Synthesis and spectroscopy of upconverting lanthanide-doped nanocrystals
Boyer, John-Christopher

ProQuest Dissertations and Theses; 2007; ProQuest

pg. na

Synthesis and Spectroscopy of Upconverting Lanthanide-Doped Nanocrystals

John-Christopher Boyer

A Thesis
In
The Department
of
Chemistry and Biochemistry

Presented in Partial Fulfilment of the Requirements
for the Degree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada

December 2006

© John-Christopher Boyer, 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bibliotheque et
Archives Canada

Library and
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-30116-6
Our file  Notre référence
ISBN: 978-0-494-30116-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT
Synthesis and Spectroscopy of Upconverting Lanthanide-Doped Nanocrystals
John-Christopher Boyer
Concordia University, 2006

In the past two decades it has been widely demonstrated that the optical properties
of select inorganic materials may be modified by changing either their size or shape on
the nanometer level (sub-nanometer to 100 nm length scale). Much of the early research
on this topic focused on semiconducting nanocrystals, where it has been effectively
demonstrated that reducing particle size below their Bohr radius produced a characteristic
blue shift of the band gap absorption. A little over a decade after the initial work on
semiconducting nanocrystals, the first scientific articles on insulating nanocrystals doped
with lanthanide ions started to appear. While numerous studies have focused on
examining the Iluminescence generated by  exciting with  ultraviolet
(UV) light, very few have examined the upconversion phenomenon in nanocrystalline
materials. Upconversion is the generation of higher energy light from lower energy
radiation typically through the use of lanthanide ions doped into a solid state host. Much
of the interest in upconverting nanocrystalline materials is due to their prospective
application as fluorescent biological labels.

In this thesis the synthesis, spectroscopic, and upconversion properties of
lanthanide-doped nanocrystalline materials will be discussed. We report on our efforts
to date to achieve viable upconversion luminescence from Ho>* doped nanocrystalline
Y>03; and Gd;GasO;, prepared via the combustion synthesis. These studies have

determined that, while upconversion occurs in Y>Oj3; bulk samples, it is severely reduced
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or nonexistent in the nanocrystal samples. This behaviour is attributed to the presence of
high vibrational energies, 1500 and 3350 cm™, due to adsorbed atmospheric CO3>" and
OH' anions, respectively, on the surface of the nanocrystals. A substantial increase in the
upconversion efficiencies was observed in the case of the garnet (Gd;GasOiz)
nanocrystals due to considerably less surface contamination. The effect of Yb*" co-
doping on the upconversion luminescence in the Gd;GasO;, sample will also be
introduced.

We also evaluate the spectroscopic properties of lutetium oxide nanocrystals
doped with trivalent europium (Lu,O3:Eu’") prepared by the same combustion synthesis
technique. These results are compared and contrasted to those of a bulk Lu203:Eu3+
sample. In the case of Lu,O; we observe significant changes in the luminescence
behaviour that we attribute to the vastly different particle sizes of the two different
materials.

Finally, we present a new procedure for synthesizing NaYF4Er'*, Yb*"
nanoparticles that are capable of colloidal dispersion in non-polar organic solvents. The
highly luminescent nanoparticles are synthesized via the thermal decomposition of
trifluoroacetate precusors in a mixture of oleic acid and octadecene. The Er’*, Yb** and
Tm’*, Yb*" doped cubic NaYF4 nanocrystals exhibit green/red and blue upconversion
luminescence, respectively under 980 nm laser excitation with low power densities while
colloidally dispersed. A brief discussion on our current attempts and future efforts

towards modifying the nanoparticles surface will also be given.
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Chapter 1

General Introduction
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1.1. PREAMBLE

In the past, when given the task of modifying a physical property of a particular
material, a chemist would typically vary the structural or elemental composition of the
material to achieve that change. In essence, the properties of crystalline solids were
ordinarily categorized by their chemical constitution without reference to their size.'
However, in the past two decades it has been widely demonstrated that the properties of
select inorganic materials may be modified by changing either their size or shape on the
nanometer level.” The variations in the physical properties are propagated by reducing
the size of the crystals, not by varying their chemical composition.

The variations in nanocrystal properties with size have been attributed to two
major effects when one enters the nanometer size range.! First, in nanocrystals, a
significant fraction of the atoms are at or near the surface of the particles. In any
nanocrystalline material, the surface atoms make a distinct contribution to material
properties, thus surface effects can have a large influence on the nanocrystals’ physical
properties. Secondly, the intrinsic properties of the nanocrystals’ interior are altered by
quantum size effects.

Since the early 1980°s, research in the field of nanocrystalline materials has
grown markedly as exemplified by the increasing number of publications on the topic
every year. A few isolated areas of research have now spawned a global ‘nanoscience’
initiative combining ideas and techniques from biology, chemistry, physics, materials
science and engineering. Nanoscience is the attempt to synthesize and arrange materials
on the sub-nanometer to 100 nm length scale. At the same time, researchers can utilize

nanomaterials to understand the evolution of bulk properties from the molecular
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discovery phase.> Much of the early research on this topic was driven by investigations
focused on semiconducting nanocrystals (quantum dots), where it was effectively
demonstrated that reducing particle size below their Bohr radius produced a characteristic
blue shift of the band gap absorption (and thus the nanoparticles color).*

This initial interest was not only confined to the realm of semiconducting
phosphors. A little over a decade after the initial work on semiconducting nanocrystals,
the first scientific articles on nanocrystalline insulating nanocrystals doped with
lanthanide ions started to appear.”® This innovative class of materials demonstrate

striking particle-size-dependent phenomena that affect: emission lifetime;”"!!

luminescence quantum efficiency'” and concentration quenching.'*®

The optical
properties and applications of lanthanide-doped nanocrystals stand amongst the most
exciting research fields in chemistry, physics and biology."”

The development of several new synthetic and processing methods in the last two
decades has made it possible to prepare lanthanide doped nanocrystalline insulators with
nanometer dimensions. Some of the numerous methods for synthesizing insulating
nanoparticles include vaporization/condensation of ceramics,”® laser ablation,'® laser-

driven reactions,” flame and plasma processing,® solution-phase synthesis,?'

30-35 38

precipitation in emulsions and microemulsions, sol-gel processing,**® spray

4045 and high-energy mechanical milling.** By

pyrolysis,” combustion synthesis,
preparing the host material in nanocrystalline form, one is capable of modifying its
physical and surface properties thereby affecting the luminescence and dynamics of the

lanthanide dopant ion.®
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The luminescence efficiency of these lanthanide-doped nanocrystals is often
limited by the dynamics (emission lifetime) of the lanthanide ion, which is dependant on
its interactions with the insulating host as well as the medium surrounding the
nanocrystal itself® 7> ® ' 4" The motivation behind the study of lanthanide doped
nanocrystals is the tremendous changes that are observed in the spectroscopic properties
of well known luminescent materials that are brought on by reducing their dimensions
into the nanometer size range. It is hoped that by synthesizing many common
luminescent materials in nanocrystalline form we will unlock fascinating new optical
properties. In addition, the ability to synthesize these materials as discrete nanocrystals
also opens up new avenues for their use that could never have been dreamt of beforehand.
Thus it is of the utmost importance to investigate and gain an understanding of these
novel materials in an attempt to optimize their spectroscopic and physical properties for

use in future technological applications.
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1.2. THE LANTHANIDES

