methods of deposition of nanoparticles developed
recently: layer-by-layer assembly,"""*? Langmuir-Blodgett technique,'
printing.'**

There exist methods which do not involve the use of binders and do not re-
quire wet processing of powders. For example, in electrostatic deposition'® the dry

and ink-jet

phosphor and the substrate are oppositely charged and phosphor particles deposit
on the glass, giving up their charge. The method is useful for applying smooth, fine
particle coatings to the inner surface of spherical bulbs and cylindrical or spiral
tubings. The dry procedure reduces the problem of coagulation of particles, however,
since no binder is used, the adhesion and cohesion of conventional (micrometer-
sized) phosphor particles are relatively poor.’™ The situation would change if
nanophosphors were used. As discussed in Section 2.3.3e, cohesive properties of
solid particles undergo drastic changes when the particle size decreases below 1 um.
Nanoparticles are extremely cohesive and tend to build agglomerates. On the one
hand, they would not require any binder for a strong adhesion to the substrate. On
the other hand, it is difficult to avoid agglomeration of dry powders prior to the deposi-
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tion of phosphor screens so that the advantages of decreased particle size cannot be
fully utilized.

Excessive premature agglomeration of fine and ultrafine powders may be pre-
cluded by combining processes of synthesis and film deposition in a single technolo-
gy step. By this method, all intermediate steps are excluded (i.e., dispersion in liquids
is not required) and the deposition of phosphor coatings can be performed very rap-
idly. This approach is exploited in laser-assisted nanoparticle synthesis (e.g., electro-
static-directed deposition'®®), plasma-based coating methods (microwave plasma
synthesis'® and hypersonic plasma particle deposition’
based deposition techniques.

), and in various spray-

3.2. Deposition of phosphor coatings by spray-based methods

Spraying was first applied for deposition of phosphor powders prepared by
other methods. Two related methods, dry and wet spraying, were reported in 1949."%
In dry spraying, a binder is spread over the substrate (e.g., potassium silicate solu-
tion) and dried to tackiness. A fine spray of dry phosphor powder is then blown from a
gun onto the tacky surface. The screen is dried and air baked. In wet spraying, the
phosphor should be suspended in a volatile medium (e.g., acetone).™® Obviously,
these methods would not solve the problem of premature agglomeration of cohesive
phosphor powders.

In 1966, a novel method of spray deposition of inorganic films was reported’®:
inorganic films were deposited by spraying aqueous solutions of appropriate rea-
gents over a heated substrate. The chemical transformation occurs directly on the
surface of the substrate. Numerous modifications of this method have been widely
used over the past years, e.g., for fabrication of solar cells and optoelectronic devic-
es. Phosphors can also be deposited in this way, e.g., ZnS:Mn,"® Y,04:Eu, Tb,Tm,'®
ZnWO, and CdWO,."®" However, this method produces continuous films rather than
powder coatings.

Chemical transformation (most often these are reactions of thermal decompo-
sition or pyrolysis of chemicals dissolved in a precursor solution) does not necessarily
have to occur at the surface of the hot substrate. An electrical furnace or a flame can
be used as a source of heat for decomposition of precursors. In the former case, i.e.,
when droplets of a precursor solution are pyrolysed while passing with a gas stream
through an oven, the process of synthesis of phosphor particles is generally referred
to as spray roasting or aerosol decomposition.162 Ultrasonic nebulizers are very often
used as droplet generators in setups for production of submicrometer-sized phosphor
powders; the corresponding process is conventionally termed ultrasonic spray pyrol-
ysis (USP). Many phosphor hosts were successfully obtained with this method, e.g.,
YAG," Y,Si05,"** Gd,03,"% BaMgAl10017,'%® Zn,Si0,,"®" ZnS and CdS.'® USP is
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not applied for deposition of coatings. Produced particles are usually collected with
bag filters or electrostatic precipitators.

Flame spray pyrolysis (FSP) is a general term used for any spray process,
where the high-temperature environment for chemical reactions is provided by heat
released by a flame. More specifically, one distinguishes between FSP of flammable
precursors (i.e., when a pilot flame is used to ignite a spray flame) and FSP of pre-
cursors that are not combustible themselves (e.g., aqueous), where heat is generat-
ed exclusively by a flame from external flame source. The latter process is some-
times termed flame-assisted spray pyrolysis (FASP). Different methods of synthesis
of inorganic powders based on FSP can be further classified into processes of direct
droplet-to-particle conversion (DPC) and chemical vapor condensation (CVC) pro-
cesses. The droplet-to-particle conversion occurs when the precursor solute is not
volatile. In such a case, the final weight of each particle corresponds to the initial size
of the droplet it was obtained from and the concentration of the precursor solution.
The CVC involves combustion of volatile precursors which evaporize, react in the
gas-phase, and condensate to produce nanoparticles of the desired compounds.
FSP (including FASP) is widely used for synthesis of various aerosols in commercial
quantities, such as fumed silica, pigmentary titania, and superconducting ceramics.
Solid particles with a size in the range of 1 nm to about 1 ym can be obtained by the-
se methods.”*'® Latest reviews on FSP can be found in articles by Strobel and
Pratsinis,’”® Teoh et al.,’”" and Pratsinis."? Numerous phosphors were prepared by
FSP in research laboratories, e.g., SrTiOsPr, A"  Srs(PO4)sCl:Eu,'™
BaMgAl10017:Eu," Y,03:Eu,"®"" Gdy05:Eu,'® " Y,Si05:Eu,™ Y3Als042:Ce."®
Usually, powders are collected by filtering, electrostatic precipitation or
thermophoresis. '3>8

For the purposes of deposition of particulate coatings, a substrate can be
placed directly into the flame. If volatile precursors are used, this could result in het-
erogeneous condensation of pyrolyzed compounds from the vapor-phase on the sur-
face of the substrate. This film deposition technique, first published in 1993, is
called combustion chemical vapor deposition (CCVD). The environment required for
CVD to occur is provided by the flame. No furnace, auxiliary heating or reaction
chamber is necessary. The flame also heats the surface thus providing the conditions
for surface reactions, diffusion, crystallite nucleation and growth. CCVD can be used
to deposit a wide spectrum of materials in open atmosphere or low pressure condi-
tions. The deposited coatings are mostly applied for catalysis and functionalization of
surfaces as well as in fuel cells, lasers, and electronics. CCVD could also be used for
deposition of phosphors (e.g., Zn,Si04:Mn'®%) but it is not suitable for the investiga-
tion of the effects of phosphor particle size because this method usually produces
solid films. For the same reason, well-known methods of thermal spraying (flame
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spray, high-velocity oxy-fuel gas spraying, plasma spraying'®*~"%°

here.

) are not considered

Spatial separation of the reaction zone and the substrate to be coated can be
advantageous for both DPC and CVC processes. High temperature of the flame is
often required in order to obtain particles with improved crystallinity without any ther-
mal post-treatment. If the deposition of a coating takes place outside of the flame, the
substrate temperature can be decreased by allowing a larger distance to the flame.
Such FSP-based coating techniques can be generally referred to as flame aerosol
deposition (FAD), although several other terms can be found in literature, such as
direct nanoparticle deposition (DND) used in fabrication of optical fiber pre-
forms.187.188
The in-situ film deposition was reported in early works on FSP.169:184.189.190
Currently, the main field of application of FAD is in the technology of optical fibers for
telecommunication.'® FAD-methods could also be applied for manufacturing of ad-
vanced gas sensors, "% porous catalysts,'**'*°* and battery electrodes,'®® as well
as for deposition of anti-fogging films'®” and optical coatings.198 However, the deposi-
tion of phosphor powder coatings by FAD has never been studied. This thesis is fo-
cused on application and further development of this method for deposition of ad-
vanced phosphor screens.
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4. Experimental methods

4.1. FAD setup

As discussed in Section 3.2, flame aerosol deposition can be performed in
several different ways. Particularly important is the difference between the processes
based on droplet-to-particle conversion (DPC) and chemical vapor condensation
(CVC). DPC-synthesis usually results in submicrometer-sized powders (100 nm < ¢

< 1 um). In order to decrease the particle size, the concentration of the precursor so-
lution can be decreased. The production rate measured as total weight of powder
produced in unit time would proportionally decrease. As a result, synthesis of
nanopowders (¢ < 100 nm) with DPC becomes highly impractical. Although decreas-

ing the size of the droplets of the precursor solution could also be attempted, it ap-
pears much simpler to switch to CVC when nanoparticles are to be deposited by
FAD. In this thesis, deposition of sub-micromer and nano-sized phosphor powder
coatings was performed in two different FAD-setups (i.e., DPC- and CVC-based set-
ups, respectively).

4.1.1. Droplet-to-particle conversion

The schematic view of the setup used for DPC-based FAD is presented in
Figure 4.1. It includes an ultrasonic nebulizer (U-3002-S, 1.68 MHz, Schulte-
Elektronik GmbH) and a premixed air/propane burner. Droplets of precursor solution
produced by the nebulizer were carried into the flame with an air current (1-3 I/min)
through a flexible hose. Usually, an electrically heated metal hose was used. The
flow rate of propane varied between 3-5I/min. During the deposition, fused silica
slides (with a diameter of 30 mm and a thickness of 1 mm, Suprasil, Aachener
Quarz-Glas Technologie Heinrich) were fixed on a water-cooled radiator directly
above the nozzle of the burner at the distance of approximately 7 cm.

The adiabatic temperature of the stoichiometric propane/air flame is about
2000C. 9% The actual temperature of the flame was measured with a type-B
(Pt/Rh) thermocouple.

4.1.2. Chemical vapor condensation

Phosphor nanoparticles were prepared as follows. First, nitrates of rare earths
were dissolved in ethanol. Afterwards, 2-ethylhexanoic acid was added so that a
0.5 M solution of the nitrates was obtained. The process parameters for obtaining
yttria nanoparticles were adopted from the work on FSP-synthesis of Y,0s;:Eu
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Figure 4.2 — Schematic view of the CVC-based FAD-setup.
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phosphor.”™” The flammable liquid precursor was fed into a CVC FSP-unit (Figure
4.2) with a syringe pump at the rate of 11.7 ml/min (if not mentioned otherwise)
through a capillary of an outside-mixing two-phase nozzle. The precursor was dis-
persed with oxygen (at the rate of 3 I/min, with a constant pressure drop of 1.5 bar
over the nozzle). The liquid spray was ignited with a methane/oxygen pilot flame (1.4
and 2.8 I/min, respectively).

For screen deposition, the FSP-unit was combined with a water-cooled sub-
strate holder™' placed 25 cm above the nozzle (directly above the flame tip; Figure
4.2). The temperature at the location of the substrate was measured with a type-K
thermocouple. Powder samples were collected downstream of the substrate holder
(50 cm above the burner) with a vacuum pump (Vacuumbrand, RE 16) on water-
cooled glass-fiber filters (GF/D Whatman, 257 mm diameter).

All experiments with CVC-based FSP/FAD were performed at the Particle
Technology Laboratory at the Swiss Federal Institute of Technology (under co-
supervision of Prof. S.E. Pratsinis).

4.2. Choice of materials
4.2.1. Phosphors

4.2.1a. Y,0;3:Eu

Yttrium oxide doped with europium ions (Y203:Eu) was selected as a standard
test material in this thesis due to its superior luminescent properties and simple
chemical composition. This phosphor is one of the best studied and extensive litera-
ture is available on the properties of Y,03:Eu for any size of particles from bulk sin-
gle-crystalline samples to nanopowders.

Yttrium oxide host usually crystallizes in cubic bixbyite structure (space group

Ia3) with a lattice constant of 1.0604 nm,?°"?®2 which corresponds to a gravimetric

density of 5.03 g/cm®. Cubic modification of yttria has a refractive index of 1.9 in the
visible range and is highly transparent in the spectral region from 250 nm (the fun-
damental absorption edge is at 5.6 eV) to 9.6 um.?*® Yttria powders produced at high
temperatures can have monoclinic structure (space group C2/m). For Y,03:Eu pro-
duced by conventional solid-state reaction, the monoclinic phase is obtained above
1700C. '"® Bulk yttria melts at a temperature of 2430C ?°" and therefore belongs to
the refractory oxides.

Europium ions doped into the Y,03 crystal substitute yttrium ions and intro-
duce electronic states in its bandgap. The unit cell of the host contains 16 formula
units, i.e., 32 Y-sites. There are two distinct sixfold oxygen-coordinated cation sites in
the Y,03 lattice, one is noncentrosymmetric (Y1, point group C;) and another one is
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centrosymmetric (Y2, point group Cs). In the unit cell there are 24 Y1-sites and 8 Y2-
sites, which could be occupied by Eu-ions with the same probability.2°*?% At room
temperature, radiation from Eu(C;) dominates in the spectra of luminescence not only
because of the larger number of Cy-sites but rather due to the fact that the
noncentrosymmetric environment relaxes the Laporte selection rule (see Section
2.1.4) and as a result of energy transfer between the two sites.>

The emission and excitation spectra of photoluminescence of a standard
commercial Y,03:Eu phosphor are shown in Figure 2.1. From the charge transfer
states the excitation energy relaxes to the 5Dj excited states of the 4f° configuration of
Eu*. Theoretically, line emission could be observed from the °D., (blue-green), °D;
(green-orange), and °Dy (red) levels to the ’F; ground term levels (see Figure 2.5).
However, normally less than 1 % of the emitted photons originate from the °D; excit-
ed state, and even less from °D,. The dominant emission is from the lowest excited
state °Dy, particularly in the °Do-"F, hypersensitive transition at 611 nm.> The emis-
sion due to the magnetic dipole transition °Do-"F1 is insensitive to the site symmetry,
whereas the emission peaks due to the electric dipole transition of °Do-'F», induced
by the lack of inversion symmetry at the Eu®" site, is much stronger. The exponential
decay time constant of emission due to the 5Do-7F2 transition is on the order of 1-1.4
ms, 206.207

The color of the luminescence of Y,03:Eu shifts from yellow to red with an in-
crease in activator concentration and/or in the phosphor temperature. The color shift
is a function of activator concentration due to the difference in the concentration de-
pendence (CD-)curves of the °D,, °D1, and °Dg luminescence in the Eu®*" spectrum.
The luminescence lines quenched in the order °D,, °D+, and °Dy as the activator con-
centration increased.* Typical CD-curves for °Dg-'F transitions can be found in Fig-
ure 2.2.

The quantum efficiency of Y,03:Eu is near unity for 4 =200 nm (and could
approach the value of 2 for wavelengths shorter than 100 nm).2®® When excited at
A= 254 nm (in the charge transfer band), it approaches 95 %.° At longer wave-
lengths, the efficiency decreases. In some cases, it is possible to improve the per-
formance of the phosphor in a wavelength range where its efficiency is insufficient, by
introduction of sensitizers. For example, co-doping with bismuth ions increases the
light output of the Y,03:Eu phosphor for excitation at 350 nm."? Its quantum efficien-
cy at 254 nm can also be improved by co-doping with gadolinium.*®

4.2.1b. Y3A|5012Tb

If light emission with spectral or transient characteristics other than those of
the Y,03:Eu phosphor is desired, other material systems should be considered. In
the simplest case, this could be achieved by doping the same host with a different
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activator. However, usually the choice of dopants which have substantial quantum
efficiency in any particular host is very limited. For example, although practically all
rare-earth ions in Y203 emit light in the visible, UV- or IR- range,”*® doping with Eu-
ions produces by far the most efficient phosphor.?®® Therefore, generally the host
material also has to be changed and synthetic route should be adjusted accordingly.
Certain hosts may require substantially more sophisticated processing.

Yttrium aluminum garnet (YAG) Y3Als01, was used as a secondary host mate-
rial in DPC FAD experiments. YAG can be doped with various rare earths and transi-
tion metals and is widely applied as a host compound due to its superior mechanical
properties, low thermal expansion, high threshold for optical/cathode ray damage,
and general chemical stability.1’21°*211 Its main application fields are in solid-state la-
sers (e.g., YAG:Nd), phosphor-converted white LEDs and scintillators (YAG:Ce),
lamps and various display devices (e.g., YAG:Tb).

The most important concern about YAG-based phosphors is the difficulty of
obtaining the pure phase material."?'? Along with YAG, there are two further stable
compounds in the Y203-Al,O3 phase diagram: monoclinic Y4AI,09 (YAM) and YAIO3
with the perovskite or hexagonal structure (YAP or YAH, respectively).'®*?"* YAM is
the easiest to form, whereas other phases are somewhat more difficult to obtain. In
the solid-state synthesis, YAM appears first, YAP second, and YAG last, as the firing
temperature increases. Accordingly, local deviations from stoichiometric ratios are
very probable, so that YAM and YAP are often present in YAG-powders as by-
products. Single-phase YAG can be obtained by firing at temperatures as high as
1500C, even if BaF ,-flux is used." It is possible to obtain phase pure YAG at much
lower temperatures (e.g., 800-900C) by choosing alternative synthesis meth-
ods 211212

The crystalline structure of YAG has a body-centered cubic lattice (space
group Ia3d) with a lattice constant of 1.200 nm.?'° Its theoretical density is
4.55 g/cm®?'* YAG has an average refractive index of 1.83 in the visible range®'® and
its transparency range spans from 200 nm (the fundamental absorption edge is at
6.73 eV) to at least 4.1 um.?'® The melting temperature of YAG is 1940C. ?'" At the
same time, it is one of the most creep-resistant refractory ceramic materials,?'* which
is attributed to its complicated crystalline structure. The unit cell of the YAG crystal
lattice contains 160 atoms.?'® The Y ions occupy 24 sites which are dodecahedrally
coordinated to eight O atoms (D;). There are two different sites for Al: 16 sites with
octahedral point symmetry (Csi) and 24 sites with tetrahedral point symmetry (Sa).
Rare earth dopant ions usually substitute Y-ions.?'®21°

FAD-produced yttrium aluminate powders were activated by terbium ions be-
cause characterization of the photoluminescent properties of YAG:Tb could be per-
formed with the same equipment as used for Y,03:Eu phosphor. First, as opposed to
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YAG:Nd, YAG:Tb emits in the visible range. Second, as opposed to YAG:Ce,
YAG:Tb can be excited with UV-radiation at 254 nm.

Spectra of luminescence of Tb** also consist of many lines due to °D;-'F; tran-
sitions (see Figure 2.5). Spectral distribution of emission significantly changes with an
increase of Th-concentration due to cross-relaxation, which quenches emission from
the °Ds level." In nearly all hosts containing a few mol.% of Tb, the most prominent
line is due to the °D4-'Fs transition at approximately 550 nm. This transition has the
largest probability for both induced electric-dipole and magnetic-dipole transitions.
Excitation spectra of Tb**-emission usually feature a broad band in the wavelength
range 220-300 nm, which originates from the 47®* —4775d" transition. Spectra of

emission and excitation of Tb* in YAG and other yttrium aluminate hosts can be
found in literature.” Typical luminescence decay times for YAG:Tb are on the order of
4 ms.211‘220

4.2.2. Raw materials and commercial reference samples

Stock solutions for DPC-FAD were prepared by dissolving chlorides or nitrates
of yttrium, europium, gadolinium, aluminum, and terbium (99.9 %, purchased from
MaTecK GmbH and Alfa Aesar) in deionised water. The overall concentration of the
rare-earth ions in the precursor solution was varied between 0.01 and 0.5 M. The
standard concentration was 0.2 M. Citric acid monohydrate (puriss., p.a., Sigma-
Aldrich), ethylene glycol (p.a., Merck) and polyethylene glycols (ultra grade purity,
Fluka) were used as additives in experiments on synthesis of phosphor particles with
improved morphology.

Stock solutions for CVC-FAD were prepared as follows. First, nitrates of yttri-
um (99.9 %, ChemPur) and europium (99.9 %, Alfa Aesar) were dissolved in ethanol
(EtOH, p.a.). Afterwards, 2-ethylhexanoic acid (EHA, 99 %, Riedel-de Haén) was
added so that 0.5 M solution of yttrium and europium nitrates in a solvent composed
of 50 vol.% EtOH and 50 vol.% EHA was obtained.

In order to compare the brightness of FSP-deposited coatings with commercial
phosphor coatings, a series of samples was prepared by settling a purchased
Y,03:Eu phosphor powder (MaTecK GmbH, 4.5 % Eu, ¢, = 4 um) overnight in a

solution containing 0.2 wt% potassium silicate and sodium bicarbonate (1 wt%).
Brightness of luminescence of Y,0O3:Eu nanophosphor powders produced by CVC-
FSP was normalized to that of another commercial Y,03:Eu phosphor (L 581, Osram
GmbH, ¢,,,=4.8-6.2 ym).
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4.3. Characterization methods

4.3.1. Morphology and phosphor particle size

Morphology of the FAD-deposits was investigated by scanning electron mi-
croscopy (SEM: LEO 1530 Gemini). The coating density was determined by weighing
the substrates before and after the deposition. The porosity of the coatings was cal-
culated from their apparent thickness (obtained from optical microscopy of cleaved
samples) and coating density.

In order to calculate the average particle size of powders obtained by DPC-
FAD, diameters of 250 particles were measured in each case; confidence intervals
were estimated from the Student’s t-distribution (on a logarithmic scale) by assuming
log-normal PSD and a confidence level of 95 %.

The morphology of phosphor nanoparticles synthesized by CVC-FSP was ob-
served by tunneling electron microscopy (TEM: CM30 microscope, acceleration volt-
age 300 kV). The elemental composition of the nanophosphor was investigated by
energy dispersive X-ray spectroscopy (EDX) with an EDAX Pegasus system (in-
stalled into a scanning electron microscope Quanta 200 FEG, FEI). Estimation of the
relative concentration of europium was performed by the standardless EDAX ZAF
quantification method (implemented in the software available from EDAX) using Y-L
and Eu-L lines. The specific surface area (SSA) of powders was measured by the
Brunauer-Emmett-Teller (BET)-method (Micromeritics Tristar 3000). The BET equiva-
lent diameter was calculated using the density of 5.3 g/cm® (obtained from XRD).

4.3.2. Crystallinity of phosphor powders

X-ray diffraction (XRD)-patterns were obtained by diffractometers Bruker AXS
D8 Advance and Philips PW 1710 (40 kV, 40 mA, Cu Kea ). The crystal size and
weight fractions of cubic and monoclinic yttria phases in nanopowder samples were
determined using the Rietveld fundamental parameter refinement (with the software
TOPAS 3.0, Bruker).

