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Abstract

ZrO, nanocrystalline samples doped with different concentrations of Erbium, Holmium and
Thulium ions, using Ytterbium as a sensitizer, were prepared by sol-gel and solvothermal
chemical methods and annealed applying determined temperature routes as well as surface
supplemental modifiers. Concentration ranges for each ion were established for producing
high emission intensity samples, along with an analysis of the crystalline structure and
crystallite size of the host. The structural and morphological characterization showed that the
introduction of different ion concentrations affect the crystalline structure stability. The
samples were pumped at 970 nm with a semiconductor laser source, thus the up-converted
luminescence and the change in the peak intensities of the measured bands were studied.
According to experimental results, there is a strong influence of both Yb** and Er’* ion
concentrations over the red/green ratio mainly due to the cross-relaxation, process that is
theoretically interpreted in this work. Green UC emission from Ho®>" presented the highest
efficiency, with a decay constant of 360 ps, for the 2/0.001 mol% Yb/Ho composition. This
yields a chromatic coordinate of (0.289, 0.699) with a maximum luminance of 8.7 x 107 Im.
The blue UC emission from Tm>" is presumably and favorably affected by similar cross-
relaxation channel as well. The strong increase in blue signal for very low concentration of
Tm>* can be attributed to the reduction of inter-ionic cluster interactions. It is clear that the
excitation dynamics is a relevant part on the luminescent processes and the effect by material
preparation. From the results, a procedure for color emission tuning is proposed, as well as
the feasibility of obtaining white light emission from a combination of several rare-earth ions
concentrations. The viability of strong and tunable color emission signals make these

nanocrystals very attractive for luminescence labeling in biomedical applications.
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Abstract

Muestras nanocristalinas de ZrO, dopado con diferentes concentraciones de iones de erbio,
holmio y tulio, ademds de yterbio como sensibilizador, fueron sintetizadas por los métodos
quimicos sol-gel y solvotermal, utilizando un recocido con determinadas rutas de temperatura,
asi como modificadores de superficie. Se establecieron los intervalos de concentracion por
cada ion para la produccion de muestras con alta intensidad de emision, junto con un andlisis
de la estructura cristalina y el tamafio de cristal involucrados. La caracterizacion estructural y
morfolégica mostré que la introduccion de diferentes concentraciones de iones afecta la
estabilidad y la estructura cristalina. Las muestras se excitaron por medio de un diodo Idser a
970 nm y se estudio la luminiscencia de conversion ascendente (UC), asi como el cambio en las
intensidades pico de las bandas de emision. De acuerdo a la evidencia hallada, hay una fuerte
influencia de las concentraciones de iones de yterbio y erbio en la relacion de la emision
rojo/verde, comportamiento debido principalmente al proceso de relajacion cruzada (CR),
proceso que es interpretado tedricamente. La emision verde de UC del Ho>* presenté la mayor
eficiencia, con una constante de decaimiento de 360 us, para la composicion 2/0.001% mol de
Yb/Ho. Esto produce una coordenada cromdtica de (0.289, 0.699) con una luminosidad
mdxima de 8,7 x 107 Im. La emision azul del tulio se vio favorecida por un canal similar de CR
y para concentraciones muy bajas de Tm>* se puede atribuir a la reduccién de interacciones
entre grupos inter-ionicos. Es evidente que la dindmica de excitacion es una parte importante
en los procesos luminiscentes, asi como el efecto de la preparacion del material. A partir de
estos resultados, se propone un procedimiento para sintonizar el color de la emisidon, asi como
la posibilidad de obtener la emision de luz blanca a partir de una combinacion de
concentraciones de varios iones. La viabilidad de una sefial intensa y la posibilidad de
sintonizar el color de la emision de estos nanocristales resulta atractivo para las aplicaciones

biomédicas de marcadores por luminiscencia.
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Preface

Research on nanoscale materials is rapidly increasing due to their potential applications in the
development of state-of-the-art technologies. Among the various nanoscale materials,
trivalent lanthanide (Ln**)-doped oxide nanocrystals are particularly attractive both from a
fundamental and a practical point of view mainly due to their unique luminescence properties
arising from the intra 4f transitions [1,2]. These inner 4f electrons are well shielded by the
outer 5s and 5p orbitals giving rise to a strong and sharp emission due to weak interactions
with the host lattice. The lanthanide ions can undergo the well-known process of up-
conversion (UC) where they can convert low energy near infrared (NIR) radiation to emission
of higher energies such as visible and/or UV light [3,4]. Although electron confinement effect
is not expected due to localization of electrons in atomic orbitals of active ions, the excitation
dynamics is influenced by the nanoscopic interaction that can induce an enhancement in the

fluorescence emission.

Taking advantage of up-conversion, one may tailor the visible emission wavelengths to obtain
almost any desired visible emission by using different combinations of Ln** ions, after typical
excitation centered at 970-980 nm. Such characteristics make this kind of nanomaterials an
interesting alternative to quantum dots in the development of a feasible powerful tool to
modern detection technologies. In contrast to conventional fluorescent reporters (QDs and
fluorophores), up-converting nanophosphors do not bleach and allow permanent excitation
with simultaneous signal integration. A large anti-Stokes shift (up to 500 nm) separates
discrete emission peaks from the infrared excitation source. Along with the high contrast in
biological specimens due to the absence of self-fluorescence upon infrared excitation, up-
converting phosphor technology (UPT) has unique properties for highly sensitive particle-

based assays [5].
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UPT can also find application on the generation of white light for solid-state lighting and
displays. The technology of visible light sources based on frequency up-conversion (UC) of
rare-earth (RE) doped materials has been revisited recently [6]. This application could be
possible due to the development of powerful 970-980 nm diode lasers for the
telecommunication industry and as part of the Super High Efficiency Diode Sources (SHEDS)
program [7]. The SHEDS projects an electrical to optical efficiency of 85%. As a result of this
development, the up-conversion technology which appeared to be too inefficient in the past

now has attainable practical applications, including full color displays.

Whatever the application is considered, oxide nanocrystals with strong UC visible emission
will be required. RGB emission, tunability of the emitted signal, high emission intensity,
crystallite size and low cost preparation method are key parameters that must be considered
for the development of this kind of nanomaterials. The UC process is nonlinear in nature and
as a result, its efficiency increases depending on the properties of the emitter [6,8,18], hence
it is not straightforward to tailor a color or white emitter with optimum performances. The
use of Yb*>* as a sensitizer ion, improves the UC efficiency of Er** and makes possible the
visible emission from both Ho*" and Tm?* [9-13]. High doping densities are usually required in
order to make possible such energy transfer. However, even at lower doping densities, some
host media have a tendency for clustering the dopants, facilitating the energy transfers or
migration between similar ions. Thus, ion concentration of sensitizer and active ion play an
important role on the up-conversion emission. The challenge is to select the appropriate

concentration not only to improve the emission efficiency but also to tune the color emission.

In addition, UC emission may be strongly quenched by multi-phonon transitions, as these can
reduce the lifetimes of metastable levels. The phonon energy of the host plays an important
role in the UC process, as lower the phonon energy higher the up-conversion emission.
However, in some cases it promotes the population of some energy level that in turn
produces visible emission. Impurities introduced during the synthesis process also promote

non-radiative relaxations and quench the UC emission. This is why the selection of host is
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important, and why the synthesis process should be improved, in addition to control
crystallite size and maintain good solubility and low cost. Several doped oxide nanocrystals
has been reported, perhaps the most studied are YAG and Y,0; with 850 cm™ and 597 cm™ of
phonon energy, respectively [12,14-16]. However, the searches for new host with lower

phonon energy deserve special attention.

In this thesis work, we propose the Er**, Tm** and Ho>" doped ZrO, nanocrystals codoped with
Yb*" used as sensitizer as a new nanophosphor with strong up-converted signal emitted,
controlled crystallite size, RGB visible emission, tunability in the visible range and prepared
using a simple wet chemical method. Zirconium dioxide (ZrO,) is chemically and thermally
stable, and has low phonon energy of about 470 cm that is small compared to that of other
hosts [17,18]. This low phonon energy opens up the possibility of higher UC emission of active
ions incorporated into the host. Thus, combining the properties of rare-earth ions, nanosize,
and good qualities of ZrO,, the study of luminescent properties in zirconium dioxide
nanocrystals is worthy of attention in the field of sensitive particle for biolabeling and solid-
state lighting. Recently, in our group, we have demonstrated UC emission of Er**, Yb*'/Er**
and Yb**/Ho*" doped ZrO, nanocrystals [19,20,21]. However, no systematic study of ions

concentration to improve emitted signal and tunability has been reported.

Here in this thesis, we report the structural properties of the host after doping; searching for
optimum concentration of ions for each proposed system (green, red and blue); feasible
control tuning for determined emission color; description of luminescent processes related to
each emission; as well as to exploit a particular synthesis method that may be partially

modified so as to obtain better results.

The objectives of the PhD thesis project can be described as follows:
e Study of lanthanides composition effect on the intensity and color of the UC emitted

signal and determine the optimal composition to maximize produced signal.
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e Demonstrate the ability to color tuning in lanthanide doped nanocrystals, in particular
make evident the generation of white light.

e Study the influence of preparation method and its correlation with the optimization
and color of emitted signal, in order to determine the most appropriate method.

e To understand the relaxation mechanism of lanthanide co-doped nanocrystals

associated to the up-converted signal.

With those above objectives is attempted to achieve the following goal: obtain lanthanide-
doped ZrO, nanocrystals with high up-converted emitted signal and white emission by color

tuning in the visible spectrum, produced through low-cost chemical methods.

This thesis work is based on up-converted luminescence of RE** (RE= Er, Ho, Tm and Er-Tm)
rare-earth ions on ZrO, nanocrystals using Yb®* as sensitizer, and focuses on controlling the
produced up-conversion, resulting in the enhancement of emission. It is organized into six
parts that cover several aspects associated with each analyzed oxide nanomaterial. Chapter 1
deals with fundamental aspects such as the description of rare-earth elements and their
characteristic that promotes luminescence; the properties related to nanoparticles from
which a proper use could enhance expected luminescence; the chemical methods that were
developed during this work; as well as the behavior of nanostructured oxides and a brief
explanation about up-conversion. Chapter 2 describes the characterization of the structural
and luminescent properties of Yb-Er co-doped ZrO, nanocrystals, a steady state model for the
energy’s transition dynamic is included, as well as related structural and luminescent effects
resulting from Pluronic F-127 surfactant, which was taken into account to enhance following
samples elaborated for this work. Chapter 3 deals with the structural and luminescence
characterization of Yb**-Ho®*, obtaining the best composition of lanthanides for highest
luminescence and a way to measure color and intensity of emitted signal. Chapter 4 reports
the structural and luminescence properties of Yb**-Tm**, the composition of lanthanides that
maximize up-converted emitted signal; an alternative thermal modification is considered,

along with the cooperative emission of Yb*" that efficiently occurs in this system, and finally
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the luminescence by rare-earth remnants into the host. With all that acquired information,
this study became the groundwork for Chapter 5, in which a multi-doped nanocrystal is
proposed to obtain feasible color tuning, focused on potential technological applications.
Finally, in Chapter 6 the physicochemical properties of zirconium dioxide nanoparticles are
broadly disclosed trough a general point of view, as well as conclusions about the acquired
data are explained. With this thesis work, it might be expected that the goal to achieve an

applicable result on RE** doped ZrO, nanocrystals could be accomplished in the near future.
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The field of study of nanoscience and technology has shown rapid and exciting progress in the
last few years. Chemistry constitutes a major part of nanoscience research; without chemical
techniques it is difficult to synthesize or assemble most nanomaterials. Furthermore, many of
the properties and phenomena associated with nanomaterials as well as their applications
require chemical and physical understanding. This section attempt to briefly explain several

topics related to nanomaterials studied in this thesis.

1.1. ELECTRONIC ASPECTS OF PHOSPHORS

We can, as a general rule, divide inorganic solids into 2 classes: those that absorb light
(pigmented) and those that emit light (phosphors and solid state lasers). In both cases, we
add controlled amounts of a transition metal ion to control the absorption and/or emission
properties of that solid. At this point, it should be apparent that emission refers to: (1)
absorption of energy (whether by absorption of a photon or other means such as energy from
an electron); and (2) reemission of a photon (usually of lower energy, particularly if the
original source of energy was a photon). Thus, one view of a phosphor is that it is a "photon-

converter".

An inorganic phosphor consists of two parts: (1) the HOST or inorganic compound and (2) the
ACTIVATOR or the added transition metal cation. In general, the host needs to be
transparent, or non-absorbing, to the radiation source used for the "excitation" process. The
activator does just what the name implies, i.e., it "activates" the host. This combination has
several advantages, the most important being that both the type and the amount of activator
can be precisely controlled. The details concerning those elements that can be used to form

the host and those which can be used as activators could be read elsewhere [1].

There are three terms we need to become familiar with, as follows:
e LUMINESCENCE - Absorption of energy with subsequent emission of light

e FLUORESCENCE- Like luminescence, but visible emission
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e PHOSPHORESCENCE- Luminescence or fluorescence, but with delayed emission of

light

The luminescence is defined as the de-excitation of an atom, molecule, crystal or polymer
resulting in the emission of the absorbed energy in the form of photons. This phenomenon
occurs in any state of matter, and can occur in organic and inorganic materials that in general
are called phosphors, which is the term and meaning to be used in this work. In most
inorganic solids, luminescence is associated with impurities and structural defects which act
as triggers, such as transition metals, actinides, pure ionic crystals, semiconductors,
lanthanides or rare-earths. There are several special cases of the phenomenon of
luminescence, for example, the photoluminescence. These differ depending on the excitation
energy used to stimulate the emission [2]. The photoluminescence, which is the case of our

interest, is the luminescent signal produced by a material after being excited by light.

Luminescence is the general case in which a higher energy photon is absorbed and a lower
energy photon is emitted (such a process is called a Stokes process). In this case, the excess
energy is absorbed by the solid and appears as lattice vibrational (heat) energy. When the
photon has lower energy than excitation then the process is called down-conversion.
However, it can also happen that the photon has greater energy than that of excitation; in
this case the process is called up-conversion (UC). We shall use fluorescence and
luminescence interchangeably, even though, strictly speaking, they are not equivalent.
Phosphorescence involves a process where photon absorption occurs but the reemission
process is delayed [3]. This delay may be a function of the type of transition metal employed,
or a function of the action of solid state defects, including vacancies and the like which "trap"
the energy for a time. Note that there are some materials which glow for hours after being
excited. This is due to the presence of traps, i.e., lattice defects, put there deliberately during
their manufacture. Such phosphors are sometimes called "daylight" phosphors since they can

be excited by visible light. Once activated, they will glow for hours.
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During the first half of this century, the difference between fluorescence and
phosphorescence was a subject actively discussed. Controversy centered on the duration of
the after-glow after excitation ceased and on the temperature dependence of the after-glow.
However, according to present knowledge, these discussions are now meaningless. In modern
usage, light emission from a substance during the time when it is exposed to exciting
radiation is called fluorescence, while the after-glow if detectable by the human eye after the
cessation of excitation is called phosphorescence. However, it should be noted that these
definitions are applied only to inorganic materials; for organic molecules, different
terminology is used. For organics, light emission from a singlet excited state is called

fluorescence, while that from a triplet excited state is defined as phosphorescence.

The definition of the word phosphor itself is not clearly defined and is dependent on the user.
In a narrow sense, the word is used to mean inorganic phosphors, usually those in powder
form and synthesized for the purpose of practical applications. Single crystals, thin films, and
organic molecules that exhibit luminescence are rarely called phosphors. In a broader sense,

III

the word phosphor is equivalent to “solid luminescent materia

Let us now briefly examine energy dissipation processes of phosphors. The sequence of

energy processes that occur within a phosphor include:

Q

Absorption of energy (from a variety of sources)

b. Excitation within the activator center to form an excited state

c. Relaxation of the excited state (it is here that energy is lost to the vibrational
states of the lattice)

d. Emission of a lower energy photon from the excited state, and relaxation to

the original (ground) state

In a phosphor, absorption of energy may occur in the host, or directly in the activator center

(the added transition metal ion). But it is the activator center (or site) which becomes excited,
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whether by transfer of energy from the host, or not. That is, the activator center absorbs the
energy and changes its electronic energy state from a ground state to an excited state. When
sufficient energy is absorbed, then the center will become excited, however vibrational
modes of the host lattice upon the electronic states of the activator center take place. It is
called vibronic coupling, and is caused by phonon wave propagation throughout the host
lattice, and interaction at the activator center. (Phonon waves are quantized lattice
vibrational waves present in all solids). Remember that unless the host lattice is at 0 °K, then

vibrational waves are always present.

From the above description, it should be evident that the electronic excitation-emission
transition is a dynamic process which is perturbed by vibronic coupling of the phonon
spectrum present in the host lattice. Thus, the host is just as important as the activator
center. We can summarize the material in as follows. Essentially, we have treated a phosphor
as a one-electron process. The sequences for changes in electronic states are: absorption,

excitation and emission. Finally are presented all of the time processes as they relate to

phosphors as follows. This is shown in the following:

e Absorption=10"%s
e Excitation = 10" s (electronic transition)
e Lattice absorption = 10 s (vibronic coupling)

e Emission = 10° to 107 s (electronic transition)

In view of what we have already stated, it is now easy to see that for emission to occur,
vibronic coupling between the excited activator center and the lattice must be minimized,
since at least one hundred or more lattice vibrations will occur before the photon is emitted.
Otherwise, a radiationless relaxation will occur. In other words, the activator center is not
perturbed until it absorbs energy and transforms to an excited state. Once it has done so,

then it can relax to an excited state from which emission can occur almost instantaneously. It
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is this fact that mandates careful choice of the host used as a basis for preparing the

phosphor.

What we can conclude is that the luminescence process involving a phosphor is indeed
complicated and is a dynamic process in which the excited center undergoes many

perturbations by the lattice during its excited lifetime.

1.2. UP-CONVERSION

A photoexcitation at a certain wavelength in the infrared (NIR) followed by luminescence at a
shorter wavelength in the visible (VIS) is called NIR to VIS photon up-conversion (UC). This is a
rather unusual process since low energy photons are "converted" to higher energy photons.
At least two NIR photons are required to generate one VIS photon. Up-conversion can occur
preferably in materials in which multiphonon relaxation processes are not predominant, thus
allowing more than one metastable excited state. In rare-earth compounds, the 4f or 5f
electrons are efficiently shielded and thus not strongly involved in the metal-to-ligand
bonding. Therefore, electron-phonon coupling to f-f transitions is reduced and multiphonon
relaxation processes are less competitive. The phenomenon of up-conversion is therefore
most common and best studied in materials containing lanthanide ions. The most noteworthy

up-conversion processes of these ions involve absorption of two photons on different levels.

1.2.1. UP-CONVERSION PROCESSES

The principle of up-conversion is shown schematically in Figure 1.1. The energy level structure
of an ion is shown with ground state A and excited levels B and C. The energy differences
between levels C and B and levels B and A are equal. Excitation occurs by radiating the energy
which corresponds to this energy difference, so that the ion is excited from A to B. If the life
time of level B is not too short, the excitation radiation will excite this ion further from B to C.
Finally, emission from C to A may occur. This is known as anti-Stokes emission (energy

emission greater than that of excitation). In this way, infrared radiation can be detected
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visually. It should be noted that this explanation is idealized; it does not consider energy

losses.
3 -1
x10°cm — C
10 == B
0 . v A

Figure 1.1: The principle of up-conversion. The infrared excitation radiation
(10 000 cm™) is converted into green emission (20000 cm™).

At present, several up-conversion processes are possible with widely different conversion
efficiencies. Their energy schemes are shown in Figure 1.2. Some of the most common
processes that generate the UC process are: sequential two-photon absorption by the same
ion (ESA, Excited State Absorption), see Figure 1.2a, along with the energy transfer from
another ion (ETU = Energy Transfer Up-conversion) Figure 1.2b. As is shown in this figure, an
excited ion is relaxed to ground state and its energy promotes other excited ion to a higher
state from where it relaxes to the ground state emitting a photon with twice the pumping
energy, or simply by a non-radiative relaxation. Other mechanism to produce UC is the
avalanche process, shown in Figure 1.2c and d. This process is generated when the excitation
beam does not have enough energy to populate the second level from the ground state;
however there is a strong pumping absorption by ESA from level 2 to level 3. If for some
reason the intermediate level comes to be populated, it absorbs the photon pumping, then
promotes the excited electron to a superior level and hence it relaxes to the ground state
emitting a photon of higher energy. The population of level 2 is due to two mechanisms. The
first mechanism is due to a weak excitation from level 1 involving phonon coupling. Figure

1.2c shows how this level originates from a phonon state (dotted line).
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Figure 1.2: Mechanisms for producing the fluorescence up-conversion process. Upward arrows
indicate photon absorption pump and down arrows indicate emission. The dotted arrows
mean non-radiative relaxation and energy transfer.

The second mechanism involves cross relaxation (CR) at level 3. Part of the population in level
3 is relaxed to level 2 and this energy is transferred to another ion by promoting an electron
from the ground state to level 2, see Figure 1.3d. As a result of this, both ions are at level 2.
Then, an electron excited to level 3 will produce two electrons in level 2 which in turn will be
promoted to level 3 and produce electrons in level 2 by an avalanche generating process.
Thus, the level 3 is populated by cross relaxation process along with a strong excited state
absorption, resulting in an increased luminescence. For higher-efficient processes it is
required energy levels which are resonant with the incoming or outgoing radiation. In

addition, the efficiency depends strongly on the choice of the host lattice.

1.2.2. DRAWBACKS

Trivalent rare-earth ions are very suitable for up-conversion processes. This is not surprising
in view of their energy level schemes. Such levels often show a wealth of intermediary levels.
The positive role of up-conversion in the field of materials has already been outlined above,
but there are also negative aspects of up-conversion, viz saturation effects. This is due to the
fact that up-conversion implies an upward transition from an intermediate excited state. If we

are interested in the emission from this specific intermediate excited state, either in view of
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its luminescence or its stimulated emission, we have to consider the fact that up-conversion
will decrease the population of this level, so that the intensity of the emission of interest
decreases. This will especially be the case for higher activator concentrations and/or high

excitation densities (saturation effect).

losses = saturation at
higher excitation

phosphor
emission

Activator activator

(sensitizer)

3 Figure 1.3: Up-conversion as a quenching process of the intermediate level luminescence in a

phosphor.