The fourteen elements that follow lanthanum in the periodic table ranging in
atomic number from 57 to 71 are known as the lanthanoids.”® They form a special group
of chemically similar elements found at the bottom of the periodic table (see Figure 1.1)
that have in common an open 4f shell. The history of the rare earths stems back to 1787
when Carl Axel Arrhenius found a black stone near Ytterby, Sweden. The mineral was
named Ytterbite (later renamed gadolinte) after its place of discovery. From this mineral
the first lanthanide, an impure form of yttrium oxide, was extracted in 1794 by Finnish
chemist Johann Gadolin and termed Yttria (Yttrium). A second lanthanide named Ceria
(Cerium) was discovered by Klaproth in 1803. It was later revealed that these two
minerals were actually mixtures of several new elements. Over the next few decades,
research on the mineral Ceria resulted in its separation into the lighter lanthanides:
cerium (1803) lanthanum (1839), praseodymium (1885), neodymium (1885), samarium
(1879), europium (1896), and gadolinium (1880).* Over the same period of time Yttria
was separated into oxides of erbium (1843), terbium (1878), ytterbium (1878), holmium
(1878), thulium (1879), dysprosium (1886), and lutetium (1907).* Overall it took nearly
a century for all the lanthanides, excluding promethium, to be identified due to the fact
that this group of elements has similar chemical properties. The missing element number
61, promethium, was only synthesized and characterized in 1947 due to its radioactive
nature, completing the lanthanide series.”®

It is often argued that lanthanum should not be considered a member of the
lanthanide family as it lacks f~electrons. Nevertheless it is included in the lanthanide

series as it possesses many similar chemical and physical properties to the other members
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of the group. The Group III transition metals Y and Sc are also frequently included in
discussions about the lanthanides as they too have many similar properties to the
lanthanide family of elements. In fact, scandium and yttrium are often found in the same

minerals as other lanthanide ions as noted above.

H He
1 2
[i|Be BIC|IN]|O]|F|Ne
3 4 5 [ 7 8 9 10
Na|Mg AllSI P S| CH Ay
11 12 AN 13 14 15 16 17 8

KiCalSe] Ti| V| Cr|Mn| Fe|Co| Ni|Cu|Zn|GalGe| As|Se | Br| Kr
19| 20 21] 22| 25| 24| 25| 26| 27| 28 | 20| 30| 31 | 32| 33| 34 | 35| 36
Rb| Sy Y] Zr | Nb|Mo| Te|Ru|Rh| Pd]Ag|Cd| In | Sn|Sb|Te| T | Xe

37 | 38 § 391 40 | 41 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | S0 | 51 52 53 54

Us| BajLa] Hf| Ta| W | Re|Os| Ir | Pt |Au|Hg| T!| Pb| Bi | Po| At |Rn

s

55 1 56 § 57 72 | 73| 74 | 75 | 16 | 77 78 | 79| 80 | 81 82 | 83 84 | 85 | 86

Fr|Ral Ac

87 | 88 | 89

Lanthanides | 1Ce | Pr|Nd|{Pm|Sm|Eu|Gd|Tb|Dy|Ho|Er |Tm|Yb|Lu
N\

58 | 59 | &0 | &1 $2 463 104 1 65 | 66 | 67 | 68 | 69 | JO [ Ii

Th| Pal U7 | Np| Pu|Am|Cm| Bk| Cf| Es | Fm|Md| No{ Lr

g0 | 91 92 ] 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103

Figure 1.1. The periodic table of the elements with the lanthanides (yellow) and similar

ions (blue) highlighted.

It should also be noted that the lanthanides are sometimes referred to as the ‘rare-
earths’. The term ‘rare-earth’ originates from the difficulty researchers had in isolating
these elements early in their discovery. In fact, the rare earth elements are never found as
pure metals in nature, but normal exist as the oxides. However, the name is somewhat of

a misnomer as a fair number of the rare-earth elements are quite common.”® For instance,
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Ce, the most abundant lanthanide in the Earth’s crust, at 60 parts per million, is more

abundant than copper.52

Cerium is followed closely by yttrium at 33 parts per million,
lanthanum at 30 parts per million, and neodymium at 29 parts per million.”> Even the
least abundant of the lanthanides, thulium and lutetium, at 0.5 parts per million are more
abundant in the earth’s crust than antimony, bismuth, cadmium, gold, silver, and
thallium.”

The electron configuration of the lanthanides range from [Xe] 65°5d" for
lanthanum (La) to [Xe] 6s*4f'*5d" for lutetium (Lu).*® The ground-state and trivalent
electronic configurations of the lanthanides are provided in Table 1.1. The lanthanide
ions are chiefly trivalent and it is principally the properties of the trivalent ions which are
important rather than those of the neutral atoms. The progression of the electron
configuration is completely regular for Ln>* ions (Ln is the generic symbol for any one of
the lanthanides), from 4/°(La), 4/'(Ce) to 4f'%(Lu). All trivalent ions have the xenon-
like gas shell of 54 electrons in common and contain N 4f'electrons, with N ranging from
zero for La>* to 14 for Lu’*.

The 4f orbitals lie well inside the electronic shell and are well protected from
external influences by the filled 5s and 5p orbitals. As a consequence of the poor
shielding offered by the 4f electrons, there is a steady increase in effective nuclear charge
and an associated reduction in size with increasing atomic number. Although the trend is
observed from the atomic radii, it is best shown by the radii of the trivalent cations. A

consequence of the lanthanide contraction is that holmium (Ho’") is the same size as the

much lighter Y>* with corresponding similar properties.
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Table 1.1. Electron Configuration of Lanthanide Atoms and Ions

Atomic Name Symbol Electron Configuration
Number Atom M
57 Lanthanum La [Xe] 65*4f° 54" [Xe]
58 Cerium Ce [Xe] 65° 4f 154! 4f !
59  Praseodymium Pr [Xe] 65241 41>
60 Neodymium Nd [Xe] 65> 41" 413
61 Promethium Pm [Xe] 65°41° 47*
62 Samarium Sm [Xe] 65 4 4f°
63 ~ Buropium Eu [Xe] 657 4f” 4f%
64 Gadolinium Gd [Xe] 652417 54! 47"
65 Terbium Tb [Xe] 65 4f° 4%
66 Dysprosium Dy [Xe] 65 4110 4f°
67 Holmium Ho [Xe] 657 41" 410
68 Erbium Er [Xe] 65 4112 471
69 Thulium Tm [Xe] 6574112 41
70 Ytterbium Yb [Xe] 6s% 41" 413
71 Lutetium Lu [Xe] 65°41* 54" 47"

The majority of the optical properties of the lanthanide ions can also be attributed
to the shielded nature of the 4f orbitals. Almost all of the spectroscopic research on the
lanthanides ions has occurred exclusively in the past century. The origins of the
characteristic sharp spectral lines of the lanthanide ions mystified scientists until the early
1900’s. It was at this time that Bethe, Kramers, and Becquerel using an atomic model
attributed the spectral lines to transitions with the 4/™ configuration of the lanthanide

53-55

ions. Problems still existed with this theory as the interconfigurational 4f — 4f

electric dipole transitions should be forbidden by selection rules and thus should be much

weaker than what was observed. The explanation of this phenomenon had to wait until

-8-
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1937 when Van Vleck and coworkers concluded that the 4f" states had small
contributions from opposite parity states (4" — 5d or charge-transfer states) leading to a
small change in the dipole moment during the transition.’® The 5d states can mix with 4f
states through odd-parity crystal-field components. Research on the optical properties of
the lanthanide ions has advanced considerably since these early investigations. Currently
lanthanide luminescence is very well understood and researchers can now calculate the
energies of the 4/™ levels with great accuracy,’®** determine transition probabilities using
Judd-Ofelt theory,” ® and relate non-radiative relaxations rates to multiphonon
relaxation.®>%

The first detailed experimental study of the lanthanide 4/ — 4f transitions in the
range spanning from 0-40,000 cm™ was undertaken by Dieke and coworker in the 1950°s
and 1960°s.°> The work resulted in the impressive tabulation of all the observable energy
levels of the trivalent lanthanide ions in the LaCl; host lattice up to 250 nm. The energy
level diagram that resulted from this work is called the Dieke diagram (see figure 1.1
below).? It is used by spectroscopists as a reference for the 4/™ energy levels of the
trivalent lanthanide ions, irrespective of the host lattice, since their locations are relatively
insensitive to changes in the surrounding environment.