Raman spectra were detected with a Jobin Yvon LabRam HR800 spectrome-
ter (at 23T, excitation by He-Ne laser, A= 633 nm, 2 m\W) and a Renishaw InVia
Reflex Raman system equipped with laser sources with 4= 633 nm (He-Ne, 17 mW)
and A= 785 nm (laser diode, 300 mW).
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4.3.3. Photoluminescence and attenuance

The photoluminescence of the phosphor coatings deposited on fused silica
substrates was excited by a low-pressure mercury lamp (NU-8 KL, Konrad Benda) at
the wavelength of 254 nm and measured (in the transmission mode) by a
photospectrometer (Tristan 4, MUT GmbH). Screen brightness was determined by
the amplitude of the main emission peak and then normalized to the highest bright-
ness of the phosphor coatings deposited by sedimentation of the commercial
Y,03:Eu phosphor powder (coating density 2.0 mg/cm?, see Section 4.3). During the
first seconds of exposure to the UV-light, the intensity of emission from the FAD-
deposited Y,03:Eu coatings decreased by up to 5 % (most probably due to the for-
mation of color centers, see Section 2.1.2) and then stayed constant. When not ex-
posed, the brightness recovered approximately to its initial level. All values of PL-
intensity in this thesis refer to the ones obtained after continuous excitation for sever-
al minutes. The PL excitation (PLE) spectra were measured with a fluorescence
spectrometer (Jobin Yvon Fluorolog). Measurements of luminescence excitation
spectra in the VUV-range were performed using the facilities of the SUPERLUMI sta-
tion at HASYLAB (DESY, Hamburg) - room temperature, reflection mode, resolution
of 0.32 nm by the primary 2 m monochromator in 15° McPherson mounting.??" A cor-
rection for the incident photon flux was performed. Time-resolved fluorescence spec-
troscopy measurements were carried out at the Institute for Laser-Physics at the
Hamburg University, Germany. A Nd:YAG laser with a frequency-doubled OPO
(OPO-BBO LP 603, SOLAR LS) was used to investigate the decay time of the lumi-
nescence (excitation at a wavelength of approximately 260 nm, pulse duration 10 ns,
repetition rate 10 Hz).

Photoluminescence of the nanophosphor powders (collected on the filter dur-
ing CVC-FAD experiments) was examined with a Varian Cary Eclipse fluorescence
spectrometer. The brightness of the luminescence was expressed by the intensity of
the main emission peak (at 4= 612 nm) and normalized to that of the commercial
Y,03:Eu phosphor (see Section 4.3). Measurements of the PL-emission spectra were
performed by exciting the phosphor with a Xe flash lamp at a wavelength of 254 nm.
Each time, a sample of 100£10 mg of the phosphor powder was loaded into a pow-
der cell and then pressed towards a quartz glass plate which served as the front win-
dow. The compaction of phosphor to a volumetric porosity of 0.87£0.02 created a
powder tablet, which could withstand further handling. Before performing measure-
ments, the front window of the cell was removed in order to eliminate the influence of
the Fresnel reflection of light emitted by phosphor on the interface with the glass.
Photoluminescent decay curves were registered and fitted by the “Cary Eclipse”
software supplied by Varian in order to extract exponential decay time constants.
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Attenuance spectra of the deposited coatings were taken with a Perkin-Elmer
UV-Vis-NIR spectrometer Lambda 19 and a Varian Cary 500 UV-Vis-NIR spectrome-
ter. Each coating activated with either Eu- or Th-ions was measured twice, once with
and once without a longpass optical filter (GG-455) installed between the sample and
the detector. Any significant signal in the UV-range observed in the spectra taken
with the filter was due solely to the photoluminescence, and this contribution was
subtracted from the original attenuance spectra (i.e., those taken without the filter). In
this way, the attenuance spectra could be corrected for the emission of photolumi-
nescence. At the same time, the spectra taken with the filter could be considered as
T-mode photoluminescence excitation spectra in the range where the primary beam
from the lamp is blocked.

68



5. FAD based on droplet-to-particle conversion

5.1. Deposition of Y,0;:Eu coatings from aqueous solutions without
additives

5.1.1. General quality of the deposited screens

The first experiments showed that DPC-FAD does yield phosphor coatings on
quartz plates. Figure 5.1a represents a microscopic view of one of the deposited
samples. For comparison, a screen consisting of settled commercial phosphor parti-
cles is shown in Figure 5.1b. The thickness of the phosphor coatings is expressed as
a coating density of phosphor. FAD-deposits of pure and Eu-doped yttria with thick-
ness of up to 2.4 mg/cm? were successfully obtained. Volumetric porosity derived
from the geometric thickness of the coatings deposited from 0.2 M and 0.5 M precur-
sor solutions was found to be 92.1 % (£ 1.5 %). This value of the total porosity was
obtained by comparison with the theoretical density of single-crystalline Y,O3:Eu, i.e.,
it includes both the porosity of the phosphor particles and the space between the par-
ticles.

The wiping resistance of the layers was rather poor: the coatings could be de-
stroyed with a light touch on the coated surface. On the other hand, they did not suf-
fer any damage when the samples were held upside down and there was no notice-
able change in the specific weight of the coating when the coated plate
(0.45 mg/cm?) was dropped on a solid surface either freely from a height of 20 cm or
from a height of 1 m when put in a single substrate carrier.

During experiments with chloride-based precursor solutions, homogeneity of
the screens was disturbed by the formation of agglomerates of phosphor particles
and large single particles of a non-luminescent substance, which decomposed over-
night in the ambient air and flawed the screen with visible defect spots (Figure 5.2).
The latter problem could be attributed to chloride-based precursors. The products of
decomposition of chlorides could contain YCl3:Eu, YOCI:Eu or Y,03:Eu and various
mixtures of these, depending on the reaction temperature. The maximum measured
flame temperature was about 1500-1550CT (2.5-3 cm a bove the nozzle, on the cen-
tral axis of the burner). However, all flame-based deposition methods are generally
prone to large temperature fluctuations due to the vast temperature gradients present
in the flame."* Some of the particles probably did not completely react during the
residence time in the flame, so that the YCIs;:Eu could have been deposited onto the
substrate. When the propane flow rate was equal to 5 I/min, the temperature on the
surface of the substrate (fixed at 7 cm above the burner barrel) reached 1100-
1150C in the middle (at the central axis of the flame) and decreased towards the
edge of the substrate to 900-950T. When the flow r ate of propane was 3 I/min, the
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Figure 5.1 — SEM pictures of a) FAD-deposited Y,03:Eu (from the precursor solu-
tion with the overall concentration of rare-earth ions of 0.2 M); and b)
sedimented commercial Y,03:Eu phosphor.

corresponding temperatures on the surface of the substrate decreased by 250-
300C. It is possible that some non-decomposed prec ursors could remain in the coat-
ing. YCI3 is very hygroscopic and in ambient air turns into the hexahydrate.222 This
was supported by the increased content of chlorine detected by the EDX-analysis of
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spots.

the spots such as the one shown in Figure 5.2b. The problem was successfully
solved by using nitrate-based precursor solutions instead of chlorides. At the same
time, the formation of large agglomerates depicted in Figure 5.2a persisted. The
number of agglomerates increased with time after the cleaning of the nozzle. In all
experiments, their formation was suppressed by frequent cleaning of the burner.

5.1.2. Influence of the process parameters on the deposition rate

The main disadvantage of the spray deposition methods is significant
overspraying. In order to obtain satisfactory uniformity of coatings, the size of the
substrate must be a few times smaller than the whole deposition area, which results
in considerable losses of produced phosphor powders. The degree of overspraying is
also affected by the efficiency of the transport of nebulized droplets into the flame. As
a result, only a few percent of the total mass of the phosphor is deposited on the
substrate. Calculations show that approximately 3 % of the synthesized Y,03:Eu par-
ticles stick to the quartz plates when small concentrations of precursor solution are
used, i.e. between 0.01 M and 0.05 M. For higher concentrations of 0.2 M and 0.5 M,
this percentage decreases to 2.5 % and 1.5 %, respectively. Such a decrease shows
that FAD is not well suited for deposition of larger particles. A dependence of the effi-
ciency of deposition on the air currents inside of the fume hood was also observed. It
is for this reason that the deposition of phosphor screens by the original spraying
techniques (see Section 3.2) was usually performed in open atmosphere.'®

The decrease in concentration of the precursor solution in the DPC-FAD pro-
cess inevitably leads to a decrease of the deposition rate of the phosphor coating.
For example, if the concentration of rare earth nitrates was changed from 0.2 M to
0.01 M, the deposition rate expressed in the units of increase of the screen weight
per unit time decreases approximately by a factor of 15. This limits the range of ap-
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plicability of the DPC-based FAD to particles larger than 100 nm. Obviously, optimi-
zation of the process becomes a critical issue.

If scaling-up of the burner and the droplet generator is not considered, the
deposition rate can be influenced, e.g., by changing the deposition distance (DD, dis-
tance between the nozzle and the substrate). The substrate was usually placed at a
distance of 7 cm, i.e., approximately at the tip of the flame. When the DD was de-
creased to 5 cm, the deposition rate increased by 50 %. The temperature at the sur-
face of the substrate increased as well and at some locations exceeded 1200C. The
substrates made of fused silica could withstand this high temperature. If other sub-
strate materials had to be applied, the temperature would have to be reduced by
placing the substrate further away from the flame. In this case, the deposition rate
can substantially decrease. When the distance of 10 cm was allowed between the
burner and the substrate, the deposition rate was approximately 55 % of that at the
standard deposition distance (7 cm).

The major parameter determining the deposition rate at a given concentration
of the precursor solution is the amount of droplets entering the flame. The maximum
possible concentration of droplets is limited by the power of the droplet generator and
the efficiency of the transport to the flame. Figure 5.3 shows the relation between the
deposition rate and the flow rate of the carrier gas for the minimum and the maximum
nebulization rate. As expected, increase of any or both parameters leads to an in-
crease of the deposition rate. However, it is important to note that the improvement
due to the increase in the flow rate of air from 2 to 3 I/min was clearly subproportional
and further increase would not be very beneficial. In addition, the entrainment of the
air stream with droplets into the flame at the higher flow rates caused a problem with
the flame stability. During the further stages of the work, the flow rate of the carrier
gas was varied in the range 2-3 I/min.

The increase of the nebulization rate was also attended with difficulties. Most
of the ultrasonic energy produced by the nebulizer is dissipated as heat. The temper-
ature of the precursor solution in the ultrasonic cup noticeably increases (Tprec > 40T
after 20 minutes of nebulization). The walls of the hose connecting the nebulizer with
the burner were at room temperature and droplets carried by the stream of warm air
could impinge on the wall or even be attracted towards colder surfaces due to the
thermal force.*’ In order to prevent the losses of aerosol produced by the nebulizer,
the flexible plastic hose was replaced by an electrically heated metal hose. Heating
the walls of the hose to a temperature of 80-100C proved to be efficient for increas-
ing the deposition rate by the described DPC-FAD process. For the standard deposi-
tion conditions (DD = 7 cm, flow rate of the carrier gas 3 I/min), this resulted in 40 %
increase of the deposition rate. When the flow rate of air was 1 I/min, it was possible
to nearly double the deposition rate by heating the hose.
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Figure 5.3 — Effect of the carrier gas flow rate on the deposition rate of Y,03:Eu
phosphor for different nebulization rates ([RE] = 0.2 M, DD =7 cm).

The typical value of the deposition rate for the standard parameters
([RE] = 0.2 M; DD =7 cm; propane feed rate 5 I/min; carrier flow rate 3 I/min; the min-
imum nebulization rate; heating of the hose ON) was on the order of 4 mg/cm?h.

5.1.3. Crystallinity of the Y,0;:Eu phosphor

The necessity of the hose heating was supported by the following observation.
In the attenuance spectra of some samples deposited without heating, the fundamen-
tal absorption edge was noticeably shifted towards longer wavelengths (Figure 5.4a).
The shift was especially pronounced for the samples deposited either at high nebuli-
zation rates (i.e., large concentration of droplets in the flame) or at low feed rates of
propane (resulting in a smaller flame and lower temperature of the substrate). It can
be suggested that the origin of this shift is related to the structural disorder of the
crystalline lattice of yttrium oxide, e.g., substantial concentration of vacancies and
other defects, presence of an amorphous phase, and/or incomplete decomposition of
the nitrates.

In order to prove that the difference in the location of the absorption band is
not due to an external contamination, several samples demonstrating such a shift
were thermally post-treated. The coated substrates were fixed in the same FAD-
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Figure 5.4 — UV-Vis attenuance spectra of FAD-deposited coatings: a) two differ-
ent Y203 coatings deposited with and without the heating of the hose (coat-
ing density 0.8 mg/cm?, [RE] = 0.2 M); b) the same Y,03:Eu coating depos-
ited without the heating before and after flame annealing (coating density
0.43 mg/cm?, [RE] = 0.01 M, [Eu] = 8.5 mol.%).

setup and exposed to the flame without droplets for 5 min. The feed rate of propane
was 5 I/min and the temperature on the surface of the substrate was kept higher than
1100C (DD =5 cm). After annealing, the fundamenta| absorption edge shifted to-
wards shorter wavelengths, to its position in crystalline yttria. For Eu-activated sam-
ples, the described procedure resulted in a substantial increase of the intensity of
photoluminescence. In some cases, such as the one shown in Figure 5.4b, post-
treated samples could gain up to 100 % of their initial brightness. At the same time,
the intensity of emission for the coatings deposited at low nebulization rates, high
feed rates of propane, and with heating of the hose experienced no definite change
upon annealing by the flame impingement. As the droplets pass through the heated
hose, their temperature rises and water can be partially evaporated. The effect of
such preheating of the droplets can be compared to an extension of their residence
time in the flame.

The scope of this thesis does not include any further investigation of the influ-
ence of the nebulization rate or thermal history of the droplets on the properties of
deposited coatings. In order to assure the complete crystallization of yttria without
any post-treatment, FAD of Y,03:Eu coatings was routinely performed at the mini-
mum nebulization rate and with heating of the hose connecting the droplet generator
with the flame. This also applies to the comparison between the chloride- and nitrate-
based precursors. For very low concentrations of the precursor solution
([RE] = 0.01 M), the maximum nebulization rate was used in order to increase the
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deposition rate and the deposited coatings were post-treated by flame annealing as
described above.

For the coatings deposited with the heated hose, the conventional annealing
in an oven at temperatures in the range 800-1300C was attempted. At high tem-
peratures (1100T and higher), the performance of t he phosphor coatings significant-
ly degraded due to a devitrification process in the substrate (formation of the crystal-
line phase in the fused silica) and possibly a reaction between Y,03 and SiO,. It is
known that the phase transformation of silica glass occurs at temperatures in excess
of 1000C ?*® and oxides (e.g., Al,05?*) may serve as crystal nuclei. The crystalliza-
tion starts at the surface and the crystalline layer grows into the interior of the sub-
strate.??® After annealing at low temperatures (10 hours at 800<), the brightness of
the samples increased by up to 10 %. Annealing for longer times did not further in-
crease the brightness, which could be attributed to the high degree of crystallinity of
Y,03:Eu particles. Due to the minor increase of the brightness, the conventional an-
nealing was considered impractical and all results reported in this thesis refer to the
FAD-coatings which were not treated in the oven.

A representative emission spectrum of synthesized phosphor is shown in Fig-
ure 5.5. The main emission peak observed at 611 nm is characteristic for the cubic
modification of Y,Os:Eu. During the first experiments, the doping level was set to
10 mol% Eu-ions relative to the overall content of (Y + Eu)-ions. This was theoretical-
ly predicted to be the optimum activator concentration for this phosphor.‘a’O
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Figure 5.5 - Spectrum of photoluminescence of Y,03:Eu phosphor produced
by FAD.
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Both XRD (Figure 5.6) and Raman spectroscopy (Figure 5.7) confirmed that
the phosphor produced by the FAD-procedure crystallized in the cubic structure with
a high degree of crystallinity. The angular positions of the peaks in the XRD spectra
agreed with a spectrum of purchased Y,03:Eu phosphor powder, previously pub-
lished results,'”® and JCPDS card No. 25-1011. The Raman spectra were compared
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Figure 5.6 — XRD spectrum of FAD-deposited Y,03 coatings ([RE] = 0.2 M).
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Figure 5.7 — Raman scattering spectra of the FAD-deposited coatings
([RE] = 0.2 M, [Eu] = 10 mol.%) and the commercial phosphor, excited with
He-Ne laser.
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with that of commercial phosphor and the reported data for Y,Os3:Eu
Y,03.22%%% The most noticeable difference between FAD samples and commercial
phosphor was the decrease in the relative intensity of the peak at 375 cm™. Usually
reported as the most prominent line in the phonon spectrum, it was significantly
weaker than the one at 429 cm™ in the spectra of FAD-deposited Y,03:Eu®* powders.

In case of the sprayed phosphor, none of the phonon scattering peaks below
300 cm™ were observed in the spectra. Fitting of the highest phonon frequency line of
the purchased phosphor with the Lorentzian shape-function revealed two closely
spaced peaks. The peaks at 594 cm™ and 468 cm™ were not present in Y,03:Eu ob-
tained by the FAD procedure. The coatings of both kinds had a peak at 491 cm’
which is not usually found in literature.

There was a very good match between the Raman spectra of the FAD-
produced Y,03:Eu phosphor and the work of Zhang et al.?® In the reported spectra,
one could observe the peak at about 491 cm™ and the most prominent peak was also
situated at 429 cm™, in full consistency with the present study. It should be noticed
that the mean particle size, both in this project and in the cited work, was in the sub-
micron range whereas in other cited papers these were, e.g., single crystals and rela-
tively coarse powders obtained by firing. Another common detail is that the spectra in
Figure 5.7, as well as in Zhang et al.,>*® were taken under exposure to the He-Ne
laser radiation at 633 nm. As it can be seen in Figure 5.5, this wavelength appears in
the range of emission of Y,0O3:Eu. The Raman scattering spectra spanning a range
up to 2500 cm™ could include the PL-emission peaks in the range 633-750 nm. In-
deed, the Raman shift of 1700 cm’ corresponds to the wavelength of about 709 nm,
which can explain the presence of the peaks in the Raman spectra observed near
this location. The Raman scattering peak at 429 cm™' could be as well attributed to
the luminescence peak at 651 nm.

At the later stages of the experiments, the measurements of Raman spectra
under excitation by a laser diode at 785 nm could be performed (Figure 5.8). There is
a striking difference with the spectra obtained at 633 nm. The peak at 375 cm™ be-
comes by far the largest in the spectra of both the FAD-deposited Y,03:Eu and
commercial phosphor. Locations and intensities of the peaks in the range of
A >600 nm have completely changed, as expected.

It was not possible to detect any significant difference in the XRD and Raman
scattering spectra of samples produced from the precursor solutions with different
concentrations of the rare-earth nitrates. Both the position and the relative intensities
of the peaks did not change. This confirms that the lattice constant of the phosphor
produced by DPC-FAD does not depend on phosphor particle size.
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Figure 5.8 — Raman scattering spectra of the FAD-deposited coatings

([RE] = 0.5 M, [Eu] = 8.5 mol.%) and the commercial phosphor, excited at
785 nm.

5.1.4. Control of the phosphor particle size

The direct conversion of droplets of the precursor solution into the solid parti-
cles provides an effective means for controlled decrease of the size of the phosphor
particles. Equation 5.1 shows a relationship between the sizes of a phosphor particle
and the corresponding initial droplet (assuming a dense homogeneous solid particle)

¢:£3cM

: 5.1
10\ np S

where ¢ and ¢' are diameters of the particle and the droplet, respectively; c is the
molarity of the precursor solution in mol/l; M is the molar weight of the product in
g/mol; pis the density of the product in g/cm?®; and n is the molar ratio of the precur-
sor and the product. The decomposition of nitrates of trivalent rare earths can be de-
scribed by the simplified reaction
2 RE(NO;), - RE,O,+6 NO, +1.5 O, (5.2)

For each mole of the oxide, two moles of the nitrate are consumed. Therefore, n in
Equation 5.1 equals 2. The molar weight (225.8 g/mol) and density of pure yttria
could be adjusted in order to account for the doping. The size of the droplets pro-
duced by the ultrasonic nebulizer is determined by the excitation frequency f and

can be estimated by an empirical formula®’
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where ;ZNSO is the count median diameter (for a lognormal count distribution it is equal
to the geometric mean diameter Jg ); ¥ and p' are the surface tension and density of

the precursor solution, respectively. Ultrasonic nebulizers typically have a narrow
droplet size distribution (1.4-1.6 in the terms of geometric standard deviationo, )4

The size of the droplets produced by the droplet generator used in this work, as spec-
ified by the manufacturer, was in the range 0.5-5 ym.

Figure 5.9 shows an example of the FAD-sample which was intentionally
made very thin for the purposes of collection of the particle size statistics. The results
for the deposits obtained from the precursor solutions with different concentrations of
rare earths are presented in Figure 5.10 and in Table 5.1. For irregularly shaped par-
ticles, Feret’s definition of particle diameter was used.*” The PSD for low concentra-
tions of the nitrates was resembling the lognormal one (although it could not pass the
Shapiro-Wilk normality test for logarithms at 5 %-level). For 0.01 M and 0.05 M solu-
tions, a geometric standard deviation of 1.7 was calculated, which was close to the
typical width of the droplet size distribution of ultrasonic nebulizers. For higher con-
centrations of the precursor solution, the PSD of produced powder loses its shape
and cannot be described by the lognormal distribution. The mean particle size also

Figure 5.9 — SEM of a thin phosphor layer used for acquiring the statistics of parti-
cle sizes ([RE] = 0.05 M).
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Figure 5.10 — Particle size distribution for the FAD-deposited phosphor powders
corresponding to the different concentrations of the precursor solution: a)
0.01 M; b) 0.05 M; c) 0.2 M; d) 0.5 M.

Table 5.1 — Particle size statistics (theoretical values are shown in brackets)

Concentration of the | Arithmetic mean | Geometric mean | Sauter diameter,

precursor solution particle size, [nm] | particle size, [nm] [nm]
0.01 M 205 180 (120) 300
0.05M 385 335 (200) 610

0.2M 570 440 (310) 1400

0.5M 615 500 (430) 1020

Commercial
3950 3500 6500
phosphor

demonstrated a considerable deviation from the cubic root dependence on the solute
concentration of precursors set by Equation 5.1.

The strong deviations from lognormal PSD and Equation 5.1 could partly be
explained by the insufficient size of the samples (250 particles). It is usually recom-
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Figure 5.11 — Effect of the sample size on the value of the geometric mean diame-
ter of phosphor particles.

mended to count at least 450 particles in order to determine the average particle
size."® However, as it can be seen in Figure 5.11, the geometric mean particle size
practically does not change for samples larger than 150 counts. It can hardly be ex-
pected that counting more particles would significantly change the results. The calcu-
lated uncertainty of the mean was less than 10 % in all cases. In addition, some au-
thors state that for samples exceeding 200 particles, good reproducibility (within
+5 9% can be achieved.*

The comparison between the values of the geometric mean diameter obtained
from SEM-inspection and those obtained from Equation 5.1 (see Table 5.1) shows
that the former ones are in all cases greater that the latter. This can be to a large ex-
tent attributed to the poor morphology of the phosphor particles. The temperature of
the flame was well below the melting point of yttria so that the particles could not ap-
proach their theoretical density during the short residence time. This results in con-
siderable hollowness and porosity of the particles and expressed roughness of their
surface. The reduced apparent density of the phosphor particles (e.g., to about 70 %
of the theoretical density of europium-doped yttria) would explain the underestimated
particle sizes calculated from Equation 5.1. Furthermore, it is possible that the pres-
ence of rare earth salts in the precursor solution changes its surface tension and
causes a shift in the initial droplet size distribution (Equation 5.3), which can also be a
reason for the deviation from the cubic root dependence discussed previously.

81



5.1.5. Optimum screen thickness

As discussed in Section 2.2, the brightness of phosphor coatings strongly de-
pends on their thickness. In the reflection (R-)mode, the intensity of luminescence
increases until it reaches saturation (for very thick phosphor layers). On the contrary,
the maximum brightness in the transmission (T-)mode corresponds to a certain thick-
ness and gradually decreases for thicker phosphor layers.