Part of the saturation effects in projection-television phosphors can be ascribed to an up-
conversion process of the type shown in Figure 1.3. Often this type of up-conversion prevents
a material from becoming a good laser material. If the stimulated emission radiation is
reabsorbed by ions which are still in the excited state, the laser efficiency drops. From Figure
1.3, it becomes clear that the up-conversion process, which is usually called excited state
absorption in this case, influences the population inversion in a negative way: considering the
two ions in Figure 1.3, the population inversion is complete before the up-conversion occurs,
but after up-conversion, the population inversion has decreased to 50%. For this reason
excited-state absorption studies are popular among those who investigate potential laser

materials.
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1.3. LANTHANIDES (RARE-EARTHS)

The lanthanides (rare earths) have found use in regard to phosphors, solid state lasers (which
are specialized phosphors) and Anti-Stokes phosphors. Lanthanides have historically been
called "rare earths" because it was originally believed that these elements were sporadically
distributed in nature. Actually, they are relatively abundant in the Earth's crust, even though
only a few ore bodies exist where they constitute the major metallic content. The isolated
oxidic product has the feel of Fuller's Earth, hence the use of the term "earth". The name
"Lanthanide" comes from the chemical element lanthanum, which is usually included in
Group VI of the periodic table, comprised by a total of 15 elements, from atomic number 57

(lanthanum) to 71 (lutetium).

Their chemistry is unique and major difficulties in separating them have been encountered.

This behavior relates to their electronic configuration:

|Xe core| 65° = |... 4d"° 4" 55* 5p° | 65

The optically active electrons involve the 4f shell, buried deep within the Xe-core of electrons.
The lanthanides have structures that enable states to be excited to achieve radiative
processes. The most commonly used elements are those with a 3" oxidation state [4] and
their electronic energy levels are in the 4f orbital, which are distinctive features of rare-
earths. These have been extensively studied by Dieke [5] among others [6]. The rare-earth
electronic levels are not affected by the environment that surrounds them, because they are
covered by the 5s2 and 5p6 electrons. 4f transitions are very close and exhibit multiple
structures derived from electronic interactions, emitting from the excited energy levels by

multiple radiative channels.

Because of the shielding effect of the outer closed shells (5s 5p°), the chemistry of each
lanthanide is quite similar to the others. Thus, the separation of each rare earth, free from the

others, has proven to be very difficult. Y and Sc are not lanthanides, but their chemical
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properties are so nearly identical that they occur in the same ore bodies and have the same
separation difficulties as those of the lanthanides. Hence, they are included in the rare earth

category.

When a rare earth ion is immersed in a solid, the interaction with the matrix ions produces
ion disturbances due to the crystalline field of the host. The most notable evidences of active
ion-lattice interaction are:

e The presence of spectral lines that do not exist in the free ion spectra which are

originated from allowed transitions by ion-lattice interactions.

® The temperature dependence of both the position of energy levels and the width of

the band.

® Radiative transitions are produced, which are explained by the interaction between
ion and the phonon energy of the crystal lattice. It is possible to occur that the ion in

an excited state relaxes to a lower energy state by phonon coupling.

1.3.1 DEFECTS ON RARE-EARTH DOPED HOSTS

It is unavoidable to find some kinds of defects in solids because oxygen molecules, which are
the counter component of the metal oxide, are highly volatile even at low temperatures and
are able to escape easily from the solid. More basically, the entropy term of the state requires
the existence of defects. Most of the transport phenomena in solids, for example, diffusion of

ions, are controlled by defects [7,8].

In general, the point defect in a crystal is a function of temperature, especially at higher
temperatures, but not sensitive to environmental oxygen, pressure or temperature. The
reaction between gas oxygen and oxygen vacancy in the oxides is easy and fast even at
temperatures above 300 °C. This change may be related to the valence variation of the metal,
which forms mixed valence compounds. Electron transfer between different metal cations
usually has to be helped by the ligand oxygen, i.e. M-O-M. However, the electron hopping

between the rare-earth cations is facilitated because the oxygen vacancy has a positive
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charge. Therefore, the correlation between oxygen vacancy and mixed valency is a significant
property of rare-earth doped oxides. Based on thermodynamics, the “point defects” in a solid
lattice are a natural tendency, due to the fact that increased entropy minimizes the free
energy of the system. Surface, interface between two grains or phases, dislocation, and

stacking faults are the imperfections of a solid.

1.4. PROPERTIES OF NANOPARTICLES

Nanotechnology is the study of the controlling of matter on an atomic and molecular scale.
Generally nanotechnology deals with structures sized between 1 to 100 nanometer in at least
one dimension, and involve developing materials or devices within that size. Nanoparticles
are entities that appear in-between extended solids and molecules or even in an isolated
atom. Properties of nanosolids determined by their shapes and sizes are indeed fascinating,

and they form the basis of the emerging field of nanoscience.

Structural miniaturization has indeed provided a new level of freedom, which allows us to
tune the physical properties of bulk chunks that are initially nonvariable by simply changing
the shape and size of nanoparticles. The effect of size and atomic coordination reduction
enhances many properties in a particle. The properties include the lattice contraction
(nanosolid densification and surface relaxation), mechanical strength (resistance to both
elastic and plastic deformation), thermal stability (phase transition, liquid—solid transition,
and evaporation), and lattice vibration (acoustic and optical phonons). They also cover
photon emission and absorption (blue shift), electronic structures (core-level disposition and
work function modulation), magnetic modulation, dielectric suppression, and activation

energies for atomic dislocation, diffusion, and chemical reaction.

The bond order of an atom is lost at a site surrounding a defect or near the edge of a surface
in which the coordination reduction (deviation of bond order, length, and angle) distributes
randomly. Bond order loss causes remaining bonds of the under-coordinated atom to

contract spontaneously and enhances the density of charge, mass, and energy in the relaxed
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region. The energy density rise in the relaxed region perturbs the Hamiltonian and the
associated properties such as the band gap width, core-level energy, Stokes shift (electron—
phonon interaction), and dielectric susceptibility. On the other hand, bond order loss lowers
the cohesive energy of the under-coordinated atom, which dictates the thermodynamic
process such as self-assembly growth, atomic vibration, thermal stability, and activation

energies.

Chemical kinetics of particle surface and surface area increment are the first effects resulting
from nano-sized particles. Chemical kinetics depends partially on surface available for contact
between the reactants, in particular solid ones in heterogeneous systems. The fraction of the
atoms or the molecules located at particle surface plays a great role, since these are more
active than those inside the solid particle because of the disperse surrounding, which leads to
easy bonding with the contacting materials and causes various changes in particle properties.
On the other hand, as size reduction of a solid particles advances, the specific surface area
increases, generally in inverse proportion to particle size. The increase in specific surface area
directly influences such properties as the solution and reaction rates, thus it is one of major

reasons for the unique properties of the nanoparticles.

1.5. SYNTHESIS AND PREPARATION FOCUSED ON NANOPARTICLES

Since 1980’s, ultrafine particles ranging from nanometer to sub-micrometer scale have
involved attention because of their remarkably different physical and chemical properties
from those of bulk materials. The origin of the change in properties has been explained by the

guantum size effect and the surface effect.

One of the main ways to synthesize and prepare fine particles is the buildup method. The
buildup method means growing particles from an atom, a molecule, or an ion, and it is
possible to synthesize small particles. In addition, this method is suitable to get particles of
high quality because is possible to use high purity starting materials. In this section, synthesis

and preparation of fine oxide nanoparticles are reviewed.
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1.5.1. HYDROTHERMAL METHOD

Hydrothermal synthesis can be defined as a method of synthesis of single crystals which
depends on the solubility of minerals in hot water under high pressure. The crystal growth is
performed in an apparatus consisting of a steel pressure vessel called autoclave, in which a
nutrient is supplied along with water. A gradient of temperature is maintained at the opposite
ends of the growth chamber so that the hotter end dissolves the nutrient and the cooler end
causes seeds to take additional growth. Hydrothermal synthesis is commonly used to grow

synthetic quartz, gems and other single crystals with commercial value.

Possible advantages of the hydrothermal method over other types of crystal growth include
the ability to create crystalline phases which are not stable at the melting point. Also,
materials which have a high vapour pressure near their melting points can also be grown by
the hydrothermal method. A large number of compounds belonging to practically all classes
have been synthesized under hydrothermal conditions: elements, simple and complex oxides,
tungstates, molybdates, carbonates, silicates, germanates etc. The method has proved to be

extremely efficient in the search for new compounds with specific physical properties.

In this method, high temperature and high pressure water is used as transfer medium of heat,
pressure, and mechanical energy. Water also works as a solvent that dissolves and
recrystallizes the solid materials, and as a reagent acting as a mineralizer. These properties
have been used in processing of inorganic materials in the preparation of single crystals and
particularly of fine powders with nanosized to submicron particles [9]. Not only water
(hydrothermal synthesis), but also ammonia or certain organic solvents are utilized as

reaction media, and this is generally called a solvothermal method.

The hydrothermal method composes of three types of processes: hydrothermal synthesis,
hydrothermal oxidation, and hydrothermal crystallization. Hydrothermal synthesis is used to
synthesize oxides from their component salts, oxides or hydroxides. Pressure, temperature,

and mineralizer concentration control the size and morphology of the particles. Forced
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hydrolysis of solutions is effective to obtain uniform and fine particles. For example, fine
cerium oxide particles were prepared from a tetravalent cerium salt solution (CeSO4-4H,0,
(NH4)4Ce(S04)4-2H,0, and (NH,4),Ce(NOs)¢) in low concentrations at low temperature aging in
a sealed vessel [10-13]. The metal ions are solvated by water molecules that can be
deprotonated to give hydroxide or oxide particles. This method is very sensitive to the
concentration of precursors, temperature, and pH value of solution. In the hydrothermal
oxidation, fine oxide particles can be prepared from metals, alloys, and intermetallic
compounds by oxidation at high temperature and pressure solvent, and as a result, the
starting metals are directly changed into fine oxide powders. For example, solvothermal
oxidation of cerium metal in 2- methoxyethanol at 473-523 K yields ultrafine cerium particles

(ca. 2 nm) [14].

Hydrothermal crystallization is the most extensively used method in hydrothermal synthesis
and crystal growing. Precipitation and crystallization from aqueous solutions under elevated
temperature and high pressure conditions are performed as the following process. The
autoclave is thermally quenched and the obtained crystalline powder products are washed
and dried. Using the hydrothermal crystallization method, a number of yttria [15,16] ceria
[17-22], and ZnO [23,24] nanoparticles have been prepared. The obtained particles sizes
ranges from 3 nm to 0.8 um in size, depending on the reaction temperature, crystallization

time, and starting materials.

1.5.2. SOL-GEL METHOD

The sol-gel process, also known as chemical solution deposition, is a wet-chemical technique
widely used in the fields of materials science and ceramic engineering. Such methods are
used primarily for the fabrication of materials (typically a metal oxide) starting from a
chemical solution (or sol) which acts as the precursor for an integrated network (or gel) of
either discrete particles or network polymers. Typical precursors are metal alkoxides and

metal chlorides, which undergo various forms of hydrolysis and polycondensation reactions.
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In the sol-gel method, metal alkoxides are generally dissolved in an alcohol solvent
(methanol, ethanol, or iso-propanol are frequently used) and addition of water causes
hydrolysis. This reaction is followed by a series of condensation reactions between hydroxide
groups. Mixed oxide gels can be produced by mixing plural alkoxides. This process is efficient
to obtain fine powders, but has the disadvantage of the high costs of metal alkoxides.
Preparation of fine particles by pyrolysis of a precursor gel is often included in the category of
the sol-gel method involving a chelating agent. In some cases, this method is called
combustion synthesis. A variety of organic acids are used as chelating agents such as citric
acid, tartaric acid, malonic acid, oxalic acid, and acetic acid [25].

III

In sol-gel chemical procedure, the “sol” (or solution) gradually evolves towards the formation
of a gel-like diphasic system containing both a liquid phase and solid phase whose
morphologies range from discrete particles to continuous polymer networks. In the case of
the colloid, the volume fraction of particles (or particle density) may be so low that a
significant amount of fluid may need to be removed initially for the gel-like properties to be
recognized. Removal of the remaining liquid (solvent) phase requires a drying process, which
is typically accompanied by a significant amount of shrinkage and densification. The rate at
which the solvent can be removed is ultimately determined by the distribution of porosity in
the gel. The ultimate microstructure of the final component will clearly be strongly influenced
by changes imposed upon the structural template during this phase of processing.
Afterwards, a thermal treatment, or firing process, is often necessary in order to favor further
polycondensation and enhance mechanical properties and structural stability via final
sintering, densification and grain growth. One of the distinct advantages of using this

methodology as opposed to the more traditional processing techniques is that densification is

often achieved at a much lower temperature.

The precursor sol can be either deposited on a substrate to form a film, cast into a suitable
container with the desired shape (e.g., to obtain monolithic ceramics, glasses, fibers,

membranes, aerogels), or used to synthesize powders (e.g., microspheres, nanospheres). The
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sol-gel approach is a cheap and low-temperature technique that allows for the fine control of
the product’s chemical composition. Even small quantities of dopants, such as organic dyes
and rare earth elements, can be introduced in the sol and end up uniformly dispersed in the
final product. It can be used in ceramics processing and manufacturing as an investment
casting material, or as a means of producing very thin films of metal oxides for various
purposes. Sol-gel derived materials have diverse applications in optics, electronics, energy,
space, (bio)sensors, medicine (e.g., controlled drug release), reactive material and separation

(e.g., chromatography) technology.

1.6. SURFACTANTS

Surfactants are wetting agents that reduce the surface tension of a liquid by adsorbing at the
liquid-gas interface, allowing easier spreading, and abating of the interfacial tension between
two liquids. The term surfactant is a blend of surface active agent [26]. Surfactants are usually
organic compounds that are amphiphilic, meaning they contain both hydrophobic groups
(their tails) and hydrophilic groups (their heads). Therefore, they are soluble in both organic
solvents and water. They also reduce the interfacial tension between oil and water by
adsorbing at the liquid-liquid interface. Many surfactants can also assemble in the bulk
solution into aggregates. Examples of such aggregates are vesicles and micelles. The
concentration at which surfactants begin to form micelles is known as the critical micelle
concentration (CMC). When micelles form in water, their tails form a core that can
encapsulate an oil droplet, and their (ionic/polar) heads form an outer shell that maintains
favorable contact with water. When surfactants assemble in oil, the aggregate is referred to
as a reverse micelle. In a reverse micelle, the heads are in the core and the tails maintain
favorable contact with oil. Thermodynamics of the surfactant systems are of great
importance, theoretically and practically [27]. This is because surfactant systems represent
systems between ordered and disordered states of matter. Surfactant solutions may contain
an ordered phase (micelles) and a disordered phase (free surfactant molecules and/or ions in

the solution).
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A systematic study reported that surfactant helps to reduce residual contaminants, avoid
aggregation, control crystallite size, and in the proper concentration enhance the up-
converted emitted signal from phosphors [28]. Thus using of surfactant during preparation of

particles should be considered.

A surfactant can be classified into four primary groups by the presence of formally charged
groups in its head. A non-ionic surfactant has no charge groups in its head. The head of an
ionic surfactant carries a net charge. If the charge is negative, the surfactant is more
specifically called anionic; if the charge is positive, it is called cationic. If a surfactant contains

a head with two oppositely charged groups, it is termed zwitterionic (dual charge).

1.6.1. CTAB

Nanoparticles of ZrO, were synthesized using CTAB (cetyl trimethyl ammonium bromide) as
surfactant, C19H4,BrN. This type of surfactant is formed by two types of groups, a hydrophobic
and hydrophilic. The hydrophilic part, which binds to water molecules, is an amine and the
hydrophobic part avoiding the water is the hydrocarbon chain. The representation of the

formula and the micelle is shown in Figure 1.4. This surfactant is cationic.

Currently there are studies on the synthesis of various types of nanoparticles using CTAB as
surfactant, including mentioned metal oxide nanoparticles as ZrO,-Y,0s, TiO, and ZrO, [29-
31], the synthesis of Au nanoparticles [32] and semiconductor nanoparticles such as ZnS:Mn
[33]. These materials have been synthesized by the method of micelles or inverse micelles
obtaining different morphologies, sizes, etc. However, there is very little information in the
literature on a detailed study on the effect of surfactant on the optical properties of

nanoparticles.
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4 Figure 1.4: CTAB molecule and schematic structure of a spherical micelle.

1.6.2. PLURONIC F-127

Pluronic F127 is a difunctional block copolymer surfactant terminating in primary hydroxyl
groups, as well as a nonionic surfactant that is 100% active and relatively nontoxic. The
nonionic surfactants are characterized by having no charge on the hydrophilic part. This
surfactant is a three-block copolymer, PEO-PPO-PEO, where PEO means poly (ethylene oxide)
and PPO means poly (propylene oxide). The PEO part is hydrophilic and PPO is hydrophobic.
When making this type of surfactants in a water suspension with solid particles PPO polymer
chain is adsorbed on the solid surface and the PEO polymer chains are adsorbed water

molecules.

Pluronics is the trade name for poloxamers [34]. Poloxamers are nonionic triblock copolymers
composed of a central hydrophobic chain of polyoxypropylene (poly(propylene oxide))
flanked by two hydrophilic chains of PEO or polyoxyethylene (poly(ethylene oxide)). The word
"poloxamer" was coined by the inventor, Irving Schmolka, who received the patent for these
materials in 1973 [35]. Because the lengths of the polymer blocks can be customized, many
different poloxamers exist with slightly different properties. For the generic term
"poloxamer", these copolymers are commonly named with the letter "P" (for poloxamer)
followed by three digits, the first two digits x 100 give the approximate molecular mass of the

polyoxypropylene core, and the last digit x 10 gives the percentage polyoxyethylene content
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(e.g., P407 = Poloxamer with a polyoxypropylene molecular mass of 4,000 g/mol and a 70%
polyoxyethylene content). For the Pluronic trade name, coding of these copolymers starts
with a letter to define its physical form at room temperature (L = liquid, P = paste, F = flake
(solid)) followed by two or three digits, The first digit (two digits in a three-digit number) in
the numerical designation, multiplied by 300, indicates the approximate molecular weight of
the hydrophobe; and the last digit x 10 gives the percentage polyoxyethylene content. In the

example given, poloxamer 181 (P181) = Pluronic L61.

Currently there are studies on the synthesis of various types of nanoparticles using Pluronic as

surfactant and related to luminescent materials, such as ZnO and SiO, [36-38].
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2.1. INTRODUCTION

The importance of research in up-conversion luminescence materials still attracts attention,
renewed with the advent of nanophosphor. Recently, it has been reported up-conversion
emission, red and green, in Er*’-Yb®* co-doped cubic nanocrystalline yttrium oxide
(Y,05:Yb**—Er®") [1,2] and by up-conversion with ZrO,:Er** nanocrystals [3-5]. In this last case,
it was shown tuning capability of the red and green emission band either by controlling the
ion concentration or by controlling the pumping wavelength. The study of luminescence
properties in zirconium oxide nanocrystals is worthy of attention. The low phonon energy of
ZrO, opens up the possibility of higher efficient luminescence of active ions incorporated into
the host [6]. ZrO, has been studied with different rare earth ions, such as Yb*>*-Tm?" [7], Yb>'-
Ho®" [8], Er*" and Yb**—Er®* [28]. Furthermore, it has been reported a dependence of the
luminescence efficiency on particle size, reduction of the organic remnants and the phonon
energy of the host [9,17,34]. In this section, the luminescence properties of the ZrO,: Yb3*-Er**
prepared samples are studied, by which we determined the concentration region that
generates the maximum intensity. Furthermore, the effect of the phenomena of cross-
relaxation (CR) and energy back transfer (EBT) on the emission color are modeled and

explained. Finally, some enhancement performances are particularly considered.

2.2 EXPERIMENTAL PROCEDURE

(a) Sample Preparation

The synthesis of Yb**-Er?* codoped ZrO, nanophosphors were prepared by sol-gel and micelle
methods. In both cases, all chemical used were reactive grades and supplied by Aldrich Inc.
The samples were obtained using zirconium n-propoxide (ZP), erbium nitrate (Er(NO)s3)s -
5H,0) and ytterbium chloride (YbCls; - 6H,0) as precursors. All components were mixed in a
solution of ethanol (40 mol), hydrochloric acid (0.3 mol) and nitric acid (0.9 mol) at room
temperature applying vigorous stirring. The mixed solution was stirred for 20 min and
subsequently CO,-free distilled water in a molar ratio of 1:4 was added wisely to manipulate
the oxalation process. Samples were aged at 70°C for 15 ~ 18 h and then grinded in an agate

mortar to obtain a fine powder. All this process was carried out under ambient pressure by
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using open containers. Further, samples were dried at 300°C for 2 h, dehydrated at 500°C for

2 h and annealed at 1000°C for 5 h applying an incremental temperature of 5°C/min.

In the micelle method, Pluronic F-127 was added to the solution at molar ratio
(PLURONIC/ZrO,) of 0.0082. After that, samples were stirred 1 h and carried to hydrothermal
treatment at 80°C for 24 h by using hermetic 100 ml Pyrex containers in which 30-40% were
occupied by the solution. The autoclave allowed a natural cooling and the gel was washed
twice with absolute ethanol. All samples were annealed at 1000°C, some samples were
removed from the furnace as soon as the final temperature was reached (annealed 0 min (0’))
and some samples were kept there for 5h. In all cases, the heating rate was 5°C/min and
stayed at 300 and 500°C for 2 h. This method will be compared with sol-gel method as to
determine which one from both presents better luminescent characteristics.