The majority of the applications of the lanthanide elements revolve around the
optical properties of the trivalent ions. The most common application of lanthanides is
the generation of artificial light. Several lanthanide ions, such as Eu®* and Tb**, when
doped into solid state hosts find use as phosphors in fluorescent lights and cathode ray

tubes (CRTs).%® Several of the lanthanide ions are used as the active ion in laser crystals

and glasses, the most common being the 1.06 pm laser line of neodymium in yttrium
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aluminum garnet.48 The lanthanides can also be widely found in catalysts for the

1.¥  Several

petroleum industry where they are utilized in the cracking of crude oi
lanthanide complexes are also used in the biological sciences and medical field for assay
and imaging purposes.”’ For instance, gadolinium complexes are used extensively in

Magnetic Resonance Imaging (MRI) as contrasting agents due to the gadolinium ions

large magnetic moment.”®

- 10 -
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Figure 1.2. The Dieke diagram: an overview of the experimentally observed 4f levels of

the trivalent lanthanide ions (Ln*") in LaCls.
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1.3. UPCONVERSION

Upconversion is the generation of visible or UV light from lower energy
radiation, usually NIR or IR, through the use of transition metal, lanthanide or actinide
ions doped into a solid state host. What makes upconversion attractive is the possibility
of generating luminescence at a shorter wavelength than that of the pump laser.”" This is
accomplished through the population of an excited state whose energy is greater than that
of the pump laser via the absorption of two or more pump photons. In bulk glasses and
crystals, upconversion can be utilized instead of frequency doubling crystals for the
generation of visible and near ultraviolet energy from infrared or near-infrared lasers.”!

Upconversion requires the absorption of two or more photons but, unlike multi-
photon absorption observed in organic dyes and quantum dots, the photons are absorbed
sequentially rather than simultaneously. A requirement for efficient upconversion is the
presence of a metastable intermediate electronic state which can be populated with the
exciting radiation and the presence of an efficient luminescent state in VIS and UV. It is
this metastable intermediate state which acts as a population reservoir from which a
second photon or energy transfer can populate the upper emitting state. These
requirements for efficient upconversion make trivalent lanthanide solid-state materials
ideal for this application. The transitions within the 4/ levels of the lanthanide ions are
significantly shielded from outside influences keeping their position relatively constant
from one host lattice to the next and making them relatively insensitive to external
influences such as solvent or ligands. As well, the sharp spectroscopic lines have high
emission cross sections when doped into solid-state materials resulting in efficient

luminescence. Many of the upconversion mechanisms observed in the lanthanide ions

-12-
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involve energy transfers between the ions. The crystal field splitting (Stark levels)
observed in the lanthanide ions provide many intermediate levels from which these
energy transfers may occur.

Several of the trivalent lanthanide ions (Pr’", Nd**, Ho*", Er¥* Tm®") meet these
requirements and are particularly well suited for upconversion emission. These ions
possess numerous intermediate metastable levels that can be populated by absorptions
from common NIR lasers such as a tunable Ti:sapphire laser or relatively inexpensive
semiconductor laser diodes. In addition, these ions have several long-lived upper excited
states that give rise to strong visible emission. The upconversion efficiencies of some of
these ions can be increased further by co-doping with Yb>* due to its intense absorption
cross-section around 980 nm and comparable energy difference with several of the above
mentioned ions. Depending on the dopant ions and the exciting wavelength utilized,
these trivalent lanthanide ions are capable of producing upconversion emissions over a
range of wavelengths making the realization of numerous upconverting nanocrystalline
phosphors with unique spectral characteristics a possibility.

There are three major types of mechanisms that have been observed to produce
the upconversion process. The processes are illustrated below using hypothetical 3 level
ions. Details of individual upconversion mechanism in specific lanthanide ions will be
left for discussion in subsequent chapters since even the simplest mechanism may involve
numerous multiphonon relaxations or energy-transfers. The introduction given below is
fundamental and will deal with upconversion mechanisms in their simplest forms. For

additional information the reader may choose several excellent reviews examining
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specific lanthanide doped systems’'

and the mathematics governing the upconversion
processes.”

1.3.1. Excited State Absortion (ESA) Upconversion

The first case is sequential two-photon absorption or excited state absorption (ESA)
upconversion, in which the upper excited state is populated by the sequential absorption
of two photons. This mechanism was first postulated by Bloembergen in 1959 as a
method for detecting and counting IR photons.”® ESA upconversion is illustrated in
Figure 1.3. The first photon populates a metastable state (energy Level 2) intermediate in
energy between the ground state (Energy Level 1) and the upper fluorescing level
(Energy Level 3). Pumping is initiated by absorption of a photon resonant with the
wavelength of the 1 — 2 ftransition. The intermediate state (Energy Level 2) is
metastable and can decay radiatively to the ground state. If a second photon arrives at the
excited ion site before this metastable state decays to the ground state it can induce the

transition to Energy Level 3. The radiative 3 — 1 transition produces the observed

upconversion visible emission.

-14 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Energy Level 3

(Excited State) 4
hv
C“ /N
Energy Level 2
(Intermediate State) 3
hv
) WV V.
Energy Level 1
(Ground State) 70007

Ion1

Figure 1.3. Schematic representation of an Excited State Absorption (ESA) upconversion

mechanism in a simple three-level ion.

1.3.2. Energy Transfer Upconversion (ETU)

Upconversion luminescence involving energy transfer between ions was first
observed by Auzel; who initially termed the processes APTE (addition de photon par
transfer d’energie).’””  This mechanism was latter renamed Energy Transfer
Upconversion (ETU).” Much of the early work on this type of upconversion
mechanism was carried out on Er’*/Yb®>" or Tm**/Yb** co-doped crystals in the 1960s.
Figure 1.4 illustrates cooperative energy transfer upconversion in an ion pair. Pumping is
initiated by the absorption of a photon by each of two dopant ions in close proximity.
Effective cooperative upconversion requires that the donor-acceptor pair be located near
one another and thus is highly dependent on the dopant concentration. In the case of

cooperative upconversion, two ions in excited states interact as a donor-acceptor ion pair.
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Pumping is initiated by the absorption of a photon by each of the ions labeled “Acceptor”
and “Donor”. The photon corresponds to the 1 — 2 transition. As in sequential
upconversion Energy Level 2 is metastable. Population in Energy Level 2 may decay by
radiation to the ground state or may be removed by cooperative upconversion. In the
latter case the donor ion transfers its energy to the acceptor ion. This process is indicated
in the figure with dashed lines and results in the “Acceptor” ion being promoted to
- Energy Level 3. The population in Energy Level 3 can subsequently radiate in the visible
through the 3 — 1 transition. Effective cooperative upconversion requires that the donor-

acceptor pair be located near one another.