A series of samples of different coating densities was prepared for a 0.2 M
precursor solution containing 10 mol.% of Eu,0O3. The changes of the R- and T-mode
intensities of photoluminescence excited at 254 nm are presented in Figure 5.12a.
Changes of PL-intensity for increasing thickness of phosphor layer were similar to
those observed for conventional phosphor screens, e.g., CRTs made of phosphor
powder with the particle size of 3.5 um (see Figure 2.8).2 However, for FAD coatings
deposited from the 0.2 M precursor solution the maximum light output in the T-mode
was achieved with coating densities of 0.4-0.5 mg/cm?, which is significantly lower
than the values obtained for conventional micrometer-sized phosphors (e.g., 2-
3 mg/cm?, Figure 2.8). The optimum thickness for the screens deposited by the sed-
imentation of the commercial phosphor in the present investigation was 2.0 mg/cmz.
The corresponding value of the T-mode emission intensity is used throughout this
thesis as a reference.

As it can be seen in Figure 5.12b, the fraction of the exciting radiation reflected
by the coatings with densities exceeding 0.3 mg/cm2 practically did not change,
whereas the intensity of the UV-light transmitted through the coatings decreased ex-
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Figure 5.12 — Brightness of the PL-emission at 611 nm (a) and intensity of re-
flected and transmitted UV-light at 254 nm (b) of the FAD-deposited
Y,0s3:Eu phosphor coatings of different thickness ([RE] = 0.2 M,

[Eu] = 10 mol.%).
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ponentially with the thickness. The penetration depth of the UV radiation at 254 nm
was approximately 0.16 mg/cm?. For the optimum thickness (~0.4 mg/cm?), about
97 % of the diffusely incident UV-light was either reflected or absorbed by the phos-
phor.

It is possible to express the thickness of the phosphor screen in conventional
phosphor layers according to Equation 2.58, which is repeated here

L=1.65—"_ (5.4)
PP

where L is the number of phosphor layers; W is the screening weight; o is the densi-

ty; and ¢y, is the Sauter diameter of the phosphor particles.

A Sauter diameter of 1.4 um was calculated for the chosen concentration of
the precursor solution (see Table 5.1). The maximum T-mode brightness of FAD
screens was achieved in the range 1.0-1.3 phosphor layers. For comparison, the
highest brightness obtained for the settled screens corresponds to approximately 1.0
phosphor layers.

5.1.6. Optimum concentration of europium

The concentration of the activator is one of the major factors influencing the
characteristics of deposited phosphor coatings. It affects the brightness of lumines-
cence, the decay time constant of emission, and to a certain extent the crystalline
structure of the compound sesquioxide.

The main optimization parameter in this study was the brightness of the phos-
phor screen. The concentration of europium ions was investigated over the range 0.5
— 25 % relative to the overall concentration of the rare earth ions. Usually, the effi-
ciency of different phosphors is compared in the R-mode for very thick coatings (in
the approximation of semi-infinite plaques). This method is, however, hardly applica-
ble for FAD-coatings. In this thesis, the maximum brightness of PL-emission in the T-
mode was used for comparison of phosphors with different concentration of the acti-
vator. This method is inherently more complex because it demands preparation of
phosphor coatings of some certain optimum thickness (see Sections 2.2.2, 2.2.3, and
5.1.5). For phosphor powders produced from the 0.2 M precursor solutions, the opti-
mum values of the screen density were about 0.4 mg/cm? (see Figure 5.12). In order
to compare FAD-deposited Y,03:Eu phosphor coatings containing different amounts
of europium, a series of samples with coating densities spanning the range 0.3 -
0.6 mg/cm2 was prepared for each particular concentration of the activator. In each
series, a sample with the highest T-mode PL-brightness was chosen. Figure 5.13
shows the results of these experiments.
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Figure 5.13 - Influence of europium concentration on the PL-intensity and the ex-
ponential decay time constant of FAD-produced Y,0O3:Eu phosphor
([RE] = 0.2 M).

The highest luminescence efficiency was achieved in the range 8-10 mol.%
Eu,0s. In further experiments, the optimum phosphor composition corresponding to
(Yo.915EU0.085)203 was used. This exceeds the concentration of the activator in most of
the commercial Y,03:Eu phosphors. The difference is explained by the more uniform
distribution of the activator in the matrix as they are mixed at molecular level in the
precursor solution as compared to the solid state diffusion of pure oxides during the
firing, commonly implemented in industry.'**'3® The lattice constant obtained from
the XRD spectrum of the phosphor with the optimized composition was larger than
that of the commercial phosphors (1.0619 vs. 1.0608-1.061 nm, respectively), which
could be anticipated due to the higher concentration of the activator in the FAD-
produced Y,03:Eu. The lattice constant increases with the increasing concentration
of the dopant because of the larger radius of Eu**-ions substituting Y>*.%*'

The most significant outcome was that the brightness of the FAD-coatings of
the optimized composition was comparable with the best samples obtained by sedi-
mentation of the commercial phosphor. Intensity of emission of the best as-deposited
FAD-screens in the T-mode could reach 97 % of that of the reference sample.

The concentration of the activator influences the rate of radiative transitions
due to the effect of concentration quenching (see Section 2.1.2). The decay kinetics
of luminescence of the FSP-synthesized Y,03;:Eu-phosphor for a few different con-
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Table 5.2 — Luminescence decay time of the FAD-produced
(Y1xEux)203 phosphor, [RE] = 0.2 M

. Decay time, ms
Eu concentration
from 100% to 10% from 100% to 1%
x =0.01 3.2 6.8
x = 0.045 2.6 54
x=0.1 1.5 4.0
x=0.25 0.083 0.46

centrations of the activator was investigated. The results are also presented in Figure
5.13.

In the simplest case of the first order exponential decay, transient behavior of
a phosphor could be characterized by a single time constant. For the samples with
low europium content (about 1 mol.% and lower), the decay curve could be fitted with
the exponent corresponding to the exponential time constant 7 of 1.38 ms, which is
in good agreement with literature.

As the concentration of the doping increases, the emission is expected to de-
cay faster. For the samples containing 4.5 mol% Eu-ions, 7 was measured as of 1.1
ms. When the doping level approached the quenching concentration, the decay
curve included higher order exponential terms (see, e.g., Kobler?*?) and could be only
roughly approximated by the single exponential time constant. For easier overview
and comparison in such cases, phosphors are often characterized by merely measur-
ing a time interval from the interruption of the excitation to the moment when the
brightness falls to a defined percentage of the initial value. Table 5.2 summarizes the
results of the investigation.

As follows from Table 5.2, the fluorescence decay time from 100 % to 10 % of
the brightness lays within the range of approximately 1.5 to 3 ms for all practical Eu-
concentrations in the FAD-synthesized Y,03;:Eu phosphor. For excessive doping,
much shorter lifetimes could be achieved but the brightness of the emission drastical-
ly decreased.

The Raman spectra demonstrated the expected shift of the peaks to lower fre-
quencies (e.g., the peak at 375 cm™, Figure 5.14) due to the increased lattice con-
stant. Their positions differ by at least 3 cm” between the spectra of the samples
containing 6 % to 14 % of europium. For the europium concentration of 25 %, the
peaks shifted even further.
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Figure 5.14 — Shift of the Raman scattering peak at 375 cm™ (excited by He-Ne
laser) for different concentrations of Eu* in the Y,O3:Eu phosphor.

5.1.7. Effect of decreasing phosphor particle size

Optical properties of powder coatings undergo significant changes when the
size of particles decreases below the wavelength of light the coatings are exposed to
(see Section 2.3). As discussed in Section 5.1.4, the size of phosphor particles pro-
duced by the DPC-FAD technique can be effectively controlled by the concentration
of the precursor solution. When the concentration of rare earth nitrates decreased
from 0.2 M to 0.01 M, the geometric mean phosphor particle size decreased from
440 nm to 180 nm. The Sauter diameter changed from 1400 nm to 300 nm. The de-
pendence of the T-mode PL-brightness on coating thickness for these two concentra-
tions of precursors is presented in Figure 5.15.

The most important outcome was that the phosphor coatings obtained from
the precursor solution with the lowest solute concentration could not reach the bright-
ness of the coatings produced from the solution with the standard concentration of
0.2 M. At the same time, the increase of the precursor solute concentration to 0.5 M
did not noticeably change the maximum PL-brightness (i.e., it was approximately
equal to the maximum brightness of the phosphor coatings deposited from 0.2 M so-
lution).

The decrease of PL-emission intensity may be attributed to an increased non-
radiative decay rate, which shortens the observed decay time of luminescence and
leads to a decrease of the quantum yield (see Equations 2.1 and 2.2). The emission
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Figure 5.15 — Dependence of the T-mode PL-intensity on the coating thickness for

Y,03:Eu coatings deposited from 0.2 M and 0.01 M precursor solutions (full
squares and open circles, respectively; [Eu] = 8.5 mol.%).

decay time measured for the coating deposited from 0.01 M precursor solution was
approximately 20 % shorter than that of the standard coatings (e.g., 3.2 ms vs.
4.0 ms in terms of a decay from 100 % to 1 % of the brightness; [RE] = 10 mol.%,
see Table 5.2). The increased probability of non-radiative decay of the excited states
of Eu**-ions could be explained by an increased concentration of defects in the crys-
tal structure in the powders produced from precursors with low solute concentration.
This could to a certain extent be related to the structural defects still remaining after
the flame annealing procedure described in Section 5.1.3. However, the fact that the
brightness of no single coating produced from 0.01 M or 0.02 M precursor solutions
could exceed 70 % of the brightness of the reference sample even after the flame
annealing allows a conclusion to be drawn, namely that the defects acting as
quenchers cannot be removed by such thermal treatment.

Dosev et al.''® separated the Y,03:Eu powder synthesized by flame spray py-
rolysis into fractions of smaller and larger particle sizes. The former also demonstrat-
ed shorter decay time. In the cited work, however, the smaller particles had the mon-
oclinic crystalline structure and the larger ones were mostly of the cubic phase, which
could cause such a difference. The argumentation by Dosev et al.'"® cannot therefore
be applied to the results of the current study. No traces of the monoclinic phase could
be found in the XRD spectra of the coatings produced by the DPC-FAD technique in
the present work.
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As discussed in Section 2.3.3d, it can be expected that the increased specific
surface area of the smaller phosphor particles provides additional quenching sites at
the surface and increases the probability of non-radiative transitions. This quenching
mechanism appears especially important, if one considers the extremely rough sur-
face of FAD-synthesized phosphor particles favoring adsorption of contaminants from
the ambient atmosphere. The increase of brightness of the coatings could probably
be achieved by improving the particle morphology.

Another important conclusion to be drawn from the curves depicted in Figure
5.15 is that the optimum thickness for the coatings consisting of small particles is at
least 0.3 mg/cm2 or larger. For the Sauter diameter of 300 nm, this would correspond
to at least 3 phosphor layers as defined by Equation 5.4 (= Equation 2.58), which
substantially exceeds the values found for the coatings either deposited from the
concentrated precursor solutions or made from commercial phosphor powders (1.0-
1.3 phosphor particle layers). Such a deviation can be attributed to the change of the
scattering properties of the phosphor particles. When their size enters the
subwavelength regime, the scattering efficiency passes through its maximum and
then decreases (see Section 2.3.3a). Furthermore, it also becomes noticeably wave-
length-dependent. In this case, the concept of the phosphor particle layer described
in 2.2.3b cannot be applied anymore because the actual scatterance of one so-
defined particle layer starts to decrease and also depends on the wavelength of light.

Figure 5.16 reveals the evolution of the attenuance spectra of the FAD-
coatings deposited from 0.2 M and 0.01 M precursor solutions. In both cases as well
as for the commercial phosphor, screens with the optimum thickness have very close
values of attenuance of about 3 attenuance units at the excitation wavelength
(254 nm), which means that the optimum corresponds to a thickness, for which ap-
proximately 99.9 % of the normally incident UV-light is either absorbed by the phos-
phor or scattered away from its initial direction of propagation. A wide peak in the
range 500-600 nm can be observed for the standard FAD-coatings. In the spectra of
the coatings deposited from diluted precursors, this peak shifted to the short wave-
length edge. This shift should be related to the decrease of the phosphor particle
size. The location and shape of the peak are determined by the particle size distribu-
tion of the phosphor powders and the onset of absorption in the UV-range.

The dependent scattering probably does not play any significant role. FAD de-
posits have a particle volume filling fraction of less than 8 % (volumetric porosity of
92.1 % was measured for the standard Y,03:Eu coatings). According to Equation
2.99, the dependent effects become important when the value of the particle size
parameter falls short of about 1.4. Even for the smallest particles produced by the
DPC-FAD technique, i.e., for a Sauter diameter of 300 nm, this would correspond to
the wavelengths longer than 670 nm. Even if one assumes the density of the phos-
phor particles to be 70 % of the theoretical density of the single-crystalline material,
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Figure 5.16 — Attenuance spectra of the FAD-deposited Y,03:Eu coatings of dif-
ferent thickness: a) [RE] = 0.2 M, [Eu] = 10 mol.%; b) [RE] = 0.01 M,
[Eu] = 8.5 mol.%.

thus increasing the particle filling fraction to approximately 12 %, the dependent ef-
fects would be expected for the wavelengths longer than 500 nm in the case of the
coatings deposited from the 0.01 M precursor solution. For all FAD-deposits from the
solutions of the higher concentrations, the range of the dependent scattering would
still be outside the visible range. However, one also has to consider the effect of par-
ticle morphology (i.e., internal pores and roughness of the surface) on the scattering
properties. Any structural defects with sizes on the order of the wavelengths of light

produce additional scattering.
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The decrease of the attenuance towards the longer wavelengths observed in
Figure 5.15b is probably due to the Rayleigh-like character of light scattering by the
particles smaller than the wavelength of the incident light. A change of the steepness
of the curves should be ascribed to the lacking linearity of the measurements of
attenuance for the values larger than approximately 2 units (i.e., when the difference
between the intensities of the beams passing through the sample screen and the ref-
erence blank quartz substrate exceeds two orders of magnitude).

5.1.8. Sensitization of photoluminescence of Y,0;:Eu by co-doping
with gadolinium

Co-doping with gadolinium is often used in order to increase the conversion ef-
ficiency of Y,03:Eu for X-rays as the X-ray stopping power critically depends on the
atomic numbers of ions constituting the host lattice.® Photoluminescence excited in
the UV-range can also be influenced by Gd-doping in several ways: i) it changes the
width of the bandgap of the host, thereby affecting the efficiency of absorption of UV-
photons; ii) there is efficient energy transfer from directly excited Gd**-ions to Eu**-
ions in the range of the charge transfer band (CTB) of Y,03:Eu®®; and iii) co-doping
increases the refractive index of the medium and thus also increases the rate of
radiative transition of Eu**-ions.’! These beneficial effects would be more pro-
nounced for higher concentrations of gadolinium. However, with the increase of the
molar fraction of Gd,O3, the resulting compound tends to crystallize in a monoclinic
structure, which has significantly lower light output as compared to the cubic modifi-
cation."?

As described in the previous sections, the brightness of the Y,03:Eu coatings
produced by DPC-FAD (expressed by the intensity of the largest emission peak)
could reach at most 97 % of the maximum brightness of the Y,03:Eu phosphor coat-
ings made from the commercial micrometer-sized phosphor. Addition of Gd-ions al-
lowed for increasing the transmission-mode PL-intensities to 110 % of the initial
value, i.e., up to 108 % of the commercial reference (Figure 5.17). The highest
brightness was achieved for the coating containing 20 mol.% of Gd. The single expo-
nential decay time constant decreased from 0.95 ms to 0.85 ms.

For higher Gd-concentrations, the crystalline structure of the host started to
change in accordance with the Y,03-Gd,Os phase diagram®® so that for
(Y0.5Gdo5)203:Eu the PL-emission spectrum was already dominated by the contribu-
tion from the monoclinic phase. Corresponding changes were also observed in the
XRD spectra (Figure 5.18). The luminescence lifetimes of the (Yo5Gdo5)203:Eu and
Gd,O3:Eu phosphors were approximately equal (~0.5 ms).
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Figure 5.17 — PL-emission spectra of cubic and monoclinic (YGd),O3:Eu. Inset:
changes of the maximum T-mode intensity with the addition of Gd.
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Figure 5.18 - XRD spectra of (YGd),O3:Eu coatings deposited by DPC-FAD
([RE] = 0.2 M, [Eu] = 8.5-10 mol.%).
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It is known that addition of gadolinium can substantially improve the perfor-
mance of Y,03:Eu in the VUV-range.?** There was a noticeable shift of the host ab-
sorption peak between the PLE spectra of the FAD-deposited Y,03:Eu and
(Y08Gdp2)203:Eu coatings (Figure 5.19) leading to more efficient excitation in the
CTB (225-280 nm). However, for excitation in the range of 4 <210nm, the intensity
of emission was equal to that of the Y,0O3:Eu screens and both were considerably
worse than the light output from the commercial phosphor.

The inferior VUV-performance of the phosphor coatings deposited by DPC-

—— YZOB:Eu
——(Gd,Y,),0,:Eu
Reference

PL-intensity at 611 nm, [a.u.]

100 150 200 250 300 350
Excitation wavelength, [nm]

Figure 5.19 - PLE spectra of Y,03:Eu and (Gdo2Y0.5)203:Eu FAD-coatings
([RE] = 0.2 M, [Eu] = 8.5 mol.%).

/s o~ 25 a\- ' SR T a® Bt

Figure 5.20 — SEM pictures of FAD-synthesized phosphor particles: a) Y,03:Eu; b)
(Gdo,2Y0_8)203ZEU; and C) Gd203ZEU. [RE] =0.2 M, [EU] =8.5-10 mol.%,
scale baris 1 ym.
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FAD could be attributed to the nanoscopic roughness of the particle surface. The
conversion of droplets of the precursor solution into solid phosphor particles is ac-
companied by the rapid evaporation of water and decomposition of the solute to the
corresponding oxides. The surface of (YGd),Os:Eu phosphor particles obtained by
the standard FAD technique from water-based precursors is affected by phenomena
similar to the efflorescence of soluble inorganic salts (Figure 5.20). In order to in-
crease the brightness of the screens in the VUV-range, a means to improve the mor-
phology of the particles had to be found.
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5.2. Influence of polymeric additives on morphology and perfor-
mance of Y,0;:Eu phosphor produced by DPC-FAD

The use of air as an oxidizer of propane substantially simplifies the FAD-setup
but decreases the flame temperature and causes degradation of the morphology of
the particles. The temperature of the flame could be increased beyond the melting
point of yttria by enriching the air with oxygen. However, at increased temperatures,
yttria tends to crystallize in a monoclinic structure, which significantly decreases the
PL-output.'”

Hollowness and porosity of the produced phosphor particles are the main
drawbacks of the ultrasonic spray pyrolysis (USP) in electrically heated furnaces (see
Section 3.2). Synthesis of phosphors in low-temperature flames has much in com-
mon with the general USP method; thus, the problem of poor morphology of the par-
ticles could have a similar solution.

One of the ways to improve the condition of phosphor powders synthesized by
USP is by the introduction of polymeric additives to the precursor solution.?>3" At
high temperatures, the esterification reaction between carboxyl and alcohol groups of
citric acid (CA) and ethylene glycol (EG), respectively, forms polymeric chains inside
the droplets. During spray pyrolysis, a droplet entering into the furnace transforms
into viscous gel and decomposes to yield a dense particle of phosphor. In order to
improve the morphology of Y.OsEu®* and boost the performance of the FAD-
produced phosphor coatings in the range of deep UV, the feasibility of the introduc-
tion of organic additives which polymerize upon heating in the flame (as well as in-
side the heated hose carrying the droplets of the precursor solution into the flame)
was investigated. The amounts of added polymeric components varied up to 0.3 M
CA and 0.3 M EG for the overall concentration of rare-earth ions in the precursor so-
lution equal to 0.2 M and 0.5 M. The concentration of the activator was fixed to
8.5 mol.%.

5.2.1. Evolution of particle morphology and PL-output (for excitation
at 254 nm)

There was no difference in relative intensities of the peaks in the photolumi-
nescence emission spectra of the phosphors deposited with and without polymeric
additives and, therefore, the intensity of the main emission peak at 611 nm (see Fig-
ures 5.5 and 5.17) was used as a measure of overall brightness of photolumines-
cence.

The uniformity of the substrate coverage (Figure 5.21) of coatings deposited
by polymer-assisted FASP was similar to that of no-polymer deposition procedure.
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Figure 5.21 - Examples of phosphor coatings deposited from polymeric precur-
sors: a) thin layer (used for calculations of particle size statistics); b) thick
layer (used for photoluminescence excitation spectroscopy and attenuance
spectroscopy).

Figure 5.22 - Phosphor particles prepared from the precursor solution with various
amounts of polymeric additives: a) no additives; b) 0.02 M CA + 0.02 M EG;
c)0.05 MCA +0.05 MEG; d)0.1 MCA + 0.1 MEG; ([RE]=0.2 M).

Figure 5.22 demonstrates the evolution of morphology of phosphor particles for in-
creasing content of polymeric precursors in 0.2 M solution of rare-earth precursors. In
Figure 5.22a, phosphor particles prepared by standard FAD technique are shown.
Even small amounts of citric acid and ethylene glycol (0.02 M CA + 0.02 M EG) no-
ticeably improved the surface condition of the particles (Figure 5.22b). As the content
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of polymeric components increased, the morphology of the phosphor particles gradu-
ally changed, the porosity of the particles decreased (Figure 5.22c) and almost dis-
appeared at concentrations of CA and EG both equal to 0.1 M (Figure 5.22d). How-
ever, the PL-intensities measured by excitation at 254 nm were lower than that of no-
polymer coatings. The coatings with improved particle morphology approached 90 %
of the highest brightness level of the ones deposited without additives, but could not
outperform them. The particle size statistics is presented in Figure 5.23 and Table
5.3.

Figure 5.24 demonstrates that excessive and non-stoichiometric amounts of
the additives precluded volume precipitation of solid particles and resulted mostly in
hollow spheroids with thin walls that easily collapsed and broke apart.

To study the influence of the initial length of the polymeric chain, polyethylene
glycol was applied. The resulting morphology of the phosphor particles is presented
in Figure 5.25. Due to increased viscosity of the precursor solution prepared with
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Figure 5.23 - Particle size distribution for the phosphor powders deposited from
the precursor solutions with different concentrations of the polymeric addi-
tives: a) 0.05 M CA + 0.05M EG; b) 0.1 M CA+ 0.1 MEG;c) 0.1MCA +
01 M PEG (MW. = 1000); d) 0.1 M CA + 0.1 M PEG (MW. = 300);
[RE]=0.2 M.
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Table 5.3 — Particle size statistics of Y,O3:Eu phosphor coatings deposited with
addition of polymeric precursors

Amount Amount Arithme- | Geomet- Sauter di-
[RE], M of CA, tic mean, | ric mean, | GSD ameter,

M of EG, M nm nm nm

0 0 570 440 2.1 1400

0.05 0.05 680 550 2.0 1580

0.2 0.1 0.1 640 525 2.0 1100
0.1 0.1 (PEG 300) 560 490 1.8 760

0.1 0.1 (PEG 1000) 590 500 1.9 860

0 0 615 500 1.9 1020

0.1 0.1 640 470 2.3 1250

0-5 0.2 0.2 740 650 1.8 1100
0.2 0.2 (PEG 300) 580 480 2.0 860

Figure 5.24 - Phosphor particles prepared with excessive and non-stoichiometric
amounts of polymeric additives: a) 0.2M CA + 0.2 M EG; b) 0.2M CA +
0MM EG; ¢) 0.1M CA + 02M EG; d) 0.1M CA + 0.05M EG;

[RE] = 0.2 M.

pure PEG (M.W. = 1000), the efficiency of nebulization significantly decreased and a
mixture of EG and PEG with an equivalent molecular weight of 300 was applied (Fig-
ure 5.25b). The corresponding geometric mean particle size was 490 nm and GSD
decreased to 1.81 (see Figure 5.23 and Table 5.3). However, light output did not im-
prove.