Yb**-Er** samples were synthesized with the addition of surfactant at molar ratio (Mrp=
PLURONIC/ZrO;) of 0.0082 and 0, though 0.01 was also used for Er doped samples (Mrp= 0,
0.0082, 0.01). Studied concentrations 0.2 mol% Er’* and 2-1 mol% Yb**-Er** ZrO, samples

were considered.

(b) Structural Characterization

The X-ray diffraction (XRD) patterns were obtained using a SIEMENS D-5005 equipment
provided with a Cu tube with Ka radiation at 1.5405 A, scanning in the 20°-70° 20 range with
increments of 0.02° and a sweep time of 2 s. Transmission electron microscopy (TEM) were
performed in a Tecnai G’ F30 S-Twin transmission electron microscope operating at 300 kV.
The microscope is equipped with a Schottky-type field emission gun and an S-Twin objective
lens (Cs = 1.2 mm; Cc = 1.4 mm; point-to-point resolution, 0.20nm). The Fourier transform
infrared (FTIR) spectra were obtained using a Spectrophotometer Spectrum BX, FTIR system
from Perkin-Elmer with a DTGS detector at 4 cm™ spectral resolution and Beer-Norton
anodization. Measurements were performed in the attenuated total reflectance (ATR) mode
using 100 mg of nanophosphor covering the whole active area of the ATR device. The

spectrum was obtained in the medium-infrared region from 1000 to 4000 cm™ with 20 scans



54 | Upconverted Luminescent Properties of Rare-earth doped ZrO2 Nanocrystals

per spectra. Before measurements, the equipment was calibrated by verifying that power

energy was 80% and spectral response was calibrated with a polystyrene film as a reference.

(c) Photoluminescence characterization

The photoluminescence (PL) characterization was performed using a CW semiconductor laser
diode with a 350 mW pumping source centered at 970 nm. The luminescent emission was
analyzed with a Spectrograph SpectraPro 2300i. The system was PC controlled with
SpectraSense software. Luminescence lifetime were performed using a chopper SR540
(Stanford) and a Tektronix TDS 3052B oscilloscope. All measurements were done at room
temperature. Samples were supported in 1 mm capillary tubes in order to guarantee the
same quantity of excited material. Special care was taken to maintain the alignment of the set
up in order to compare the intensity of the up-converted signal between different

characterized samples. A schematic of the experimental arrangement is shown in Figure 2.1.

Figure 2.1: Experimental PL set-up.
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2.3. STRUCTURAL CHARACTERIZATION

The crystalline structure of bulk ZrO, depends on the annealing temperature (T,) and shows
three stable crystalline phases: monoclinic (m) structure at T, < 1170°C, tetragonal (t)
structure between 1170 and 2370°C and cubic (c) structure at T, > 2370°C. Both optical and
mechanical properties are function of the crystalline phase composition. Nevertheless, the
metastable t phase has been synthesized at 500°C by using the sol-gel. The diffraction pattern
of undoped ZrO, nanocrystals is dominated for the monoclinic structure. The characteristic
peaks of this structure are (1,1,0)n, (-1,1,1) and (1,1,1),, according to the standard JCPDS 37-
1484.

Samples were synthesized by a hydrothermal method with the addition of surfactant
(pluronic F-127) in order to determine a correlation between particle size, annealing time and
surfactant concentration on the emission intensity. The effect of sensitizer on structure was
evaluated. It induces an increment on the tetragonal phase larger than 90% and 70% for

doped and codoped, respectively, for an optimum molar ratio of 0.0082.

2.3.1. STRUCTURE OF zrO,: Yb**, Er*'

The crystalline phase composition for ZrO,:Yb**/Er** nanophosphor depends on the ion
concentration. The XRD patterns for characteristic samples under study are shown in Figure
2.2. For undoped samples, the pattern is dominated by (-1,1,1),, and (1,1,1), diffraction peaks
characteristics of the monoclinic structure. Pure tetragonal structure with characteristic peak
(1,0,1); was obtained for ZrO,:Yb**/Er** (2/1 mol%) sample, and a mixture of monoclinic and
tetragonal phase was observed for total concentration lower than 3 mol% of dopant ions. For
a higher concentration, a mixture of tetragonal and cubic phase was observed. 33 wt% cubic
phase was obtained for ZrO,:Yb>*/Er** (4/1 mol%) sample and pure cubic was observed for
total concentration higher than 5 mol%. Notice that dominant peak in both tetragonal and
cubic are the same. Tetragonal phase can be identified by the characteristic double peak
(2,0,0); and (0,1,1); at 34.92° and 35.40°, and single peak (2,0,0). at 35.13° for cubic crystalline
structure. Even though phase composition changes with the increase of Er** ion, experimental

results show that Yb®" ion is dominant to stabilize crystalline phase. Phase composition was
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obtained from the Rietveld analysis of the XRD patterns and is resumed in Table 2.1 along
with all characteristic parameters including crystallite size. The noticeable small width of
diffraction peaks indicates a uniform distribution of the average crystallite size. For ZrO,:Yb**-
Er* doped samples the average crystallite size was 70 nm for tetragonal phase, that is the
dominant phase for most of samples under study. The changes in lattice parameters, also
observed from the Rietveld analysis of XRD, indicate the substitution of Yb-Er in Zr*". Such
changes are partially due to the difference in the Zr*" ionic radii with both Yb and Er, and

partly due to charge compensation by the difference on valence.

Table 2.1: Crystalline phase composition, lattice parameters and crystallite size for some

typical samples.
Dopant Phase composition Lattice parameters (A) Crystallite size (nm)
composition (wt%)
Yb/Er (mol%) a, b, Co
Tetragonal (3) 3.585 3.585 5.210 17.1
0/0
Monoclinic (97) 5.147 5.198 5.324 48.8
2/1 Tetragonal (100) 3.602 3.602 5.172 77.8
Tetragonal (67) 3.607 3.607 5.160 49.1
4/1
Cubic (33) 5.124 5.124 5.124 79.9

10/1 Cubic (100) 5.126 5.126 5.126 53.6
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Figure 2.2: X-ray diffraction of undoped and codoped ZrO,:Yb* -Er’? nanocrystals.

2.3.2. STRUCTURE OF ZrO,: Yb*', Er** WITH PLURONIC F-127
The XRD patterns of ZrOZ:YbSJ'—Er3+ and ZrOZ:Er3+ nanocrystals annealed at 1000°C are shown

in Figure 2.3. The phase composition was estimated by using the expression [10]:

 L(-LLD+I (11,1
"L (-LLD)+L (LL1)+L(L0,1)

(2.1)

C =1-C

t m

where m and t stand for the monoclinic and tetragonal phase of the host and / stand for the
integrated intensity of each diffraction peak. The phase composition of codoped and doped
samples annealed for 5 h without surfactant (Figure 2.3 b and d) is dominated by the
tetragonal (60 wt%) and the monoclinic (96 wt%) crystalline phase, respectively. This confirm
the influence of ion concentration on the stabilization of tetragonal phase, as was reported

previously [26]. Interestingly, the tetragonal phase was increased to 85 wt% after the addition
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of PLURONIC F-127 on codoped samples, see Figure 2.3a and 2.3b. However, in ZrO,:Er** the
surfactant concentration does not induce any appreciable change on the phase composition.
This difference suggests an increment on particles dispersion arresting growing crystallite size
and then avoiding the conversion from tetragonal to monoclinic. For low concentration of
dopant (0.2 mol%), the tetragonal crystalline structure is dominated by the annealing time
since the content of this phase increases from 4.9 to 21.2% when the time is reduced from 5 h

to 0 min, as is shown on the XRD pattern of Figure 2.3c and 2.3e.
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Figure 2.3: X-Ray diffractions patterns as function of surfactant concentration for samples (a)
ZrO,:Yb—Er, Mrp=0.0082-5h, (b) ZrO,:Yb—Er, Mrp=0-5h (c) ZrO,:Er, Mrp=0.0082-5h, (d) ZrO,:Er
Mrp=0-5h and (e) ZrO,:Er Mrp=0.0082-0 min.
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Table 2.2: Particle size as function of Pluronic F-127 concentration and annealing time.

Sample Annealing Particle
0.2 mol% Er time size (nm)
Mrp=0 5h a0
Mrp=0.0082 5h 82
Mrp=0.0082 0 54

Mrp=0.01 Sh 62

The crystallite size was calculated by the Sherrer’s equation [11]
D =0.94/(B - CosB) (2.2)

Where A stands for the X-ray wavelength, 3 for the corrected half-width of the strongest
diffraction peak, and O for the diffraction angle. The crystallite size for ZrO,:Er® samples
prepared with surfactant, Mrp=0.0082, was 54 nm and 37 nm for samples annealed 5 hand 0
min, respectively. The introduction of Pluronic keeps nanocrystals well dispersed even for a
long annealing time as is shown in Fig. 2.4 for doped and codoped samples. The average
particle size of ZrO,:Yb*—Er** and ZrO,:Er** nanophosphor synthesized with surfactant
(Mrp=0.0082) and annealed at 1000°C during 5 h is 75 nm and 82 nm, respectively. With a
short annealing time (0 min at 1000°C) the average particle size of ZrO,:Er** nanocrystals
decreased from 82 to 54 nm, suggesting a clear dependence on the annealing time.
Considering that the average of crystallites per particle is 1.4, we can conclude that samples
prepared with PLURONIC present high crystallite dispersion. The particle size for different

annealing time and surfactant concentration is shown in Table 2.2.
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Figure 2.4: TEM micrographs of nanoparticles. (a) ZrO,:Yb—Er, Mrp= 0.0082-5 h, (b) ZrO,:Yb—
Er, Mrp= 0-5 h and ZrO,:Er, Mrp= 0.0082 annealed during (c) 5 h and (d) 0 min.

2.3.3. ORGANIC RESIDUALS IN ZrO,: Yb**, Er**
The presence of organic residuals was analyzed by performing FTIR spectroscopy. Figure 2.5
shows the FTIR spectra for codoped samples prepared with and without surfactant annealed

at 1000°C 5 h. The spectra presents several resonant stretching bands that are associated
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with different residual components such as OH (3200 — 3800 and 1200 —1400 cm™), CH, (3000
cm™), CH-CH,/CH, (1500 —1750 cm™), CH=CH (1050 cm™), H-C=0O (800 cm™). The band
centered at 2350 cm™ is associated with CO, adsorbed to the surface, partly during the
synthesis process and partly during measurements due to the granular characteristic of the

nanopowder.

Figure 2.5: FT-IR spectra for surfactant and non-surfactant samples of ZrO,:Yb-Er
(2-1 mol%). Attenuation of OH- groups could be observed.

The OH was produced during the hydrolysis and condensation process and cannot be
removed completely through a long time heat treatment. The presence of this component is
inherent in the sol-gel process and is one of the main problems of the method. The other
components are the result of different organic compounds used in the synthesis process.
These include the organic part of zirconium n-propoxide, the high quantity of alcohol and
surfactant. The introduction of surfactant reduces the residual OH" component, as can be

observed in the FTIR spectrum displayed in Figure 2.5 and was reported recently [12-14]. The
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surfactant works as a dispersing agent and its function is to weaken the organic bond. Then, it
reduces organic impurities, enhance the crystallization and, under optimum concentration,

maintain the particle size.

2.4. LUMINESCENCE PROPERTIES

In order to increment the absorption of pumping energy, co-doping with Yb*" ions is proposed
since they present a broad and larger absorption cross-section and due to the possibility to
transfer their absorbed energy to Er** ions. Materials doped with Er** ions and sensitized with
Yb** ions have been widely studied because Er’* jons have energy levels capable of infrared
pumping that closely match the region of the 980 nm peak wavelength of Yb*" absorption
[15]. The large spectral overlap between Yb*" emission (2F5/2 2> 2F7/2) and Er** absorption
(*l1s/2 > *l112) results in an efficient resonant-energy transfer from Yb>* to Er** in Yb>* — Er**
co-doped system [16], although, cooperative up-conversion rate depends strongly on the host
materials [17]. More important, the excited estate of the Yb** ion has a much higher
absorption cross section than the 4I11/2 excited state of Er’* thus rendering up-conversion
much more efficient. Furthermore, Yb*>* ion possesses only one excited state with energy

around 10,000 cm™ (A= 1.0 um), associated to a convenient wavelength since many

commercial diodes are readily available [3].

2.4.1. UP-CONVERSION EMISSION OF ZrO,: Yb**, Er**

As a result of the up-conversion process, strong visible emission was observed in Yb*', Er¥*

codoped ZrO, nanocrystals after 970 nm excitation. The emission spectra are shown in figures
2.6 and 2.7, as a function of ion concentration. The structure and position of all bands are in
agreement with results reported in the literature. Emission is composed of two strong bands,
the red one centered at 670 nm associated to 4F9/2 - 4I15/2 transition and the green band
centered at 550 nm associated to the transition 2H11/2 + 453/2 - 4I15/2, and a weak band
centered at 410 nm associated to 2H9/2 - 4I15/2 transition of the acceptor Er¥* ion (named that
way since Yb>" act as sensitizer). As is observed in both figures, the up-conversion emission is

strongly influenced by the content of both Yb*" and Er* ions. The overall intensity of the
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emitted signal and the emission intensity of each band depend on the concentration of both
ions. However, the effect of sensitizer (Yb>*) content is dominant upon Er’*. The increment of
Er** jon with constant sensitizer concentration, enhance both green and red bands but
guench the blue band, see Figure 2.6. After a critical concentration, 1 mol% of Er,03, both
bands are quenched but the green one is quenched stronger. Nevertheless, the increment of
Yb®* concentration enhances strongly both green and red bands but after a critical
concentration, 2 mol% of Yb,03, the green band was strongly quenched while the red band
still enhanced, see Figure 2.7. The highest intensity red band was obtained for 4/1 mol%
Yb,03/Er,03, and for higher concentration of Yb3* the overall signal was quenched, but the
green band almost disappears. Notice that also the blue band was quenched indicating that

its presence depends strongly of the sensitizer concentration.

Figure 2.6: Up-conversion emission spectra for 2 mol% Yb®* and different concentration of
Er’*. The inset shows the blue band.
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A quantification of the overall intensity and the red/green emission ratio (R/G) as function of
Yb®* and Er*" concentration is shown in Figure 2.8. The highest overall signal intensity
corresponds to the composition 2/1 mol% (Yb/Er) with an R/G~1.5, perceptible to the naked
eyes as a green-yellow emission with color coordinate (0.377, 0.612), see Figure 2.9.
Interestingly, the spectrum of the emitted signal is determined by the Yb/Er concentration
ratio and by the content of each ion. This can be observed from Figures 2.8 and 2.9 comparing
the corresponding signal of 2/0.2 and 10/1 mol% (Yb/Er) composition. In both cases, Yb*" is 10
times the Er** concentration but the overall intensity of the former is three times higher. The
R/G ratio is completely different, 1.5 and 14, respectively. This means, the former looks
green-yellow to the naked eyes while the last one looks red with color coordinates

(0.373,0.615) and (0.573,0.417) respectivelyl, as is shown in Figure 2.9.

Figure 2.7: Up-conversion emission spectra for 1 mol% Er’* and different concentration of
Yb®*. The inset shows the blue band.

'The procedure by which these coordinates are obtained is explained in Chapter 5, which describes aspects
related to the chromaticity and color properties.
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Figure 2.8: Integrated up-converted signal (rods) and red/green ratio as function of Yb>*/Er**
ion concentration.

Nevertheless, in this last case the up-conversion emission was 80% lower than the best
luminescent sample under study. An interesting emission was obtained for the composition
3/1 mol% (Yb/Er). In this case, the overall intensity was 90% respect to the highest signal and
presents an R/G~4 that looks yellow to the naked eyes with color coordinate (0.447,0.543);
see Figure 2.9. In fact, orange to red color was tuned for R/G = 4. Indeed, color coordinates
between green-red and anywhere in between can be tuned by properly changing the Yb/Er
composition as can be appreciated from Figures 2.8 and 2.9. This tuning capability promise

potential applications of these nanocrystals, especially in biomedicine for labeling cells.
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Figure 2.9: Photograph showing the luminescence of ZrO,:Yb>*-Er* nanocrystals after
excitation at 970 nm for different ion concentration.

2.5. UP-CONVERSION EMISSION MECHANISM

The physical mechanism involved in the up-conversion (UC) processes can be elucidated by
analyzing the dependence of the integrated up-converted signal intensity (/,c) as function of
the pumping intensity (/oump). As is well-known, for unsaturated UC process the number of
required photons (n) to populate the emitting states is related with the pumping intensity and
up-converted signal by the expression luczklpumpz, such dependence is shown in Figure 2.10. It
is observed that for green emission and different concentration of both Yb and Er ions n~2
confirming the expected two photon process. For red emission, the n value deviate from the
expected 2 to 1.6 for different concentration of Er, but for larger concentration of sensitizer
diminishes to 1. Such changes suggest the presence of additional processes strongly related
with the presence of Yb®*. An interesting result was observed for the blue band; it was
obtained the expected n~3 for the three-photon process for lowest concentration of Er’* (0.1
mol% of Er,0s); though, for higher concentration of both Er’* and Yb®' it changes to n~2.
Thus, the typical two-photon process for green and red band and three-photon for blue
emission described above are strongly affected by the presence of larger concentration of
both codopants. It can be attributed to the linearization of up-conversion process because of
the saturation of 4I13/2 energy level due to the combined effect of cross relaxation and energy

back transfer process, as will be discussed below.
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Figure 2.10: Integrated up-converted signal as function of pumping power and different

codopant concentration for (a) red, (b) green, and (c) blue band.

The up-conversion is a phenomenon resulted from the interaction between neighboring ions;
such interaction depends on the host and dopant concentration. The absorption cross-section
of Yb*" is much higher than that of Er’*, and then the mechanism is in all probability
dominated by the energy transfer (ET) from Yb>* (donor) to Er** (acceptor). Nonetheless, ET
from Er** to Er** is feasible, especially for high concentration. Thus, the mechanism proposed
to explain the observed visible emission in accordance with the number of photons described
above is based on the energy transfer between Yb-Er, and probably some Er-Er, as is
described in the energy levels diagram shown in Figure 2.11. As is shown in such figure, the

4I11/2 intermediate excited state of Er** ion is populated by pumping photons (970 nm) via ET1
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from Yb®" and described by the equation (4F5/2 + 4I15/2) - (4F7/2 + 4I11/2). Part of this population
is promoted to 4F7/2 level by absorbing a second pumping photon (ESA) or by the energy
transfer (ET2) from a neighbor ion, either Yb*" or Er**. Population in this excited state is
phonon coupled (=3 phonons from host) to the level 2H11/2 + 453/2. From here, part of the
population decay radiatively to ground state producing the green emission (2H11/2 + 453/2 -
4I15/2). Producing the red band (4F9/2 - 4I15/2) is feasible if part of the population in 453/2 could
be non-radiative relaxed to 4F9/2, otherwise population in 4I11/2 could be non-radiative relaxed
to *l13/, intermediate level, and then promoted to “Fs/; level by the energy transfer (ET3) from
a neighbor ion, either Yb** or Er**. This mechanism is in agreement with the most standard
explanation of the UC process, especially for low ion concentration, and is consistent with the

two photons required to produce green and red bands.

However on the host under study, 4F11/2 - 4I13/2 non-radiative transition (~3650 cm'l) would
require more than seven phonons from host (~470 cm™), it must therefore follow that this
transition becomes unlikely. Similar situation occurs for 4F9/2 feeding because red emission
from the 4F9/2 state can hardly arise, since the 4F9/2 state has a large energy gap of about
(~3100 cm™) below the 453/2 state, more than six times the phonon energy of the ZrO, lattice
(470 cm™). Since the 4F9/2 state is almost not populated by the above 453/2 state, as well as
4I13/2 by the above 4I11/2 level, it is thus that such coupling is possibly promoted by the phonon
energy introduced by the presence of some impurities such as OH- (3450 cm™) and CO, (1850
cm™), which resonant stretching bands in infrared spectrum are essentially significant, as is
elsewhere reported [18,19]. The CO, is adsorbed to the surface partly during the synthesis
and partly from the environment. The OH- was produced during the hydrolysis and

condensation process and it is inherent to the synthesis process.

Experimental results show strong dependence on the ion concentration suggesting the

presence of additional mechanism to produce UC emission, see Figures 2.6 and 2.7.
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Figure 2.11: Energy diagram for the proposed mechanism of up-conversion process.

The cross-relaxation (CR) is the only process that is strongly Er’* concentration dependent.
The CR process (453/2 + 4|15/2) - (4I9/2 + 4I13/2), see Figure 2.8, induces a decrement of
population on 453/2 and an increment on 4I13/2 level. In this case, the population on 4I13/2 is
promoted to 4F9/2 by the assisted energy transfer (ET3) from an excited Yb*" or Er** ion.
Phonon coupling of 453/2 and 4F9/2 by OH is suggested by the almost constant red/green ratio
for low Er’* concentration (as low as 0.1 mol%) and the strong red/green ratio variation
implies the dominance of CR for concentration higher than 1 mol%; see Figure 2.6. These
processes explain the quenching of the green band and the enhancement of the red emission.
The quenching of the overall up-converted signal intensity is the result of Er** ion
agglomeration from 2 mol% thereafter. Similar quenching behavior is exhibited on other

hosts such as CssLu,Clg, Ba,YCl5, LiYF; and Y,03 [20,21].
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The presence of sensitizer increases the overall up-converted signal and modifies the
red/green ratio; see Figures 2.8 and 2.9. Both figures show the enhancement of the red band
and the quenching of the green emission as function of Yb concentration. Such behavior
suggest, in addition to CR, the presence of energy back transfer (EBT) from acceptor (Er**) to
donor (Yb3+) described by the equation (453/2 + 4F7/2) - (4I13/2 + 4F5/2) as has been suggested
recently [28]. This process has two effects, increase the population on 4I13/2 of Er** and the
population on “Fs/, of Yb*". The former is partly promoted to *Fg/, by the energy transfer ET3
produced by the non-radiative relaxation of Yb*' (4F5/2), see Figure 2.11. The EBT and CR
processes promote saturation on 4I13/2 (both create a good population reservoir) that is
increased as Yb and Er concentration increases, respectively. As is well-known, this type of
saturation induces linearization of the process for very high concentration as is confirmed for
Yb*" where n~1. Notice that EBT, and then quenching of the green band, start for
concentration larger than 1 mol% of Yb,03, but for 10 mol% quenching of the overall emitted
signal was observed as a result of energy migration produced by the agglomeration of Yb**

jon.