Energy Level 3
(Excited State) A
Energy Level 2 :

(Intermediate State) 4

hv
VN

Energy Level 1
(Ground State) %77
Donor Ion Acceptor lon
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Figure 1.4. Schematic representation of an Energy Transfer Upconversion (ETU)

mechanism in simple three-level ions.
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1.3.3. Photon Avalanche Upconversion

The third case, photon avalanche upconversion involves energy transfer between
an excited “donor” ion and a neighboring “acceptor” ion in the ground state.”® Figure 1.5
shows a schematic representation of a donor-acceptor ion pair involved in the photon
avalanche upconversion mechanism. In this mechanism the exciting radiation is resonant
with the transition from Energy Level 2 to upper Energy Level 3’ excited state. The
donor ion is initially excited into the metastable intermediate state (Energy Level 2)
through a non-resonant absorption. The donor ion then absorbs a subsequent photon via
the Energy Level 2 — Energy Level 3’ followed by a rapid relaxation that populated the
upper emitting Energy Level 3. Emission from this level via the Energy Level 3 —
Energy Level 1 radiative transition produces visible emission and constitutes one of the
steps in the photon avalanche upconversion process. An alternative decay mechanism
involves energy transfer from the donor ion in Energy Level 3 to a neighboring acceptor
ion in the Energy Level 1 ground state. The result of this ion pair interaction is that the
donor ion loses part of its energy to the acceptor, producing two ions in the Energy Level
2 metastable state. As the initial step in this mechanism involves a non-resonant
absorption, it is characterized by a threshold power which must be achieved for efficient
upconversion to occur. This threshold condition is a distinct feature of the photon
avalanche mechanism and can be useful in determining experimentally whether it is

responsible for an observed upconversion luminescence.
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Figure 1.5. Schematic representation of an Photon avalanche upconversion in modified

three-level ions.
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1.4. LANTHANIDE DOPED UPCONVERTING NANOCRYSTALS

Recent discoveries in materials synthesis have given rise to an important new
field of research, that of luminescent lanthanide-doped nanoparticles. The wide-ranging
potential applications for these nanoparticles have sparked research aimed at both
gaining a better understanding of the science behind their synthesis as well as their
physical and spectroscopic characteristics. Recently, numerous comprehensive studies
have been carried out to examine the effect that synthesizing lanthanide-doped materials
in the nanoscale has on their optical properties.” ™3

Conventional micron-sized lanthanide-doped phosphors are utilized in a wide
range of applications. These include phosphors for fluorescent lighting, display monitors
and x-ray imaging; scintillators, lasers and amplifiers for fiber-optic communication.®
Phosphors are high-purity inorganic materials that emit light when exposed to various
excitation sources such as photons, electrons or an electric field.*® The host crystal can
itself emit radiation or contain controlled levels of impurity ions (activators) which
stimulate or enhance luminescence. Typically, phosphors are composed of an inert host
lattice and an optically excited activator, usually a 3d or 4f electron metal. The
development of several new synthetic and processing methods has made it possible to
prepare these materials with nanometer dimensions. The two methods examined in this
thesis are the combustion synthesis technique and the thermolysis of trifluoroacetate
precursors in the presence of a coordinating ligand.

The development of High Definition Television (HDTV) and Field Emission

Displays (FED) in the early 1990’s created a need for new phosphors with reduced

particle sizes that were thermally stable, resistant to degradation, and had high luminous
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efficiencies.®’

The demands of these newer technologies produced a search for new
materials and synthetic techniques to improve the performance of traditional phosphors.
At the time, lanthanide-doped nanocrystalline materials exhibited considerable promise in
delivering these sought-after qualities. Initial research on nanocrystalline Tb>*-doped
Y,0; claimed an increase in luminescence efficiency over a traditional green emitting
phosphor LaOBr: Tb’*3®  This result went against conventional theory that small
phosphor size leads to a reduction in luminescence due to surface defects. Activators
located on the surface, or on the grain boundaries, are thought to be non-luminescent or
even luminescence quenching regions.” Thus the discovery of an efficient nano-scale
phosphor greatly intrigued researchers world-wide as this result would have a significant
impact on the display technology industry. Unfortunately, the claims reporting increased
luminescence in lanthanide-doped nanocrystals turned out to be false. It is now widely
accepted that the luminescence efficiencies of these nanocrystals will never match those
of the corresponding bulk materials due to the numereous surface effects encountered in
the nanomaterials.

While numerous studies have focused on the display applications of lanthanide-

doped nanocrystals,** 8%

examining the luminescence generated by exciting with UV
light or electrons, very few have examined the upconversion phenomenon in these
materials.'> 8 8188 Much of the interest in upconverting nanocrystalline materials is due
to their prospective applications as fluorescent biological labels, security labeling, or as
IR sensitive phosphors. The materials selected for the majority of this initial research

13, 80, 81

were nanocrystalline oxides and garnets. This was due in part to their superior

physical properties and the availability of numerous methods to prepare these materials in
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89-92

the nanocrystalline form. Furthermore, there is a wealth of literature on the

spectroscopic and optical properties of lanthanide ions in single crystal and
microcrystalline oxides and garnets to compare prospective results. 5% %%

Preparation of nanocrystalline luminescent materials doped with rare earth ions by
conventional ceramic methods are cumbersome; involving high-temperature solid-state
reactions with sequential grinding and firing steps. However, advances in materials.
research resulted in the development of a combustion synthesis technique capable of
producing large quantities of nanocrystalline material under relative mild conditions
without the need for any sophisticated equipment.*® ** Luminescent materials powders
synthesized by means of this method are generally more homogeneous, have fewer
impurities and have higher surface areas than powders prepared by conventional solid-
state methods.®

In this method metal nitrates (oxidizer) react with an organic fuel such as glycine.
The reactants are mixed in an aqueous precursor solution and the reaction is initiated by
evaporating the water in a muffle furnace at temperatures of 500°C or less. Alternatively,
the reaction can be initiated by heating the resulting solution with a Bunsen burner (cf-
Figure 1.6.) until combustion occurs. The mechanism of the combustion reaction is quite
complex. The parameters that influence the reaction include: type of fuel, fuel to oxidizer
ratio, use of excess oxidizer, ignition temperature, and water content of the precursor
mixture.*> # 1% A desirable fuel should react non-violently, produce non-toxic gases,
and act as a complexing agent for metal cations. Complexes increase the solubility of

metal cations, thereby preventing crystallization as the water in the precursor solution

evaporates. The rapidity of the reaction results in particles with nanoscale diameters,
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which can be controlled by adjusting the fuel-to-oxidizer ratio. When complete
combustion occurs, the only gaseous products obtained are N, CO, and H,O, thus
making this an environmentally clean processing technique. The evolution of these
gasses is advantageous as they disintegrate agglomerates and more heat is carried from
the system thereby hindering particle growth, > 43100

Much of the early work on upconverting lanthanide-doped nanocrystalline
powders focused on oxide and garnet materials synthesized via this method, ' 13- 40- 42. 43,
190 1f was found that the upconversion efficiencies of the materials could be maximized
by optimizing several reaction conditions such as the type of fuel utilized, fuel-to-
oxidizer ratio, furnace temperature and the amount of water remaining in the precursor
solution at the ignition temperature. Annealing the prepared powders was also shown to
improve brightness by eliminating any residual nitrate or carbon from the reaction itself.

All of these early studies on upconverting nanomaterials examined the
upconversion luminescence of the dried powdered materials. However, for many of the
potential applications of these materials it is required that the nanocrystals be dispersed as
a clear transparent solution and the upconversion luminescence generated in this fluid
state. By dispersing the nanocrystals as colloidal solutions one can also get a good
indication of the degree of agglomeration in the nanopowder in question. For the
upconversion phenomenon to be observed in solution the nanocrystals must be highly
crystalline and possess a narrow particle size distribution. As well, the surface of the
nanoparticles should be properly modified to ensure colloidal solubility.