In order to prove the applicability of the technique for higher concentrations of
precursors, a series of experiments was performed for a 0.5 M solution of rare-earth
ions. Figure 5.26 presents the changes in morphology of the phosphor particles. In
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Figure 5.25 - Phosphor particles prepared with polyethylene glycol: a) 0.1 M CA +
0.1M PEG (MW. = 1000); b) 0.1 M CA + 0.1 M PEG (M.W. = 300);
[RE] =0.2 M.

Figure 5.26 - Phosphor particles prepared from the precursor solution with various
amounts of polymeric additives: a) 0.1 M CA + 0.1 M EG; b) 0.2 M CA +
02MEG; c) 0.3M CA + 0.3M EG; d) 0.2M CA + 0.2M PEG (MW. =
300); [RE] = 0.5 M.

general, it went through the same stages of decreasing porosity to solid spherical
particles (Figure 5.26a, b), and further to torn hollow spheres (Figure 5.26¢). It should
be noted that among all tested concentrations of polymeric components, phosphor
particles, with the most filled morphology, were obtained with precursor solutions
containing 0.2 M CA and 0.2 M EG, which is considerably higher than the optimum
concentration of polymeric components determined for the 0.2 M solution of rare-
earth elements. Again, particles of superior spherical morphology were obtained with
a stoichiometric mixture of polyethylene glycol and ethylene glycol (Figure 5.26d).
Corresponding particle size statistics is shown in Figure 5.27.
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Figure 5.27 - Particle size distribution for the phosphor powders deposited from
the precursor solutions with different concentrations of the polymeric addi-
tives: a) 0.1 M CA + 0.1 M EG; b) 0.2M CA + 0.2M EG; c) 0.2M CA +
0.2 M PEG (M.W. = 300); [RE] = 0.5 M.

Also for the 0.5 M precursor solution, the highest achieved PL-intensity con-
verged with the brightness of phosphors synthesized without additives; i.e., the
brightness of Y,03:Eu phosphor particles produced by the described FAD process,
with an excitation of photoluminescence at 254 nm, could not be increased by the
introduction of polymeric components to the nebulized solution. This outcome, and
the fact that the highest achieved PL-intensities for the screens deposited by flame
spray deposition and by sedimentation of commercial phosphor powder were very
close to each other mean that the basic FAD-deposition procedure (described in Sec-
tion 5.1) yields Y,03:Eu phosphor with excellent efficiency for excitation at the wave-
length of 254 nm without any further process sophistication.

There could be several possible explanations for the negative effect of im-
proved particle morphology on the brightness of photoluminescence excited at
254 nm. For example, there is an inverse relation between the packing density of
phosphor particles in the layer and its brightness. According to Sasaki and Talbot,”
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Figure 5.28 - Attenuance spectra of phosphor coatings deposited from precursor
solution containing a) no polymer additives; b) 0.05 M CA + 0.05 M EG; c¢)
01M CA + 01M EG; d) 01 M CA + 04 M PEG (MW.=300),
[RE] = 0.2 M, coating densities ~ 0.36 mg/cmz.
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Figure 5.29 - Attenuance spectra of phosphor coatings deposited from precursor
solution containing a) no polymer additives; b) 0.1 M CA + 0.1 M EG,; c)
0.2MCA+0.2MEG;d)0.3MCA+0.3MEG; [RE] =0.5 M, coating den-

sities ~ 0.36 mg/cm?.
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phosphor screens with more densely packed phosphor particles achieve higher reso-
lution but have lower PL-output.

Higher resolution can be related to a reduced scattering of light by the phos-
phor particles. If one compares screens made from the same phosphor powder by
different screen deposition methods, the scattering properties mostly change due to
different arrangements of phosphor particles in a screen, which can be characterized
by packing density. If phosphor powders in comparison were not synthesized by the
same method, one has to account for an influence from different size and shape of
phosphor particles on observed scattering as well. In Figures 5.28 and 5.29, the
attenuance spectra of the FAD coatings produced with and without polymeric addi-
tives are compared. One can observe a substantial decrease of the scattering at
shorter wavelengths for the phosphor powders with the improved particle morpholo-
gy. For excessive amounts of additives, the morphology deteriorates and the corre-
sponding values of attenuance increase again.

It can be expected that, in general, decreased scattering (improved screen
resolution) leads to lower brightness of the screen. Unfortunately, the measurements
of the attenuance spectra could not be extended to the wavelengths shorter than
190 nm. Furthermore, changes in the light output are not merely determined by scat-
tering; it can also be influenced by minor differences in chemical composition, purity,
and crystallinity of the phosphor and should be investigated in the whole wavelength
range of destined application.

5.2.2. Analysis of PL-performance throughout the UV-range

In order to test the performance of deposited Y,03:Eu [Icoatings in VUV, pho-
toluminescence excitation spectra of the three samples with the highest PL-intensity
(measured in the T-mode at 254 nm) obtained from 0.2 M solution of rare-earth pre-
cursors, were measured in the range from A= 115 nm to 330 nm using synchrotron
radiation: one — deposited without polymers, one — with citric acid and ethylene gly-
col, one — with citric acid and the mixture of ethylene glycol and polyethylene glycol
(M.W. = 300), and the brightest sample deposited by sedimentation of commercial
phosphor powder. The results are presented in Figure 5.30.

All photoluminescence excitation spectra in Figure 5.30 feature a peak of effi-
ciency about 210 nm with a noticeable decrease towards shorter wavelengths. This
observation agrees with data reported in the literature.’?%2%-24" The decrease of
efficiency is attributed to a strong localization of the conduction band energy levels of
Y,03.2*° Some researchers point out that the decrease of the penetration depth of UV
light, leading to non-linear energy loss processes, could also be the reason for the
minimum of quantum efficiency corresponding to energies of photons equal to ap-
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Figure 5.30 — R-mode photoluminescence excitation spectra of phosphor coatings
deposited from 0.2 M precursor solution containing: a) no additives, 0.45
mg/cm?; b) 0.1 M CA + 0.1 M EG, 0.6 mg/cm? ¢) 0.1 M CA + 0.1 M PEG

(M.W. = 300), 0.28 mg/cm?; and d) — reference sample (commercial phos-
phor), 2.0 mg/cm?.

proximately 2.5 times the band gap for several different phosphors (14 eV or
A =90 nm in case of Y,Os:Eu phosphor).?*?

For wavelengths shorter than 190 nm, the spectra of the sample deposited
with ethylene glycol, and the plate coated by sedimentation of commercial phosphor
powder practically overlap. In the range around 157 nm (the wavelength of F,
excimer laser) - 147 nm (the resonance radiation line of Xe used in most plasma dis-
play panels and mercury-free fluorescent lamps) their brightness exceeds that of no-
polymer FAD-coating by more than 100 %. This margin further increases towards
shorter wavelengths and, at 120 nm, brightness of the sample deposited from the
precursor solution containing citric acid and ethylene glycol amounts to 270 % of that
of the best sample screened without the additives.

The spectra of PL-excitation in deep UV were measured in the R-mode. Such
measurements cannot be done in transmission because, in this regime, intensity
strongly depends on the thickness of the phosphor layer. The optimum thickness for
the highest brightness in the T-mode is determined by absorption of UV light: the
phosphor layer must be thick enough to absorb most of the exciting radiation and
emit approximately the same amount of light in both directions (forward and back-
ward). For thinner layers, some of the UV light is not absorbed and therefore overall
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brightness is decreased. For thicker coatings, the amount of light emitted backwards
gradually increases and output in the transmission mode correspondingly diminishes
(see Section 2.2).

In the deep UV range, values of the absorption coefficient steeply increase to-
wards shorter wavelengths,?*>?** and optimum thickness for light output in the T-
mode should correspondingly change, i.e., for every wavelength, coatings of different
thickness would be needed. As a consequence, it is much more convenient to char-
acterize the efficiency of phosphors by measuring excitation spectra of sufficiently
thick layers in the reflection mode.

It should be clarified whether the layer thickness in our case is sufficient and
does not influence the measured excitation spectra. If it was not sufficient, the higher
brightness of the coating deposited with the addition of polymers (in the reflection
mode) could be explained by the fact that its coating density exceeds that of the pol-
ymer-free coating. This argument applies well in the case of excitation in the wave-
length range about 254 nm, where coating thickness undoubtedly plays an important
role: reflection-mode brightness of the coating deposited with citric acid and ethylene
glycol (0.6 mg/cm?) is somewhat higher than the PL-output of the standard polymer-
free FAD-coating (0.45 mg/cm?) and both significantly outperform the coating depos-
ited with citric acid and polyethylene glycol (0.28 mg/cm?). However, in the range of
vacuum UV, the latter coating performs better than the polymer-free one, which can-
not be expected from comparison of their thickness.

It is known that the penetration depth of UV-radiation in Y,03:Eu phosphor
particles at 254 nm is at least one order of magnitude larger than that, for example, at
173 nm.?*® It should further decrease towards shorter wavelengths because the ab-
sorption coefficient is increasing.244 This means that the dependence of the PL-
intensity on the phosphor layer thickness in the reflection mode is not pronounced in
this wavelength range and there should be other reasons for the differing perfor-
mance of FAD coatings.

It can be suggested that the increase of the absorption coefficient towards
shorter wavelength could be related to the inferior performance of standard FAD
coating in deep UV because the surface condition of phosphor particles becomes
extremely important when the penetration depth of UV-radiation into phosphor parti-
cles decreases to the several-nm range. It is very likely that the rough surface of the
phosphor particles obtained without polymeric precursors has poor light-emitting
properties, for example, due to an increased concentration of surface defects which
constitute sites of non-radiative recombination of electrons and holes excited by UV
radiation.?** At the same time, spherical phosphor particles produced by polymer-
added FAD have a smooth surface and can demonstrate bright PL-output, compara-
ble to that of the commercial phosphor powder throughout the studied wavelength
range.
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5.3. Deposition of yttrium aluminates doped with terbium

Yttrium aluminum garnet doped by various rare earth ions constitutes an im-
portant class of phosphors with numerous applications. The synthesis of YAG:Tb and
YAG:Ce powders by conventional ultrasonic spray pyrolysis was reported several
times.?**2*® YAG:Ce phosphor has already been obtained by flame-assisted spray
pyrolysis.'®2%° Here, for the first time, flame synthesis of YAG:Tb phosphor was
studied.

The overall concentration of metal ions in the precursor solution used for dep-
osition of YAG:Tb coatings was 0.2 M. The molar ratio of the rare earths (Y+Tb) and
Al-ions was fixed to 3:5. The concentration of Tb was 5 mol.% of the overall concen-
tration of metal ions (i.e., approximately 13 mol.% of the rare earth ions) and was not
further optimized. This concentration of the activator is below the concentration
quenching threshold, which corresponds to 30 mol.% of the concentration of rare
earths in YAG.?*®° The standard FAD process parameters were applied (propane flow
rate 5 I/min, carrier gas flow rate 3 I/min, minimum nebulization rate, deposition dis-
tance 7 cm; see Sections 4.1.1 and 5.1.2).

5.3.1. Morphology and size distribution of synthesized particles

The results of SEM-investigation of the obtained deposits are shown in Figure
5.31a. As opposed to Y,03:Eu FAD-coatings, yttrium aluminate particles had nearly
perfect spherical filled morphology with a well defined surface. For comparison, an
Al,O; sample was deposited as well (Figure 5.31b). Particles of pure alumina
demonstrated a very pronounced hollowness, similar to Y,03:Eu particles produced
with excessive amounts of polymeric additives (see Section 5.2).

Particle size statistics for the yttrium aluminate powder is presented in Figure
5.32a. The arithmetic mean particle size was found to be 450 nm (geometric mean
320 nm, Sauter diameter 900 nm). The most remarkable feature of the size distribu-
tion is the large number of small particles. The bimodality of the PSD was much more
expressed than, e.g., for the yttrium oxide powders obtained from the standard aque-
ous precursors without additives (see Section 5.1.4). However, a comparable situa-
tion was observed when minor amounts of citric acid and ethylene glycol were added
to the 0.2 M Y,03:Eu precursor solution (0.02 M CA + 0.02 M EG, see Section 5.2.1).
The corresponding PSD is shown in Figure 5.32b.

The bimodal PSD was previously reported for FSP-produced Y,0s:Eu.
this pioneering work by Kang et al., the formation of large quantities of nanoparticles
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was attributed to evaporation and condensation of yttria in the gas phase at flame
temperatures close to its melting point. However, in the present work the temperature
of the flame was far below the melting points of the synthesized compounds and
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Figure 5.31 — Particles of yttrium aluminate (a) and pure alumina (b) produced by
DPC-FAD. The concentration of metal ions in the precursor solution was

0.2 M.
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Figure 5.32 — Particle size statistics for yttrium aluminate powder prepared from
0.2 M precursor solution (a) and that for Y,03:Eu powder prepared from the
precursor solution containing 0.2 M of rare earth ions and 0.02 M of poly-
meric additives (b).

therefore, the same argumentation cannot be applied. Furthermore, for both yttrium
aluminate and yttria produced with low concentration of polymeric additives in the
precursor solution, the deviations from the monomodal PSD become significant for
log(¢[nm]) < 2.4, i.e., for particles with a size just below 250 nm, which is too large for
the particles condensed from the gas phase.
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In the latest work on FASP-synthesis of YAG:Ce phosphor,?*° formation of na-
noparticles was explained by disruption of particles during pyrolysis due to large
pressure gradients produced by gaseous products of decomposition of precursors.
This effect could be deliberately enhanced by addition of urea to the precursor solu-
tion, which leads to a change from the standard DPC mechanism (sometimes abbre-
viated as ODOP, i.e., “one droplet — one particle”) to a “one droplet - many particles”
scheme (ODMP). Powders produced without urea also contained a non-negligible
fraction of nanoparticles. Examination of the PSDs of Y,03:Eu powders produced
from the concentrated precursors without any additives in the present work (Figure
5.10) confirms that these can also be considered bimodal. Relatively low counts of
particles < 100 nm in such coatings could probably be related to the extremely rough
surface of particles, which makes nanoparticles difficult to recognize.

Superior particle morphology of FAD-deposited yttrium aluminate coatings is
also reflected in higher volume filling fraction (i.e., lower porosity). If the theoretical
density of the YAG phase was assumed (4.55 g/cm?), the volumetric porosity of the
deposits would correspond to 86.8+ 1.5 vol.% (or even less, if one would consider
that the density of any amorphous phase is usually somewhat lower than that of the
crystalline solids).

5.3.2. Crystallinity of phosphor particles before and after thermal
post-treatment

From the point of view of FAD-processing of phosphor screens, there was an
important difference between Y,03:Eu and YAG:Tb coatings. Yttria had a cubic crys-
talline structure immediately after the pyrolysis (see Section 5.1.3) and corresponding
coatings could be used without any post-treatment. However, the as-deposited yttri-
um aluminate powders as well as the alumina coatings (see Figure 5.31) were com-
pletely amorphous (Figure 5.33, Curve A) and had to be annealed in order to obtain
the desired crystalline phase. This proves again that our implementation of flame
spray pyrolysis has much in common with conventional ultrasonic spray pyrolysis,
where usually the amorphous yttrium aluminate phase is obtained t00.2*° The Ce-
doped phosphor powder produced by FSP in a diffusion methane/oxygen flame con-
sisted mostly of the hexagonal (YAH) YAIO; phase.'®

The USP-produced powders are usually post-treated at temperatures above
1100 in order to obtain a YAG-phase with superior crystallinity. As it can be seen
in Figure 5.33 (Curve B), FAD deposits could be converted to YAG (according to
JCPDS file # 33-0040) by annealing for 2 h at 900CT . Treatment at higher tempera-
tures resulted in an increase of the size of the YAG crystallites confirmed by reduc-
tion of the width of the peaks in the spectra (Curve C). The morphology of phosphor
particles did not significantly degrade (Figure 5.34a).
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Figure 5.33 — XRD spectra of FAD-deposited yttrium aluminate coatings before
and after thermal post-treatment.
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Figure 5.34 — Particles of yttrium aluminate annealed in an oven for 2 h at 1100C
(a) and flame-annealed for 4 min at 1300C (b).
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The crystallization of the garnet phase was accompanied by major changes in
the efficiency of photoluminescence of the phosphor powder. As-deposited yttrium
aluminate coatings produced faint greenish emission when exposed to the UV-light at
the wavelength of 254 nm. Its intensity could not even be reliably measured by the
standard equipment. After the annealing, the coatings emitted bright green light with
the main intensity peak located at 543 nm (Figure 5.35a). A single exponential decay
time constant of 2.1 ms was measured. Unfortunately, there were no commercial
samples available for the comparison of the photoluminescent performance but it
should be noted that the luminescence decay time of the YAG:Tb phosphor obtained
by other authors (e.g., Park et al.’®’) was 4.2 ms, i.e., twice as long as that measured
in the present work. The concentrations of Tb were equal in both cases, which points
to the increased probability of non-radiative relaxation of excitation in the FAD-
deposited phosphor powder (see Equation 2.1). This issue can be related to the de-
fects of the crystalline structure (e.g., impurities or incomplete crystallization). It was
not attempted to further improve on the PL-efficiency of the YAG:Tb phosphor. How-
ever, from the results of deposition of Y,O3:Eu phosphor screens it can be expected
that post-treated YAG:Tb powders synthesized by FAD could also achieve efficien-
cies very close to the best values for this phosphor produced by other methods.

5.3.3. Flame annealing of amorphous FAD-deposits

The conventional annealing of the initially amorphous (YTb)3;AlsO42 samples in
an oven is a relatively time-consuming procedure. The flame annealing, which was
previously used for improvement of the luminescent properties of Y,03:Eu (see Sec-
tion 5.1.3), was also tested. It was found out that the samples treated by the flame for
just one minute also started to emit bright green light under UV radiation at 254 nm.
Noticeable emission of luminescence was observed even during the flame annealing
procedure (it was probably excited by the UV-light originating from the flame). The
XRD spectra of the coatings annealed by the flame at the standard conditions (5 cm
distance between the burner nozzle and the sample fixed on the water-cooled sub-
strate holder; the temperature on the surface of the substrate was about 1100C)
showed that there was still no crystalline phase (Curve D in Figure 5.33). When ex-
cited at 254 nm, the brightness of photoluminescence of such quasi-amorphous
samples was about 5 times higher than that of conventionally annealed YAG:Tb
samples of the same coating density (Figure 5.35b). The fine structure of the emis-
sion peaks disappeared as a result of lacking crystalline ordering. The exponential
decay time constant of the luminescence was 1.1 ms, almost twice as short as that of
YAG:Tb. Further annealing at the same temperature (for a few minutes) did not
change much in the performance of the coatings.
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Figure 5.35 — PL-emission spectrum of FAD-deposited YAG:Tb coatings (a) and
dependence of brightness of Tb-emission upon crystalline phase of yttrium
aluminates for excitation at 254 nm (b).

In order to increase the effective temperature during the flame annealing, sev-
eral samples were treated without cooling the substrate, i.e., held in the flame with
the tweezers at approximately the same distance from the burner as in the standard
flame annealing process (5 cm). The temperature measured at the surface of the
substrate in this case was approximately 1300C. Co mpared to the samples treated
at 1100%C, the light output for the excitation at 254 nm decreased by about 50 %
(Figure 5.35b). At the same time, a crystalline phase appeared in the XRD spectra
(Curve E in Figure 5.33). This phase was identified with the hexagonal modification of
YAIO;3 (YAH; the JCPDS reference #74-1334). It is important to note that the mor-
phology of the phosphor particles did not change after the repetitive flame annealing
(Figure 5.34b). The spectral distribution of the PL-emission of partially crystallized
coating was practically identical with that of YAG:Tb. The exponential decay time
constants of emission were also quite close (2.3 ms vs. 2.1 ms for YAG:TD).

The difference in efficiency of luminescence could be clarified by the excitation
spectra (Figure 5.36). The YAG:Tb phosphor has a strong excitation band located at
about 270 nm and its efficiency substantially decreases towards 254 nm. The effi-
ciency of the quasi-amorphous phosphor gradually increases for wavelengths shorter
than 300 nm and at 270 nm it is lower than that of the YAG:Tb. However, they be-
come equal at approximately 260 nm. For even shorter wavelengths of excitation, the
quasi-amorphous powder outperforms the fully crystallized phosphor.

The PL-excitation spectra of the partially crystallized coatings (i.e., those con-
taining YAH:Tb) had common features with both the quasi-amorphous and fully crys-
talline (YTb)3Als042 phosphor. The excitation efficiency had a peak at 270 nm but did
not vanish at 250 nm.
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Figure 5.36 — Photoluminescence excitation spectra of post-treated (YTb)3AlsO42
coatings.

The conventional measurements of the PLE-spectra could not be extended to
shorter wavelengths due to the limitations of the available equipment. Fortunately, it
was possible to characterize the optical behavior of the coatings for the wavelengths
down to 190-200 nm by measuring the spectra of attenuance. The influence of the
thermal treatment upon the properties of the (YTb)sAlsO42, samples is presented in
Figure 5.37. One can see that both the oven annealing and the flame annealing no-
ticeably decrease the attenuance in the short wavelength part of the spectra (Figure
5.37a and c). It can also be observed that the shape of the spectrum of the coating
treated at 1300C becomes similar to the spectrum of the YAG:Tb coating (Figure
5.37b and c, respectively). Finally, the UV-part of the spectra taken with the long-
pass filter GG-455 could be converted to the T-mode excitation spectra (Figure
5.37d) by the equation

I(A)=10""", (5.5),
where I(A) is the total PL-intensity at wavelengths longer than 455 nm excited during

the measurement at a wavelength 4, ATT denotes the corresponding value of
attenuance, which in this case is merely due to the photoluminescence. For non-
luminescent samples, the measurements with the filter deliver zero intensity in the
UV-range (i.e., ATT =6 ). The values of attenuance used for derivation of the lumi-
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Figure 5.37 — Changes of the attenuance spectra after the thermal post-treatment:
a) flame annealing at 1100C (resulting in quasi-am orphous (YTb)3Al5015);
b) flame annealing at 1300T (crystallization of YA H:Tb); c) conventional
annealing in an oven at 1100TC (YAG:Tb); and d) PLE spectra derived from
corresponding attenuance spectra taken with the filter GG-455.

nescence intensity generally were in the range of large values (> 2) and thus they
could not be used for any quantitative analysis. Nevertheless, there is a good agree-
ment with the “classical” excitation spectra in Figure 5.36 so that the spectra obtained
from attenuance spectroscopy can be used for a qualitative comparison of the effi-
ciency of luminescence of the coatings outside the span of the conventional PLE-
spectra.