The blue band associated to 2H9/2 - 4I15/2 transition is strongly dependent of donor and
acceptor concentration, see Figures 2.6 and 2.7. The quenching of the signal with the
increment of Er>* suggests that 2H9/2 was partly filled from 2H11/2 + 453/2, via ET5, coming from
an Yb*" or Er** relaxation. The increment of signal with Yb>* concentration could imply that ET,
CR and EBT play an important role in the blue band emission. This is hinted by the increment

of blue band intensity with the increment of sensitizer concentration (Yb*").

As was discussed previously, it is considered two mechanisms, shown in Figure 2.11, which
could possibly induce saturation of the 4I13/2 energy level of Er’* the EBT process and the CR
process. The EBT process is inherently efficient and becomes more prominent for higher Yb**
ion concentration due to reduced average distance between the Yb>" and the Er** ions. It is

dominating at high Yb** ion concentration mainly due to CR process cannot saturate the 4I13/2
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(Er) state, since an efficient CR process requires a large number of Er*" ions in the 2H11/2 and

the ground state simultaneously, which contradicts saturation of the 4I13/2 state.

2.5.1. MODELLING THE UP-CONVERSION PROCESS

The contribution of CR and EBT on the green and red emission was studied by analyzing the
behavior of the Red/Green ratio. It was modeled according to transitions described above
(see Figure 2.11) and by using the following steady-state rate equations. For this study, the

weak blue emission band was not considered.

%=0{ab¢p —CysN,N, —Co, Ny N, —C,NgN, +Cgy N, N —W, N, (2.3)
%:-CMNle +CyNgNy +Cgy N, Ng +W,,N, —W,N, (2.4)
dd'\'tz = C,,,NgN, —CigN,N, =W, N, +W,,N; —W,N, (2.5)
dd'\f = -W,,N, +W,,N, +C,,N.N, —W,N, (2.6)
dd'\i“ =C,,N;N, —W,;N, —W, N, +Wg,N, (2.7)
%:cbsNsz —W, Ny =W, Ng — C,NsNy —Coy N, N, (2.8)

dN.
Where d—t'=0 on steady-state for i=b,1,...,5 and N, (W), N1, N> (W), N3, Ns (W4) and Ns

(Ws), are the population densities (radiation rates) of 2F5/2 (Yb3+), 4I13/2, 4I11/2, 4|9/2, 4F9/2 and
2H11/2 + 453/2 states, respectively. N, and Ng are the population densities of the Yb** and Er**
ions in the ground state. Cy;, Cys and Cys denote the direct energy transfer transitions (ET1),
(ET3) and (ET2), respectively. Cs, and Cs; are the coefficient of back transfer and cross

relaxation process, respectively. ¢p is the laser pump intensity and «, denotes the

absorption cross section of the Yb** ion. Wi are the non radiative transition between i — j

energy level.
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In those equations, the radiation decay of 4I13/2 energy level (W;N;) in equation 2.4 was
neglected due to its longest lifetime of several milliseconds, which creates a good population
reservoir for excited Er’* ions. It is also reasonable to neglect the non radiative decay W;,; —
0, considering that such coupling (~3650 cm™) will require ~8 phonons due to the low phonon
energy of the host. Coupling could be promoted by the presence of OH (3450 cm™) and CO,
(1850 cm™) impurities; however this possible effect was not included into the model by
considering low its contribution. In addition, emission is not observed for 4|9/2 level,
suggesting that W3 can be neglected, from equation 2.6. Additionally, it is reasonable to
neglect the contribution to the population of the 2F5/2 (Yb) state (CspNaNs) resulting from the
EBT process in equation 2.3, when compared to that induced by the laser excitation. After
these considerations, a theoretical steady state approach to the N4/Ns ratio associated to the
population on transitions producing red and green emission was obtained. The population

density N4 was obtained from equation 2.7 in terms of N; and Ns

1
N, = —(Cb4N1Nb +W54N5) (2.9)
43 +W4
N1 was obtained from equation 2.4
N, = Ns (C;N, +C, N,) (2.10)
1 51° Y0 5b" Va .
Cb4Nb

Combining equations 2.9 and 2.10 it can be obtained the ratio N4/Ns

Noo W 1 (¢ N,+C,N.) (2.11)
N5 W43 +W4 W43 +W4

This equation fit well the experimental data with a standard deviation of 0.09, as is shown in

Figure 2.12. The theoretical fitting suggest that W,,/(W,;+W,)~0. This term is the

contribution of phonon coupling between 2H11/2 + 453/2 and 4F9/2 (Wss). As was discussed
above, the associated energy for this coupling is 3,280 cm™ and demands ~7 phonons
considering the phonon energy of the host, which make difficult to occur. The phonon energy

introduced by the presence of impurities such as OH and CO, compounds can promote it.
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However, the theoretical fitting confirms the absence or at least the very low effect of such
impurities in the emitted signal from all prepared samples. Thus, for a host with low phonon
energy, and in the absence or low concentration of impurities, the first term can be
neglected. In such a case, for population of Er** much larger than Yb*" (Ng>>N,) eq. 2.9 is
dominated by the second term corresponding to the cross-relaxation process,

N,/N; =CyN,/(W,; +W,). If N.>>No, then eq. 2.11 is dominated by the third term

corresponding to the energy back transfer process, N,/N; ~C, N, /(W,; +W,).

Figure 2.12: Experimental and theoretical fitting of red/green ratio as a function of codopant
ions. The inset shows the behavior of cross-relaxation and energy back transfer terms as
function of Yb>*/Er** concentration ratio.
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The CR and EBT contribution term are complements, the enhancement of one means the
deleterious effect in the other one. The inset of Figure 2.12 shows the contribution of each
term calculated by fitting the experimental data, as a function of Yb/Er ion concentration
ratio. Equal contribution occurs for a concentration ratio of Yb/Er =1.72 and describes the
limit approximation of N4/Ns as was described above. Of course, the red/green ratio is
guenched for very large concentration. Once each term was calculated for each composition,
and considering Wj3 = 0 that is reasonable to neglect taking into account that phonon
coupling energy is 2,440 cm™ demanding ~5 phonons, the cross relaxation and energy back

transfer coefficient were calculated for different ion concentration and listed in Table 2.3.

For the set of samples with different concentration of Er** both coefficients are constant, with
values of Cs;~5.81x10™% cm3s™ and Cs,~3.43x10*8 cm>s™. These values were obtained for the
tetragonal phase, the dominant crystalline structure for dopant concentration lower than 3
mol%. However, both coefficients increase with the increment of sensitizer where cubic
phase is dominant but Cs; increase faster than Csp,, see Table 2.3. Apparently cubic crystalline
phase promote more the CR effect than EBT. The largest value of coefficients, Cs;~1.02x10™°
cm’s?t and Csp~6.04x10 cm®s?, were calculated for the largest concentration of dopants
where pure cubic crystalline structure were obtained. In addition, the increment of Cs,

coefficient was expected because it depends on Yb*" concentration.

Table 2.3: Cross relaxation (Cs;) and energy back transfer (Csp) coefficient for different dopant
composition.

Yb** (mol%) Er** (mol%) Csp [x10¥] cm®s™ €51 [x107%] cm?s™
2 1 3.43 5.81
3 1 7.8 13.29
4 1 8.79 14.90
10 0.1 16.42 27.81

10 1 60.47 102.42
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In general, equation 2.11 is in correspondence with the model proposed recently by G. Chen
and co-workers in the appropriate approximation [28]. Here, we have extended the model, as
it has included the effect of CR, together with the EBT process, as well as the calculation of
their coefficient values. In addition, we have simulated the ratios between red and green
bands (R/G) for each studied concentration, in order to compare it with experimental values.
Our experimental results indicate that the red and green emission in ZrO,:Yb>*-Er**
nanocrystals are the result of both cross-relaxation and energy back transfer process strongly
influenced by ion concentration. In fact, the cross relaxation coefficient is larger than the back
transfer coefficient. However, according to the experimental and theoretical results, the CR
process is dominant for a concentration ratio Yb/Er < 1.72 in any other case the dominant is

the EBT process. The contribution of EBT was ~55% for the largest emitted signal Yb/Er = 2/1,
~70% for 5/1 and ~80% for 10/1 concentration ratio.

2.5.2. LUMINESCENCE DECAY TIME

Analysis of luminescence decay time shows the influence of ions concentration in the
dynamics of up-conversion process. Figure 2.13 shows the typical decay time plot for green
(540 nm) and red (670 nm) emission. Notice that in both cases experimental data are fitted
with a double exponential function. In nanocrystals, a significant portion of the rare earth ions
are located on the particle surface due to their small size and therefore such ions have more
interaction with impurities adsorbed on the surface (OH and CO,) promoting non-radiative
relaxation and then leading to a non-exponential decay curve. In general, the fast decay time
is probably associated with the presence of those non radiative processes described above,
phonon energy, impurities, cross relaxation, energy back transfer, migration or promotion to

higher level. The effective decay time was calculated by the expression [22]

> :Ttl (t)dt / ]O | (t)dt (2.12)

and the respective values are listed in Table 2.4. The effective decay time diminishes 44% and

13% for green and red band, respectively, as the concentration of Er ion increases, see Figure
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2.14. Such behavior is consistent with the stronger quenching of the green band compared to
the red emission as was discussed before. The continuous diminish of decay time suggest the
presence of luminescent quenching produced by the cluster formation of Er ion due to the

increment of concentration that is also responsible of the up-converted signal increment.

Table 2.4: Effective decay time and energy transfer efficiency for different composition of
dopants.

(*Fs/="11s2)>

. 4 4 5/~ 115/2 4 4 2 2 4

Transition Fs/2— F72 . . Foj2—"l1s/2 S3/ot Hu1o— liss2
( “F7/2="l11/2)

Samples Teff Ner Teff Teff
0,

[mol%] [us] [us] [us]
2/0.1 727 0.043 476 380
2/0.2 641 0.156 455 339
2/0.5 665 0.125 431 283

2/1 539 0.290 438 290
2/2 273 0.640 415 207
1/1 687 0.228 389 281
2/1 539 0.290 438 290
3/1 NA NA 290 190
4/1 358 0.137 205 134
10/1 NA NA 100 160
10/0.1 NA NA 20 85

Dependence of te with Yb** concentration is quite similar than that observed for Er¥*. In this
case, decay time diminishes 62% and 53% for green and red emission, respectively, and both
follow the same behavior, see Figure 2.14. Interestingly, the increments of decay time (~20%)
for both green and red bands with sensitizer changing from 1 to 2 mol% of Yb,03 suggest the
reduction of radiative energy transfer between Yb** neighbor ions [23]. Such value is the
optimum concentration for the highest up-converted emitted signal, see Figure 2.7. Effective
decay time diminish 94% for very large concentration of Yb** (10 mol%). The strong reduction
is in correspondence with the strong quenching of up-converted signal and is probably the
result of energy migration due to the cluster formation of sensitizer as has been reported by

others authors [19,24,25]. The energy transfer efficiency is also strongly dependent of
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concentration of both ions. Effective decay time of Yb3* (donor) at 1040 nm was measured

with and without the presence of acceptor (Er**), and by using the following expression [26]

UZl_TYb(RE)/TYb (2.13)

The energy transfer efficiency was calculated and listed in Table 2.4. Effective decay time at
1040 nm for 1, 2 and 4 mol% of Yb**, no Er**, resulted in 890, 760 and 415 ps, respectively. As
is expected, n is very low for low concentration of acceptors but increases to ~64% for 2
mol% of Er,0s3. Notice that efficiency is only ~29% for the optimum composition 2/1 (Yb/Er)
by which the highest up-converted signal was obtained. The luminescent quenching of up-
converted signal for large 1 associated to high concentration of acceptors is the result of Ert
clustering. The reduction of m with the increment of donor concentration is probably

associated with the presence of back energy transfer process and Yb** clustering.

Figure 2.13: Typical decay time plot for green (a) and red (b) emission bands.
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Figure 2.14: Effective decay time as a function of ion concentration for both sets of samples.

2.6. SURFACTANT EFFECT ON LUMINESCENCE PROPERTIES

Experimental results show that luminescence emission is strongly dependent on the
annealing time and on the surfactant concentration (Pluronic F-127), as is shown in Figure
2.15 for ZrO,:Er** nanocrystals. The figure describes the behavior of the integrated green
signal for different combinations of annealing time and surfactant content. The up-converted
signal was increased with the content of PLURONIC and diminished for concentration higher
than Mrp= 0.0082. With that concentration the integrated signal obtained by annealing 5 h at
1000°C is notably higher (97%) than the signal obtained without surfactant for the samples

annealed 5 h and 70% for samples annealed 0 minutes with Mrp= 0.0082.
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Figure 2.15: Green emission intensity of ZrO,:Er'* samples as a function of surfactant
concentration and annealing time.

Such a strong increment in the emitted signal is related with the reduction of organic
impurities as a result of the annealing time increment (0 min to 5 h) and the use of Pluronic F-
127 during synthesis process, as has been reported recently [14,27]. The annealing time
controls the crystallite size and the surfactant disperses nanocrystals reducing agglomeration

and absorption of impurities on the crystallite surface.

The introduction of sensitizer (Yb®") enhances strongly the up-converted emission of Er** as is
shown in Figure 2.16. Furthermore, the introduction of PLURONIC F-127 produce higher
emitted signal. The little difference in the spectral profile structure for doped and co-doped
samples is produced by different phonon energy and crystalline field surrounding Er ion, as a
result of different crystalline phase. The introduction of sensitizer changes the ratio of
green/red emission bands. The red enhancement depends on the concentration of both ions,

Er due to cross-relaxation process and Yb due to ET [28,29].
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Figure 2.16: Up-conversion emission spectra of ZrO5:Yb**-Er’* and ZrO,:Er**. The inset shows
the blue emission spectra and a picture of the green emission of codoped sample. Zr0:Er?
luminescence is amplified by 3x.

The overall signal intensity in the visible range increases 65% with the optimum concentration
of surfactant. Such enhancement is the result of the reduction of impurities as was discussed
before. Interestingly, the enhancement is different for each emission band. The intensity
increased 75% and 60% for green and red band, respectively. However, a slight increment of
6% was observed for blue emission. As was discussed before, the OH ions on the surface
would result in an enhancement of the red band and a reduction of the green emission by
phonon coupling of 4F7/2 - 4F9/2 and 4I11/2 - 4I13/2 transitions, this coupling has been also
reported by others authors [30]. Thus, the larger enhancement of green band suggests a

reduction of OH groups as was confirmed from FTIR spectra; see Figure 2.5.
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Figure 2.17: NIR emission spectra of ZrO,:Yb>'-Er’* codoped samples. Eye-safe emission
centered at 1550 nm of Er’’ ion and the inset shows the characteristic emission of Yb>*
centered at 1036 nm.

Figure 2.17 shows the eye-safe emission centered at 1.52 pm associated to *liz, = *lis/
transition of Er** ion. The inset corresponds to the characteristic emission of Yb** centered at
1036 nm (ZFs/z - 2F7/2). As is expected, both near infrared emission bands present a strong
enhancement with the presence of surfactant being 79% for eye-safe emission band and 70%
for Yb characteristic emission. As was discussed before, the presence of OH produces a
deleterious effect on the luminescence properties, especially in the near infrared range. Thus,
the strong enhancement of both bands indicates the OH™ reduction as can be observed in
Figure 2.5. In turn, the OH  reduction by the surfactant propitiates a more energy transfer

from the Yb** to Er** by the decrement of non-radiative process.

2.6.1. LUMINESCENCE DECAY TIME
The luminescence decay times of Er** doped and Yb**-Er’* codoped ZrO, nanocrystals were
obtained as function of annealing time and surfactant concentration. Figure 2.18 shows decay

time of emission at 550 nm of ZrO,:Er** for samples prepared with and without surfactant and
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calculated values are listed in Table 2.5. Notice the fast decay time, 1=26 ps, of sample
prepared without surfactant being fitted to single exponential function. Such fast decay is
produced by the presence of high concentration of impurities such as OH™ and CO, that can be
corroborated from FTIR, and probably surface defects produced by the crystallite size. It is not
connected with energy migration due to ion clustering considering the low concentration of
Er** (0.2 mol%). The introduction of surfactant enlarges decay time but two exponential
functions are required to fit the experimental data. In this case and taking into account the
appropriate value of Mrp=0.0082 with 5h of annealing, the effective decay time is 1¢=84 ps,
about ~3 times larger than non-surfactant sample, with 115 ps for slow decay time that is in

agreement with reported results for different host [29,31].

Table 2.5: Luminescence decay time as function of Pluronic F-127 concentration.

Effective
Sample Fast decay Slow decay
decay time

0.2 mol% Er time (us)  time (us)
(ps)
Mrp=0-5h 26 - 26
Mrp=0.0082-5h 85 115 84
Mrp=0.0082-0h 38 48 39
Mrp=0.01-5h 81 107 85

The enlargement of fast decay time suggests a reduction of OH™ as is indicated in Figure 2.5.
Interestingly, for high surfactant concentration (Mrp=0.01) but same annealing process, the
effective decay time is the same, even that particle size diminished 20 nm. Sample with
optimum composition of surfactant but annealed 0 min, produced a 54 nm particle size and

its effective decay time diminished, being ~50% faster than sample annealed 5 h. These



Upconverted Luminescent Properties of Rare-earth doped ZrO2 Nanocrystals | 83

results, and considering also the particle size of sample prepared without surfactant, suggest
that luminescence decay time is dominated by surface impurities and perhaps by defects

produced by the large surface-to-volume ratio [32].

Figure 2.18: Luminescence decay times at 550 nm for ZrO,:Er’” samples under 970 nm
excitation: (a) Mrp=0 at 1000 °C-5h, (b) Mrp=0.0082 at 1000 °C-0 min and (c) Mrp=0.0082 at
1000 °C-5h.

Probably, the mayor contribution of fast decay time is produced by ions close or on the
surface of nanocrystals, as has been suggested [32]. For a particle much smaller than the
wavelength of emitted signal, the decay time of nanoparticles (tnp) should be inversely
proportional to the refractive index of the surroundings medium (ns). The decay time of bulk

and nanocrystals are related by the expression [33]:

nbc

z-np = Tbc (214)

eff
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Here, 7,c and ny. stand for decay time and refractive indexes of bulk crystal, respectively. The

effective refractive index is calculated by ng =@—x)-n, +x-n, [34]. Here, x is the “filling

factor” that is the space fraction occupied by the nanoparticles. The smaller the nanoparticle,
the larger the decay time. Such enlargement of z,, was observed as is shown in Tables 2.2 and
2.5. However, for sample with Mrp=0.01 not enlargement was observed even that particle
size was reduced. In this particular case, it has been observed a higher concentration of
impurities such as OH and CO,. Furthermore, the lower crystallite size increase the surface
defects that induce deleterious effect on optical properties. This suggests that the effect of
impurities is stronger than the nanosize effect. The reduction on particle size enlarges but
impurities and surface defects shorten the decay time. Impurities’ effect is observed in the
sample annealed for 0 min, where decay time is notably reduced even though particle size

was reduced.

Figure 2.19: Luminescent decay times of ZrO,:Yb>*-Er’* samples under 970 nm excitation: at
654 nm for (a) Mrp=0.0082 and (b) Mrp=0; at 562 nm for (c) Mrp=0.0082 and (d) Mrp=0.
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The introduction of Yb as sensitizer enlarges luminescence decay time. Such enlargement,
independent of surfactant, is the result of the energy transfer process from Yb to Er. Yb>*-Er®*
codoped nanocrystals also present an increment on effective decay time with the use of
surfactant. Figure 2.19 shows the corresponding decay time plot for 562 and 654 nm. The
effective decay time was 320 ps for green band on both non surfactant and surfactant
prepared samples. However, the former was fitted to single exponential and the second one
present a slow component decay time of 400 us that means an increment of ~22%. The
effective decay time of red band was 395 and 420 ps, only ~ 5% of increment. Notice the
stronger difference between fast and slow decay times; fast components are ~300 us for both
prepared samples and ~510 ps and ~530 ps for non surfactant and surfactant slow
components, respectively. Figure 2.20 shows the corresponding decay time plot for NIR

emitted signal.

Figure 2.20: Luminescence decay times of ZrO,:Yb>*-Er** samples under 970 nm excitation in
the 1036 nm emission band associated to 4F5/2 energy level of Yb. The inset shows the decay
times of 1526 nm emission band associated to I 172 energy level of Er.
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The enhancement of effective decay time (4.3 ms) for 1.5 um emitted signal is marginal, only
0.5%. However, an increment of ~8% and ~3% was observed for fast and slow decay time,
respectively. Interestingly, the effective decay time for Yb emission is 825 us that represents
an increment of 21% compared to sample prepared without surfactant (680 us). Notice the
strong difference (40%) of slow decay time, 895 us and 1.26 ms, for non-surfactant and
surfactant prepared samples. This longer decay time makes energy transfer more favorable

resulting in higher green and red luminescence.

Experimental results have confirmed the intensity enhancement and larger decay times of
emitted signal, induced by the use of PLURONIC F-127 during the synthesis process. As
discussed before, surfactant not only affects optical properties but also the phase
composition and particle dispersion. All together, it improves nanocrystals and increases the

potential for different applications.
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3.1. INTRODUCTION

The rare-earth doped nanophosphors emitting in the visible range (via up-conversion process)
have received special attention. They offer the possibility for alternative solid-state hosts
capable of producing efficient frequency up-conversion processes [1]. Perhaps the most
studied system designed to generate green light is the Er ion embedded in different hosts.
However, trivalent holmium has several emission lines in the NIR spectral range that can be
excited with NIR photons via several metastable energy levels (’lg and °I;) of Ho®>*, which act
as good population reservoirs for potential energy transfer (ET) or excited-state absorption
(ESA) processes [2]. Infrared-to-visible up-conversion emission has been investigated in
holmium-doped crystals under excitation of photons in the red-infrared range [3-7], and only

in few of them visible up-conversion emission is produced using a 970 nm source [8,9].