To achieve high quality nanoparticles that meet these requirements, various

solution-phase synthesis routes have been adopted to reduce the reaction temperature and
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avoid anealling of the particles.®® " 8% 10 192 gglytion-phase synthetic processes are
attractive means of synthesizing nanocrystalline materials since they offer a higher level
of control over the particle size, crystallinity and microstructure than alternate techniques.
The control is important from an application standpoint as the performance of material
largely depends on these properties. These solution phase methods allow for preparing
nanocrystalline fluorescent materials at a low temperature (<300°C) while at the same
time allowing for a high degree of homogeneity of the particles, improved fluorescence

properties and better processability than combustion synthesized powders.

Figure 1.6. Reactor for the combustion synthesis of nanocrystalline Y,O; and

Gd3GasO1a,

The first report of upconversion in the nanocrystals dispersed in the liquid state

focused on the upconversion luminescence of YbPOu: 5% Er** and LuPOs: 1% Tm’,
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49% Yb** nanoparticles synthesized via a well known chemical precipitation route in a
nonaqueous environment.”® Blue, green and red upconversion was observed from the
particles while colloidally dispersed in chloroform under excitation at 978 nm. Though
this was a huge step in the development of upconverting nanoparticles the luminescence
from these colloidal solutions was very poor when compared to traditional solid state
upconverting phosphors.

Shortly after the feasibility of inducing upconversion in solution was
demonstrated, numereous other studies appeared on upconverting nanoparticles capable
of colloidal dispersion.?”? ¥ 1% Almost all of these researchers choose to focus on the
well known upconverting material Tm>*/Yb*" or Er¥*/Yb* doped NaYF, due to its high

104, 105

upconversion efficiency when synthesized as the bulk material These materials

were synthesized using the precipitation method described above or a high pressure

method103, 106, 107

where the necessary reagents were combined in solution and placed in a
high pressure reactor for a set period of time.

Though these synthetized nanoparticles are capable of upconversion while
dispersed in solution, there are disadvantages in both methods. The precipitation
synthesis requires the preparation of a cationic educt-solution containing the lanthanide
ions, as well as a fluoride educt-solution that are then combined and heated to obtain the
nanoparticles. The technique requires several steps as well as sodium metal. In the high
pressure reactions, appropriate sodium, lanthanide, and fluorine sources are mixed in an

aqueous solution and placed in a high pressure reactor for up to 24 hours at temperatures

ranging from 100 to 200 °C. This technique required fewer steps than the precipitation
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reaction but long wait times as well as high pressures and specialized equipment are
required.

For the synthesis of colloial NaYF,: Er'*, Yb** and Tm®", Yb** nanoparticles we
chose to focus on the co-thermolysis of sodium trifluoroacetate and rare eath
trifluoroacetate in a mixture of coordinating and non-coordinating solvents. A similar
approach was also used in the literature to produce sodium rare-earth fluoride
nanocrystals and LaF3 nanoplates.'® 22 This technique is based on the well known fact
that metal trifluoroacetates thermal decompose to produce the corresponding metal

19811 1 these methods the

fluorides at relatively low temperatures (200-300 °C).
noncordinating solvent octadecene was used as the primary solvent due to its high boiling
point (315 °C). Oleic acid was chosen as the coordinating ligand due to its successful

use in the synthesis of an assortment of nanocrystals.''> ''?

This technique is
advantageous as it utilizies simple laboratory equipment (hot plates and heating mantles),
has a short reaction time (one or two hours) and requires only a single round-bottom

flask. A schematic representation of the reaction is given below (Figure 1.7.) along with

a photo of the experimental setup.
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Figure 1.7. Schematic representation of the thermolysis reaction and photo of the

experimental setup.
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1.5. UPCONVERTING NANOCRYSTALS AS BIOLABELS
The realization of efficient upconverting nanocrystals has resulted in growing

33, 34, 106, 107, 114-117 Compared

interest in their use for bioimaging and in biological assays.
to other fluorescent media currently utilized in these tasks, such as organic dyes and
semiconductor quantum dots, insulating nanocrystals are particular robust and resistant to
chemical and photoinduced degradation. Photobleaching has not been observed to occur
in upconversion nanocrystals at the power densities that are used for excitation (200
W/cm?). The additional problem of intermittence in emission known as blinking, which
is encountered in quantum dots, does not occur in lanthanide doped nanocrystals as they
contain multiple luminescing ions per particle.

Upconverting phosphors have a number of properties that are advantageous for
use in the in vitro imaging and detection of biological compounds.®* 3 114 116. 117 Tpe
only substances capable of producing visible light from the NIR radiation under the
excitation conditions used in these techniques (980 nm light) would be the upconverting
nanoparticles themselves. Thus any background fluorescence from the carrier fluid,
assay biochemistry, or sample itself should be eliminated when using upconverting
nanoparticles as labels. The only remaining sources of background signal would be stray
light and detector noise (e.g. dark current) which can be minimized through careful
detector selection and experimental setup. Additionally, colloidal suspensions of
nanoparticles remain in solution for extended periods of time and do not sediment out
during assays.

An additional benefit of using inorganic nanocrystals is the relatively insensitive

of their optical properties to the surrounding environment (for example, buffer chemistry
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and assay temperature) when compared to organic dyes, since the upconversion process
occurs solely within the nanocrystal. As a consequence the detection process is
unaffected by the fluid composition and temperature range of the assay.

Additionally, the upconverting nanoparticles are capable of being excited using
relatively inexpensive 980 nm infrared laser diodes. These laser diodes are compact in
size yet are capable of producing the excitation densities required to excite the
nanophoshors. The use of upconverting fluorophores also simplifies the detection
process. The emission wavelengths of the nanocrystals (400-700 nm) are considerably
removed from the 980 nm excitation wavelength; consequently no complitcated detection
equipment or time-resolved detection technique is required to improve sensitivity.

A number of different phosphor colors can also be obtained by varying the
luminescencing ion or dopant concentrations. Each spectrally unique upconverting
nanophosphor can then be attached to a different detection probe (for example, antibody
or nucleic acid oligomer) to allow for multiplexing assays. Moreover, the upconversion
emission bands of lanthanide ions are narrow when compared to those of other
fluorescent media, allowing for easy detection and quantization of the distinctive optical
signature of each nanophosphor.

There has been a growing development of an innovative class of detection labels
by coupling upconverting phosphors to biological compounds.” * In these commericial
labels, the 100-400 nm upconverting phosphors are detected through their upconversion
emission and can be functionilzed by attaching biological compounds that recognize

specific analytes, such as protein, DNA, or viruses. Once functionalized these
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nanoparticles would be biocompatible and can be utilized in immunoassays and DNA

assays, such as the sandwich type immunoassay illustrated below (Figure 1.8.).

Infrared Visible

Nanoparticles emit visible N\N\
VAV AV

light upon irradiation with

near-infrared light v\ N\

Upconverting

Nanoparticles can be synthesized
and coated with biologically active
probes, such as antibodies

I;t;c:)sop::rr Functionalized nanoparticles can
be used to selectively bind to
\ captued target antigens. Visible
Target Antigen\ emission following IR irradiation
indicates presence of target.
Capture Antibody ==—>
- Capture Surface

Figure 1.8. Illustration of a sandwich type assay utilizing an upconverting label.

The synthesis of upconverting nanocrystals with sizes below 30 nm allows for the
possibility of designing new Fluorescence Resonance Energy Transfer (FRET) biological
assays based on upconversion phenomenon.'® 1% 14 118 Cyrrently biological assays
which detect binding interactions rely heavily on FRET. Though this has proven to be a
powerful and useful technique, there are still several drawbacks that limit its sensitivity.
Most FRET assays that are designed to detect binding interactions are based around non-

radiative energy transfer between a ‘donor’ fluorophore and an ‘acceptor’ species that
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occurs when the two species are brought in close proximity. FRET is a short range
interaction and can only occur over a distance of a few nanometers.