One can see in Figure 5.37d that the emission intensity of the quasi-
amorphous (YTb)sAlsO42 coating starts to decrease below 240 nm and reaches the
minimum at about 200 nm. The spectrum of the YAG:Tb screen, along with the peak
shown in Figure 5.36, features a second peak centered at 225 nm and a part of the
third peak below 210 nm. The spectrum of the partially-crystallized YAH:Tb sample
also has two peaks at 225 and 270 nm but does not show any increase below
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Figure 5.38 — Dependence of the T-mode PL-brightness (a) and attenuance (b) on
coating density of the flame-annealed quasi-amorphous (YTb)sAlsO1, coat-
ings. The values of screen density in (b) on the left from the corresponding
curves are in units of mg/cm?.

210 nm. The spectra of the quasi-amorphous and fully crystalline YAG:Tb coatings
completely match those found for the Tb-activated yttrium aluminates produced by
the sol-gel technique.?®® There is also a fair agreement with a further recently pub-
lished investigation on annealing of sol-gel-derived YAG:Tb.®'

A series of quasi-amorphous (YTb)sAls01, coatings of different densities rang-
ing between 0.21 and 0.71 mg/cm? were prepared in order to investigate the
dependence of the T-mode PL-brightness on the thickness of the screen. As it can
be seen in Figure 5.38a, the highest intensity was measured for the thickest coating.
This means that the optimum thickness is greater than 0.51 mg/cm?. One could apply
the conclusion made in Section 5.1.7 that the optimum thickness for a given wave-
length of excitation corresponds to the attenuance of about 3 units. The attenuance
spectra depicted in Figure 5.38b allows the coating density of approximately
0.7 mg/cm? to be considered as the optimum for excitation at 254 nm. It is worth em-
phasizing that also in the case of yttrium aluminate coatings deposited by DPC-FAD
the attenuance decreases towards the shorter wavelengths in the visible range as a
consequence of the sub-micrometer size of the phosphor particles.
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5.4. Summary on DPC-FAD of phosphor coatings

In this chapter, the deposition of monochrome unpixelated phosphor screens
by the FAD-technique based on droplet-to-particle conversion was investigated. As
the most important result, the feasibility of coatings with submicron phosphor particle
size and brightness comparable to the conventional micrometer-sized phosphors was
demonstrated. The optimum thickness of phosphor coatings under excitation at
254 nm was in the range 0.4-0.7 mg/cm?, which was 3-5 times less than would be
required with commercial phosphors. The deposition procedure starting with aqueous
solutions of rare earths took less than 15 minutes.

The phosphor particle size could be effectively controlled by changing the
concentration of the precursor solution. Practically relevant concentrations of the pre-
cursor solution were higher than 0.01 M due to the decrease of the deposition rate,
thus limiting the size of the phosphor particles produced by pure DPC-FAD to those
substantially larger than 100 nm (in terms of the geometric mean). This can be con-
sidered as a general drawback of the DPC-based methods although it could be po-
tentially overcome by addition of chemicals, which stimulate production of many na-
noparticles from a single droplet of the precursor solution (e.g., urea®*°). Another dis-
advantage limiting the deposition rates of FAD is the considerable loss of material
(overspraying); only a few percent of the produced powder could be deposited on the
substrate.

It was found that the morphology of particles prepared in the low-temperature
propane/air premixed flames strongly depends on the chemical nature of the synthe-
sized compound. As-synthesized Y,03:Eu phosphor particles had rough surface and
expressed porosity, whereas (YTb)sAls01, particles had nearly perfect filled spherical
morphology. At the same time, the as-synthesized Y,03:Eu phosphor powder had the
desired cubic crystallographic phase unlike the amorphous yttrium aluminate coat-
ings, which had to be thermally post-treated in order to obtain the YAG phase. Along
with the conventional annealing in an oven, the flame annealing procedure was found
to be effective for improving the brightness of both the crystalline Y,O3:Eu and the
quasi-amorphous (YTb)sAlsO12 phosphors. In the latter case, the changes of the opti-
cal properties between the quasi-amorphous, partially crystalline (YAH) and fully
crystalline YAG:Tb phases could be studied.

For the first time, it was demonstrated that the morphology of the Y,0O3:Eu
phosphor particles prepared by low-temperature flame spray pyrolysis could be im-
proved by the addition of polymeric compounds to the precursor solution. The opti-
mum content of polymeric additives for a spherical filled morphology of the phosphor
particles changed according to the concentration of rare-earth ions in the precursor
solution. The light output of the deposited phosphor coatings could not be increased
by the application of polymeric additives in the case of excitation of photolumines-
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cence in the wavelength range from 330 nm down to 220 nm, where the standard
FAD-procedure suffices. However, in UV-light with shorter wavelengths, polymer-
added FAD provided significant advantages in performance due to the improved sur-
face condition of the phosphor particles.

The particle filling fraction of FAD-deposited phosphor screens (8-13 vol.%)
was at least two times lower than that of the conventional phosphor screens (30-
60 %°%""). In the worst case, i.e., 8 % vs. 60 % particle fraction, the difference would
be much greater. The resolution of a screen is mainly determined by the geometric
thickness of the phosphor layer (see Section 2.2.4). Therefore, when comparing the
performance of the screens optimized for the highest T-mode brightness, FAD-
screens could hardly offer a better resolution. According to Equation 2.71, the LSF
(Los) of about 60 um could be expected for the standard Y,O3;:Eu FAD phosphors
with the optimum thickness. If some application would require the maximum possible
brightness, the practical advantages of FAD would be limited merely to the extremely
rapid processing. In order to make use of the advantage of reduction of the screening
densities achieved for sub-micrometer-sized phosphors, a means to decrease mate-
rial losses is needed. The consumption of phosphors could be reduced, e.g., if the
powders synthesized by flame spray pyrolysis were collected by a filter, dispersed in
a liquid, and then deposited on the screens by electrophoresis.

For applications demanding very high screen resolution, the thickness of the
phosphor layer can be decreased at the cost of brightness of emission as long as the
phosphor particles still fully cover the substrate (i.e., without large gaps between the
neighboring particles). From the SEM investigation, FAD screens deposited from the
0.2 M precursor solutions can still be considered “continuous” down to approximately
0.15 mg/cm?®. The corresponding T-mode PL-intensity would total about 40 % of the
maximum value. The LSF would be decreased to 15-20 um (assuming that Equation
2.71 still holds). Only a slightly better resolution would probably be achieved with the
screens deposited from the 0.01 M precursor solutions, which could cover the sub-
strate at 0.1 mg/cm®. The benefit of substantially decreased particle size for the
screen resolution cannot be efficiently exploited when the particles are packed very
sparsely. In order to realize a diffraction-limited phosphor screen, both the largest
phosphor particles and the interparticle spacing should be smaller than a half of the
wavelength of light emitted by the phosphor. It is, therefore important to be able to
deposit nanoparticle phosphor screens (¢ <100 nm). However, this requires a
change of the mechanism of formation of phosphor particles. For example, the “one
droplet to one particle” conversion can be modified to the “one droplet to many parti-
cles” mechanism.?*® In the present work, the feasibility of FAD based on chemical
vapor condensation was investigated for this purpose.
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6. FAD based on chemical vapor condensation

6.1. Choice of the process parameters

The FSP synthesis of yttria from precursors obtained by dissolving yttrium ni-
trate in ethanol and 2-ethylhexanoic acid was suggested by Jossen et al.?*? Prior to
the experiments described here, this precursor composition had never been applied
to luminescent Y,03:Eu nanoparticles. The reader should refer to the article by
Strobel and Pratsinis®* for discussion of the influence of the chemical composition of
the precursor solution on the properties of the FSP-produced oxide powders.

Successful preparation of ultrafine Y,03:Eu phosphor powders by CVC-based
FSP has already been reported.137’177 The choice of the FAD process parameters
was based on these reports. Particularly, it was found that the size and crystalline
phase of the synthesized nanoparticles of the phosphor strongly depend upon the
feed rates of the precursor and dispersion gas (oxygen). For example, at 5 ml/min of
0.4 M solution of rare earth ions and 5 I/min of dispersion oxygen (i.e., “5/5 flame”),
the synthesized nanophosphor had a mean diameter ¢,., of 11 nm and phase-pure

monoclinic crystalline structure. At higher feed rates of the precursor and lower feed
rates of the dispersion oxygen (e.g., 8/3 flame), the size of particles gradually in-
creased and collected powders consisted almost entirely of cubic yttria. As discussed
in the previous chapter, cubic modification is desirable for higher brightness of PL-
emission.

Changes of the crystalline structure of the Y,03:Eu nanophosphor obtained in
the present work are presented in Figure 6.1. The observed trends were in a good
agreement with the work on FSP synthesis of the Y,0s:Eu phosphor.”™” The maxi-
mum precursor feed rate, however, had to be increased from 8 to 11.7 ml/min in or-
der to adjust the total heat release rate and the length of the flame — the heat of
combustion of the precursor solution used in this study was lower than the heat of
combustion of the previously used 2-ethylhexanoates dissolved in 2-ethylhexanoic
acid (EHA) and toluene™’ (25.1 kd/ml and 33.4 kd/ml, respectively). The concentra-
tion of rare earth metal ions was also increased from 0.4 to 0.5 M so that for the ap-
propriate FAD conditions (precursor feed rate of 11.7 ml/min and 3 I/min of dispersion
O,, denoted by “12/3 flame”), the length of the flame was equal to that used in the
previous work (24 cm) and the size of produced phosphor particles was comparable
(dser = 23 nm™’ vs. 24 nm, here). The results of TEM-inspection of the powders pro-
duced in 12/3 and 5/5 flames are shown in Figure 6.2.

Relations between the process parameters and properties of the Y,03:Eu
phosphor powders are summarized in Table 6.1. As can be seen in Figure 6.3, the
increase of the precursor feed rate and/or the decrease of the flow rate of dispersion
oxygen led to an increase of both the phosphor particle size and the weight fraction
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Figure 6.1 — XRD spectra of Y,03:Eu powders synthesized by CVC-based FAD at
different feed rates of the precursor (x, ml/min) and dispersion oxygen (y,
I/min) denoted by x/y; [RE] = 0.5 M.

a) b)

Figure 6.2 — Morphology of Y,O3:Eu nanoparticles obtained from 12/3 flame (a)
and 5/5 flame (b); [RE] = 0.5 M.

of the cubic phase. The relationship between the crystalline phase and the size of the
particles is important for various realizations of flame synthesis because it can sub-
stantially complicate production of fine and ultrafine powders in a desired crystallo-

graphic modification.
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Flame synthesis of cubic and monoclinic yttria and various sesquioxides of ra-
re earths was extensively studied.''®?°*2% |t has been proposed that there is a cer-
tain critical particle size and particles exceeding this value mostly have the cubic
crystal structure, whereas those smaller than the threshold tend to crystallize in the
metastable monoclinic phase. Such behavior can be explained by the Gibbs-
Thomson effect (see Section 2.3.3e), i.e., by a sufficiently high internal pressure pro-
duced by the surface energy of particles with very small radii of curvature.?*® Howev-
er, the critical particle size is not a material-specific constant: it strongly depends on

Table 6.1 — CVC-FAD parameters and properties of synthesized of Y,03; powders
(concentration of precursors: 0.5 M, undoped, except for the sample obtained

from 0.1 M precursor solution, which was doped with 5 mol.% of Eu-ions)

Precursor | Dispersion | Stoichiometric | Weight XRD XRD BET
feed rate, oxygen consumption | fraction cubic monoclinic | particle
[ml/min] feedrate, | of O, [I/min] | of cubic grain grain size, size,

[I/min] phase | size, [nm] [nm] [nm]
5.0 5 6.4 2% 25 12 12
8.4 5 10.6 3% 24 15 16
11.7 5 14.8 43 % 25 17 18
8.0 3 10.2 53 % 28 20 21
11.7 3 14.8 86 % 29 22 24
11.7 [0.1 M] 3 14.8 84 % 21 16

241 'S 1.0
= Disp. O, = 3 ml/min 5
g 0.8- . .
5 = Disp. O, = 3 ml/min
G; 7 <
& “ 2 0.6
s 2
'(% 164 g 0.4
- T Disp. O, = 5 ml/mi
i Disp. O, = 5 ml/min a 02 isp. O, = 5 ml/min
w 124 2 Q
m o)
3 0.0
4 6 8 10 12 4 6 8 10 T
2) Precursor Feed Rate, [ml/min] b) Precursor Feed Rate, [ml/min]

Figure 6.3 — Influence of the process parameters on the particle size (a) and phase
composition (b) of the FAD-produced yttria nanoparticles; [RE] = 0.5 M.
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Figure 6.4 — Influence of the particle size (a) and the feed rate of dispersion oxy-
gen normalized to the stoichiometric consumption rate (b) on the fraction of
the cubic yttria. Data for the EHA/toluene precursor are taken from
Camenzind et al.™’

the temperature of the flame and can be decreased by tuning the conditions of syn-
thesis. Furthermore, in some cases the concept of the critical particle size cannot be
reliably applied. A comparison between the FAD-coatings deposited from the 0.5 M
and 0.1 M precursor solutions at otherwise equal process conditions revealed no sig-
nificant difference concerning the phase composition of the powders (see Table 6.1)
although the particle size decreased by about 30 %.

Figure 6.4a depicts the interdependence of the BET particle size and the frac-
tion of the cubic phase for the yttria nanoparticles obtained in the present work.
Points corresponding to the results of the previous study on CVC-FSP'™¥ are also
shown for comparison. One can see that powders with approximately equal mean
size of particles can contain considerably different amounts of the cubic phase de-
pending on the particular process parameters.

An important parameter affecting the temperature of the flame is the composi-
tion of the oxidizer. During combustion of the spray, the dispersion oxygen should be
consumed. However, if the oxygen flow rate is insufficient for complete combustion of
the fuel, the rest is taken from the ambient atmosphere. A stoichiometric combustion
of 1 ml of the mixture of EHA and ethanol at normal conditions requires 1.35 | of oxy-
gen. In all studied cases, there was a deficiency of the dispersion oxygen so that
considerable amounts of atmospheric oxygen were involved in the reactions. This
also means that the temperature of the flame was inevitably decreased by dilution
with the atmospheric nitrogen. Each liter of oxygen taken from air brings approxi-
mately 3.7 | of nitrogen into the flame zone. Therefore, the fraction of the dispersion
gas in the stoichiometric consumption of oxygen can be related to the flame tempera-
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ture and as a consequence, to the relative amount of the cubic phase. The corre-
sponding graph is shown in Figure 6.4b. The data points obtained with the precursors
based on the EHA/toluene mixture'’ are also shown. In the latter case, the complete
combustion of 1 ml of fuel consumed 1.7 | of oxygen. It is not attempted to assess the
corresponding values of the temperature of the flame due to the considerable com-
plexity of modeling the air entrainment during the FSP process. The reader can refer,
for example, to the study of Heine et al.?®® for discussion of the problem. Direct
measurements of the flame temperature also could not be performed because the
temperature of the spray flames was outside the application range of the thermocou-
ples.

It is possible to compare our results with the prior work on the flame synthesis
of nanoparticles by considering the ratio between the minimum flow rate of diluting
gases and the stoichiometric oxygen consumption rate. In the work of Guo et al.,?**
the oxidizer was deliberately diluted with nitrogen or argon and yttria nanoparticles of
purely monoclinic phase were synthesized in the gas phase when the diluent/oxygen
ratios were less than 0.25. Cubic yttria could be obtained when this ratio was greater
than 1. As can be seen in Figure 6.4b, FAD- and FSP-produced yttria nanoparticles
had a nearly pure monoclinic phase when the dispersion oxygen contributed at least
40-50 % of the stoichiometric oxygen consumption rate. A significant fraction of the
cubic yttria could be obtained only when more than 60 % of the required oxygen was
taken from the atmosphere, which leads to a threshold value of approximately 2 for
the ratio of the volumes of nitrogen brought with air to the total consumption of oxy-
gen. The phase-pure cubic yttria would be obtained in the flames corresponding to
diluent/oxygen ratios in excess of 3, which would require the use of synthetic air or
nitrogen as the dispersion gas or addition of pure nitrogen as a sheath gas. The dif-
ference between the threshold values found in the present work and those reported
by Guo et al.*** is likely to be due to the unequal temperature of the flame due to the
different specific combustion enthalpy of the fuels.

For all further experiments, the Y,O3:Eu nanophosphor powders were pro-
duced in the 12/3 flames. The influence of the traces of the monoclinic phase still
present in these powders is considered to be very small and therefore no further op-
timization of the FAD-process was undertaken.

6.2. Effects of Eu-doping

A detailed XRD spectrum of the nanophosphor obtained from the 12/3 flame is
shown in Figure 6.5. The peaks corresponding to the cubic and monoclinic phases
are denoted by “C” and “M”, respectively. In full agreement with literature,”’ the frac-
tion of the monoclinic phase increased with the addition of europium from less than
15 wt.%, for pure yttria, to 23 wt.%, for the powder containing 12 mol.% of the dopant
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Figure 6.5 — Peaks of the cubic and monoclinic phases in the XRD spectrum of the
phosphor nanoparticles obtained from the 12/3 flame. Changes of the
amount of the cubic phase due to Eu-doping are shown in the inset.
[RE]=0.5 M.

(see the inset in Figure 6.5). The influence of the Eu-doping can fully explain the
small difference between the phase composition of the nanophosphor powders pro-
duced from the 0.5 M and 0.1 M precursor solutions (see Table 6.1). It can be con-
cluded that the amount of the cubic phase is not directly affected by the size of phos-
phor particles.

Figure 6.6 shows a representative EDX-spectrum of the Y,03:Eu nanopowder.
The samples did not contain any significant amount of elements other than yttrium,
europium, and oxygen. The carbon peak comes from the material of the substrate
holder for the EDX-analysis. The relative concentration of europium in the precursor
solution and in the obtained powder was equal within the measurement error
(8+1 mol.% and 8.8+2.6 mol.%, respectively). The inaccuracy of europium concentra-
tion in the precursor arises from the procedure of weighing the rare earth salts before
dissolving them in ethanol. Nitrates of yttrium and europium are highly hygroscopic
and may contain varying amounts of absorbed water.

The spectra of photoluminescence were identical with those of the commercial
Y,03:Eu phosphors and sub-micrometer-sized phosphor produced by DPC-FAD.
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Figure 6.6 - EDX spectrum of Y,03:Eu nanopowder, produced from the precursor
solution containing 8 mol.% Eu.

They also did not differ from the PL-spectra of the nanophosphor synthesized from
the EHA/toluene precursor mixture.'® Thus, it can be concluded that the nitrates of
rare earth elements dissolved in ethanol and 2-ethylhaxanoic acid can be used in-
stead of the significantly more expensive 2-ethylhexanoates.

The influence of the dopant concentration on the intensity and the exponential
decay time constant of photoluminescence is presented in Figure 6.7. The brightness
of nanophosphor powders reached 40 % of that of the commercial reference, which
is in the range of reported values for Y,0s:Eu nanophosphors.?®?" The single-
exponential PL-decay time constant gradually decreased from 3.3 ms to 2.4 ms be-
tween 4 and 12 mol.% Eu, respectively. For the optimum concentration of europium
(8 mol.%), a value of approximately 2.8 ms was obtained. Such low decay rates
(compare with 1.0-1.4 ms for conventional and sub-micrometer-sized phosphors) are
characteristic for nanophosphors®'%"3’

It must be mentioned that even at the lowest tested concentration of the acti-
vator the decay curve noticeably deviated from the single exponential decay. The
goodness of fit could be substantially improved by using a sum of two exponential
terms. One can see in Figure 6.7b that the faster decay component provides the
main contribution to the PL-intensity. It also goes through a peak at 8 mol.% Eu,
whereas the amplitude of the slower component monotonically decreases throughout
the studied concentration range. Both decay time constants get shorter with higher
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Figure 6.7 - Phosphor brightness and the exponential decay time constants of
photoluminescence as a function of Eu-content: a) first-order exponent and
Kohlrausch function; b) second-order exponential terms.

europium concentration. However, it is difficult to give a physical interpretation of the
observed difference in behavior of the two exponential terms because it is hardly
possible to ascribe them to any two distinctive configurations of emitting Eu®"-ions (as
it was done, e.g., by Zhang et al.""®). Although such factors as the proximity of the
particle surface can cause a modification of the decay rate of the excited activator
ions, the change of emission characteristics between the ions located in the middle of
the particle and on its surface can take place gradually, i.e., numerous intermediate
states may exist between the two extremes. Furthermore, a multi-exponential model
(with a sufficient number of terms) can be used to describe a decay curve of practi-
cally any complexity and does not necessarily reflect the physics behind it.?%2

In many areas of physics including molecular fluorescence and luminescence
of nanoscale semiconductors, 2% a stretched exponential function also referred to
as Kohlrausch function is successfully applied to describe relaxation processes

10)=1, exp[_ (%ﬂ , 6.1)

where 0< f<1. The parameter S characterizes the width of the distribution of the

lifetimes and can be used as a measure of the “disorder” present in the system under
investigation. The goodness of fit obtained with the stretched exponential decay was
equal to or better than that of the bi-exponential decay. However, the number of vari-
able parameters could be reduced. The obtained decay time constants are included
in Figure 6.7a. The parameter f was equal to 0.90 in all cases and did not depend
on the activator concentration within an error of £0.01. This emphasizes the differ-
ence of the nanophosphors from the conventional phosphor powders. The decay
curves corresponding to the commercial samples and DPC-FAD coatings could also
be fitted with Equation 6.1. However, the obtained values of § were completely due
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to the concentration quenching phenomenon and at low doping concentrations this
parameter would approach unity.

In later experiments on the deposition of nanophosphor screens, the europium
concentration of 8 mol.% was used. Although this value of the optimum concentration
is in agreement with that of submicron-sized Y,0O3;:Eu obtained by DPC-FAD, it is
higher than the 5 wt.% value found in the previous study on the CVC-FSP synthesis
of Y,03:Eu nanophosphor.’™ Most likely this inconsistency could be attributed to the
difference in purity of precursors. Yttrium 2-ethylhexanoate used in the previous
study was prepared by conversion of yttrium nitrate to yttrium hydroxide with aqueous
ammonia, washing with distilled water, and refluxing in 2-ethylhexanoic acid and ace-
tic anhydride. Such a multi-step route could provide opportunities for the introduction
of unintentional contaminants. Relatively low PL-intensities achieved in the previous
work and reduced decay time of photoluminescence (compare 2.7 ms for 5 wt.% Eu,
i.e., 3.8 mol.%,"™" and 3.3 ms for 4 mol.% Eu, this work) can be considered as evi-
dence of possible contamination.

As it was discussed in Section 2.3.3d, radiation lifetimes are affected by the ef-
fective refractive index of the medium so that the decay time of luminescence of
Y,03:Eu-nanophosphor should depend on porosity of the powder compacts. Indeed,
such dependence was observed: the decay time of loose nanophosphor powder con-
taining 8 mol.% of europium (the sample was deliberately not compacted while load-
ing it into the powder cell; estimated porosity 98 %) was 3.0 ms, as compared to
2.8 ms for phosphor of the same composition compacted by the standard procedure
of loading a phosphor sample into the powder cell, which resulted in porosity of ap-
proximately 87 %. When the sample was compacted to a porosity of 80 %, the decay
time constant decreased even further and reached a value of 2.7 ms. The relation-
ship between porosity and decay time was approximately linear. The decay time con-
stant obtained with the Kohlrausch function, decreased from 2.8 to 2.5 ms between
the cases of 98 % and 80 % porosity, respectively. The value of the parameter £ did

not significantly change.