In general, codoping rare-earth ions with Yb** increases the efficiency of the UC process, and
in some cases can induce up-conversion where it would not be possible with a single ion such
as Tm®" and Ho>" even in a different host [2,10]. The large spectral overlap between Yb**
emission (*Fs;» — °F7/,) and Ho>* absorption (°ls — °Is) results in an efficient resonant energy

3* codoped systems. Thus, the luminescence properties of Ho®* doped

transfer in Yb®* - Ho
zirconium dioxide nanocrystals deserve further study. Furthermore, in ZrO,: Er** a relation
between the luminescent efficiency and particle size, the reduction of the organic remnants,
and the phonon energy of the host has been reported [11,12]. For this section, Zr0,:Yb**-Ho**
nanocrystals with different concentrations of codopants were synthesized with surfactant
(Pluronic F-127). The up-converted signal produced by the codoped nanocrystals present
almost pure green emission centered at 540 nm. Obtaining stronger green signal was
considered as an aim in this section, as well as the related Yb/Ho composition and decay time
involved. Procedures to calculate color coordinate and maximum luminance after excitation
were proposed. Up-converted signal are explained in terms of the energy transfer from donor

(Yb) to acceptor (Ho). The energy transfer efficiency is analyzed, through samples, in order to

determine correlation with ion concentration of Ho.
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3.2. EXPERIMENTAL PROCEDURE

The synthesis of Er** and Yb>*-Ho>" doped ZrO, nanophosphors were prepared by a micelle
method, with holmium chloride (HoCls - 6H,0) and Pluronic F-127 (at molar ratio of 0.0082)
added to the solution. All samples were annealed at 1000°C and kept there for 5h. This
process has been described in detail on section 2.2. In this instance erbium precursor is

replaced with holmium precursor.

The set-up for the X-ray diffraction (XRD) and photoluminescence (PL) characterization is the

same as described on section 2.2 for ZrO,:Yb*'—Er**

samples. Transmission electron
microscopy was carried out in a JEM-2200FS system with an accelerating voltage of 200 kV.
The microscope is equipped with a Schottky-type field emission gun, an ultra high resolution
(UHR) configuration (Cs=0.5 mm, Cc=1.1 mm, 0.19 nm point-to-point resolution), and an
omega-type in-column energy filter. High angle annular dark field (HAADF) images were
obtained using an annular dark field detector. The samples were grounded, suspended in

isopropanol at room temperature, and dispersed with ultrasonic agitation. An aliquot of the

solution was then dropped on a 3 mm diameter lacey carbon copper grid.

3.3. STRUCTURAL PROPERTIES

The XRD patterns for the Zr0,:Yb*"-Ho®* nanocrystals are shown in Figure 3.1. The crystalline
phase composition after 5 h annealing at 1000°C with surfactant are primarily tetragonal and
slightly monoclinic, for both Yb*" doped and Yb**-Ho®" codoped samples. Table 3.1 lists the
phase composition for different concentrations of the active ions estimated using the
expression from equation 2.1. This confirms the influence that ion concentration has on the

stabilization of the tetragonal phase (specifically the Yb ion), as was previously reported [13].
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Figure 3.1: XRD patterns of Zr0,:Yb* - Ho** nanocrystals for different concentrations of Ho®'
codoped with 2 mol% of Yb**.

Interestingly, the tetragonal phase for a pure Yb** doped sample changed from 65% to 77%
after the addition of a very small quantity (0.01 mol%) of Ho>*. However, the content of
tetragonal phase was reduced for larger concentrations of Ho*', being 62 wt% for 1 mol% of
Ho** and 2 mol% of Yb*' doped samples. This behavior is in opposite to previous results
reported recently [14], although the physical mechanism has not been elucidated. For
concentrations lower than 0.01 mol%, the tetragonal phase concentration diminishes
approaching its phase composition to one for a pure Yb®* doped sample. For low dopant
concentrations, the tetragonal crystalline structure is mostly affected by the annealing time

and temperature.
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Table 3.1: Phase composition and crystallite size of Zr0,:Yb*" - Ho®* nanocrystals.

Sample concentration (mol%) Phase composition (wt.%) Cristallite size
Yb Ho Cm Ct (nm)
2 1 38.2 61.8 27.479
2 0.1 33.7 66.3 20.622
2 0.01 23.0 77.0 29.436
2 0.001 30.0 70.0 15.875
2 0 35.1 64.9 25.758

An increase in pattern broadness relating to 0.001 mol% of dopant can be appreciated on the
XRD patterns in Figure 3.1. Such broadness suggests a notable decrease in crystallite size.
Strain on the lattice also contributes to the broadening, but crystallite size is a more critical
factor. Moreover, the strain effect is directly related to the crystallite surface area, which is
dependent on crystallite size. This difference pattern broadness suggests that an increase in
particle size dispersion arrests the crystallite growth, hindering the conversion from
tetragonal to monoclinic. The stabilization of t-ZrO, via the crystallite size effect is based on
the assumption that the free surface energy in nanocrystalline tetragonal zirconia is lower
than that in normal monoclinic phase. Therefore, this additional effect is maintained in

samples with lower crystallite size [15].

The crystallite size was calculated using Sherrer’s equation from expression 2.2. The average
crystallite size is 24 nm for the group of samples with constant value of 2 mol% Yb** with
different concentrations of Ho>'. With the lowest concentration of Ho>*, 0.001 mol%, the
average crystallite size decreased to 16 nm. The largest crystallite size was 29 nm and was
obtained for 0.01 mol%. The crystallite sizes for different concentrations of Ho®>" are also
shown in Table 3.1. These values seem to indicate that prepared samples do not present a

consistent correlation between average crystallite size and an increase in the concentration of
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Ho®*. As will be discussed later, the best luminescent sample had both high tetragonal

composition, and a smaller crystallite size.

Figure 3.2: HAADF STEM images of Zr0,:Yb>* - Ho** nanocrystals for (a) 2/0.01 mol% of
Yb*'/Ho* and (b) 2/1 mol%. (c) and (d) show the crystallite size distribution for both samples.

The dispersion capability of the surfactant Pluronic F-127 can be observed in the HAADF STEM
images shown in Figure 3.2. The introduction of surfactant keeps the nanocrystals well
dispersed, even for a long annealing time. In addition, by reducing the annealing temperature
both crystallite size and agglomeration are reduced [11]. From the size distribution chart, the
average particle size is between 50 and 47 nm for 2/0.01 and 2/1 mol%, respectively.
Compared to the size calculated with Sherrer’s equation from the XRD (listed in Table 3.1),

the average crystallites per particle is around 1.7. This implies that surfactant is beneficial for
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the dispersion of powders, and can be concluded that samples prepared with Pluronic F-127

present higher crystallite distribution.

3.4. LUMINESCENCE PROPERTIES

The emission spectra of codoped ZrO,:Yb** - Ho®* nanophosphors (shown in Figures 3.3 and
3.4), exhibits four distinct emission bands resulting from the up-conversion process. The red
band centered on 650 nm associated to the relaxation of 5F5 - Slg, and the NIR band centered
on 760 nm attributed to the °F4 + °S, — I, relaxation, are one order of magnitude lower than
the green band centered on 550 nm and attributed to the 5F4 + SSZ - Slg relaxation of Ho>*.
There is also a weak band (not showed here) two orders of magnitude lower and centered on
490 nm associated to the °F; — "l Ho>" transition. The strong green emission band contains
about 98% of the total emitted signal obtained after excitation at 970 nm. All bands show a
strong dependence on the concentration of both ions. Figures 3.3a and 3.4a show the up-
converted signal obtained with constant 1 mol% of Ho®>" concentration and different
concentration of sensitizer (Yb3+). Both, green and NIR emission band increases with the
increment of sensitizer. However, the highest signal emitted was obtained for 2 mol% of Yb*.
For larger concentration, both bands were quenched but green band was quenched stronger.
Interestingly, the intensity of the red band increases monotonically with the increment of
sensitizer, see Figure 3.4a. The increment of Yb>* concentration induces an increment of the

signal intensity but does not produce any structural change in the emission spectra.

Figures 3.3b and 3.4b shows the up-converted signal obtained with a constant 2 mol% Yb**
concentration, where maximum emission was obtained, and different concentration of Ho>".
Interestingly, all bands increase in intensity when the concentration of Ho" is decreased,
even for three orders of magnitude lower than 1 mol%. However, the red band reach its
maximum at 2/0.01 mol% of Ho®>" and decrease for lower concentration. The visible up-
converted spectra for each sample was integrated and normalized with the brightest sample,
allowing analysis of luminescence intensity as a function of ion concentration, see Figure 3.5.

The previous maximum green signal was obtained for 2 mol% of Yb®* and 1 mol% of Ho".
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However, a 600% optimization can be observed for very low concentrations of Ho**. The
highest emitted signal was achieved with a concentration of 2 mol% of Yb*, and only 0.001

mol% of Ho®", as is shown in Figure 3.5.

Figure 3.3: Emission spectra of ZrO,:Yb>* - Ho®>* nanophosphors with a) 1 mol% Ho>" at

different concentration of Yb>', and b) 2 mol% Yb>* at different concentration of Ho>". Inset
shows a picture of the bright emission of (Yb/Ho) 2/0.001 mol% codoped sample.
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Figure 3.4: Red and NIR emission band of ZrO,:Yb>* - Ho>* nanophosphors with a) 1 mol% Ho>*
and different concentration of Yb*', and b) 2 mol% Yb>* and different concentration of Ho™".
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Figure 3.5: Integrated up-converted signal as a function of Yb>* concentration with 1 mol% of
Ho’" (up) and Ho®* concentration with 2 mol% of Yb>* (down).

This strong increase in emitted signal can be attributed to the reduction of Ho" inter-ionic
interactions and then a reduction of ion agglomeration. This means, a reduction of energy
migration because of an increment of separation between Ho>" ions. These results highlight
the considerable influence of Ho>* on the UC signal and remark the very low threshold of
concentration for agglomeration. Although both figures show a remarkably different trend for
ion concentrations, they both have a partial quadratic fit which suggests that energy transfer
up-conversion (ETU) is the dominant transition, since it varies quadratically with ion

concentration [16]. In this process, two different types of ions in close proximity are excited
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to an intermediate level. They are coupled by a non-radiating process in which one relaxes to
a lower state transferring the energy (donor), while the other ion take the energy (acceptor)
being excited to an upper state. Additional evidence of the Yb*" - Ho®>" energy transfer is
observed by analyzing the intensity change of the characteristic Yb** emission centered at
1039 nm. Figure 3.6 shows the NIR emission spectra for 2 mol% of Yb>* with and without 1
mol% Ho>*. A clear decrease in NIR signal emitted is observed with the presence of Ho®*,

suggesting the presence of an ET process.

Figure 3.6: Characteristic emission of Yb>* ion centered at 1039 nm.

Analyzing the integrated signal intensity /,. as a function of the pumping intensity l,ymp, it is
possible to determine the number of photons involved in the UC process (previously

considered an ETU). This dependence is expressed by the equation

n
Iuc =Kkl pump (3.1)
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where n denotes the number of photons absorbed to produce the up-converted emission.
Figure 3.7 shows the behavior of the integrated green emission band versus the excitation
power for three different concentrations of codopants Yb/Ho at 2/0.001, 2/1, and 5/1 mol%.
In all cases, the values of n= 1.3, 1.7 and 1.9 suggest the presence of a two photon absorption
mechanism in the UC emission, which is in agreement with previous results [2]. Notice that
for low concentration of Ho" alternative processes become more relevant and could explain

the small value of n.

Figure 3.7: Dependence of the integrated up-converted signal intensity with pumping power
excitation for different concentrations of Ho>".

3.4.1. UP-CONVERSION EMISSION MECHANISM

The proposed mechanism associated to the up-conversion emission of Ho>" is described on
the energy level diagram shown in Figure 3.8. Ho*" ion (acceptor) is excited by the energy
transfer (ET) from the 2F7/2 - 2F_:,/z transition of Yb®* (donor) that is excited directly by the

pumping signal. Direct excitation of Ho>" ion is also possible, however energy transfer is most
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probably due to the large absorption cross section of Yb*" and the phonon assisted resonance
between 2F7/2 - 2F5/2 relaxation of Yb®>" and 5|3 - 5I6 transition of Ho3+, as is shown in the
energy diagram on Figure 3.8. Most of the lg excited Ho>" ions are promoted to °F4 + °S, state
by ET from the non-radiative relaxation of another excited Yb*" ion, producing the bright
green emission band after relaxation of Ho*" ions to ground state (5F4 +°5, > Slg). The
increment of up-converted signal with the decrement of Ho>* concentration is the result of
the elimination of Ho>*agglomeration. Clustering by agglomeration is the tendency of active
ions in a solid-state medium to form clusters rather than to be randomly spread. It allows
energy migration between ions that can degrade or quench the fluorescence efficiency. These
experimental results also suggest that the threshold for clustering interaction is 0.001 mol%
of Ho* but depends on the kind of ion. In addition, the energy back transfer process (°F4 +
>S,) (HO™") + %Fy/2 (Yb*") > °lg (Ho>*) + °Fs/, (Yb*) was promoted for larger Yb>* concentration
(larger than 2 mol%). The presence of this phenomenon reduces the population on °F4 +°S,

and explains the fluorescence quenching of the green emission.

The low intensity of red and NIR emission suggest that transition associated have a very low
probability. For example, a little part of the population on the °F4 + °S, level decays to I
producing the NIR emission centered at 760 nm. Such transition is confirmed by its direct
dependence with the population on °F4 + °S, for both Ho®" and Yb*" concentration. Notice in
Figure 3.4 that NIR emission follows the trend of the green emission. The red emission is
associated to the transition °Fs = °lg. Population on such energy level could be fed by non-
radiative relaxation of °F4 + >S,. However, energy of about 6 phonons is required to match the
energy gap (2,865 cm™). The most probably is that °Fs is fed by °l; = °Fs because of the ET
from an Yb*" ion. Population on °I; is provided by lg with the help of the energy vibration of
OH (3,450 cm™) whose energy matches the energy gap (3,476 cm™) between such levels. This
proposed mechanism is consistent with the continuous increment of the red band for larger
concentrations of Yb®*, and the decrement of green and infrared emissions bands. The very

week blue emission (5F3 - Slg) corroborates the transition °ls > °Fs. Although with very low
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probability, this signal confirms the presence of a cascade phonon relaxation °Fs = Iy > °ls,

considering that is the only way to feed .

Figure 3.8: Energy level diagram showing the proposed mechanism for the up-conversion
process.

3.4.2. LUMINESCENCE DECAY TIME

The luminescence decay times of Yb**- Ho*' doped samples were obtained for typical samples
and plots are shown in Figure 3.9. Decay time for signal centered at 540 nm can be fitted with
a single exponential function for different concentration of Yb*" and double exponential for
different concentration of Ho>". The effective decay times were calculated according to the
expression (2.12) and the obtained results are listed in Table 3.2. For constant concentration

of Ho** (1 mol%) tet is about 210 us for 0.5, 1 and 5 mol% of Yb3+, with a little increase for 2
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mol% (Ter 220 ps) and a strong reduction for 10 mol% (ter 168 ps). The apparent
independence of 1. for the green band is in opposite of the behavior observed for visible
emission on the system Yb*"-Er’* where a decrement was observed with the increment of
Yb** concentration. These results suggest that dynamics of visible emission is dominated by
migration Ho>* <> Ho>" as a result of the formation of cluster or ion agglomeration. The little
increment observed for 1 is probably the result of local clustering reduction with the
increment of Yb**. However, the strong diminish for higher concentration of Yb*" is probably
the results of back transfer process as was discussed before. The existence of clusters is
proposed by the increment of 1. with the reduction of Ho®" concentration that in turn
reduces cluster interaction, see Table 3.2. In this case, the largest decay time 1. was about
360 us and was obtained for 0.001 mol% of Ho*, an indeed small concentration, suggesting

the reduction of agglomeration.

Figure 3.9: Fluorescence decay time of 540 nm emissions from the samples with different
Yb**/Ho>* concentration after excitation at 970 nm.
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Notice the little deviation from single exponential of decay time plot for sample doped at 0.1
mol%, see Figure 3.9. Furthermore, fast decay time is the same as that of sample doped at 1
mol%. These results suggest that decay time observed for samples with constant Ho®>" (1
mol%) concentration is just the fast response. No slow component was observed as a result of
the strong cluster formation. The slightly different value between fast and slow component
observed for low concentration of Ho>' could be the result of non-radiative relaxation to 5F5
energy level due to phonon energy or back transfer induced by the relative high

concentration of Yb** as was discussed before.

3.4.3. ENERGY TRANSFER EFFICIENCY

The highest luminescence decay time of Yb>* characteristic emission centered at 1039 nm was
about 840 ps, obtained for the lowest concentration of Ho®*, from which start to reduce as
concentration increases, though it diminishes faster if Yb** ion concentration increases. In
both cases, such behavior is the result of the energy transfer from donor (Yb**) to acceptor
(Ho®"). The energy transfer efficiency was calculated by the expression (2.13) with RE = Ho,
results are listed on Table 3.2. Samples with 1, 2 and 10 mol% of Yb3+, no Ho*' ion, were
synthesized and their effective decay times were about 812, 883 and 259 s, respectively.
With these results the energy transfer efficiency 77 was calculated obtaining the largest one, in
about 42%, for 2/2mol% (Yb/Ho) and diminishes by increasing Yb*" concentration being only

about 0.7% for 10 mol%.

These values suggest a mayor presence of migration Yb** < Yb* processes as a result of the
larger ion concentration. Reduction of Ho** concentration reduces drastically the energy
transfer efficiency being the lowest one, in about 5%, for 0.001 mol% of Ho>*. Such reduction
on energy transfer was expected considering the very low concentration of acceptors. One
should be aware of the possibility that the presence of the acceptor could affects the donor
luminescence by a mechanism other than ET (for example back transfer), and hence
diminishes decay times from the quenched samples, resulting in larger ET efficiencies than
the true values, due to the form of the equation 2.13. This result suggests that 2 mol% of Yb3*

could be a high concentration and probably can be reduced. However, it is necessary keep in
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mind that the excess of donors can guarantee the energy transfer process. This set of values
listed on Table 3.2 is grossly in agreement with previous report [17], but the overall results
reported here indicate an improvement of the UC process by both factors, synthesis process

and ion concentration.

Table 3.2: Effective decay times and energy transfer efficiency of ZrO,:Yb>* - Ho>* nanocrystals.

Sample concentration (mol%) Effective decay time (ps)

Yb Ho 539 nm 1039 nm fer (%)

0.5 1 206 667 --
1 1 213 669 17.6
2 1 220 694 21.4
5 1 211 606 --
10 1 168 257 0.77
2 0.001 359 841 4.75
2 0.01 284 820 7.13
2 0.1 222 805 8.83
2 1 220 694 21.40
2 2 198 509 42.35
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4.1. INTRODUCTION

Among the oxide hosts, the zirconia matrix seems to be an ideal medium for preparation of
highly luminescent materials because it is chemically and photochemically stable, has a high
refractive index and low phonon energy [1]. Previously, we have described the influences of
dopant concentration, crystallite size and crystal structure on the emission properties of
erbium and holmium ions in oxide nanocrystals, as well as the influence of ytterbium over the
emission. Here in this chapter, thulium ion is considered. Studies of the up-conversion
process in thulium (Tm*") doped materials are of great interest because Tm>* exhibits strong
luminescence in the violet and blue region [2]. The main goal of this analysis is to study the
up-conversion luminescence of Tm**:yb** co-doped ZrO, matrix and how this property
changes with changing co-dopant concentration. This report includes the investigations of
how the preparation of nanoparticles and concentration of both ions affects the up-

conversion emission properties of Yb*>" - Tm** co-doped ZrO, nanocrystals.

On this occasion, the annealing temperature was lowered to 800°C in order to observe
structural and luminescent effects by changes in size. In addition, a set of samples were
prepared by sol-gel with surfactant added. This variant is similar to micelle method except
that the hydrothermal treatment was omitted as to observe its possible effect on
luminescence optimization. Samples were prepared by a micelle method using CTAB as
surfactant. The study of this surfactant in this section has the purpose of comparing it with
Pluronic F-127 used before, and decides which one is more effective in eliminating remnants
resulted from the synthesis process, especially the OH, as these affect the optical properties.
It is expected a difference between Pluronic F-127 and CTAB due to their dissimilar

characteristics.

4.2. EXPERIMENTAL PROCEDURE

The synthesis of Yb**-Tm>" doped ZrO, nanophosphors were prepared by a micelle method,
with thulium chloride (TmCls - 6H,0) and cetyl trimethyl ammonium bromide (CTAB) added as

cationic surfactant at molar ratio concentration Mr = CTAB/ZrO, = 0.2. CTAB were also added
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into another set of samples prepared by sol-gel process. All samples were annealed at 800°C
and kept there for 2h. Test samples were synthesized applying three annealing times (0, 2 and
5 h), for samples with and without surfactant. Both processes are described on section 2.2. In
previous work reported by our group, it has been optimized the percentage of CTAB in ZrO,

nanocrystals as to obtain the maximum emission efficiency of Er** [3].

The set-up for the X-ray diffraction (XRD) and photoluminescence (PL) characterization is the
same as described on section 2.2 for ZrO,:Yb*—Er’* samples. Transmission electron

microscopy (TEM) was carried out in same way as described on section 3.2 for Zr0,:Yb*"-Ho*".