In a FRET assay, binding interactions are detected in one of two ways: (i)
quenching of the donor fluorophore emission or (ii) the increased in emission from the
acceptor species due to sensitization via energy transfer from the donor.'”" ¥ A typical
FRET assay is illustrated in Figure 1.9. There are several limitations to these assays as it
currently stands. First, if one is relying on donor quenching to detect binding one can
experience interference from other colored species in the sample. Furthermore, there can

be non-specific quenching of the donor from species in the sample itself. As for assays

\ Radiationless
energy transfer

o ®

UV or blue light may also ) )
excite bound or free red UV or blue light excites
fluorescent labels green fluorescent label

. Green Label >/ Antibody
‘ Red Label . Analyte

Figure 1.9. Diagram representing a conventional FRET assay.

A Emusswn = 600 nm
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based on sensitizied fluorescence, there are numerous problems that affect sensitivity.
Ideally, the exciting radiation should not induce any luminescence from the acceptor
directly. At present, this is almost impossible as current assay technologies utilize either
UV or blue light to excite the donor species. Thus direct emissions must be taken into
account when measuring the sensitized emission from the acceptor fluorophore.
Emission from the donor may also occur in the same region as that of the acceptor as well
as emissions from other impurities. In many cases a strong autofluorescence from the
sample may be observed due to the fact that many assays are “mix-and-measure’ with no
washing steps to remove impurities. All of these factors contribute to effectively
reducing the sensitivity of these assays.

The use of upconverting nanoparticles essentially eliminates all of the above
mentioned drawbacks to a traditional FRET based assay. A schematic representation of a
upconverting FRET assay is illustrate in Figure 1.10. As the excitation is in the NIR
region of the spectrum it cannot excite the acceptor species directly, neither will it induce
any autofluorescence from the sample itself. The narrow emission band of the lanthanide
luminescence is also easily distinguished from that of the broad emission of the acceptor
species. As mentioned previously, upconverting labels in the size range of 400-100 nm
have already been realized. FRET assay labels must be less than 30 nm in size for
efficient energy transfer to occur between the donor and acceptor species since only
lanthanide ions near the surface can contribute. Many of the other nanocrystalline
materials studied in the past were found to be considerably less efficient than their
corresponding bulk materials due to deactivation of the lanthanide ions attributed to

surface effects. Thus a material with high efficiencies must be chosen. As well surface
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treatments or coatings should be added to the particles to minimize these unfavorable
surface effects. It is important to note that any additional material added to the particle

surface will act as a spacer between the donor and acceptor species reducing the

efficiency of the energy transfer.
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Figure 1.10. Diagram representing a FRET assay using upconverting technology.

Antibody

Analyte

'\/

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.6. STATEMENT OF THE PROBLEM

The large volume of work performed on semiconducting nanocrystals has not
only resulted in numerous synthetic methods to obtain these materials but also to a
comprehensive theoretical picture of their physical and optical properties. In comparison,
relatively little work has been directed towards lanthanide-doped nanocrystalline
materials. Theories on localized emissive ions in bulk crystals and glasses have been
shown to be inadequate to describe the optical properties of lanthanide luminescence in
nanocrystals. Thus characterization of various lanthanide-doped nanocrystals, and
relating their optical properties to their physical characteristics, is imperative to gain a
better understanding of these materials.

Overall, preparation of lanthanide-doped nanocrystals gives one the ability to
examine materials that display distinctive optical properties. For instance, very little
work has addressed dopant distribution and surface effects in these materials. The large
surface-to-volume ratio for nanocrystals is expected to affect the dopant distribution
between the interior and surface of the particles as well as increasing the amount of
surface effects on the lanthanide ions. Lanthanide-doped nanocrystals are ideal to study
surfaces effects since the high surface-to-volume ratio of nanocrystalline particles results
in a significant fraction of all atoms being at or near the surface. By doping the
nanocrystals with lanthanide ions, a probe is placed at the particles surface, which will be
sensitive to changes in surface crystallinity and contaminants. The presence of surface
defects and contaminants is a major factor affecting the efficiency of lanthanide-doped

nanocrystals. Insight into the distribution of dopant ions and surface effects in
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lanthanide-doped nanocrystals is essential to designing new synthetic methods for the
next generation of nanocrystalline materials.

This thesis will illustrate our initial research on upconverting lanthanide-doped
nanocrystals as well as new methods for their production. In particular, we will examine
how preparing well known luminescent materials, such as lanthanide-doped sesquioxides
and garnets, in the nanometer size range affects their spectroscopic and upconversion
properties. We investigate changes in the spectra, concentration quenching,
luminescence decay times and upconversion mechanisms in these nanomaterials. With
the achievement of these goals, an understanding of the physical processes which occur
in nanocrystalline materials will be obtained allowing us to design the next generation of
upconverting nanocrystals.

The knowledge acquired from these initial studies will be used in designing a new
synthetic procedure to obtain discrete and dispersible upconverting nanoparticles. The
search for new synthetic procedures is motivated by the fact that these materials have
potential to make a significant impact in the areas of three-dimensional displays, display
devices, security labeling and biolabelling. Before many of these technologies can be
realized it is necessary to synthesize nanoparticles which can be transparently dispersed
in solution. Thus, a novel method will be presented for the synthesis of inorganic
upconverting nanoparticle phosphors, which emit visible light upon excitation with NIR

radiation and are capable of being dispersed as clear colloidal solutions.
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1.7. OUTLINE

This section outlines the format of this manuscript-based Thesis.

Chapter 1

This chapter provides a general introduction to upconverting lanthanide-doped
nanoparticles and any necessary background information required to read this thesis. A
short introduction to the lanthanide ions and upconversion in general is presented as well
as a brief review of the work performed to date in the literature on upconverting
nanocrystals. The potential advantages of using upconverting nanoparticles as biolabels

and in biological assays are also presented.

Chapter 2

This chapter presents a comparison of the spectroscopic and upconversion
properties between nanocrystalline and micron-sized Ho’* doped Y,0;. The effect of
adsorbed carbon dioxide and/or water on the surface of the nanocrystals was investigated
by examining the differences in the luminescence, upconversion and decays of the
excited states between the two materials. The drastic effect of the adsorbed species on
the luminescent properties of the nanomaterials is most evident in their upconversion
luminescence which was found to be severely reduced, or nonexistent, in the
nanocrystalline sample when compared to samples with micron particle sizes. This work
clearly demonstrated that Ho** luminescence and upconversion is significantly different
in oxide nanopowders produced by the combustion synthesis method than in bulk

materials.
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Chapter 3

Following the discovery of the inherent problem in nanocrystalline Y,03; towards
lanthanide upconversion, other nanocrystalline oxide materials were investigate as
potential hosts. Initial research on lanthanide doped Lu;O; nanocrystalline samples
indicated that this host might allow for higher upconversion efficiencies than Y,O;.
Using the relatively simple structure of the Eu’" spectrum as a probe for ion-host
interactions, a detailed examination was performed on Eu®* doped nanocrystalline and
bulk Lu,O3; materials to determine what effect the nanocrystalline host has on the
spectroscopy of the lanthanide ions. By examining the spectroscopy, fluorescence
lifetimes and Judd-Ofelt parameters of a 1 mol % FEu’*-doped cubic LuyO;
nanocrystalline sample prepared by a combustion synthesis route we were able to deduce
that the structural environment surrounding the dopant Eu’* ion is distorted when
compared to a sample with a micron particle size. The change in the Eu’* environment
was also reflected in the lifetimes of the > Dy excited state which were found to be
severely lengthened in the nanocrystalline sample. This behavior indicates that the
effective refractive index of the nanocrystals is considerably different from that of the
bulk material thus modifying the oscillator strength of the 4f ¢«» 4f transitions. The

results of this study are presented in Chapter 3.