The theory proposed in Sections 2.3.3c-2.3.3d allows the decay time constant
to be predicted from the volume concentration of particles. If the luminescence decay
time of the commercial phosphor powder (1.05 ms) is used as a bulk value, assuming
a phosphor tablet with a porosity of 87 % (nanoparticles dispersed in air), a decay
time constant of 5.6 ms would be obtained. This exceeds the actual value by nearly
100 %. Obviously, some phenomena counteracting the increase of the decay time of
luminescence in nanophosphors are also involved into emission dynamics of Eu**-
ions. For example, the difference between predicted and observed values of decay
time could be attributed to surface quenching caused by surface-bound species (e.g.,
OH-groups, see Section 2.3.3d). The increased specific surface area of phosphor
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nanoparticles favors the increase in the probability of nonradiative decay of excited
states, which also explains the low efficiency of the FAD-produced nanophosphor.
When the photoluminescence excitation spectrum of the nanophosphor with
the optimum composition is compared to that of the commercial phosphor powder,
one can observe a noticeable blue-shift (i.e., a shift towards the shorter wavelengths)
in the position of the charge transfer band (Figure 6.8). It is known that the efficiency
of excitation in the CTB is affected by the concentration of the activator.?*® The con-
centration of europium in commercial Y,03:Eu phosphors is usually lower than
8 mol.%. However, the decrease of the doping concentration in the nanophosphor
powders causes an even larger blue shift of the CTB (check the curve for 4 mol.% Eu
in Figure 6.8). It should be concluded that the shift of the edge of the CTB for the
nanophosphor does not result from the difference in the composition of the phosphor.
The data in literature is quite contradictory, both blue- and red-shifted CTBs were
reported for nanocrystalline Y,03:Eu, which may, at least partly, be explained by the
instrumental limitations.?®’ One could speculate that the considered shift is in some
way related to the altered scattering properties of the phosphor powder because the
Y,03:Eu should only weakly absorb light in the relevant spectral range (250-300 nm).
A detailed investigation of the generation of light in the plaques of phosphor nanopar-
ticles is required in order to clarify the origin of the observed differences between the
PLE spectra of FAD-synthesized nanophosphor and that of the commercial powder.

6.3. Characterization of the deposited nanophosphor screens

= = = Commercial phosphor
——CVC Y,0,:Eu (8% Eu)

—-=- CVC Y,0.:Eu (4% Eu)

Normalized PL-intensity

225 250 275 300 325
Wavelength, [nm]

Figure 6.8 — PLE-spectra of the Y,03:Eu nanophosphor produced by CVC-FAD
and the commercial phosphor.

124



The morphology of the FAD-deposits is shown in Figure 6.9. Aerosol particles
formed a highly porous foam-like structure on the surface of the substrate, very simi-
lar to that of other FAD-deposits (e.g., of tin oxide coatings'®'?®®) or the yttria nano-
particles deposited by gas-phase condensation.?® It is worth noticing that the volu-
metric porosity of the phosphor coating (0.973+0.004, e.g., coating density
1.06+0.06 mg/cm?, coating thickness 74+4 pm) was close to that of uncompacted
powder, as collected on the filter (0.977+0.006, e.g., 100+1 mg of phosphor powder
occupied a volume of 0.83+0.18 cm®).

Uniform deposits for a wide range of coating densities (0.23 — 3.8 mg/cm?)
were obtained. Deposition of thick coatings was facilitated by several subsequent
interruptions of the process in order to refill the syringe with a new portion of the pre-
cursor solution. Each time the flame was ignited or extinguished, the substrate had to
be covered with a metal sheet in order to prevent unburned spray droplets from im-
pinging on the substrate. When the substrate was placed at the standard distance
from the burner nozzle (25 cm), the average deposition rate was 0.22 mg/(cm? min).
Only about 0.2 % of produced powder was deposited on the substrate. The tempera-
ture on the surface of the substrate was in the range 450-550C. When the deposi-
tion distance was decreased to 20 cm, the deposition rate increased by a factor of
2.8 (the temperature at this location could reach 800C). Increase of the deposition
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distance to 35 cm lead to a decrease of the deposition rate to about 50 % of the
standard value.

The change in the optical attenuance of the layers of Y,03:Eu phosphor nano-
particles for increasing coating density is presented in Figure 6.10. For comparison,
the spectra of the reference samples (deposited by DPC-FAD and by the gravitation-
al sedimentation of the commercial phosphor powder) are also shown. The
attenuance of both reference phosphor coatings are approximately equal and con-
stant over the entire wavelength range where the absorption of europium-doped yttria
is negligible (A >270 nm), i.e., the scatterance of the reference samples does not
depend on the wavelength of incident light. At the same time, the scatterance of light
transmitted through the layers of nanophosphor has an expressed dependence on
wavelength (similar to Rayleigh scattering) and substantially decreases in the visible
range, which agrees with theory (see Section 2.3.3a) and reported data.?’®?"" For
example, at the wavelength of the main emission peak of Y,O3:Eu (A = 612 nm), the
attenuance of the FAD-deposits is about 2 units of attenuance, corresponding to two
orders of magnitude (or 99 %), lower than that of the reference coatings. Such a de-
crease in the scattering of emitted light should substantially improve the resolution of
phosphor screens (i.e., preclude blurring of displayed images).

In addition to the expected improvement of screen resolution, reduced scatter-
ing significantly affects the relationship between screen density and its brightness.
For excitation at 254 nm, the transmission-mode brightness of the nanophosphor

—— 3.8 mg/cm2 - =27 mg/cm2
—— 1.6 mg/cm’ (Commercial powder)
——1.2 mg/cm2
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Figure 6.10 - Attenuance spectra of the reference samples and Y;0s:Eu
nanophosphor coatings (8 mol.% Eu) of the different coating densities.
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Figure 6.11 - Screen brightness (squares) for excitation at 254 nm and attenuance
at 254 nm (diamonds) as a function of the Y,03:Eu nanophosphor coating
density (8 mol.% Eu).

screens reached saturation at 1.2 mg/cm? (see Figure 6.11). The corresponding val-
ue of attenuance shows that for this coating density, about 99.9 % of the incident UV-
light is either absorbed in the screen or scattered away. (For weakly absorbing nano-
particles, the scattering coefficient in the UV-range can be relatively large). Thus,
thicker coatings cannot have a higher PL-intensity (due to the lack of available UV-
photons). At the same time, their brightness barely degrades, which is explained by
the extremely weak scattering of light in the visible range.

As discussed in Section 2.2, screen density always has an optimum value cor-
responding to the highest PL-intensity in the transmission mode. “Thinner” screens
do not absorb all available exciting radiation, whereas the light output of “thicker”
screens is degraded because some of the phosphor particles are not reached by UV-
light (i.e., they do not contribute to light emission) but introduce additional scattering
of emitted light. For phosphor coatings deposited by DPC-FAD, a screen with a coat-
ing density of three times the optimum value would achieve about 70 % of the maxi-
mum transmission-mode PL-intensity (see Section 5.1.5), i.e., it degrades by 30 %
due to the additional scattering. For FAD-deposited nanophosphor, a coating with a
density of 3.8 mg/cm? achieved 92 % of the maximum brightness (obtained with the
coating density of 1.2 mg/cm?). To the best of our knowledge, such an exceptionally
weak dependence of brightness on the thickness of the powder phosphor screen is
observed for the first time.
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The optimum thickness at which the maximum T-mode brightness is achieved
changes depending on the efficiency of absorption of the exciting radiation. One can
expect a substantial difference between the values corresponding to excitation in the
charge transfer band and by the host absorption. Unfortunately, measurements of
PLE-spectra of FAD-deposits in the VUV range could not be carried out and their
performance below 220 nm could only be studied by subtraction of the spectra of
attenuance taken with and without a longpass filter (see Sections 4.3 and 5.3.3). The
results are presented in Figure 6.12. The lack of linearity of measurements of
attenuance beyond 2 units does not allow for any quantitative treatment. Neverthe-
less, an important qualitative observation can be made. One can see that within the
spectral range of the host absorption, the brightness of the thinnest FAD-deposited
coating is at least as high as that of the thicker ones. According to Benitez et al.>*
the absorption coefficient of bulk Y,O3 abruptly increases for the shorter wavelength
down to at least 120 nm (~10 eV). Therefore, the thickness of the nanophosphor
coating required in order to achieve the maximum PL-output should decrease to well
below 0.23 mg/cm? for the wavelengths shorter than 200 nm. The coating densities of
1.2 and 0.23 mg/cm2 correspond to a geometric thickness of 83 and 16 ym, respec-
tively. Realization of the diffraction-limited phosphor screen would require either to
develop a means to confine the geometric thickness of the coating within 200 nm
(see Section 2.3.1) or to assure conditions for which the exciting radiation would be
fully absorbed within this thickness. In the latter case, the total thickness of the
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Figure 6.12 — T-mode PLE spectra derived from the measurements of
attenuance of the nanophosphor coatings deposited by CVC-FAD.
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nanophosphor layer can be kept appreciably thicker than 200 nm because scattering
at the wavelength of emitted light is very weak and should have a negligible effect on
the resolution of the screen.

As discussed in Section 2.3.3c, the optical constants of nanoparticulate depos-
its can be calculated from the properties of the bulk and particle volume fraction. If no
absorption in the medium between the nanoparticles is assumed, the following simple
expression for the absorption coefficient of the phosphor coating can be obtained by
combining Equations 2.84 and 2.107

e = @, (6.2)
where ¢« is the absorption coefficient of the bulk material and f, is the volume con-

centration of phosphor nanoparticles. For example, the absorption coefficient of bulk
yttria doped with 3.5 mol.% Eu at a wavelength of 173 nm was found to be
(1+0.1)x10° cm.?* In order to absorb 99 % of the incident UV radiation within
200 nm, the filling fraction of the phosphor should be at least 25 vol.% (i.e., <75 %
porosity). Although the Clausius-Mossotti relation (Equation 2.105) should be applied
instead of Equation 2.107 for such high concentrations of solid phase, it becomes
obvious that having a method to increase the packing density of phosphor nanoparti-
cles would provide a clear advantage for the future applications of FAD and related
techniques.

6.4. Influence of light reflection from the substrate

It should be noted that, for excitation at 254 nm, measured values of the rela-
tive brightness of nanophosphor coatings did not exceed 30 %, whereas filter-
collected nanophosphor powders compacted in the powder cell of the spectrometer
achieved 40 % of the relative brightness. This difference may, to some extent, be
explained by the fact that commercial phosphors, which were used as references for
characterization of filter-collected phosphor powders and for characterization of de-
posited coatings (purchased from Osram GmbH and from MaTecK GmbH, respec-
tively), were different. The latter phosphor could have a somewhat higher efficiency
leading to a reduced relative brightness of nanophosphor samples in comparison to
another reference. However, there are two important issues that can substantially
affect the measured brightness of nanophosphor coatings regardless of the refer-
ence. First, there is an optical interaction with the substrate, e.g., the reflection of
emitted light at the interface between the phosphor coating and the substrate. Se-
cond, there is the influence of the different packing density (i.e., porosity) of FAD-
deposits and of compacted filter-collected phosphor powders (0.973 vs. 0.87, respec-
tively). Several experiments were performed in order to clarify the effect of both con-
tributions.
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The influence of the reflection from the substrate was confirmed as follows.
Light emitted by a thin phosphor coating undergoes Fresnel reflection at the interface
with the substrate causing unequal PL-intensity in the transmission and reflection
modes (i.e., of light emitted forwards and backwards). The equality can be fixed by
placing a blank substrate on top of the deposited phosphor layer. The transmission
mode brightness of the nanophosphor coatings sandwiched between two quartz
plates increased by 10-15 %, whereas that of the micrometer-sized reference sample
increased only by 3 %. After removing the blank substrate, the PL-intensities de-
creased to the previous values.

6.5. Compaction of the nanophosphor coatings

In order to investigate the influence of the porosity of the nanophosphor coat-
ings on their PL-performance, a coating sandwiched between its substrate and a
blank quartz plate was compacted by pressing from both sides. Upon compaction,
the two substrates were glued together by the phosphor layer. The substrates could
be separated afterwards by gently pulling them in opposite directions. The phosphor
layer remained on its initial substrate and its integrity was, to a large extent, pre-
served. The micrographs of the compacted sample are shown in Figure 6.13. The
volumetric porosity decreased from 0.973+0.004 to 0.903+0.015, i.e., the packing
density of nanoparticles increased approximately 4-fold. A 13 % increase in the
transmission-mode PL-brightness due to irreversible compaction was observed. It
can be suggested that this increase was caused by the increase of the effective re-
fractive index of the phosphor layer as a result of increased particle concentration. In
this way, compaction increases the radiative decay rate of excited Eu®*-ions, which
leads to an improvement in the quantum efficiency of the nanophosphor (Sections
2.1.2, 2.3.3c, and 2.3.3d). Attenuance spectra of the compacted coating revealed a
decrease in light scattering in the visible range (Figure 6.14a). Such a change in per-
formance of the nanophosphor coating can be attributed to the effects of dependent
scattering (see Section 2.3.3c). In the range of strong absorption, the attenuance did
not significantly change.

The combined effect of the increased efficiency and decreased scattering of
the compacted nanophosphor was confirmed by dosing the loose filter-collected
Y,03:Eu powder into the powder cell of the Varian Cary Eclipse fluorescence spec-
trometer and measuring the corresponding T-mode brightness of the so-obtained
“thick coating” (excitation by the UV-lamp at 254 nm, detection with the Tristan 4
photospectrometer). One can see in Figure 6.14b that the compacted powder cakes
(~87 vol.% porosity) substantially outperform the coatings consisting of “free-
standing” uncompacted powder.
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Figure 6.13 — SEM-micrograph of the FAD-deposited Y,O3:Eu coating after com-
paction to a porosity of 90 vol.%, 1.2 mg/cm?, 8 mol.% Eu.
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Figure 6.14 — a) Attenuance spectra of a Y,03;:Eu nanoparticle coating (1.2
mg/cm?, 8 mol.% Eu) before and after compaction; b) T-mode brightness of
photoluminescence of thick layers of Y,03:Eu nanophosphor (8 mol.% Eu).

The above experiments show that the packing density of phosphor particles
(i.e., porosity of the phosphor layer) and light reflection from the supporting substrate
significantly influence the PL-performance of the nanophosphor screens. A combina-
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tion of both effects may well explain the lower brightness of the FAD-deposited coat-
ings in comparison to the corresponding filter-collected phosphor powders.

6.6. Coating the surface of phosphor nanoparticles with a thin layer
of silica

According to Equation 2.2, the quantum efficiency of a phosphor may be esti-
mated by dividing the observed decay time of luminescence with the time constant
corresponding to the purely radiative decay of the excited ions. The latter could be
assessed from the radiative decay time in the bulk phosphor and the effective refrac-
tive index of the nanophosphor layer (see Sections 2.3.3d and 6.2). This leads to
values of quantum efficiency on the order of 50 % even for compacted FAD-deposits,
i.e., only half of the efficiency of conventional micrometer-sized Y,03:Eu phosphors
and sub-micrometer-sized powders produced by DPC-FAD. Such a large difference
is attributed to the increased specific area of nanoparticles, which can be directly re-
lated to the increased concentration of quenchers of luminescence. One possible
way to improve the performance of nanophosphors would be to apply a thin coating
on the surface of nanoparticles in order to spatially separate the emitting ions located
in vicinity of the surface from the quenchers (see Section 2.3.3d). The “spacer” can
be deposited by various methods, e.g., by sol-gel?’? or atomic layer deposition.?”® In
the present work, two different approaches for coating Y,O3:Eu nanoparticles with a
nanoscopic layer of silicon dioxide were tested: 1) the in-situ coating during the flame
synthesis of the phosphor nanoparticles; and 2) the conformal infiltration of FAD-
deposited phosphor screens by atomic layer deposition (ALD).

The in-situ coating of nanoparticles produced by FSP was already successfully
applied for various materials as, e.g., TiO, and Fe,03.2"*?"® The experiments with
Y,0s:Eu were arranged as follows.?”® The FSP reactor was enclosed by a 20 cm long
quartz glass tube and the spray flame was sheathed by 40 I/min nitrogen flowing
through the outermost sinter metal plate at the FSP burner. A stainless steel metal
torus pipe ring with 16 radial equispaced openings was positioned at the upper end
of that tube, and another 20 cm long quartz tube was placed on top of it. The phos-
phor nanoparticles were produced by the 5/5 flame in order to obtain a possibly small
flame zone, which had to fit inside of the tube. The particles were in situ coated with
silicon dioxide by introducing a stream of nitrogen carrying hexamethyldisiloxane
(HMDSO, Aldrich, purity >98 %) vapor from a bubbler at 10TC along with an addition-
al 15 I/min of mixing nitrogen gas through the pipe ring. The amount of silica in the
product powder was fixed at 25 % and 33 wt.% by setting the N, flow rate through the
HMDSO bubbler to 0.8 and 1.2 I/min, respectively.

132



No SiO, a) b)

= | - 25% SiO,

>

B, | eeeneenee 33% SiO,

=

@

c

3

£

I

o

575 600 625 650

Wavelength, [nm]

Figure 6.15 — a) PL-spectra of Y,03:Eu nanophosphor powders (8 mol.% Eu) in-
situ coated with SiO;; b) TEM of an agglomerate of Y,03:Eu nanoparticles
coated by amorphous SiO; (33 wt.%).

The resulting changes of the spectra of photoluminescence are presented in
Figure 6.15a. One can see that the phosphor powder treated with 25 wt.% of silica
has a slightly higher intensity at 625 nm. However, this improvement could merely be
explained by a difference in the phase composition of the nanophosphor. Although in
the standard FSP setup the 5/5 flame corresponded to the phase-pure monoclinic
yttria, inside the quartz tube the flame was strongly diluted with nitrogen and the
combustion conditions were fuel-rich rather than stoichiometric. As a consequence,
varying amounts of the cubic phase were present in the filter-collected powders. As
estimated from the relative intensity of the peak at 612 nm, the phosphor obtained in
the modified setup without HDMSO contained 15-20 wt.% of the cubic Y,O3:Eu. The
corresponding average particle size ¢,,, was 21 nm. For the phosphor produced with

25 wt.% of silica, the fraction of the cubic phase decreased to 5-8 %. The particle
size calculated by assuming a homogeneous average density of Y,03:Eu and SiO,
was increased to 30 nm, thus giving a figure of 4-5 nm for the shell thickness around
phosphor particles. The integrated intensity of the PL-emission practically did not
change, whereas the decay time of luminescence decreased from 2.6 to 2.1 ms.
Such a change could be caused by an increase of either the radiative decay rate due
to a modification of the effective refractive index upon introduction of silica or the
nonradiative decay, which would mean that silica is not suitable for suppression of
surface quenching in the ultrafine Y,O3:Eu. It is also possible that both factors play a
role because the overall intensity neither improved nor got worse.
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Further increase of the amount of added SiO, precursor led to a noticeable
decrease of the PL-brightness. For 33 wt.% of silica, the particle size derived from
the BET-measurements increased to 39 nm, i.e. the shell thickness of 9 nm could be
assumed. However, the results of the TEM investigation show that there is a substan-
tial number of agglomerated phosphor nanoparticles sharing their silica shells, which
should affect the measured value of the specific surface area (Figure 6.15b). Surpris-
ingly, the weight fraction of the cubic phase increased to 12-16 %. The decay time
constant also slightly increased (2.2 ms). Considering the decrease in the integrated
PL-intensity, the decrease of the overall decay rate can be attributed to the increase
of the radiative decay time constant with no improvement on the probability of
nonradiative relaxation of excitation. The decrease of the radiative decay rate could
be caused by the presence of the silica shell, which decreases the packing density of
phosphor particles (i.e., it acts as a spacer between the neighboring particles of
yttria). At the same time, silica itself has relatively low index of refraction, so that the
effective refractive index of the phosphor powder compacted in the powder cell of the
spectrometer decreases. From this point of view, it would be advantageous to cover
the nanoparticles with the protective layer after depositing them onto the screen, thus
excluding the effect of the thickness of the silica shell on the particle volume fraction
of the phosphor. Furthermore, this would allow for the investigation of the coatings
deposited from the standard 12/3 flame, i.e., those mainly consisting of the cubic
yttria. Such a possibility is offered by atomic layer deposition.

The ALD experiments were carried out at the Institute of Applied Physics at
the University of Hamburg (the research group “Multifunctional nanostructures”). The
FAD-coatings deposited in the standard way were cyclically exposed to water vapor
(0.5/30/70/RT), ozone (10 % in O, 0.2/30/45/RT), and aminoalkyltriethoxysilane
(H2N(CH3)3Si(OEt)s, 2/40/80/90CT), where the first three numbers in b rackets in each
case stand for the duration of the pulse/exposure/evacuation steps, respectively, and
the last position denotes the temperature of the corresponding source with “RT” used
for room temperature. The processing was performed at 150C and a growth rate of
about 0.06 nm/cycle was expected.?’®

The first ALD run consisted of 70 cycles. The weight of the samples was in-
creased by 12-13 % (i.e., the weight fraction of silica was 11-12 %). Assuming a den-
sity of silica of 2.0 g/cm?® and a specific surface area of the phosphor coating equal to
that of the corresponding filter-collected powder (in this case, 47 m%g), the average
thickness of the silica coating totals 1.3 nm. The estimated growth rate is on the order
of 0.02 nm/cycle, which is much lower than expected. The difference probably results
from the very high surface area of the phosphor. First, consumption of the precursors
increases with the increase of the surface available for ALD so that, for example, a
deficiency of aminoalkyltriethoxysilane molecules could occur. Second, a uniform
ALD-infiltration of thick porous structures requires extended exposures in order to
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facilitate the diffusion of precursors, especially for large molecules. As a conse-
quence, the thickness of the coating deposited by ALD can vary at different locations
of the sample, particularly at different depths in the phosphor layer. It can be con-
cluded that the density of the phosphor coating should preferably be low.

After 70 ALD cycles, the T-mode brightness of the Y,03:Eu screen with the in-
itial coating density of 0.6 mg/cm? decreased by 20 % of the initial value. The lumi-
nescence decay time practically did not change: the single-exponential decay time
constant was found to be 2.2-2.3 ms both for an “as-deposited” FAD-coating and that
treated with ALD.