4.3. STRUCTURAL PROPERTIES

The XRD patterns for the Zr05:Yb**-Tm*' nanocrystals are shown in Figure 4.1. The crystalline
phase composition of samples annealed for 2 and 5 hours at 800°C are considerably
tetragonal and slightly cubic for samples prepared with and without hydrothermal treatment
tagged as M and S, respectively. Table 4.1 lists the phase composition for each process and
annealing times by using semi-quantitative phase analysis software. All samples annealed at
800°C show tetragonal phase as dominant (a through d) for both with and without
hydrothermal treatment, and for 1000°C tetragonal phase forms 100% of the composition (e).
Tetragonal phase is notably increased for 5h annealing time than that for 2h; however a
major composition of tetragonal phase is presented without hydrothermal treatment,
suggesting that its presence favors cubic phase. In addition, the results of the XRD patterns
confirm the influence that Yb*>" concentration has on the stabilization of the tetragonal phase.
As was previously reported, if ytterbium is absent in the system then the corresponding
structure contains mainly the monoclinic phase [4]. So that, the effect of ytterbium
concentration on the zirconia structure is to stabilize the tetragonal and cubic metastable
phases avoiding the formation of the monoclinic. For low dopant concentrations, the
tetragonal crystalline structure is most affected by the annealing time and temperature, since

this phase increases when both parameters are incremented [3].
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Figure 4.1: Figure 1: XRD patterns for (Yb**/Tm**) 2/0.5 mol% test samples with annealing
times of 2h (a,b) and 5h (c-e), at 800°C (a-d) and 1000°C (e). Micelle and sol-gel methods are
tagged as M and S respectively.

It is seems that tetragonal phase increases with increase the temperature and concentration
of Yb* ions. The effect of increasing the tetragonal phase is due to removal of oxygen
vacancies, which helps to reduce the nonradiative relaxation. It is well known that the
stabilization of the fluorite-type zirconia lattice can be achieved by oxygen vacancies
mechanism for trivalent dopants [5]. These results clearly indicate the crystal structure and
crystal symmetry are depending on the annealing temperature and concentration of dopant
ions. Therefore, with increasing the temperature of annealing the crystal size increases due to
growth of particles. This dependence indicates the important role on the Yb3* dopant content
as a control for the crystal phase and crystal size. Results show how the crystal phase and

crystal size can be controlled by changing the Yb** concentration and annealing temperature.
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An increase in pattern broadness relating to annealing temperature (800°C) can be
appreciated on the XRD patterns a-d in Figure 4.1, implying a notable decrease in crystallite
size compared with that of 1000°C, indicated on pattern e. Strain on the lattice also
contributes to the broadening, but crystal size is a more critical factor, that effect was
described on previous chapter when Ho®>" was analyzed. The diameter of rare-earth ion (M**)

is larger than that of zr*™, and hence such ion will induce the change of ZrO, lattice.

Table 4.1: Phase composition and crystallite size of 2/0.5 mol% ZrO,:Yb>* - Tm*>* nanocrystals.

Method Cristallite
Temperature Annealing time Phase composition (wt.%) _
o (M=micelle) size (nm)

(°C) (h)

(S=sol-gel) Ct Cc
800 2 M 53.6 46.4 12.1018
800 2 S 75.2 24.8 14.1899
800 5 M 82.2 17.8 12.1026
800 5 S 88.9 11.1 14.1909
1000 5 S 100 - 21.6522

The crystallite size was calculated using Sherrer’s equation 3.1, as used in chapter 3. The
average crystallite size is 12.1 nm for samples synthesized by micelle method, and 14.1 nm by
sol-gel. For the S1000-5h sample the average crystallite size increased to 21 nm. These values
seem to indicate that average crystallite size does not present a significant dependency with
annealing time increment, but it exists for annealing temperature. The dispersion capability of
the surfactant CTAB can be observed in the TEM images shown in Figure 4.2. Particle size
distribution can be obtained by TEM observation of Yb* - Tm* co-doped ZrO, nanocrystals
prepared at 800°C. The particles are in aggregated form and the average diameter is about 26
nm. Synthesis with optimum concentration of CTAB under 1000°C annealing temperature

usually keeps the nanocrystals well dispersed for a low annealing time [6]; though, in this
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case, when the annealing temperature was reduced as to diminish crystallite size,

agglomeration resulted unavoidable.

20 nm

_%J %

Figure 4.2: TEM images of ZrO,:Yb> - Tm>* nanocrystals for 2/0.5 mol% of Yb*>'/Tm** by
micelle (a) and sol-gel (b) methods.

For relative low annealing temperature CTAB does not exhibit effect to the dispersion
enhancement of powders, therefore the fact that surfactant helps to obtain better crystalline
structure and better dispersed nanocrystallites, as considered previously with Pluronic F-127

[7,8], could not be concluded at least for 800°C annealing temperature.

4.4. LUMINESCENCE PROPERTIES

The emission spectra of codoped Zr0:Yb* - Tm** nanophosphors, shown in Figures 4.3 and
4.4, exhibits four distinct emission bands associated to different transition of Tm** resulting
from the up-conversion process. One weak emission on the UV side of the spectra peaked at
368 nm associated to the 1D2 - 3H6 transition. One red band centered on 660 nm and
attributed to the 3F, — 3H¢ transition. And two dominant bands, the near infrared and the
blue bands centered at 800 and 470 nm attributed to the 3H; — 3Hg and G, — 3Hg relaxations

of Tm*', respectively. Figure 4.3 shows the up-converted signal obtained for different Yb** and
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constant Tm®" concentration. An increment of the emitted signal can be observed with the
increment of Yb®* concentration (for concentration lower than 4 mol%), but all emission
bands increase equally. Notice the little change on the ratio of two central peaks from blue
band, peak centered at 475 nm increases while the one centered at 487 nm decreases.
However, the overall effect is a quenching of the blue band for a concentration higher than 2
mol%. Furthermore, in addition of the characteristic peaks of the blue band (452, 463, 473
and 486 nm due the stark splitting of the 1G4 — 3Hg transition) the peak centered at 501 nm
cannot be associated to any transition of Tm>*. We assume such peak is ascribed to the
cooperative emission from an Yb*" - Yb** pair interaction. That will be discussed on a later

section.

3+

Figure 4.3: Emission spectra of the ZrO,:Yb>* - Tm®" nanophosphors for different

concentrations of Yb>* with 0.05 mol% of Tm™".

Figure 4.4 shows the up-converted signal for samples prepared with different concentration

of Tm>" and constant 2 mol% of Yb®", where maximum blue emission was obtained. All bands
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show a strong dependence on the concentration of Tm*". In such a figure, the emissions were
scaled by a factor of 5x and 15x for 0.5 and 1.5 mol% of Tm*", respectively. Interestingly,
when the concentration of Tm*" is increased the intensity of blue band decreases while the

infrared band increases. However, the overall effect is a quenching of the signal emitted.

3+

Figure 4.4: Emission spectra of the Zro:Yb* - Tm nanophosphors for different

concentrations of Tm*>* with 2 mol% of Yb*'.

The up-converted spectra for each sample was integrated and normalized to the brightest
sample, allowing analysis of luminescent intensity in relation to ion concentration (depicted in
Figures 4.5 and 4.6). The highest overall emission was achieved with a concentration of 2
mol% of Yb** and only 0.1 mol% of Tm*, although in this case the infrared band is dominant,
as is shown in Figure 4.5. The strongest blue emission band contains about 34% of the total
emitted signal and was obtained with 2 mol% of Yb** and 0.05 mol% of Tm>*. However, in this

case the overall signal emitted is only 80% of the highest one. Similar optimization can be
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observed for 2/0.1 and 1/0.05 mol% samples resulting blue emissions of about 29 and 30% of

the overall highest emitted signal, respectively, as is shown in Figure 4.5.

Figure 4.5: Normalized integrated signal by sample of ZrO,:Yb> - Tm>* nanophosphors with
different concentration of Yb*>* and Tm™".

Figure 4.6 depicts only the normalized blue up-converted intensity as a function of Yb**
concentration (with 0.05 mol% of Tm**), and as a function of Tm>* concentration (with 2 mol%
of Yb®*). The increment on the emitted signal for 2/0.05 sample can be attributed to the
reduction of Tm®" inter-ionic interactions due to the agglomeration formation. These results
highlight the considerable influence of Tm>* on the UC signal and the low threshold for the
agglomeration formation. Although both graphs show a remarkably different trend for ion
concentrations, they both have a quadratic fit which suggests that energy transfer up-

conversion (ETU) is the dominant cooperative transition, since it varies quadratically with ion
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concentration [9]. In this process, two ions in close proximity are excited to an intermediate
level. They are coupled by a non-radiating process in which one relaxes to a lower state, while
the other is excited to an upper state. This behavior is comparable to the Ho®>" case described

on previous chapter.

Figure 4.6: Integrated blue up-converted signal as a function of Yb>* concentration (with 0.05
mol% of Tm>*) and Tm>* concentration (with 2 mol% of Yb").

Figure 4.7 shows the NIR spectra of Yb*" emission centered at 1039 nm. For the set of samples
with constant Tm*®" concentration (0.05 mol%) the emission band changes from 0.1 to 1
mol%, been more significant for 2 and 4 mol% concentration of Yb**. It is suitable to ascribe

this notable change in the emission pattern to a crystal lattice modification. In other words,
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there is a different crystalline phase composition for each Yb** ion concentration used for co-
doping. Additional evidence of the Yb* - Tm?* energy transfer could be observed by analyzing
the intensity change of the standard Yb*>* emission. Considering the second group (with
constant 2 mol% Yb**) a notable intensity reduction could be appreciated in the signal
emitted for 0.5 and 1.5 mol% of Tm>", see figure 4.7. With a minute increment from 0.1 to
0.5 mol% the overall intensity signal were reduced about 85%. The clear decrease in Yb**

emitted signal observed with the increment of Tm*" suggests the presence of an ET process.

Figure 4.7: Characteristic emission for Yb** ion peaked at 1039 nm.

4.4.1. UP-CONVERSION EMISSION MECHANISM

The proposed mechanism associated to the up-conversion emission of Tm** is described on
the energy level diagram shown in Figure 4.8. Tm>" ion (acceptor) is excited by the energy
transfer (ET) from the 2F7/2 > 2F5/2 transition of Yb>* (donor) that is excited directly by the
pumping signal. Phonon assisted resonance between 2F5/2 > 2F7/2 relaxation of Yb>* and *Hg

- 3H; transition of Tm3+permits the first excited level, from which ions are then relaxed non
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radiatively to 3Fa, forming a reservoir level. The energy gap between levels 3Hs and °F4 is
~2200 cm™, which can be resonant with some stretching bands associated with different
residual components such as one phonon of CO, (2350 cm™) and two of OH (from the 1200 —
1400 cm™ band) or CH=CH (1050 cm™); those are more feasible than the ~5 phonons required
from the host. Part of °F, ions decay to ground state producing emission at 1650 nm (*Fq >

3He), as is shown in the energy diagram on Figure 4.8.

Tm>" ions from F4 excited level are partly promoted to °F, state by ET from the non-radiative
relaxation of another excited Yb** ion, from which undergoes the F, > 3H6 transition that
produces the weak 660 nm emission band. Through unstability of *F, level, its population
rapidly decays to *H, non radiatively producing the infrared emission band (*Ha > 3He),
peaked at 800 nm. Population on the metastable *H, level from Tm*" is promoted to G, by ET
from another excited Yb** ion, from which a radiative relaxation occurs, related to the blue
emission peaked at 470 nm resulting from G, © *Hg transition of Tm**. There is a weak UV
emission band peaked at 368 nm ascribed to D, © 3Hg transition of Tm>®" that is highly
dependent from G4 population, from which is promoted by ET from another excited Yb*" ion,
and thereby is directly related with Yb*" concentration due to several successive ET processes

required to excite this level.

Under these conditions, a cross-relaxation between Tm** ions themselves along the channel
(3H4 + 3H6) -> (3F4 + 3F4) is possible. Cross-relaxation forms an efficient feedback mechanism
that connects the emitting level 3H4, the reservoir level 3F4 and the ground level, thus
enhancing efficiently the population in the reservoir level. This cross-relaxation channel
populates the 3F, level and favors the population of the *H, level, and possibly makes
additional contribution to the 660 nm band. As for >F, level such feeding mechanism explains
the relative incremented luminescence band in the 470 nm range corresponding to the ‘G, =
3He transition in the Tm>* ion (see Figure 4.4) with the decrement of Tm>* concentration to

0.05 mol%. Considering this scenario, a complementary blue up-converted signal is possible



Upconverted Luminescent Properties of Rare-earth doped ZrO2 Nanocrystals | 123

with the increment of Yb** concentration, which they transfers energy to more Tm>* ions that

undergoes this cross-relaxation process, before emission quenching occurs.

Figure 4.8: Energy level diagram showing the proposed mechanism for the up-conversion
process.

In order to analyze the UC mechanism which populates the 'G, level, the pump power
dependence of the emission from 1G4 — 3Hg level at 470 nm was investigated on excitation
intensity at 970 nm according to equation 3.1 and the results are shown in Figure 4.9. The
experimental data (inverted triangles) have been fitted with a straight line with slope of 2.5=3
which indicates a three photon process related to blue UC emission from Tm>*. Similar
situation occurs for 660 nm band (circles), with a slope of 2.2, that hint suggest that it
proceeds from >F, level after two-photon absorption process. Both emissions are stimulated
by the cross-relaxation that is taking place in the system which propitiates more population in

1
3F, and 1G, levels.
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The 800 nm band (squares) exhibits a slope of 1.5=2 that is in agreement with two-photon

absorption process as well. Moreover, this band undergoes a lack of contribution from *H, by

the suggested cross-relaxation process. For UV band peaked at 368 nm data (rhombuses)

manifests a slope of 3.3=4 which is related to a four-photon absorption process. This emission

band is completely dependent of the ‘G, level which is populated by an energy transfer (ET3)

from >Ha, thus the last energy transfer required (ET4) to feed 'D, should be highly phonon-

coupled resulting in a deficient approximation to expected value. Finally, the pump power

dependence of the emission at 501 nm was investigated and the result is also shown in Figure

4.9 (triangles). The experimental data has been fit with a straight line with slope of 2.1, which

reveals that this emission line is a two-photon (or pair) absorption process which indicates

this is a cooperative emission.
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Figure 4.9: Dependence of the up-converted signal intensity with pumping power excitation

for different emissions bands of ™™ for 2/0.05 sample.
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4.4.2. LUMINESCENCE DECAY TIME

The effective decay times of Yb* - Tm?* doped samples were calculated according to the

expression (2.12) and the obtained results were plotted and shown in Figure 4.10.

Figure 4.10: Effective decay time values for 486, 800 and 1040 nm emissions from samples
with different Yb>'/Tm>" content after excitation at 970 nm.

For constant concentration of Tm>* 1 at 486 nm are 478, 451, and 342 us for 0.1, 1, and 2
mol% of Yb3+, with the longer increase for 0.1 mol% and a moderate reduction for 4 mol% (Tess
248 ps). This dependence of T for the blue band is in agreement with the behavior observed

for visible emission on the system Yb*"-Er’* where a decrement was observed with the
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increment of Yb*" concentration, as was reported recently [10]. The continuous decrease of
decay time suggests the presence of luminescent quenching via energy migration Yb** - Yb**
produced by the cluster or agglomeration formation of Yb>* ion due to the increment of
concentration. For constant concentration of Yb>" 1. at 486 nm are 342 and 343 ps for 0.05,
and 0.1 mol% of Tm3+, with a high reduction for 0.5 and 1.5 mol% (T 244 and 213 pus). This
reduction also suggests the presence of agglomeration of Tm** and then quenching of the
luminescence via cross-relaxation and Tm>* - Tm*" migration. Thus, the existence of clusters
was confirmed by the following aspects, the increment of tes with the reduction of Yb3*
(agglomeration of Yb3* ions) and the fast decrement of 1. with the low increment of m*

concentration (see Figure 4.10).

Figure 4.11: Decay kinetics for 486 and 800 nm emissions from optimized (2/0.05) and
quenched (4/0.05) samples after excitation at 970 nm.

These results suggest that dynamics of visible blue emission is dominated by cross-relaxation

and migration Tm3* <> Tm>" as a result of the cluster formation. The T at 486 nm are
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relatively long considering that are associated mainly by a three-photon absorption process,
and become similar to those from 800 and 1040 nm on latter part of scheme from Figure 4.10
due to quenching of the luminescence. For constant concentration of Tm3+, the T at 800 nm
emission exhibits similar behavior as 486 nm band, though there is a little longer decay for
1/0.05 sample than that of 0.1/0.05 (661 and 674 us respectively). The little increment
observed for T is probably resulting of clustering reduction of Tm>* jon with the decrement

of Yb*'.

The lengthened Tk at 486 nm from the 'G, level upon IR excitation is associated with the
additional contribution by the cross-relaxation mechanism of excitation leading to the
population of this level via the intermediate long-lived level 3F,. We infer that a cross-
relaxation (CR) foments the fact that at the long-lived intermediate level 3F, of the Tm** ion

the quenching action is not manifest at higher intermediate levels, for example, 3F, and *Ha.

Table 4.2: NIR decay times for constant Yb** of Zr0,:Yb* - Tm** samples and energy transfer
efficiency.

Yb/Tm sample [%mol] Tnir [1s] Ner [%]
2/0.05 535 53.47
2/0.1 487 57.65
2/0.5 273 76.26
2/1.5 234 79.65

It is possible to observe the contribution lack of this CR on T at 486 nm by comparing decay
kinetics between 2/0.05 and 4/0.05 samples, which are shown on Figure 4.11. For 2/0.05
sample a single decay slope is presented in both 486 and 800 nm emissions. However, at 486
nm two components are formed as the Yb®" concentration was increased to 4 mol%. It is
suggested that fast component is ascribed to cross-relaxation and its reduction to the

detriment of effective decay kinetics does not occur for 800 nm band. An slightly increment of
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Tm?" concentration reduces drastically the decay time for samples with constant 2 mol% of
Yb**, showed on Figure 4.10. An increased number of acceptors increase the energy transfer
and with it the decay times should increase. Table 4.2 shows the evidence of this increment in
energy transfer for samples with constant 2 mol% of Yb®* concentration. It is thus that those
short values of decay time suggest the presence of energy migration processes. In addition, it
should be noted that these samples have more organic remnants and surface defects due to
treatment at 800°C and low annealing time, and consequently could exhibit more phonon

interaction.

4.5. COOPERATIVE EMISSION

The electronic configuration of Yb*" makes the 4f electrons less shielded than other ions of
the lanthanide series, showing higher tendency to interact with neighbor ions. It has been
reported that the interaction of two Yb ions produce visible emission. This emission is named
cooperative up-conversion (CUC) and was first observed by Nakazawa in YoPO4 [11]. Recently
CUC emission was explained in terms of the relaxation of a virtual state formed by the ionic
interaction of two Yb®" ions bridged by an oxygen atom and enhanced for the high surface
area of nanocrystals [12,13]. In this case, the overlapping between the Yb 4f and the O 2p
orbitals enhance the interaction of neighboring active ions and subsequently the cooperative
absorption. This effect can be promoted in nanocrystals due to the high surface area and
surface reconstruction [14]. It means oxygen has an active role in the formed dimmer and not
a passive role as it has been assumed when the Yb—Yb pair is considered [15-17], which

subsequently emits a photon with the sum of energies.

The absorption spectra of Zr0,:Yb*" nanophosphors has been described based on previous
results by our group, and it shows the characteristic broad absorption band with peaks
centered at 910, 942, 972 and 1002 nm corresponding to the stark splitting of 2F7/2 — 2F5/2
transition of Yb®" ion. In addition, a broad absorption band centered at ~460 nm was
observed, produced by the simultaneous excitation of two Yb* ions. In this case, the pair

Yb**-Yb** can be considered as a new ion with three energy levels: the ground state; the
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typical energy level at ~10,300 cm™ characteristic of a single ion; and an energy level at
~21,700 cm™ associated to a cooperative absorption. Because this cooperative absorption
band is strong and corresponds to the second harmonic of the infrared (IR) band it is
considered as the physical evidence of the process described above. This was confirmed by
obtaining the self-convolution of the NIR absorption band that matches exactly with the
experimental cooperative absorption band. Cooperative up-conversion (CUC) emission was
recently reported in ZrO,:Yb*" - Tm** nanocrystals as well as preliminary results of such effect
on Zr0,:Yb** for low concentrations [18,19]. Our group has previously reported a systematic

characterization of CUC emission as a function of Yb®" concentration [20].

Visible emission of Yb* - Tm*' doped samples is shown in Figures 4.3 and 4.4. CUC emission
occurs at 501 nm. It is approximately twice the energy of the IR luminescence of single Yb**
ion suggesting that is the result of the radiative relaxation of excited Yb** pairs. The peaks at
474 and 486 nm are characteristic of Tm>* emission G, = *Hg. CUC emission is overly intense

in Tm®" and imperceptible in Er** co-doped Yb** systems due to the fact that in Yb**- Er**

pair
the excitation is more efficient than in Yb®>" - Tm>" pair because of the smaller resonance
difference AE, along with its deficient energy transfer from 3Hs level of Tm*". In the channel of
transfer Yo" (°Fs;2 >°F72):Er’" (*lisjz = *li12), AE = 100 cm™?, and in the channel of Yb>* (*Fs;
- 2F7/2):Tm3+ (*He > *Hs), AE = 2000 cm .. Moreover, the number of pump photons required

in CUC emission was analyzed before (Figure 4.8). For CUC emission n = 2 confirming that

such emission is the result of two-photon process.