Chapter 4

After examining in detail the upconversion properties of several lanthanides in
oxide-based nanocrystals, it was determined that a host with better physical
characteristics was still required. Gadolinium Gallium Garnet (Gd;GasO;;) was known

to exhibit a decreased tendency towards adsorbed COs> and OH' ions when compared to
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the previously investigated lanthanide-doped oxide materials. It was hoped that this
reduction in surface contaminants would result in a significant increase in upconversion
efficiency. Thus, the main objective of Chapter 4 was the investigation of the
luminescent and upconversion properties of 1% Ho** doped Gd;GasOp;2 (GGG)
nanocrystals. The upconversion properties were examined under two different excitation
conditions: 647 nm excitation into the 5F5 level and 756 nm excitation into the 514 level.
Temporal evolution studies were also undertaken to determine the intermediate state from

which the upconversion takes place.

Chapter 5

To increase the upconversion efficiency of the Ho* doped nanocrystalline
Gd;GasO,, to a greater extent, a new sample was synthesized co-doped with 1%
ytterbium (Yb*") as a sensitizer. The low absorption cross-sections of most lanthanide
ions in the NIR region results in lower upconversion efficiencies in upconversion systems
based solely on one lanthanide ion. Co-doping with Yb*" overcomes this problem as it
has the highest absorption cross section of any of the lanthanide ions in the NIR region.
Yb** is also capable of transferring the excitation energy to the Ho>* ion thus acting as an
effective channel through which the upconversion processes can occur. Chapter 5
discusses the results of this study.

The effect of co-doping with Yb®* was examined by investigating the
upconversion properties of the nanocrystalline Gd3GasO12: 1% Ho®*, 1% Yb** sample
under 978 nm excitation. The power dependencies and lifetimes of all observed
emissions were determined to aid in the elucidation of the upconversion mechanisms.

Careful comparison of the Stokes and anti-Stokes spectra revealed an enhancement of the

-37-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



red luminescence under 978 nm excitation leading to the conclusion that two distinct
Energy Transfer Upconversion (ETU) mechanisms were active that preferentially

populate the (F4, °S,) and °Fs levels.

Chapter 6

Though nanocrystalline Gd;GasOj;: Ho*, Yb*' proved to be an efficient
upconverter, it has one drawback limiting its usefulness for biolabeling purposes. This
material cannot be dispersed as a clear colloidal solution due to agglomeration of the
individual nanocrystals. To rectify this problem, new synthetic procedures were sought
to synthesis well-known upconverting materials as discrete, dispersible nanoparticles.
The material with the highest measured upconversion efficiency in bulk materials is
hexagonal NaYF,; doped with the Er**/Yb®" or Tm*'/Yb®* ion couples. Thus a new
procedure was sought to allow for the synthesis of upconverting NaYF4 nanocrystals
doped with these two ion couples that could be dispersed as clear colloidal solutions.

Thus, Chapter 6 details the initial efforts in synthesizing and characterizing
colloidal upconverting NaYF4 nanoparticles. Taking advantage of the fact that lanthanide
trifluoroacetates thermally decompose at relatively low temperatures, upconverting
lanthanide-doped nanoparticles were synthesize in a heated mixture of oleic acid and
octadecene. The use of lanthanide and sodium trifluoroacetates eliminates the use of
hazardous chemicals such as sodium metal and/or hydrofluoric acid. The procedure is
relatively simple and requires no complicated equipment or techniques compared to other
methods presented in the literature that utilize high pressure reaction vessels.

The use of oleic acid as the surface ligand keeps the nanoparticles well separated

during the synthesis thus reducing agglomeration and allows for their dispersal in a
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variety of nonpolar organic solvents. The synthesized nanoparticles were characterized
in terms of their physical characteristics and upconversion properties. Physical
characterization entailed X-ray diffraction to determine the crystalline phase and
crystallite size; transmission electron microscopy (TEM) to examine sample morphology
and individual particle size and '"H NMR to detect the presence of surface species. The
upconversion properties of the colloidal nanoparticle solutions were also investigated

under 977 nm excitation.

Chapter 7

Though the colloidal solutions of the synthesized nanoparticles as described in
Chapter 6 were capable of upconversion, the nanoparticles themselves were irregularly
shaped and suffered from a broad particle size range. Thus further refinement of the
synthesis was still needed to obtain nanoparticles with a defined shape and a narrower
particles size distribution. The work presented in Chapter 7 details the modifications
made to the previously discussed synthetic method resulting in upconverting
nanoparticles with uniform size and shape. By introducing the lanthanide precursors
slowly into the high temperature reaction mixture through a stainless-steel canula the
nucleation and growth of the nanoparticles was slowed resulting in nanoparticles with a
regular truncated-octahedral shape and a monodisperse particle size of ~28 nm. The
resulting nanoparticles were thoroughly characterized through the use of transmission
electron microscopy (TEM), selected area electron diffraction (SAED), 'H NMR, powder
X-ray diffraction (XRD) and high resolution luminescence spectroscopy. The NaYF,
nanoparticles are capable of being of dispersed in nonpolar organic solvents thus forming

colloidally stable solutions. The upconversion properties of the dispersed Er**, Yb* and
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Tm®*, Yb®* doped nanoparticles were also investigated under 980 nm laser diode
excitation and found to exhibit green/red and blue upconversion luminescence,

respectively, with low power densities.

Chapter 8
Brief conclusions of the work presented in this Thesis are given as well as some

suggestions for future work.

At the end of each section, linking text will be provided summarizing the key points

required for proceeding onto the next chapters.
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Chapter 2

Optical Spectroscopy and Upconversion Studies

of Ho’" Doped Bulk and Nanocrystalline Y,0;

Published as:
J. A. Capobianco, J. C. Boyer, F. Vetrone, A. Speghini and M. Bettinelli

Chemistry of Materials 2002, 14,2915-2921.
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2.1. ABSTRACT

In this paper we report on the optical spectroscopy and upconversion studies of
Ho>* doped nanocrystalline and bulk Y,03, as a function of holmium concentration (0.1,
0.5, 1, 2, 5 and 10 mol%). Emission from the blue, green, red and NIR portions of the
spectrum are recorded after 457.9 nm excitation. Red (646 nm) pumping results in blue
and green emission through a two-photon excited-state absorption (ESA) upconversion
process. NIR (754 nm) pumping results in blue, green and red emission. Overall
luminescence of the nanocrystalline samples under one-photon excitation or 646 nm
pumping is severely reduced when compared to that of the bulk sample, or non-existent
in the case of the 754 nm pumping, which is attributed to absorbed atmospheric carbon
dioxide and/or water on the surface of the nanocrystals. A quenching of the green (°Fa,
5 Sy —» 513 emission is noted with increasing Ho®" concentration that is attributed to a

cross-relaxation mechanism involving two holmium ions.
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2.2. INTRODUCTION

Recent advances in flat-panel display technology have ignited the search for new
powdered phosphors with nanometer dimensions. Currently, phosphors in the
micrometer size range find applications in a wide variety of information display devices
such as cathode-ray tubes (CRTs), field emission displays (FEDs), vacuum fluorescent
displays (VFDs) and electroluminescent (EL) devices.* It is anticipated that the advent
of nano-sized phosphors will lead not only to improved resolution but also to an increase
in luminescent efficiency. A class of materials that has shown considerable promise in
delivering these qualities are doped nanocrystalline materials.