It should be mentioned that the above decay time constants obtained by laser
excitation (at the Institute of Laser-Physics, DESY) were shorter than those meas-
ured by the Varian Cary Eclipse spectrometer for the same “as-deposited” FAD coat-
ing (3.3 ms). The fitting of the decay curves with the Kohlrausch function (Equation
6.1) not only produces different 7 (1.66 vs. 3.0 ms) but also a different value of the
parameter B (0.73 vs. 0.90, respectively). There could be several reasons for such a

disagreement. High laser fluences at the surface of the phosphor screen could cause
a substantial increase of the temperature of the phosphor. For example, in the case
of the coatings deposited by DPC-FAD, focusing the laser beam to an energy density
of approximately 30 mJ/cm? could destroy the phosphor layer. Although the laser
fluences used during the measurements of the decay times were always much lower
than the destruction threshold, the possibility of heating-up for the nanophosphor
coating exposed to the laser radiation could not be completely excluded, especially
when its low quantum efficiency is considered. The lower the efficiency of the phos-
phor, the higher the fraction of the excitation energy which is being converted into the
heat. The increase of the temperature can be accompanied by an increase of the
decay rate of luminescence.?’"?"® |t was found that the exponential decay time con-
stant of Y,03:Eu phosphor stays constant up to approximately 500C and decreases
for higher temperatures so that it falls below 100 ns at the temperatures exceeding
1100<. *”"

Furthermore, high intensity of excitation can lead to saturation effects (i.e.,
changes of luminescence dynamics when most of the emitting ions are in the excited
state), which also cause shortening of the observed decay time of the emission.?”"?"®
For Y,03:Eu applied in plasma display panels (excited by ArF excimer laser at
193 nm) a saturation threshold of 0.2 mJ/cm? was determined.?”®

The energy density of exciting radiation was not precisely controlled during our
measurements. If heating or saturation effects were responsible for the observed dif-
ference in the calculated decay time constants, the repeatability of the measurements
would be strongly deteriorated. The values obtained for the same samples in the dif-
ferent series of experiments were, on the contrary, in perfect mutual agreement.
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It can also be suggested that the peculiarities of the decay of luminescence
could result from the temporal excitation conditions. The dependence of the decay
time constant on the duration of the excitation pulses was observed, e.g., for sol-gel
deposited chromium-doped alumina.?®® The duration of a single flash of Xe lamp in-
stalled in the Varian Cary fluorescence spectrometer was approximately 2 us,
whereas the pulse duration for the laser system used for the measurements at the
Institute for Laser-Physics at the Hamburg University was only 10 ns. In both cases,
duration of the excitation pulses was insufficient for the population of the electronic
levels from which the emission takes place to achieve equilibrium. Usually, the inten-
sity of the PL-emission continues to increase immediately after the excitation
pulse.?®’ The rise time of luminescence in Y,03:Eu, depending on Eu-concentration,
can vary between several tens to several hundreds of microseconds.?’” One could
speculate that the equilibration processes associated with the time after cessation of
excitation proceed in a different (and more complicated) way in the case of
nanocrystalline phosphor powders synthesized by FAD. Unfortunately, it is not possi-
ble to prove or disprove this hypothesis without additional experiments and therefore
the conclusions on the influence of the silica coating on the performance of the
nanophosphor screens should be preferably drawn from the change of the PL-
intensities.

Although any comparison of the measured decay times should be done ex-
tremely carefully, the fact that there was no difference between the FAD-screens af-
ter 70 ALD cycles and those not coated by SiO, could imply that there was insuffi-
cient coverage of the surface of the phosphor particles. In order to clarify how a
thicker SiO, layer affects the properties of the nanophosphor coating, the samples
were treated with a further 300 cycles with the same ALD process parameters. The
weight fraction of silica increased to 29 %, which corresponds to an average shell
thickness of 4.5 nm. For thick screens (1.5 mg/cmz), a radial distribution of “white-
ness” was observed with the central parts of the samples appearing noticeably fainter
than the edge parts. This observation could be related to the lack of uniformity of the
silica coating resulting from the deficiency of the precursors discussed above. SEM
investigation confirmed that nanoparticles at the edge of the sample appear some-
what larger than those in the middle, although they were too small for any quantita-
tive characterization. Figure 6.16a shows that the morphology of the phosphor coat-
ing did not significantly change. For a thin screen, the difference in appearance of the
central area and the outer part was less expressed. Nevertheless, the decay times
were measured at the edge of the sample in order to assure the maximum possible
effect of the surface passivation. An exponential decay time constant of 2.4 ms was
obtained. For the Kohlrausch function, the decay time constant also slightly increased
and reached 1.75 ms. The value of the parameter S did not significantly change

(0.73).
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Figure 6.16 — a) SEM of the FAD deposits after ALD treatment with SiO, (300 ALD
cycles, average SiO; coating thickness 6.5 nm), initial Y203 coating density
1.5 mg/cm?; b) attenuance spectra and c) T-mode excitation spectra of the
FAD screen before and after ALD-deposition of SiOo, initial Y,03:Eu coating
density 0.6 mg/cm?,

After additional deposition, the T-mode brightness of the Y,03:Eu screen with
the initial coating density of 0.6 mg/cm? further decreased to 70 % of the initial value.
(For the thicker coatings, the degradation of brightness was even stronger). The
decrease of brightness can be accompanied by the increase of the decay time con-
stant only when the radiative decay rate decreases. However, partial substitution of
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air by silica in the space between the phosphor particles is expected to increase the
effective refractive index of the medium and speed up the radiative decay. It can be
concluded that the decrease of the brightness is not related to the dynamics of lumi-
nescence. The observed changes could be explained by the decrease of the number
of UV-photons absorbed by the phosphor. A comparison of the attenuance spectra
before and after ALD shows that scatterance in the visible range and near-UV sub-
stantially increases (Figure 6.16b). The values of attenuance in the range 220-
230 nm seem to be unaffected by the passivation of the surface. However, it is diffi-
cult to say whether the incident radiation is absorbed exclusively in the phosphor na-
noparticles or if it is just the sum of absorption and scattering both in silica and
Y,03:Eu which is equal to the initial attenuation by the phosphor coating. The low
signal levels preclude the reliable extraction of the T-mode PL-excitation spectra from
the attenuance spectra taken with the long-pass filter (Figure 6.16c). However, even
with this strongly scattered data one can arrive at the conclusion that throughout the
range 190-250 nm, the brightness of the SiO»-coated Y,O3:Eu nanoparticle coatings
does not exceed that of the same phosphor screen before ALD.

To summarize the results of the experiments with encapsulation of phosphor
nanoparticles, it should be concluded that thin films of silica do not improve the
photoluminescent properties of FAD-synthesized Y,Os:Eu for excitation with UV-
radiation. It is difficult to make any generalization because the same materials were
advantageously combined in a core-shell structure when applied for up-conversion of
exciting radiation at 800 nm.?®? Furthermore, silica coating could still be used in order
to influence some non-optical properties of nanophosphors such as colloidal stability
in slurries or mechanical stability of the deposited coatings. For example, we ob-
served a noticeable improvement in wiping resistance for the ALD-treated screens.
When concerning the quantum efficiency of the Y,0O3:Eu nanophosphor, materials
other than silica could be tested, e.g., undoped Y,03 (see Section 2.3.3d).

6.7. Summary on CVC-FAD of phosphor coatings

Rapid (within minutes) manufacturing of nanophosphor screens by FAD was
demonstrated for the first time. Coatings of Y,03:Eu phosphor with an average parti-
cle size (dger) of 24 nm were obtained on fused silica substrates with the average
deposition rate of 0.22 mg/(cm? min). It was shown that the liquid precursors for
FSP/FAD can be prepared directly from inorganic salts of corresponding elements,
thus substantially decreasing the costs of consumable materials.

Remarkably, the FAD-coatings demonstrated up to two orders of magnitude
(or 99 %) weaker light scattering in the visible range than the coatings made of com-
mercial micrometer-sized or submicron-sized phosphor powders. As a result, a con-
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stant PL-output (repeatable within £8 %) was maintained over a wide range of coat-
ing densities (from 1.2 to 3.8 mg/cm?).

The maximum transmission-mode brightness of FAD-deposited phosphor
coatings for excitation at 254 nm was 30 % of that of the corresponding reference
screen made of the commercial phosphor powder. The PL-performance was found to
be substantially affected by reflection of light from the substrate and by the packing
density of the phosphor particles. The brightness of the nanophosphor screen could
be increased by 13 % upon mechanical compaction of the deposits (volumetric po-
rosity changed from 0.97 to 0.90). At the same time, light scattering in the visible
range has further decreased. Therefore, it can be concluded that together with the
shortening of decay times of photoluminescence, the brightness and light scattering
properties of nanophosphor coatings can be improved by decreasing the porosity of
the deposits. It is suggested that diffraction-limited image converters for radiation in
the vacuum UV-range can be realized with compacted FAD-deposited screens.

It was attempted to cover the surface of the phosphor nanoparticles with a
nanoscale passivating film in order to increase the quantum yield of luminescence by
suppressing the surface quenching. The in situ encapsulation with SiO, during FSP-
synthesis and coating the FAD-deposited screens with the same material by atomic
layer deposition were tested. In both cases, shortening of the decay time of lumines-
cence was observed but the light output did not increase.
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7. Sol-assisted FAD based on droplet-to-particle conver-
sion

The conversion of droplets of precursor solution into solid phosphor particles is
accompanied by the rapid evaporation of water and decomposition of solute to the
corresponding oxides. The surface of Y,03:Eu phosphor particles obtained by the
standard DPC-FAD technique described in Chapter 5 is extremely rough due to the
low temperature of the propane/air premixed flame. Improved surface morphology
can be obtained in several ways, e.g. by increasing the temperature of the flame over
the melting point of the final compounds176 or by introducing polymeric additives to
the precursor solution (see Section 5.2). As an alternative approach, one could ar-
range the process in such a way so as to avoid any chemical transformation taking
place during the residence time of the particles in the flame. If a sol (i.e. a colloidal
dispersion of solid nanoparticles in a liquid) was used as a precursor for FAD, the
morphology of the phosphor particles produced would change accordingly. Further-
more, this could also help to assure a high degree of crystallinity of the phosphor
even for low flame temperatures.

Pyrolysis can be completely excluded when oxide nanoparticles are dispersed
in water or other pure solvents. Optionally, a solution of metal salt(s) could be used
as a suspending medium for nanoparticles. Then thermal decomposition would occur
and nanoparticles in each droplet would act as seeds for the formation of single solid
particles. The former scenario resembles spray drying commonly used in the pro-
cessing of ceramic powders. It could also be compared to the sol spraying technique,
a modification of spray pyrolysis in a furnace which does not involve chemical reac-
tions between solid nanoparticles constituting the so obtained larger particles.?® A
modification of the furnace-based spray pyrolysis where nanoparticles dispersed in
the precursor liquid serve as particle nuclei during decomposition of the salts has
already been studied; it is usually termed colloidal seed-assisted spray pyroly-
sis.?428° The application of colloidal precursors in flame spray pyrolysis has also
been reported. In the work by Dosev et al.,"® magnetic (Fe;03:Co,Nd) and at the
same time luminescent (Gd,O3:Eu) core/shell particles were obtained in this way.
Here, the results of a series of experiments on FAD of sols of Y,03:Eu nanoparticles
(obtained by CVC-FAD, Chapter 6) are presented. The nanophosphor was suspend-
ed either in salt-free solvents or in nitrate-based precursor solutions of different
phosphor hosts. Colloidal precursors can be regarded as sols irrespective of the
presence of dissolved salts and thus the corresponding realization of the FAD meth-
od can be generally referred to as sol-assisted FAD.
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7.1. Non-pyrolytic sol-assisted FAD

As a proof of the concept, a series of DPC-FAD experiments with a salt-free
sol were carried out. In order to obtain a stable suspension of nanoparticles, filter-
collected powders obtained by CVC-FAD were first dispersed in small volumes of
ethanol (the concentration was adjusted to 118 mg/ml) and then diluted with deion-
ized water. The final concentration of the sol was set equivalent to the concentration
of rare earth ions in the standard precursor solutions. 1 ml of 0.2 M solution of ni-
trates of yttrium and europium corresponds to 23.6 mg of Y,03:Eu (for 8 mol.% Eu).
Thus, the typical concentration of the precursor sol was 23.6 mg/ml and the suspend-
ing medium consisted of 80 vol.% water and 20 vol.% ethanol. For safety reasons,
the tube connecting the ultrasonic nebulizer with the flame torch was not heated.

Figure 7.1a shows the SEM-picture of the obtained powder. Particle morphol-
ogy was remarkably different from that of the phosphor particles produced by the
standard DPC-FAD technique. Particles formed from droplets of the sol did not have
large pores and the roughness of their surface was much less pronounced. On the
other hand, they mostly had irregular shapes. The most important outcome was that
the suspension of nanoparticles could yield sub-micrometer-sized particles at practi-
cally relevant production rates. At a maximum nebulization rate and a carrier gas flow
rate of 3 I/min, deposition rates of the phosphor coating of up to 2.2 mg/cm®h were
achieved (the substrate was placed at the standard deposition distance of 7 cm).
With sufficiently small colloidal particles, deposition rates comparable to that of the
standard DPC-FAD would probably be achieved. For larger primary particles, obvi-
ously there should be a feasibility limit of FAD. Figure 7.1b shows the results of dep-
osition from a suspension of particles synthesized by the DPC-FAD from the 0.2 M
nitrate-based precursor solution. In this case, the deposition rate was rather negligi-
ble (deposits in the figure correspond to an FAD-duration of 5 min).

The particle size statistics of the powders deposited from suspensions of na-
noparticle and submicrometer-sized particles of the phosphor can be compared in
Figure 7.2. The geometric mean diameter for the particles obtained by sintering large
numbers of nanoparticles contained in each droplet of the precursor sol was 560 nm
and the geometric standard deviation was exceptionally narrow (1.55). The arithmetic
mean and the Sauter diameter were equal to 620 nm and 850 nm, respectively.
When the primary particles were large, the deposits consisted of relatively small par-
ticles because there was rarely more than one particle in a single droplet and parti-
cles larger than approximately 500 nm could not be carried into the flame with the
droplets produced by the ultrasonic nebulizer. In this case, the geometric mean di-
ameter was 160 nm (GSD = 2.0); the arithmetic mean was 200 nm; and the Sauter
diameter was equal to 350 nm. It seems that the efficiency of sol-assisted FAD
strongly decreases when the size of the colloidal particles exceeds 200 nm.
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Figure 7.1

EM of Y,0s3:Eu p

owders deposited by sol-assisted FAD from salt-

free suspensions of nanoparticles (CVC-FAD, 23.6 mg/ml) (a) and microm-
eter-sized particles (DPC-FAD, 15 mg/ml) (b).
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Figure 7.2 — Particle size statistics for Y,O3:Eu powders deposited by sol-assisted

FAD from salt-free suspensions of nanoparticles (CVC-FAD, 23.6 mg/ml)
(a) and micrometer-sized particles ( DPC-FAD, 15 mg/ml) (b).

Although the small amount of the nanophosphor powder did not allow the
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thorough investigation of the relation between the specific weight and brightness of
the coatings to be conducted, it is believed that the efficiency of luminescence of the
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Figure 7.3 — Dependence of the T-mode PL-brightness (for excitation at 254 nm)
(a) and attenuance (b) on the coating density of Y,O3:Eu phosphor coatings
obtained from the sol (23.6 mg/ml of CVC-FAD produced Y,03:Eu nanopar-
ticles dispersed in 4 parts water and 1 part ethanol).

phosphor produced from the sol should be close to that of the powders obtained by
the standard DPC-FAD. The highest value of the T-mode PL-intensity for excitation at
254 nm was measured for a coating with a density of 0.56 mg/cm?; it reached 83 %
of the maximum brightness of the reference samples deposited from the commercial
phosphor powder (Figure 7.3a). Measurements of attenuance (Figure 7.3b) show that
this coating density should approximately correspond to the optimum thickness be-
cause the value of attenuance at 254 nm reaches 3 units. Near this wavelength, the
curve of the thickest coating deposited from the sol practically coincides with that of
the best coating deposited by the standard DPC-FAD. In the visible range, they have
a small difference in scatterance, which could be explained by unequal coating densi-
ties. In the range of strong absorption, the values of attenuance differ more strongly.

Analysis of the T-mode excitation spectra of photoluminescence (Figure 7.4)
which were obtained from the attenuance spectra measured with the long-pass opti-
cal filter, shows that in the range of the host absorption the phosphor coating ob-
tained from the sol outperforms the screen deposited from the standard precursor
solution based on the nitrates of yttrium and europium. Improving the surface mor-
phology of the phosphor particles was expected to cause changes in the efficiency of
photoluminescence at the wavelengths for which the penetration depth of exciting
radiation incident on a phosphor particle becomes much smaller than the diameter of
the particle. However, it should be clarified whether or not the observed improvement
merely results from adding 20 vol.% of ethanol to the precursors.
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Figure 7.4 - T-mode PLE spectra derived from the measurements of attenuance of
the phosphor coatings deposited by the conventional DPC-FAD and non-
pyrolytic DPC-FAD.

7.2. Effect of adding ethanol to the standard nitrate precursor solu-
tion

A series of samples of europium-doped and pure yttria in a wide range of coat-
ing densities were produced from 0.2 M nitrate solutions containing 20 vol.% of etha-
nol. For a fixed volume concentration of droplets in the flame, the partial substitution
of water with ethanol should lead to an increase of the total heat release rate, thus
increasing the temperature of the flame and improving the crystallinity and quantum
efficiency of the synthesized phosphor powders. On the other hand, the presence of
ethanol should also modify the size of the droplets produced by the ultrasonic nebu-
lizer because it is affected by the surface tension of the precursor solution. The effi-
ciency of transport of the droplets into the flame could also change, especially by tak-
ing into account that the hose connecting the nebulizer and the burner was not heat-
ed during the experiments with ethanol.

Measurements of the flame temperature revealed that the addition of ethanol
did not cause any increase in the obtained values. For all other conditions being
equal (i.e., without the hose heating), the maximum temperature of the flame without
any droplets was about 1500C. When droplets of pure water were brought into the
flame (the maximum nebulization rate, carrier gas flow rate 3 I/min), the temperature
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at the same location decreased to 1460C while when spraying water with ethanol,
1450C was measured. Additionally it was observed that for extended durations of
FAD at high nebulization rates, the deposition rate of the phosphor coating was up to
50-60 % higher when ethanol was added to the precursors. It can be suggested that
ethanol influences the nebulization rate of the precursors and the effect becomes
more pronounced when the temperature of the liquid in the ultrasonic cup rises. The
relationship between the presence of ethanol in the precursor solution and the flame
conditions was not further investigated. Nonetheless, the negligible effect on the
flame temperature allows for the preliminary conclusion that the crystallinity of the
phosphor can not be improved much with moderate amounts of ethanol.

As it can be seen in Figure 7.5, the morphology of the particles obtained with
ethanol was not that different from that of the phosphor produced by the standard
DPC-FAD technique. The deposited particles were of porous fluffy consistency,
which was usually associated with poor photoluminescent performance in the range
of strongly absorbed UV-radiation.

The efficiency of luminescence for excitation via the charge transfer band (at
254 nm) was investigated first (Figure 7.6a). The maximum T-mode brightness was
achieved with a coating density of 0.43 mg/cm?, i.e., the value of the optimum screen
thickness was not affected by the introduction of ethanol to the precursors (for the
standard DPC-FAD without ethanol the optimum value was 0.44 mg/cm?). The
measured PL-intensities were, however, substantially lower than those obtained by
the standard implementation of the method (77 % vs. 97 % of the maximum T-mode

Figure 7.5 — SEM-pictures of yttria particles produced by the standard DPC-FAD
with 20 vol.% ethanol added to the precursor solution (final concentration of
yttrium ions 0.2 M) at the original magnification of 30,000 (a) and 100,000 (b).
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Figure 7.6 - Dependence of the T-mode PL-brightness (for excitation at 254 nm)
on the coating density of Y,03:Eu phosphor coatings produced by the DPC-
FAD with 20 vol.% ethanol added to the precursor solution ([RE] =0.2 M,
[Eu] = 8.5 mol.%) (a); and attenuance curves of the best samples produced
with and without ethanol. The corresponding T-mode PLE spectra derived
from the measurements of attenuance are shown in the inset.

brightness of the commercial reference, respectively.) In the attenuance spectra of
these two samples, there was a noticeable difference at both ends of the investigated
spectral range (Figure 7.6b). Comparison of the derived photoluminescence excita-
tion spectra (see the inset in Figure 7.6b) shows that the brightness of the Y,03:Eu
phosphor coating deposited from precursors containing ethanol is lower than that of
the coating produced by the standard DPC-FAD in the whole studied wavelength
range. The inferior properties of the phosphor could be attributed to the fact that the
hose between the nebulizer and the burner was not heated (see Section 5.1.3). Fi-
nally, it can be concluded that better performance in the range of the host absorption
for the phosphor coatings obtained by non-pyrolytic FAD (i.e., from the sol of Y,03:Eu
nanoparticles, Section 7.1) is not due to the presence of ethanol in the precursors.

7.3. Seed-assisted DPC-FAD

Improvement of particle morphology does not necessarily require full substitu-
tion of the precursor salts by a sol of nanoparticles with the composition of the de-
sired final compound. It is known from the literature on ultrasonic spray pyrolysis that
addition of relatively small amounts of nanocrystalline seeds can also lead to a no-
ticeable decrease in the hollowness of the obtained phosphor particles.284 Further-
more, by combining solutions of salts with insoluble colloids, one could prepare parti-
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cles with deliberately non-uniform composition (e.g. non-uniform distribution of do-
pants, spatial separation of different activators in the same host, etc.). It could also be
expected that seeding may improve the crystallinity of phosphor powders synthesized
at low flame temperatures. The influence of the addition of Y,0O3:Eu nanoparticles to
the precursors of Y03, Gd,O3, and YAG hosts was investigated. In each case, two
compositions of the sol were tested: 1) 1.18 mg/ml of phosphor nanoparticles pro-
duced by CVC-FAD dispersed in 0.19 M solution of the corresponding metal nitrates;
and 2) 11.8 mg/ml of the nanoparticles in 0.1 M nitrate solution. For the first composi-
tion, the amount of material introduced by the seeds was equal to 5 mol.% of the final
product, whereas for the second one the molar ratio of the products of pyrolysis and
yttria precursors was approximately 1:1. The amount of ethanol in the precursor sol
varied between 1 and 10 vol.% (proportionally to the concentration of the nanoparti-
cles).

7.3.1. Y,0;:Eu nanoparticles in Y,0;

The morphology of the Y,O3:Eu particles produced by seed-assisted flame
spray pyrolysis changed according to the amount of nanoparticles added. For high
concentration of the seeds, particle shapes and surface roughness were similar to
those of the phosphor powder obtained from the sol without any salt (Figure 7.7a).
On the other hand, when the precursor solution contained a relatively small fraction
of suspended nanoparticles, the surface of the synthesized particles was extremely
rough (Figure 7.7b), comparable to that of the particles deposited by the standard
DPC-FAD technique based on pyrolysis of rare earth nitrates (see Section 5.1).

Unfortunately, it was not possible to compare the efficiency of photolumines-
cence of the coatings obtained with and without colloidal seeds because the small
number of produced samples did not allow for optimization of the screen thickness for
the maximum T-mode brightness. The brightness was undoubtedly observed to in-
crease with the increase in the concentration of phosphor nanoparticles in the pre-
cursor solution; however, the improvement could be fully explained by the increase in
the total concentration of the activator. Apart from the seeds, the precursor solution
did not contain any europium.