4.5.1. VISIBLE EMISSION IN ZrO,:Yb** WITH RARE EARTH REMNANTS

In fact, ZrO,:Yb**-Tm** nanocrystal is the only studied system (at clear sight) that presents
both CUC of Yb>* and characteristic visible emission. CUC emission was not observed in the
Yb**-Er** codoped system, even for concentration of Er’* as lower as 0.1 mol%. Given the
possibility that all the systems studied exhibit CUC emission since they are doped with Yb**,
we proceeded to analyze the samples used for calculations of energy transfer efficiency.
These samples are mainly doped with Yb**, so that the existence of other ions would be

possible as traces. Thus, ZrO,:Yb** sample doped at 2 mol% of Yb** and Er traces (Ybg,) was
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prepared and the visible emission of the system is shown in Figure 4.12. For the analysis, Yb**
- Ho®* and Yb*" - Tm** spectra is added as guiding. Emissions related to Ho and Tm appeared
in the emission, which origin could not be attributable to a purity control lack during synthesis
due to the fact that all implements were new and never exposed to rare-earth precursors. We
conclude that this type of contamination is originated by purity of Yb precursor (99.999%). It
is important to point out that emission was clear and easy to be seen. Seven peaks are
observed in the blue-green emission band. The line at 524 nm are characteristic of the 2H11/2 +
%S5/, = *l1s, transition of Er’* due to the energy transfer from Yb®* to Er** ion. Peaks at 540
and 550 nm as well as 560 nm shoulder are ascribed to 5F4 + 552 transition of Ho>*. Bands
centered at 474 and 486 nm are characteristic of the stark splitting ‘G, = *Hg transition of
Tm?*, emission similar than the one obtained in the system ZrO,:Tm>*-Yb**. Finally the CUC

emission at 501 nm is observed as a result of the Yb**- Yb** presence.

Figure 4.13: Excerpt of visible spectrum of Yb®* (2 mol%) with traces of Er**. Emission bands of
Ho® and Tm®" are included as a guiding. All spectra are self-normalized and suitably scaled.
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A sample with 2 mol% of Yb*" and Ho traces (Ybyo) were consequently synthesized and its
spectrum analyzed as to observe the CUC emission band, as is shown in Figure 4.13. Emissions
related to transitions of Tm** appeared in the emission; however, it is difficult to determine
the presence of Er*" in the system. It can be suggested that Ho traces had better efficiency
than those rare-earth remnants, as it was Yb>* - Ho®>" the only system that presents notable
luminescence at 0.001 mol% of Ho>*. Once more, the CUC emission at 501 nm is observed as
a result of the Yb**- Yb** presence. Because the presence of Er** and Tm*" impurities were not
detected in the absorption spectra, there has to be very low concentration. It is noticeable
the strong intensity considering that concentration is probably of traces. This fact suggest a
very efficient up-conversion processes involving traces of Tm*" and Er*" ions having the Yb**

ions as sensitizers.

Figure 4.14: Excerpt of visible spectrum of Yb®" (2 mol%) with traces of Ho>". Emission bands of
Tm> and Er** are included as a guiding. All spectra are self-normalized and suitably scaled.
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Finally, a sample with 2 mol% of Yb*" and Tm traces (Ybrm) was synthesized and its spectrum
analyzed as to observe the CUC emission band, as is shown in Figure 4.14. Figure shows peaks
at 463, 474 and 486 nm ascribed to characteristic transitions of Tm. Peaks related to Er**
transitions appeared in the emission, but out of which the peaks at 560 and 543 nm are easily
identified. The peak in 524 nm exhibits an unusual shape, possibly by the notable Tm - Er
interaction and the absence of any peaks from Ho. Furthermore, the peak at 501 nm ascribed

to CUC emission of Yb** pairs is well defined, and resulted to be the most intense among the

emission peaks related to Yb*>* - Tm>* system.

Figure 4.14: Excerpt of visible spectrum of Yb®* (2 mol%) with traces of Tm>*. Emission bands
of Er’* and Ho®* are included as a guiding. All spectra are self-normalized and suitably scaled.

Therefore we can conclude that the emission from traces is intense, highly efficient and that
are caused by contamination of the sample. The fact that the samples exhibit different
spectra, suggests that such contamination originates from the laboratory implements and the

dominant ion trace is related to the system that was being synthesized. Nonetheless, minor
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traces are present and their quantity is even lower, originated by purity of Yb precursor. From
the graphs, it is suggested that CUC emission only occurs with the presence of Tm, which is

present in all studied samples.

4.5.2. LUMINESCENCE DECAY TIME IN ZrOz:Yb3+ WITH RARE-EARTH REMNANTS
The luminescent decay time 7 of emission at 501 nm was measured to analyze the dynamics
of up-conversion, and resulted values are in Table 4.3. It is expected that 7, = 0.5z, if only
CUC and NIR emission are considered. Decay times of both NIR and CUC for Yb** doped
samples with impurities of Er, Ho and Tm were considered. Decay time of NIR signal

diminishes as the concentration increases; this can be noticed clearly on set with Ho

remnants.

Table 4.2: Effective decay times for both NIR and CUC emission for Yb>* doped samples with
rare-earth remnants. tyr/ Tcuc ratio are listed for each sample.

Yb[%mol]  Remnant  Tyig [US]  Tcuc [Ms]  Tair/Teuc

1 Er 1150 496 0.431
2 Er 869 442 0.508
4 Er 860 408 0.474
1 Ho 812 414 0.510
2 Ho 883 454 0.514
5 Ho 447 404 0.903
10 Ho 259 243 0.938
2 Tm 1150 557 0.484

For 2 mol% doped samples with holmium remnants t,;, = 812, 883, 447 and 259 us; and for

CUC emission T, = 414, 454, 404 and 243 us respectively. The 7,;, behavior suggest the
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formations of clusters by the increment of concentration, part of those clusters are due to
pair formation. Effect of impurities such as OH promoting non-radiative processes can be

discarded considering the strong effect of clustering. The ratio 7, /(7. ), ~ 0.5 for samples

with 2 mol% of Yb** confirms that CUC emission results from the simultaneous excitation of
both active ions in the Yb pairs. Similar ratio is obtained for 4 mol% sample with Er impurities
and for 1 mol% with both Ho an Er impurities respectively. Clustering, and then luminescent
guenching of both single and pair emission, is confirmed by the reduction of decay times of
both emitted signals and the little deviation of single exponential of NIR signal. With these
results we conclude that CUC is only highly efficient on Yb-Tm system. The smaller resonance
difference AE in the first channel of energy transfer between the donor and the acceptor

allow mainly the persistence of a greater amount of Yb*"-Yb** pairs.
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5.1. INTRODUCTION

The past couple of years have seen significant advances in the synthesis and creation of
metal, oxide, and semiconductor nanocrystals. Proof of this can be seen in the increasing
amount of literature on the synthesis of different sizes and shapes of nanocrystals. The
advances in synthesis have surpassed our understanding of fundamental factors (such as
growth mechanisms) and have generated a whole range of new nanocrystalline materials
with forms and shapes that had not previously been imagined. This period has also brought
forth developments in our understanding of the fundamental properties of nanocrystalline
matter. Several devices relying on the unique properties of nanocrystals have been produced
in lab settings towards their potential applications [1]. Proof of concept experiments have
been carried out to test chemically prepared nanocrystals in single electron devices; for
example capacitors [2] and nano switches [3]. A more tangible application for nanocrystals is
their potential use as vapor sensors prepared by multilayer deposition [4] or spin coating
techniques [4-7]. These devices produce a reversible and rapid response to different kinds of
vapors. In other cases, sensitivity on a part per million scale has been achieved [8].
Superparamagnetic oxide nanoparticles have therefore found several biomedical applications
as they possess no known toxicity [9]. It has been proposed that hyperthermia, magnetic field
induced heating of superparamagnetic particles, could be used to destroy diseased cells and
thereby treat cancer. Numerous studies have been carried out towards achieving this goal

[10,11].

In the field of biomedical optics, of interest to us, quantum dots have been used as
luminescent tags by certain advantages over conventional fluorescent dyes. They are highly
photo-stable, possess large Stoke shifts and emit in a narrower range (with emission peak
widths a third of the width of molecular species). It is possible to simultaneously obtain
intense emission at several different wavelengths by exciting at a single wavelength by using
nanocrystals of the same material but different sizes. Furthermore, emission from quantum
dots is not easily susceptible to quenching. Several in vivo [12,13] and in vitro [1416] studies

have been carried out using quantum dots as either specific or non-specific labels. The
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intrinsic advantage of quantum dots lies in its broadband absorption and customizable
emission wavelength as mentioned above. However, its down-conversion fluorescent nature
and unique property of augmented absorption at higher energies makes requisite the use of
excitation wavelengths in the UV-visible range to achieve emissions of optimal fluorescent
intensity. Unfortunately, this advantage is effectively negated by the pronounced effect of

tissue attenuation and auto fluorescence at these shorter wavelengths [17-19].

Up-conversion nanophosphors on the other hand utilize excitation energies within the tissue
transparency window (NIR spectral region), thereby minimizing attenuation and auto
fluorescence, improving signal-to-noise ratio. A parallel consequence is that penetration
depth is also increased from a few mm for UV to as deep as 15 cm in fibrofatty tissues [19].
Excited with a 980nm NIR laser, lanthanide-doped NaYF4 nanocrystals demonstrated strong
up-conversion fluorescence at green (540 nm) and red (653 nm) wavelengths, with a
magnitude seven orders above CdSe-ZnS quantum dots [18,20]. Cells and tissues are virtually
transparent to NIR light, hence are less likely to be damaged by irradiation as compared to UV
light. In terms of toxicity, the rare earth elements used in synthesizing up-conversion
nanoparticles (Ytterbium, Erbium, Thulium) are of lower toxicity than quantum dots, which
typically comprise semi-conductor metals known to be toxic in their elemental forms [17,20].

As do quantum dots, the up-conversion nanocrystals also demonstrate high resistance to
photo bleaching [21]. For these reasons, it is judged that overall up-conversion nanocrystals
are significantly advantageous for use as fluorescent probes vis-a-vis quantum dots and

organic fluorophore molecules.

5.1.1. TOWARDS APPLICATIVE LUMINESCENT OXIDE NANOPARTICLES

In the phosphor research field there are some working hypotheses. One of them is that
“luminescence efficiency of fine (nano) particle phosphor is low”. When the particle size of a
phosphor material is reduced, luminescence efficiency decreases significantly [22]. To
summarize, we confirm that the luminescence efficiency of fine (nano) particle phosphor is

indeed low. Therefore, does the nanophosphor have any practical use?
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There are still some trials remaining that can help improve the luminescence efficiency of the
nanophosphors using precise process control. Nishisu et al. reported the synthesis of 300-400
nm Y,03: Eu spherical phosphor by a uniform coprecipitation method [23]. The luminance of
the nanophosphor, by 147 nm excitation, is comparable to that of a conventional sample
synthesized at high temperature. Kakihana et al. reported synthesis of high-luminance 200-
300 nm Y,0,S: Eu phosphors by complex homogeneous precipitation methods [24]. Masui et
al. synthesized new layered Gd,0,C03:xTh** green phosphor in 0.476:-Li,C0O3—0.270-Na,COs—
0.254-K,C0O3. This nanophosphor shows higher luminance than that of commercial lamp
phosphors [25]. From these processing studies can be concluded that the choice of the
precursor and the optimization of heating conditions that prevent the aggregation are very

important.

The emitted color by our most luminescent Yb** - Ho®* sample (2/0.001 mol%) was analyzed
by determining the chromatic coordinate in the CIE 1931 space (CIExy) using its spectrum
data. The obtained value was (0.289, 0.699) that is almost constant along the different
concentrations of Yb®" - Ho®* samples. This is because the other bands represent only about
2% of the emitted signal. Luminance from 2/0.001 mol% sample was calculated obtaining a
value of 240+16.8 lux. 8.7X10° Im was achieved after converting to lumen (a more
appropriate unit). To get an idea of efficiency, we used the 370 mW power from the CW laser

diode at excitation point, obtaining the perfectible value of 23.6X107 Im/W.

Once it is know that the issue of the intensity is an increasingly viable feature, the second
point to consider is related to the range of colors that can be obtained from a nanophosphor
by a single source of excitation. Having the ability to manipulate the color of phosphorus,
makes their use as bio-markers becomes more attractive and useful. Therefore we focus on

this issue trying to tune white light.

Solid-state white lighting is an application that comes from control of chromaticity, as this is a

special case of color tuning. They are promising candidates for white LED applications.
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Rayleigh scattering decreases in proportion to particle size by sixth orders. Therefore, the
nanoparticles dispersed in resins scatter light less vigorously and become transparent. Rare
earth complex phosphors are dispersed in plastics [26]. Fukui et al. reported nanocluster
phosphors containing rare earth ions [27]. Isobe et al. reported the transparent phosphor

sheet of nano ZnS:Mn and Y3Als04,:Ce dispersed in resins [27].

As mentioned, white LEDs are one of the promising applications for nanophosphors. In this
chapter we are interested to produce white light emission based on rare earth doped
nanocrystals. The general properties of rare-earths and their electronic states and transitions
are well understood. These interactions can enhance or inhibit performance and provide
mechanisms for manipulating the optical properties of the material. ZrO,:Tm**- Yb*- Er**-
Ho®* nano-crystalline samples were synthesized by the sol-gel method and up-conversion
emission properties were analyzed as a function of different concentrations of rare-earth
ions. The samples were pumped at 970 nm with a semiconductor laser source. The addition
of different ion concentrations affects the shape and peak intensities of the measured blue,
green and red bands. Results showed in this section tend to demonstrate a feasible control of

the emission chromaticity coordinates, and present an approximation to the equipotential

white chromaticity coordinates.

On this chapter is presented the technique in which we studied the problem of color tuning,

as well as the methodology used to achieve the objective.

5.2. COLORIMETRIC CONSIDERATIONS

A human observer has no way of knowing the spectral composition of a colored object from
its appearance. Colorimetry provides a system for color measurement based on the concept
of equivalent-appearing stimuli. In a color match, two differing fields of spectral radiation
appear identical, that is the base of a metamer. The match represents a unique neural state in

which neural signals generated by the fields are identical.
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(a) Metamers

Metameric lights are lights that have dissimilar spectra that are seen as the same by the
observer. In a typical color-matching experiment using additive lights, the metamers are
presented in a bipartite field. For 2° foveal fields, metamers have three important properties

that allow the treatment of color mixture as a linear system (Grassmann, 1853):

1. The additive property. When identical radiation is added to both sides of a color
mixture field, the metamerism is unchanged.

2. The scalar property. When both sides of the color mixture field are changed by the
same proportion in radiance, the metamerism is unchanged.

3. The associative property. A metameric mixture may be substituted for a light without

changing the metameric property of the color fields.

According to Grassmann’s laws, a color match is invariant under a variety of experimental
conditions that may alter the appearance of the matching fields. Metameric matches will hold
with the addition of a chromatic surround or following pre-exposure to a moderately bright

chromatic field.

(b) Trichromacy

A fundamental property of normal human color vision is the existence of color matches that
differ in spectral composition. It is possible to find a metamer for any light (the spectral
power distribution, or SPD) by varying the energies of three fixed lights, called primaries. The
terms trichromat and trichromacy refer to this property of human color vision. There is wide
freedom of choice for primaries. A formal requirement is that one primary cannot be
metameric to a mixture of the other two. It is desirable in practice that the primaries be
spectrally separated as much as possible and that the matching field is at a mid-photopic
level. The choice of primaries is dictated largely by experimental convenience. Primaries may

or may not be spectral (i.e., with discrete distribution). However, in the development of a
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colorimetric system, the test lights should be spectral or near-spectral in order to derive the

largest color gamut.

It has become customary to present the results of color mixture experiments as color
equations. Suppose we have three primaries, Py, P,, P3 and a test light, S, arranged in a
bipartite field. We find that a mixture of S and P3 appears identical to a mixture of P; and P,,

when the radiant energies of S, Py, Py, P3 are Ps, Ps 1, Ps> and Ps 3 respectively. This is written:

Where = means visually identical and © means physical mixture. The quantities Ps 1, Ps, and
P53 are called the tristimulus values. Their subscripts identify the test light (S) and the
primaries (1, 2 or 3). Using Grassmann’s law we treat this mixture equation as an algebraic

equation and express the match in terms of S:

The minus sign reflects the fact that, in the color match, primary P3 was added to the test
light. Given a set of primaries, (P1, P, P3), a color match can be made to all lights, of any
spectral power distribution. When the test light has a narrow spectral band, one of the
primaries is either negative (physically superimposed with the spectral test light to match the
remaining two primaries) or zero. When the test light has a broad spectral power distribution
the three primaries may all be positive. As a consequence of Grassmann’s law, the match for
a broad spectral power distribution can be considered the sum of constituent narrowband
spectral matches. Consider a distribution of unit energy at every spectral wavelength (the
equal energy spectrum, abbreviated EES). According to the additivity law, the color match for
this distribution is considered to be the sum of matches within unit energies of the spectral

wavelengths.

5.2.1. PRINCIPLES AND PROCEDURES

The importance of trichromacy in industry is the prediction of visual equivalence for a wide

array of spectral power distributions. The colorimetric data provides a numerical value at unit
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wavelength steps, which can be used to calculate tristimulus values for any spectral power

distribution.

In 1931, the CIE (Commission Internationale de I'Eclairage) defined a standard observer for
colorimetry, based on 2° color matching. The 2° observer is recommended for fields up to 4°.
A 10° observer was defined in 1964 (CIE, 1964). The characteristics of the large-field observer
are recommended for visual stimuli whose extent exceeds 4°, but should only be used for
high photopic illuminances. Revision and evaluation of the standard observers remains a

current interest for the CIE.

The 1931 CIE standard observer incorporates both colorimetric and photometric behaviors.
The initial dataset consisted of averaged chromaticity coefficients obtained by Wright (1929)
and Guild (1931). These were expressed in Wright’s primaries and normalized to the Standard
llluminant B. The luminous units of the primaries were adjusted to be consistent with the
location of Standard llluminant B and with the luminosity of the 1924 CIE standard
photometric observer. Two equivalent statements of the color-matching behavior of the 1931
CIE standard observer were embodied in the (R,G,B) and (X,Y,Z) systems of units. The CIE
1931 color space is intended to describe all colors visible to the naked eye and can be
displayed as a three-dimensional cube, although it is usually depicted in two dimensions. In
1931, the CIE established a formal procedure for color matching. Taking the curves for
different laboratories and mapping them to the same primary set, three curves were
obtained called x 7, y 7, z 7, formally adopted by the CIE in that same year. The three curves
are called color matching functions or correspondence color-matching functions. These define
a specific standard observer called CIE 1931 Standard Colorimetric Observer, usually called

the 2° observer (Figure 5.1 [28]).

The three functions indicate the amount of each primary that is needed to match the color of
one watt of radiant power at the indicated wavelength. It has been established so that the

areas under the three curves are equal to each other. The three tristimulus values are set up
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in such a way so that they are equal for the color white. The triad of tristimulus values X, Y,
and Z for a given color is calculated from the integration of the product of the equalization
functionsx 7,y 7, z 7, the chromatic stimulus @A and a numerical constant k which defines the

SPD under analysis [29], as follows.

780 nm 780 nm 780nm
X =k j 6, (A)x(1)dA, Y =k j 6, (A)y(A)dA, Z =k j 6, (1)z(A)dA (5.3)
380nm 380nm 380nm

Figure 5.1: CIE 1931 Standard Colorimetric Observer graph. Response curve for color matching
functionsx ,y T,z ".

The CIE XYZ color space was deliberately designed so that the Y parameter was a measure of
the brightness or luminance of a color. The chromaticity of a color was then specified by the
two derived parameters x and y, two of the three normalized values which are functions of all
three tristimulus values X, Y, and Z. For the xy subspace new x and y chromaticity values are
obtained by:

X Y

X+Y+Z X+Y+Z
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The corresponding chromaticity diagram is shown in Figure 5.2 [30]. The outer curve is called
locus and marks the boundary spectrum, showing the corresponding wavelengths. The
straight line at the bottom between the blue and red is the purple line. This line indicates all
additive mixtures of red and blue (purple tones) and determines the colors outside the visible
spectrum. The three imaginary primaries coordinates on the diagram that give rise to the CIE
1931 chromaticity coordinates are (1,0), (0,1) and (0,0), respectively. The diagram has some
interesting properties: A distance on the xy chromaticity diagram does not correspond to the
degree of difference between two colors. Light with a flat energy spectrum corresponds to
the point (x,y) = (1/3,1/3) (equipotential white). All the colors that lie in a straight line
between the two points can be formed by mixing the two colors. The entire gamut of human
vision cannot be completely covered using only three real sources. The diagram represents all

of the chromaticity visible by an average person.

Figure 5.2: CIE xy chromaticity diagram.
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5.3. SYNTONIZED WHITE UP-CONVERTED EMISSION BY Tm>*-Yb>*-
Er**-Ho>* CODOPED ZrO, NANOCRYSTALS

The nano-crystalline phosphors under study are composed of zirconium dioxide (ZrO,) acting
as a host material supporting a combination of ytterbium, erbium and thulium ions that form
the active material. Phosphors were produced by the micelle method and have the following
composition: a ® Yb,03 - b ®Er,O3 - ¢ ® Tm,03 - d ® H0,03 - (100-a-b-c-d) ® ZrO, (% mol). A

complete description of synthesis and sintering is detailed in chapter 2.

These samples were produced with different concentrations of doping agents, thus obtaining
a variety of spectra after excitation at 970 nm with a diode laser. The resulting emission color
is difficult to predict when the system involves more than two ions, mainly due to the
complex excitation dynamics. Up-conversion phenomena involve the excitation of active ions
(lanthanides) to a higher level than could be achieved by absorbing a single photon, with the
required additional energy transferred from other active ions within the crystal. The crucial
aspect to our analysis is the emission spectrum of the samples. Using a spectrophotometer,
the spectral power distribution (SPD) can be obtained from each sample, and the

combination of ion concentrations for obtaining a particular color can be inferred.

5.3.1. METHODOLOGY

Luminescence characterization for a multi-doped crystal is time consuming and usually
requires a significant amount of measurements and samples. Taking into consideration the
knowledge previously obtained during the study of co-doped systems, a faster approach
could be feasible. In order to obtain the behaviour of the system in the shortest time possible,
as well as rapidly implementing results, a new methodology was created and is explained

next. The chart from Figure 5.3 summarizes the activities involved.
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The first step is considering any previous knowledge on the up-conversion (UC) of required
ions. The next step is the synthesis of samples. Acquisition of spectra using a spectrometer is
the third step, from which chromatic coordinates are then calculated by means of software
and obtains coordinates in the CIE 1931 color space. From the spectra obtained for each
sample, we proceed to calculate numerically the color coordinates using equation (5.3). The
CIE recommends the use of the entire visible spectrum (360 to 830 nm in 1 nm intervals) for
the calculation of tristimulus values, but for practical purposes, we can use a narrower field of
380 to 780 nm in intervals of 5 nm. This process was accomplished through a program
designed in Matlab®, which can generate results quickly and place the coordinates on a
chromaticity diagram. Then the distance from the reference E is calculated and considered for

the next step.