Analysis of the decay time of PL-emission showed that the value measured for
the powder produced only from the Y,0s3;:Eu nanoparticles (and thus containing
8 mol.% europium) was very close to that of the phosphor prepared by the standard
DPC-FAD (without seeds) with 8.5 mol.% Eu-ions (0.92 ms vs. 0.95 ms, respective-
ly). For precursors with 50 % nanoparticles ([Eu] =4 mol.%), the exponential decay
time constant was 1.04 ms, whereas for the standard DPC-FAD phosphor containing
4.5 mol.% Eu it was slightly larger (1.13 ms). The difference was even more pro-
nounced when the concentration of the nanoparticles in the precursors was low. For
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7.7 — SEM of Y,03:Eu powders obtained by adding 50 % (a) and 5 % (b) of

Y,03:Eu nanoparticles to the precursor solution. Scale baris 1 um.

Figure

5 mol.% nanoparticles in the precursors (0.4 mol.% Eu in the final product), a value of
1.24 ms was found. The standard flame synthesized Y,03:Eu would have a value of
1.37 ms in this range of dopant concentrations (0.5-1 mol.% of the dopant, see Sec-
tion 5.1.6). The faster decay of the luminescence in the phosphor obtained by the
seed-assisted FAD could be explained in several ways. First, this could be the effect
of any unintentional impurities introduced during the synthesis of the seeds or in the
final processing step. Second, the shortening of the decay time could be caused by
the increased number of defects in the crystalline structure. Finally, it is possible that
europium ions are not evenly distributed in the interior of the phosphor particles, e.g.,
a higher concentration in the seeds and a lower concentration in the yttria produced
by pyrolysis. In such a case, the energy transfer between the activator ions in the
“seed volumes” would have a higher probability than for the material having other-
wise the same overall composition but with uniformly distributed doping, which leads
to an enhancement of concentration quenching.

The crystallinity of the produced Y,03:Eu phosphor powders, as judged from
the XRD-spectra, seems not to be affected by seeding. In all cases, phase-pure cubic
modification of yttria was found (Figure 7.8). It should be added that the initial crystal-
line phase of the seeds had no influence on the purity of the cubic phase in the final
product. When a sol of monoclinic yttria nanoparticles was sprayed, there were no
peaks of the monoclinic phase in the XRD spectra of the so-obtained powder. The
width of the peaks and therefore the grain size did not noticeably change irrespective
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Figure 7.8 — XRD spectra of Y,03:Eu powders obtained by adding different
amounts of Y,03:Eu nanoparticles to the precursor solution.

of the ratio between the dissolved nitrates and suspended oxide nanoparticles in the
precursors. Crystallites in the synthesized phosphor powders were noticeably larger
than the initial size of the seeds (compare the curve corresponding to the as-
prepared nanoseeds with the other curves in Figure 7.8).

7.3.2. Y,0;:Eu nanoparticles in Gd,0;

The changes in morphology of the phosphor particles obtained by seeding
Y,0s3:Eu into gadolinia were similar to those observed for seeded yttria (Figure 7.9).
For high amounts of nanoparticles, particles with relatively smooth surface were pro-
duced. When the concentration of the seeds was reduced, the surface of the parti-
cles became fluffy so that they resembled the (YGd),O3:Eu phosphor synthesized by
the standard DPC-FAD (see Section 5.1.8).

Again, the phase composition of the products of FAD did not depend on the
way in which yttrium ions were added to the precursors. As it can be seen in Figure
7.10, even when the precursor sol contained 50 mol.% of nanoparticles of the cubic
yttria, a powder deposited on the substrate consisted completely of the monoclinic
phase, in full agreement with the results of the standard seedless DPC-FAD for an
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Figure 7.10 — XRD spectra of (YGd),O3:Eu powders obtained by adding either
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equal ratio of yttrium and gadolinium ions (Section 5.1.8). On the other hand, peaks
in the XRD spectra of the seeded phosphor powders were generally noticeably wider
than those corresponding to the powders, for which all precursors were dissolved and
mixed at the atomic level. It can be suggested that the difference between the chemi-
cal composition of the seeds (Y203) and the surrounding medium (Gd,O3) inhibits
grain growth during the short residence time of the particles in the flame.

Measurements of the decay time of luminescence revealed that the value of
the single exponential constant of the (YGd),O3:Eu powders containing 50 % nano-
particles (i.e., [Eu] =4 mol.%) and 5 % nanoparticles ([Eu] = 0.4 mol.%) practically
did not change (0.85 ms vs. 0.86 ms, respectively). Usually the decay rate decreases
for lower concentrations of the activator. The observed behavior can be attributed to
the change of the effective refractive index of the phosphor, which is reflected in the
variation of the radiative decay rate (see Section 2.3.3d). Bulk gadolinia has a slightly
higher refractive index than that of yttria. If the molar fraction of yttria decreases sim-
ultaneously with the concentration of europium, the increase in the refractive index
could compensate for the dilution of the emitting ions. Additionally, the effect of a
non-uniform distribution of europium ions between the Y,03; seeds and Gd,O3 matrix
(as proposed in Section 7.3.1) may play a role.

PLE spectra of the (YGd),O3:Eu phosphor with a low concentration of seeds
featured several additional peaks which are attributed to the charge transfer from Gd-
ions to Eu-ions (Figure 7.11). These peaks are not usually observed in the spectra of
phosphors produced by spray pyrolysis-based methods because the Gd-sensitization

o emeeee Unseeded (Y, Gd, ,),0.:Eu
e Gd203 with 50% nano-Y203:Eu
\ —— Gd,0, with 5% nano-Y,0_:Eu

-
.............................
Py

250 300 350 400
Wavelength, [nm]

PL-intensity at 623 nm, [a.u.]

Figure 7.11 — PLE spectra of (YGd),0O3:Eu phosphor obtained by adding Y,03:Eu
nanoparticles to the precursor solution of Gd,Os.

151



effect is not pronounced at high Eu-concentrations.*®® For the (Y0.5Gdo5)203:Eu pow-
der produced by the standard DPC-FAD, the concentration of the activator was
10 mol.% so that there are no such peaks in the corresponding curve in Figure 7.11.

7.3.3. Y,0;:Eu nanoparticles in Y;Al;0,,

There is a principal difference between seed-assisted FAD of yttria/gadolinia
and that of yttrium aluminate. First, Y3Als04, obtained by the standard DPC-FAD is
amorphous (see Section 5.3), whereas (YGd),0O3; powders are crystalline for any ratio
of Y203 and Gd,03. Second, particles of yttrium aluminate produced by the standard
technique have a nearly perfect spherical shape with very smooth surface so that
their morphology could change in some different way, as compared to the (YGd),0s.

Figures 7.12a and 7.12b show that the surface of the phosphor particles pro-
duced with large amounts of yttria nanoparticles is considerably rough, unlike the
particles with low seed loads or those synthesized by the standard FAD (see Section
5.3). It is very important to understand why seeding could cause such degradation of
the surface morphology. A comparison of the corresponding XRD curves depicted in
Figure 7.13 can provide an answer to this question. One can see that the heavily
seeded powder is crystalline, whereas those with small amounts of seeds or unseed-
ed are amorphous. Therefore, it could be suggested that roughness of the particle
surface correlates with the crystallization of the pyrolyzed compounds. From this

)and 5 %
(b) of Y,03:Eu nanoparticles to the precursor solution of Y3Als042; and

Y3AlsO42 powder obtained by adding 37.5 mol.% of Y,03; nanoparticles to
the precursor solution of Al,O3 (c). Scale baris 1 um.
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Figure 7.13 — XRD spectra of (YAI),O3:Eu powders obtained by adding Eu-doped
or pure Y203 nanoparticles to the precursor solution of either Y3AlsO4, or
Al,O3. Samples denoted by * were annealed in an oven, and those with **
were flame-annealed.

point of view, the degradation of the surface morphology of phosphor particles results
not from the presence of colloidal particles in the precursors but rather from the
change in the overall ratio of yttrium and aluminum ions.

The XRD spectrum of the powder produced from precursors containing 50 %
nanoparticles could be identified with the monoclinic modification of the yttrium alu-
minate.'”” The addition of yttria seeds changed the relative concentrations of yttrium
and aluminum ions in the flame synthesized powder from the stoichiometry of YAG (3
parts of Y per 5 parts of Al) to the yttrium-rich (11 parts of Y per 5 parts of Al), which
is very close to that of the YAM phase (2:1, respectively, see Section 4.2.1b). It is
known that YAM crystallizes more readily than YAG, so that no thermal post-
treatment was required. For a low concentration of yttria nanoparticles in the precur-
sor sol, the fraction of yttrium ions is only slightly over-stoichiometric with respect to
the composition of YAG. In this case, as-deposited powders stay amorphous and
should be post-treated. The phase-pure YAG was obtained after annealing in an ov-
en for 4 h at 1100C (see the corresponding curve in Figure 7.13). The in situ flame
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Figure 7.14 — PL-emission spectra of (YAI),O3:Eu powders obtained by adding
Y203:Eu nanoparticles to the precursor solution of Y3Als04,. Samples de-
noted by * were annealed in an oven, and those with ** were flame-
annealed.

annealing for 5 min (the procedure is discussed in Sections 5.1.3 and 5.3.3) did not
noticeably affect the amorphous powder produced with 5 % of yttria nanoparticles.

An additional experiment with precursors possessing the stoichiometry of YAG
was made by introducing Y203 nanoparticles (8.5 mg/ml) to the precursor solution
containing only aluminum nitrate (0.125 mol/l). This composition corresponds to the
stoichiometric ratio of 3 parts of yttrium per 5 parts of aluminum. As one see in Fig-
ures 7.12c and 7.13, there was no significant difference in particle morphology or
crystallinity (or, strictly speaking, non-crystallinity) between the powders produced
with nanoparticles and those synthesized by the standard FAD without colloidal
seeds.

Photoluminescence emission spectra were strongly affected by the crystallo-
graphic state of the phosphor powders (Figure 7.14). Amorphous coatings emitted in
the range characteristic for Eu-ions in Y,03. The peaks were relatively broad, which
is explained by non-crystalline environment of the emitting ions. For the same nomi-
nal concentration of the activator (0.4 mol.%), the brightness of the seeded powders
was somewhat higher than that of the powders produced in the standard way. A
spectrum of luminescence of the powder with the increased yttria fraction was in
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good agreement with that of YAM:Eu phosphor107 although several peaks could be
identified with the superimposed spectrum of the crystalline Y,O3:Eu. The annealed
YAG:Eu sample had the main intensity peak at a wavelength of 710 nm.

The luminescence decay time of as-deposited coatings was measured as well.
Amorphous powder seeded with 5 % Y,03:Eu nanoparticles (0.4 mol.% Eu) had an
exponential decay time constant of 1.15 ms. PL-emission from the YAM:Eu phosphor
(4 mol.% Eu) was observed to cease with a constant of 2.7 ms.

7.4. Summary on sol-assisted DPC-FAD

It was shown that substitution of the salts dissolved in the precursor solution
by a sol of nanoparticles with chemical composition corresponding to the desired final
product of FAD can be successfully carried out to improve the morphology of phos-
phor particles. The Y,03:Eu phosphor powder obtained from the colloidal suspension
of Y,03:Eu demonstrated the narrow particle size distribution, as well as low porosity
and reduced surface roughness of the particles. The T-mode PL-brightness of the
coating deposited from the sol was found to exceed that of the best sample produced
by the standard DPC-FAD technique when excited in the range of the host absorp-
tion (A< 220 nm). The UV-light with such short wavelengths has a very shallow pen-
etration depth into the particle volume so that the efficiency of conversion into visible
light is strongly affected by the surface condition.

It was discovered that the efficiency of FAD from the sol abruptly decreases
for particles larger than 200 nm. The deposition rates for the precursor sol of nano-
particles (¢,.,= 24 nm) with particle concentration equivalent to the 0.2 M precursor

solution was comparable to that obtained by the standard DPC-FAD.

Finally, the possibility of the partial substitution of precursor salts by the oxide
nanoparticles was investigated. When the relative concentration of the seeds was low
(5 mol.%), the morphology of the obtained phosphor particles was very similar to that
of the powders synthesized without seeds. Higher loads of nanoparticles substantially
changed the particle morphology; the surface roughness was especially affected. For
yttria and gadolinia, seeding with 50 mol.% of Y,03:Eu nanoparticles resulted in par-
ticles with a smoother surface. At the same time, for the stoichiometric composition of
the precursor solution of the YAG-host, addition of colloidal particles of yttria leads to
crystallization of the YAM-phase and considerable surface roughness. It was sug-
gested that in general, smoothness of the particle surface correlates with the amor-
phous structure of the deposited solid particles.
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8. Conclusions and outlook

8.1. Conclusions

8.1.1. Pros and cons of FAD

The main purpose of the investigations presented in this thesis was to assess
the potential of flame spray pyrolysis for deposition of phosphor powder coatings with
reduced particle size. In this section, the general advantages and disadvantages of
FAD will be discussed. The following subsections will be devoted to more specific
results on FAD techniques based on droplet-to-particle conversion and, separately,
on chemical vapor condensation.

FAD is a method combining the advantages of flame spray pyrolysis with co-
hesive properties of the aerosol particles. In this way, unpixelated phosphor screens
on the scale of several square centimeters could be manufactured within minutes, in
a single step starting with precursor solutions of inexpensive inorganic salts. Larger
areas could be coated, e.g., by slowly moving either the substrate or the burner dur-
ing the deposition. The possibility of rapid processing should be considered as the
general practical advantage of various realizations of FAD.

The second advantage of the direct deposition of aerosols by FAD is that it
does not involve application of any binder. Once the particles contact a surface (or
each other), they stick on it (or stick together). FAD-deposited coatings demonstrated
remarkable mechanical stability: there was no significant weight loss after shaking
the sample, dropping it (provided that it did not fall on the coated surface), annealing
by the flame impinging on the coating, and exposure to moderate blows from an air
blow gun. The absence of binding and tackifying agents assures the maximum pos-
sible efficiency of luminescence of the phosphor for excitation with strongly absorbed
radiation (e.g. in the vacuum UV range). This is especially important for
nanophosphors because their luminescent properties are strongly affected by con-
tamination of the particle surface.

The third advantage of FAD consists in the efficient means of control over the
size of the phosphor particles. In most cases, a desired average particle diameter
can be obtained by simply adjusting the concentration of the precursor solution. FAD
based on droplet-to-particle conversion is better suited for submicrometer-sized parti-
cles, although nanoparticles could also be produced by slightly modifying the pro-
cess.?* For the chemical vapor condensation of nanoparticles, it can be more com-
plicated to control the particle size as there are more parameters affecting it. Flame
synthesis of nanoparticles is an area of intense investigation, and new flexible ap-
proaches are being developed even for quite complicated problems (e.g., Rudin et
al.?®).
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As the fourth important general advantage of FAD, one should mention the
possibility of a rapid (also on the scale of several minutes) thermal post-treatment of
the deposited coatings in the same setup used for deposition. The in situ direct an-
nealing was successfully carried out for stabilization of nanoparticle coatings deposit-
ed by CVC-FAD."¥"%% |n this thesis, a very similar procedure was utilized for either
improving the crystallinity or initiation of crystallization processes in the phosphor
powders deposited by DPC-FAD.

The major drawback of FAD is the considerable overspraying. Only a very low
fraction of the synthesized powder is actually deposited onto the exposed substrate.
In this work, the values of deposition efficiency obtained for DPC-FAD were on the
order of a few percent, and less than one percent of the total weight of produced
nanophosphor was deposited on the substrate by CVC-FAD. Although the losses of
powder could surely be reduced by optimizing the size and location of the substrates,
FAD could hardly be compared to some other screening methods (e.g., sedimenta-
tion) from this point of view.

The second disadvantage of FAD is that it usually produces extremely porous
structures. In the case of phosphor coatings, especially if high resolution of the
screen is required, the phosphor particles have to be densely packed in order to re-
duce light scattering. For DPC-FAD, porosities in excess of 85 vol.% were obtained.
Nanoparticle coatings deposited by CVC-FAD had particle volume concentration of
less than 3 vol.% (i.e., > 97 % porosity).

The third weakness of FAD is related to the inevitable exposure of substrates
to high temperatures. Mounting the substrate in immediate proximity of the flame is
essential for deposition. This may bring about certain implications and, for example,
limit the applicability of FAD for the substrates which cannot withstand temperatures
of at least 500<C.

Finally, as a process based on combustion, FAD is mainly limited to depositing
oxides. Although there are exceptions to this rule,’° some important practical phos-
phors (such as Y,0,S:Eu and Gd,0,S:Tb) cannot be processed by FAD unless an
appropriate chemical post-treatment of the deposited coatings is developed. The fea-
sibility of the chemical transformation of phosphor nanoparticles produced by flame

spray pyrolysis has already been demonstrated.?®’

8.1.2. Conclusions on DPC-FAD and new findings on FASP

The most important outcome of the experiments on deposition of phosphor
screens by DPC-FAD is that it can yield coatings with brightness equal to that
achieved with conventional micrometer-sized phosphors. Furthermore, it was shown
that required screen weights can be simultaneously decreased by 60-80 % due to the
increased scattering efficiency and improved substrate coverage by submicrometer-
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sized phosphor particles. Potentially, utilization of phosphor powders with particles in
this size range could lead to a substantial decrease in the consumption of expensive
raw materials. However, the vast overspraying characteristic for FAD-methods out-
weighs this advantage. The decrease of the coating densities also does not guaran-
tee any improvement of the screen resolution because the degree of blurring of an
image is mostly determined by the geometric thickness of the coating and not by its
weight. FAD-deposits typically have very high porosities so that for excitation by radi-
ation which is relatively weakly absorbed (e.g., in the charge transfer band), there is
only a small difference, if any, between the optimum thickness of the conventional
phosphor coatings and that of the FAD-screens. It should be concluded that the prac-
tical benefits of DPC-FAD are mainly constricted to its rapidness, which can allow for
drastic reduction of the processing times of the phosphor screens.

In addition to the investigation of the relationship between the process param-
eters of DPC-FAD and resulting properties of the deposited coatings, there were
several important contributions to the general research on flame-assisted spray py-
rolysis of phosphor powders (i.e., without the purpose of depositing them onto any
substrate). It was found out that polycrystalline phosphor particles obtained from the
aqueous precursors in the low-temperature flames had extremely rough surface,
whereas amorphous powders consisted of particles with very smooth surface and
nearly perfect spherical morphology. It was demonstrated that surface roughness
causes a remarkable degradation of the photoluminescent performance in the wave-
length range of strong absorption of exciting radiation by the phosphor host. Mor-
phology of the phosphor particles was successfully improved by adding the polymeric
components to the precursor solution or by substituting the dissolved precursor salts
with the sol of phosphor nanoparticles.

8.1.3. On CVC-FAD

The brightness of emission from the nanophosphor coatings deposited by
CVC-FAD reached roughly one third of that of the conventional phosphor coatings
and screens deposited by DPC-FAD. The scatterance of the nanoparticle films was
appreciably wavelength-dependent so that the values of attenuance in the visible
range (e.g. at the wavelength of emission of Eu**-ions in Y,03) were much below
those of the screens made of micrometer- or submicrometer-sized phosphor pow-
ders. As a consequence, the PL-brightness of the nanophosphor screens practically
did not change for the coating densities in excess of the optimum value. It is also ex-
pected that the resolution of such screens (for excitation by the strongly absorbed
radiation) will be significantly less dependent on their geometric thickness. The
screen brightness was found to be affected by the light reflection from the substrate
and by the porosity of the nanophosphor coating. Mechanical compaction of the de-
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posits facilitated the substantial improvement of efficiency of luminescence and also
noticeably decreased the scatterance of the coating in the visible range.

8.2. Outlook

Although the study presented in this thesis answers many questions, the re-
search on FAD of phosphor coatings should be continued further in several direc-
tions. For example, there are a few experiments and measurements which could
have a relatively high importance but unfortunately could not be included in this work.
Additional research would be required in order to prepare FAD for industrial imple-
mentation. Finally, both the DPC- and CVC-FAD techniques could be further devel-
oped and augmented by other processing methods for the purpose of extending the
application field of the deposited phosphor coatings.

First, the photoluminescent performance of the coatings obtained by CVC-
FAD in the VUV-range has to be thoroughly investigated (preferably in the T-mode).
Changes of the optimum thickness of the nanophosphor screens with the decrease
of penetration depth of the exciting radiation into the interior of the particles should be
studied and compared to the coatings made of micrometer- and submicrometer-sized
phosphors. Systematic experiments on mechanical compaction of the nanoparticle
deposits could also produce interesting results concerning the improvement of their
PL-brightness and achievable screen resolution. The resolution of both the DPC- and
CVC-FAD screens has to be experimentally characterized, especially for excitation in
the VUV range. It could also be attempted to passivate the surface of the phosphor
particles by a layer of the corresponding undoped host material in order to improve
the quantum efficiency of the CVC-produced nanopowders. For the screens obtained
by DPC-FAD and excited in the VUV range, it could be advantageous to develop a
seed-assisted technique for the synthesis of core/shell particles with a relatively thin
luminescent shell and inexpensive non-luminescent core (e.g. undoped host), which
will not be reached by the exciting radiation. In this way, the cost efficiency of FAD
could be improved because substantially less activator would be consumed.

Industrial application of FAD would undoubtedly require gaining experience on
deposition of other luminescent materials and minimization of the typical drawbacks
of this method (see Section 8.1.1). For example, it is expected that the increase in
the deposition efficiency of phosphor particles (i.e., decrease in the overspraying)
could be achieved by introducing an electric field between the flame and the sub-
strate to be coated.?®® Various methods of chemical transformation of the FAD-
coatings to desired non-oxides could be investigated. It would also be very useful to
develop a strategy for reliable transfer of deposited coatings from one substrate to
another, thus avoiding exposure of the latter substrate to high temperatures.
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A large field for experimentation is offered by the research on manufacturing of
deliberately structured phosphor coatings (e.g. pixelated or multilayer screens) in-
cluding coatings with added functionality (e.g. electrically conducting phosphor films).
The deposits of oxide nanoparticles are usually non-conducting, which leads to a
charge build-up under excitation by an electron beam. When current densities ex-
ceed some threshold value, detachment of phosphor particles from the substrate can
be observed (e.g. during the SEM investigation at high magnifications). It is therefore
desirable to have a means for increasing the conductivity of the phosphor layer so
that an efficient charge sink could be realized. The aluminizing technique developed
for the conventional CRTs' could hardly be applied for such porous structures as
those obtained by FAD. It could be attempted to coat the phosphor particles with a
very thin layer of transparent conductive oxide. Alternatively, the conductive oxide
nanoparticles could be co-deposited by FAD.?®

CVC-FAD coatings consisting of several layers of phosphors emitting at differ-
ent wavelengths could be tested as beam-penetration screens which change their
color upon excitation by photons or electrons of different energies.1 Similar function-
ality could also be obtained with DPC-FAD, if core/shell particles composed of sever-
al different phosphors were deposited.?%%:%"

These suggestions do not exhaust the list of future research activities in the
field of flame aerosol deposition of phosphor coatings. As the interest in nanotech-
nology grows, it can be expected that the number of potential applications of
nanophosphors will constantly increase so that FAD will face many new challenges in
the coming years. The progress in science and technology of miniaturization will
surely introduce even more drastic changes to our way of life in the second half of the
first century of the nano-age that mankind entered in 1959. Flame spray pyrolysis
and especially its modifications based on chemical vapor condensation can make an
appreciable contribution to these changes.
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