Figure 5.3: Flow chart describing the implemented planning methodology.
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Before the color computation and the material synthesis, it is necessary to plan a set of
samples that will allow us to infer the appropriate combination of ion concentrations. We had
doubts about including Ho®>" due to its high green emission. The Ho>" ion could be suitable for
a system that requires a Yb**-Er** combination that reduces green emission. These three ions
should be optimized for the intensity produced by the Tm ion in order to produce a balanced
emission. The inclusion of four ions changes the excitation dynamics in a way that cannot be
predicted using our own previous works [31,32]. According to the previous explanation we
considered necessary to implement a design of experiments (DOE) methodology that
converts this planning into a recursive process (step five). If the goal is achieved, then the

methodology is complete (step six).

The experimental design is a statistical technique that allows the identification and
guantification of causes and effects within an experiment. This is done by a deliberate
manipulation of one or more variables in order to measure their effects on another variable
of interest. The correct approach to dealing with several factors is to conduct a factorial
experiment. This is an experimental strategy in which factors are varied together, instead of
one at a time. The major disadvantage of the one-factor-at-a-time strategy is that it fails to
consider any possible interaction between the factors. An interaction is the failure of the one
factor to produce the same effect on the response at different levels of another factor.
Interactions between factors are very common, and if they occur, the one-factor-at-a-time
strategy will usually produce poor results. Experimental design enables the experimenter to
investigate the individual effects of each factor (or the main effects) and to determine
whether the factors interact. Thus the factorial experimental design concept is extremely

important.

To illustrate how a factorial experiment is conducted, a two-factor factorial experiment is
considered for studying the joint effects of these two factors. This experiment has both
factors at two levels and that all possible combinations of the two factors across their levels

are used in the design. Geometrically, the four runs form the corners of a square. This
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particular type of factorial experiment is called 2? factorial design (two factors, each at two

levels). Figure 5.4 shows the results of performing the factorial experiment.

Generally, if there are k factors, each at two levels, the factorial design would require 2*runs.
In any factorial design, all possible combinations of the levels of the factors are used. Clearly,
as the number of factors of interest increases, the number of runs required increases rapidly;
for instance, a 10-factor experiment with all factors at two levels would require 1024 runs.
This quickly becomes infeasible from a time and resource viewpoint. Fortunately, if there are
four to five or more factors, it is usually unnecessary to run all possible combinations of
factors levels. A fractional factorial experiment is a variation of the basic factorial design in
which only a subset of the runs are made. It will provide good information about the main
effects of the factors as well as some information about how these factors interact. Fractional
factorial designs are used extensively in industrial research and development, and for process

improvement.

Figure 5.4: Geometric representation of a 2? factorial design. High and low levels are indicated

as (1) and (-1) respectively; and factor under test is labeled on each inner corner.

Factors have an effect on the variable of interest, and these data are used to determine how
the response (variable of interest) is related to all factors. With the obtained information is
possible to make a model that describes these effects and interactions. An easy way to

estimate a first-degree polynomial model is to use fractional factorial designs. This is
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sufficient to determine which variables have an impact on the response or variable(s) of
interest. Once we assume that only significant explanatory variables are left, it may be
followed by a more complicated design based on Response Surface Methodology (RSM). As
an important subject in the statistical design of experiments, the RSM is a collection of
mathematical and statistical techniques useful for the modeling and analysis of problems in
which a response of interest is influenced by several variables and the objective is to optimize

this response.

In most RSM problems, the true response function fis unknown. In order to develop a proper
approximation for f, the experimenter usually starts with a low-order polynomial in some
small region. If the response can be defined by a linear function of independent variables,
then the approximating function is a first-order model. If there is a curvature in the response
surface, then a higher degree polynomial should be used. The approximating function is called
a second-order model. In general all RSM problems use either one or the mixture of the both
of these models. In each model, the levels of each factor are independent of the levels of
other factors. In order to get the most efficient result in the approximation of polynomials the
proper experimental design must be used to collect data. Once the data are collected, the
Method of Least Square is used to estimate the parameters in the polynomials. The response

surface analysis is performed by using the fitted surface.

Therefore, the objective of studying RSM can be accomplish by (1) understanding the
topography of the response surface (local maximum, local minimum, ridge lines), and (2)
finding the region where the optimal response occurs. The goal is to move rapidly and
efficiently along a path to get to a maximum or a minimum response so that the response is
optimized. We invite the reader to consult related literature from Montgomery [33], or any

others, for further information related to this DOE technique.

5.3.2. EXPERIMENTAL

First, we considered the need to make test samples in order to elucidate the relation between

the resulting color and the ion concentration. Based on our own previous work, five samples
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were synthesized and the resulting color coordinates for each sample were obtained. We
skipped the Ho>* ion, for which we had already considered its adverse impact on the resulting
emission. Concentrations are shown in Table 5.1, and resulting coordinates for each emission
are represented in the chart in Figure 5.5. With this information we proceed to set lower and
upper limits for each ion concentration, which is a relevant aspect for implementing the DOE

methodology.

Figure 5.5: Distribution of chromatic coordinates for test samples into the CIE xy chromaticity
diagram. Point E is the equipotential white that is used as a reference.

Table 5.1: Concentrations of test samples. Ho® ion effect was omitted.
Quantities are in mol%.

Sample Tm Yb Er
m1 0.2 5 0.2
m2 0.01 5 0.2
m3 0.2 5 1
m4 0.2 5 15
m5 0.5 8 1.8
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After the test samples were analyzed, we implemented a fractional design in which eight

>* and Ho™)

samples were synthesized to determine the effect of the four ions (Tm**, Yb**, Er
in order to obtain a linear model that relates the chromatic response with the ion
concentration. Samples m2, m3 and m5 are a good example of green, blue and red samples
respectively. From these samples we elucidate new levels. We reduced the high level to 5 and
1 mol% for Yb>" and Er*', respectively, because there was significant signal attenuation. We
also reduced by 50% the lower levels for Tm®*" and Er** to explore this direction of change. For
Yb®* the low level was set at 2 mol%, because it is the value used in samples with the highest
emissions in previous systems. The red emission requires a high concentration of Er**, for this
reason the inclusion of Ho®" was reviewed, in order to offset the green region; we used a high

level of 0.1 mol% for this ion. Concentrations are in Table 5.2, and resulting coordinates are

represented in Figure 5.6.

Figure 5.6: Distribution of chromatic coordinates for DOE samples into CIE xy chromaticity
diagram. Point E is the equipotential white that is used for reference.
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After obtaining the coordinates for each sample, we began to analyze the effect of each ion in
order to find the emission concentration dependence. With the obtained data, we proceeded
to calculate the distance between each sample coordinate and the reference white point E.
This distance became the response parameter for the DOE analysis, and we discuss some

important results in the following section.

Table 5.2: Concentrations of prototype samples used for constructing the
experimental region. Quantities are in mol%.

Sample Tm Yb Er Ho
ddel 0.5 5 1 0.1
dde2 0.05 2 0.1 0.1
dde3 0.5 5 0.1 0.1
ddes 0.05 2 1 0.1
ddes 0.5 2 1 0
dde6 0.05 5 0.1 0
dde7 0.5 2 0.1 0
ddes 0.05 5 1 0

5.3.3. RESULTS

The purpose of the Pareto chart is to highlight the most important factors among a set of
factors, over another under testing. From the Pareto chart of main effects shown in Figure
5.7, bars indicate three interactions (Tm-Er, Er-Ho and Yb-Er) and one main effect (Tm) related
with whiteness. The plus and minus signals signifies that desired response gains advantage or
disadvantage from those effects. The vertical blue line indicates the confidence level dividing
the chart in two parts, and thus right side means a certainty. We note that the Tm ion
concentration is the main factor for achieving white emission. In this case, this ion affects the
final emission, due to the fact that all others must maintain a similar intensity in order to
balance the resulting color. Unfortunately for us, the Tm ion is the weakest of the four. The
second bar relates the Tm-Er interaction effect, and shows that this interaction should be
controlled because it deteriorates the system behavior if concentrations for both ions are off.

The third bar indicates that the Er ion is more relevant than Ho for white light generation, due
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to the fact that a small amount of Ho ions present in the system favors intense green
emission only. From the last bar we note that the Yb-Er concentration is less critical, even
though the Yb*" ion was considered necessary due to its energy transfer capacity and its

influence on Er** ion emission.

Standardized Pareto Chart

m —+
I -
Tm-Er
0 1 2 3 4 5

Standardized Effect

Figure 5.7: Pareto chart of main effects linked to white emission generation.

It is possible to observe three interactions from the interaction chart shown in Figure 5.8. The
Tm-Er interaction exhibits a notable effect over whiteness. When Tm is set to its upper level
and Er to its lower, the system tends to minimize the distance from reference white. Both
Yb-Er and Er-Ho interactions have less significant overall effect over whiteness indeed, though
in order to maintain Er in its low level is necessary to increase Yb>* concentration. According
to this chart, it is necessary prioritize the control of Tm** and Er’* concentrations in order to

achieve the goal, adjust Yb** concentration and discard the inclusion of Ho>" ion.

We proceeded to calculate a linear model with the obtained data that represents the surface
response of the system, in which all ion concentrations works as input variables and the
whiteness as effect of interest. Using this model we synthesized two samples for testing,
labeled as pe and p2, which are shown in Figure 5.8. The p2 sample was obtained directly

from the model. Nevertheless pe sample was obtained by considering that overly increasing



156 | Upconverted Luminescent Properties of Rare-earth doped ZrO2 Nanocrystals

the concentration of Yb3+, the emission would become reddish, and for the assumption it was
required more Tm3" concentration. However, results indicated that the surface was curved, so
the test samples were used to explore the area of interest and to consider that a quadratic
model yield a better approximation. To obtain the required model it was necessary to explore
the coefficients of each factor from an equation called “saturated”, i.e., where all coefficients
exist. From this step, we proceed to find the significant coefficients and, in turn, fit the
experimental data. The obtained model suggests Yb**=6 mol% and the non-interaction of

Ho>*, resulting the function:
C|EE_Xy (Tm, EI’) =0.377-1.442-Tm-0.193-Er +2.314-Tm? +0.147 - Er? (5.5)

Interaction Chart

033 —

03 — —

027 - + —

0.24 — + —
L - + - +

Distance from white

0.21 - —

018 & =

0.05 0.5 2.0 5.0 0.1 1.0
Tm-Er Yh-Er Er-Ho

Figure 5.8: Interaction chart of the main effects linked to white light emission. Lower and
upper levels for each first interaction ion (Tm, Yb, Er) are on the x axis; ones related to each
second interaction ion (Er, Ho) are indicated with plus (+) and minus (-) symbols.

White target samples were done for this new model in order to obtain white emission.
Samples are labeled as t1, t2 and t3. Concentrations are in Table 5.3, resulting coordinates are

represented on Figure 5.9, and corresponding emission images are shown in Figure 5.10.
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Table 5.3: Concentrations for samples calculated for white approximation.
Quantities are in mol%.

Sample Tm Yb Er Ho
pe 0.5 4 0.1 0
p2 0.05 6 0.2 0
t1 0.3 6 0.4 0
t2 0.3 6 0.8 0
t3 0.45 6 0.4 0

Figure 5.9: Distribution of chromaticity for samples calculated for the white approximation.
Point E is the equipotential white that is used as a reference.
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Figure 5.10: Emission images for target samples.

Perhaps the main advantage of using this DOE methodology is that every synthesized sample
is useful since each coordinate is considered into the inferred response surface, resulting in a
better approximation. In this manner, the testing is reduced significantly and improves the
model. Every sample becomes a feasible tuning target. Figures 5.11 and 5.12 show the

feasible tuning colors that the model can predict.

Figure 5.11: Set used to obtain valid concentration ranges for each ion. These samples exhibit
part of the feasible tuning.

Figure 5.12: Set used for the first group of data to feed into the model. These samples exhibit
part of the feasible tuning.
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6.1. GENERAL CONCLUSION

What has been exposed through the chapters is undoubtedly the work that was carried out
on the characterization of the properties of the material under study. Analyzed ions were Er*,
Ho®* and Tm** in conjunction with Yb** as a sensitizer, along with the use of ZrO, as a crystal
host, using nearly a general synthesis method. Below are outlined relevant aspects from each

system analyzed in this work, in order to recapitulate main points.

6.1.1. REGARDING ZrO,:Yb**, Er**

Green and red visible emissions were obtained after 970 nm excitation. The color coordinate
of the up-converted signal could be tailored by controlling the red/green ratio with the
appropriate ion concentration. Up-conversion is favored by energy transfer from donor (Yb**)

*). However, the red/green ratio and then the color coordinate are

to acceptors (Er
dominated by the cross relaxation (CR) and energy back transfer (EBT) process as was
demonstrated theoretically and confirmed experimentally. Both contributions, CR and EBT,
depend on the acceptor and donor concentration, respectively. In fact, experimental results
indicate that cross-relaxation coefficient is larger than the energy back transfer is. However,
the CR term is dominant for a concentration ratio Yb/Er < 1.72. Both coefficients increase with
the increment of sensitizer where cubic phase is dominant but Cs; increase faster than Csy,.
From the proposed model and experimental results, both coefficients were calculated
resulting C51'"1.02x10'16 cm3s? and C5b“6.04x10'17 cm3s™? (for the largest concentration of
dopants). The highest energy transfer efficiency calculated was nN~64% for 2 mol% of Yb,0;
and 2 mol% of Er,03. However, for the highest up-converted signal n was only about 29%

obtained for 1 mol% Er,0s;. The strength and tunability of emitted signal make these

nanocrystals very attractive for luminescence labeling technology.

6.1.2. REGARDING ZrO,:Yb*', Ho**

Strong, bright green up-conversion emission was obtained for 20 nm-sized nanocrystals with
primarily tetragonal crystalline phase (about 70 wt%), as determined by the co-dopant
content. Moreover, the up-converted signal is strongly dependent on the composition of both

co-dopant ions, and the experimental results do not point to any apparent relation between
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crystallite size and crystalline phase. The highest signal emission obtained for Yb/Ho doped at
2/0.001 mol% is 600% higher than that obtained for a Yb/Ho sample doped with Ho®* at a
concentration three orders of magnitude higher, implying that clustering interaction with
Ho®* happens promptly. Larger concentrations of both donors and acceptors produce
luminescent quenching because of energy migrations due to inter-ionic cluster interaction.
This process also reduces the energy transfer efficiency that in turn could reduce the up-
conversion emission. The strong relation between t.¢ and the green emission band with Ho%*
concentration suggests that the dynamics of the visible emission are dominated by migration
due to cluster formation. However, the rapid intensity loss for higher concentrations of Yb®" is
probably the result of a back transfer (Ho>* = Yb**) process. These results indicate that there

is a zone for optimized concentration.

6.1.3. REGARDING ZrO,:Yb*", Tm*'

Luminescence up-conversion emissions were obtained after 970 nm excitation for ZrOz:Yb3+—
Tm>" nanocrystals with CTAB as surfactant. The XRD patterns shown crystalline phase
composition of samples annealed for 2 and 5 hours at 800°C, are primarily tetragonal, for
both sol-gel and micelle applied processes. For low dopant concentrations the tetragonal
crystalline structure is more affected by temperature than annealing time. The emission
spectra exhibits four distinct emission bands, from which the infrared and blue bands peaked
at 800 nm (*Hs — 3He) and 470 nm (1G4 — 3He) represent about 80% from total visible signal.
The system is very influenced by quenching originated from cluster interaction with Tm®*,
suggesting the presence of energy migration processes, and the introduction of Yb*" produces
the peak at 501 nm ascribed to cooperative emission. CUC emission is more intense due to
the fact that in Yb>*- Tm>* pair the excitation is less efficient because of the smaller resonance
in the first channel of energy transfer between the donor and the acceptor. A fast analysis of
Yb*" samples with rare-earth remnants (traces) indicates CUC emission by presence of Yb**-
Yb** pairs. The maximum blue signal was obtained with 2 mol% of Yb** and 0.05 mol% of
Tm?', this strong increase can be attributed to the reduction of Tm>" inter-ionic cluster
interactions. The blue UC emission from Tm*" is affected by the cross-relaxation channel (*Hs

- 3Hg) + (°F4 = >F3), which explains the relative incremented luminescence at 800 nm with
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the increment of Tm*®" concentration. By comparing decay kinetics between both bands it is
suggested that at 470 nm the fast component is ascribed to cross-relaxation. Detriment of

effective decay kinetics does not occur for 800 nm band when CR channel is reduced.

6.1.4. REGARDING APPLICATION OF MULTIDOPED ZrO, NANOCRYSTALS

ZrO0,:Tm**, Yb**, Er¥*, Ho®" nano-crystalline samples were synthesized by sol-gel method and
up-converted emission properties analyzed as function of different concentrations of these
rare-earth ions. During this work it was necessary to develop a method by which color
coordinates for each sample could be rapidly calculated. From these results, a procedure is
proposed for color tuning, as well as is described the feasibility of obtaining white light
emission from a combination of ions concentrations of Yb, Tm and Er. The behavior of the
whiteness and its relation with concentration of each ion was studied so as to build a fitting
response surface, from which were possible to synthesize samples that met the considered
purpose. Experimental data indicated that a quadratic model was required to obtain a better
approximation; that model follows the form Tm + Er + (Tm)? + (Er). These results indicate the
3+

feasibility of a model that could be used to infer the required concentration of Tm**, Yb**, Er

and Ho®" ions on the basis of a given emission color coordinate.

6.2. GENERAL REMARKS

The results obtained in each case and the characteristics that were exposed from analyzed
ion-host systems are specific and individual, however, | think they are able to be a guide to

infer the general properties in other particular system.

The nanoparticles prepared by the sol-gel method without surfactant are more agglomerated.
The results show that surfactants prevent the agglomeration of nanoparticles, passivate
particle surfaces and reduce adsorption of contaminants such as OH, increasing the emitted
luminescence. This is the result of the formation of micelles around each nanoparticle by
using optimal concentrations of surfactant. Pluronic F-127 was studied with the purpose of

comparing it with the cationic surfactant CTAB as to decide which one is more effective in
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eliminating remnants during the synthesis process, especially the OH's. Samples synthesized
with non-ionic surfactant Pluronic F-127 by a molar ratio Pluronic/ZrO, = 0.0082, presented a
signal enhancement that is more intense than the ones obtained using the cationic surfactant
CTAB, with molar ratio CTAB/ZrO, = 0.2. Pluronic F-127 has lower agglomeration and better
remnant reduction. Finally, the advantages from CTAB could not be concluded at least for the
annealing temperature of 800°C. The emission of ZrO,:Er-Yb ions are much more intense than
that of doped ZrO,:Er. With a molar ratio of 0.0082 was obtained notable increment
emissions. Hence we conclude that the emission intensity is correlated to the type of
surfactant. These results suggest that it may have strong emission intensities with surfactants

with long chains, with two or more hydrophilic parts.

Large amounts of surfactant contribute to the formation of the tetragonal phase. The size and
morphology was partially controlled with the surfactant, however, the main size control was
achieved with time and annealing temperature. Nanocrystals with smaller particle size were
obtained at 800°C; suitable for a luminescent enhancement but their low luminescence is
associated with the impurities remained at this temperature. Nonetheless, with these
nanocrystals luminescence was enhanced comparing to samples without surfactant. We
conclude that this increase in emissions is due to the reduction of contaminants remaining on
the surface of nanoparticles, such as OH and CO,. Samples at 1000°C exhibit better
luminescent intensity by remnant reduction, though their larger sizes do not exploit this
advantage at all. A synthesis method that involves a better hydrolysis and surfactant
combination, low annealing temperature, remnant reduction as well as impurity control is

required to obtain improved results.

The decay times from emission confirmed that the residue on the surface of the nanocrystal
are responsible for generating both short decay and long decay times, as shown by the
samples with and without surfactant. The short time is related to phononic processes

generated by remnants that could not be removed. According to the results, we conclude that
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the increase on decay time is resulted from the elimination of superficial OH rather than the

effect of crystal size and phase composition.

According to ion phenomena, there is a strong influence of both Yb*" and Er*" ion
concentrations over the red/green ratio behavior mainly due to cross-relaxation. The blue UC
emission from Yb*-Tm>" is affected favorably by the cross-relaxation channel as well. The
strong increase in blue signal can be attributed to the reduction of Tm*" inter-ionic cluster
interactions. The highest green signal emission obtained for very low concentration of Ho**
implies promptly clustering interaction with Yb**. It is clear that the excitation dynamics is
relevant part on the luminescent processes in nanocrystals. Thus is desirable the use of a
technique that could produce clean surfaces and less organic remnants, to enhance the
dynamic resulted from nano size effect. A more control over variables involved on chemical
synthesis, such as size and surface passivation, is required as to achieve better manipulation

and consistency in the final characteristics of produced materials.

On the other hand, results indicate that there is a feasible model that could be used to tailor
the required concentration of ions on the basis of a given emission color coordinate. Though a
detailed mathematical analysis is essential to test the properties of the model and its real
viability, is very possible the need to prepare test samples to obtain required data so as to
adjust and apply such model for each given system and synthesis method applied, and
thereby losing its attraction. It could be a long term trial and its benefit is needed to be

considered.

The feasibility of strong and tunability of emitted signal make these nanocrystals very
attractive for luminescence labeling technology. To carry out this potential application is
necessary to make small controlled-size particles with great dispersion and solubility.
Moreover, a complete research in relation to how functionalize nanocrystals attaching them
to specific molecules is required, as well as the finding of a procedure to obtain

biocompatibility of the produced material.
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For all the above we can conclude that information obtained during this project provides the
right conditions for continuing a later stage where long-term goals can be carried out once
the potential applications are determined to exploit the knowledge acquired. Improved
methods of synthesis as well as an interdisciplinary work are critical to develop a tangible

benefit to society.
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