Since the early 1990’s research in the field of nanocrystalline materials has
grown markedly with more articles being published on the topic every year.
Nanocrystalline materials are usually defined as polycrystalline solids with particle
diameters or grain sizes ranging from sub-nanometers up to 100nm. This innovative
class of materials demonstrate striking particle-size-dependent phenomena that affect: (i)
emission lifetime; (ii) luminescence quantum efficiency and (iii) concentration
quenching. As the size of the crystal decreases there is a continuous transition from bulk
to molecular properties with a number of these effects being attributed to quantum
confinement or more generally to restricted geometry.

A sub-group of nanocrystalline materials that has attracted considerable attention
for use as potential phosphors are rare earth doped yttrium oxide (Y203) nanocrystals.
Micrometer sized Y2032Eu3+ phosphors have been used since the 1970’s as the red

9

component in television projection tubes and fluorescent lighting devices.!'® Recently,

numerous studies have focused on the optical properties of nano-dimensioned
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Y,05:Eu?".% 4% 2012 Tissue et al. have thoroughly investigated and reported results on
Eu** doped monoclinic Y,0; noting changes in the luminescent spectra and lifetime of
the red ® Dy — 7F2 transition with decreasing particle size.!?

Upconversion is a process by which excitation to lower lying levels with low
energy radiation (e.g. near infrared radiation) results in higher energy emission (e.g.
visible and near UV radiation) from higher electronic levels.” This process requires the
absorption of at least two photons to provide sufficient energy for the upconverted
emission to occur. When certain rare-earth ion impurities such as Er**, Ho®>" and Tm*"
are introduced in sufficient concentrations into a suitable host lattice, they are capable of
upconverting infrared radiation to various shorter wavelengths. The recent advent of low-
cost near-infrared (NIR) laser diodes has generated interest in upconversion materials for
uses in all-solid state visible lasers. These materials have other possible applications such
as phosphors emitting in the visible spectral range, solid-state displays, detectors for the

2 Trivalent holmium

infrared range, or in possible other opto-electronic devices.'
possesses several energy levels in the NIR portion of the spectrum that can be pumped
with NIR radiation along with several metastable energy levels (’Is and °I;) which act as
good population reservoirs for possible energy-transfer upconversion (ETU) or excited
state absorption (ESA) processes. Consequently, there has been a great deal of interest
recently in Ho®* doped crystals and glasses as upconversion materials.'> '** Several
others have demonstrated continuous wave (cw) green upconversion lasing from Ho>"
doped glass fibers pumped with red light.'?>"'?

In previous studies we have investigated in detail the emission and upconversion

spectra of Er** doped cubic Y03 and Lu,O3 nanocrystals.13 - 15.16 Others have examined
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the upconversion of Er’" in sol-gel derived nanocrystalline BaTiO3; powders.'” To our
knowledge, no detailed study of the upconversion properties of Ho’! in a nanocrystal host
has yet been performed. In this paper we discuss and report the optical properties of Ho**
doped cubic Y03 nanocrystals in an attempt to further broaden the understanding of

these novel materials.
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2.3. EXPERIMENTAL
2.3.1. Sample preparation

Nanosized Y,Os crystals doped with 0.1, 0.5, 1, 2, 5 and 10 mol % Ho,0;
(Y1.998H00,00203, Y1.990H00,0103, Y1.98H00,0203, Y196H00.0403, Y19H00103 and Y; §Hoo 203,
respectively) were prepared using a solution combustion synthesis procedure.* 4
Details of the synthesis have been given in a previous article.”> The synthesis reaction is:

6 M(NO;); + 10 NH,CH,COOH + 18 O; = 3 M;0;5 + 5 N, + 18 NO, + 20 CO, + 25 H,O
where M = Y, Ho. A glycine-to-metal nitrate molar ratio of 1.2:1 was employed to
prepare the aqueous precursor solution. According to literature, this nitrate rich
composition should allow the formation of small size yttria particles.40’ 2 After the
combustion, the powders were fired for 1 hour at 500 °C in order to decompose the
residual nitrate ions.

For comparison purposes, bulk Y;¢3sH00203 and Y;3Ho00203 samples was
prepared by conventional solid state reaction. An appropriate amount of powders of Y,03
(Aldrich, 99.99 %) and Ho,Os (Aldrich, 99.99+ %) were intimately mixed, pressed into
pellets under 10 tons of pressure and fired in air at 1500 °C for 48 hours. At this
temperature, the optimum homogeneity (verified using scanning electron microscopy)
was obtained. Spectroscopic measurements were carried out also on these samples,
which had undergone this heat treatment.

All yttria samples were kept in air without any further precaution.

2.3.2. IR spectroscopy
The diffuse reflectance spectrum in the IR region was measured using a Nicolet

Magna 760 FTIR spectrometer with a resolution of 2 cm’. The sample was carefully
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mixed with KBr (about 5%) and the spectrum was measured using pure KBr as a
reference.
2.3.3. Luminescence spectroscopy

Luminescence spectra were measured by exciting either at 457.9 nm using a
Coherent Sabre Innova, 20 W argon ion laser, at 754 nm using a Spectra-Physics Model
3900 Titanium Sapphire pumped by the 514 nm line of a Coherent Sabre Innova argon
ion laser, or at 646 nm using a Spectra-Physics 375 dye-laser operating with DCM
(Exciton), also pumped by the 514 nm line of the argon laser. The concentration of the
dye was 1.2 x 10” mol/dm® in a mixture of benzyl alcohol/ethylene glycol 3:7 (Aldrich,
spectrophotometric, 99+ %). The visible emissions were then collected and dispersed
using a Jarrell-Ash 1-meter Czerny Turner double monochromator. The signals were
monitored with a thermoelectrically cooled Hamamatsu R943-02 photomultiplier tube. A
preamplifier, model SR440 Stanford Research Systems, processed the photomultiplier
signals and a gated photon counter model SR400 Stanford Research Systems data
acquisition system was used as an interface between the computer and the spectroscopic
hardware.
2.2.4 Luminescence decay times measurements

Luminescence decay times were measured at each of the excitation wavelengths
by modulating the excitation light with a chopper (SR540 Stanford Research Systems).

They were recorded using the same gated photon counter mentioned above.
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2.4. RESULTS AND DISCUSSION
2.4.1. Particle Size

The average crystallite sizes of the end members of the series under investigation,
Y 1.998H00,00203 and Y sHo( 203, were found to be 13 and 10 nm, respectively, from a line
broadening analysis of the 222/444 and 400/800 pairs of X-ray reflections.”> Moreover,
the particle size for Y;sHoo203 was confirmed by a detailed structural investigation
carried out by small angle X-ray diffraction and electron microscopy.* It is therefore
reasonable to assume that the sizes of the other members of the series are comparable to
these values, as the present synthetic technique appears to be remarkably reproducible,
and to yield particle sizes which are independent on the chemical identity and
concentration of the lanthanide dopant.**** On the other hand, the size of the particles in
the bulk sample is at least 10 times larger.
2.4.2. Luminescence spectroscopy
The room temperature visible luminescence spectra of bulk and nanocrystalline samples
excited at 457.9 nm are shown in Figures 2.1. and 2.2. respectively. The spectra exhibit
four distinct emission bands. Blue emission was observed between 480-500 nm
corresponding to the °F3 — °Ig transition. The yellow emission in the region of 530-580
nm is attributed to the transition from the thermalized °F, and °S, states to the Iy ground
state. Red emission was observed between 630-680 nm corresponding to the °Fs — °Ig
transition. NIR emission was observed between 735-775 nm corresponding to the
transition from the thermalized ° F4 and 5 S, states to the 517 excited state. The transition

energies were similar for both the nanocrystalline and bulk samples and there is no
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Figure 2.1. Room temperature luminescence of bulk Y,0;:Ho>" upon excitation at 457.9

nm. (i) °F; - 3T (i) CFs, °S2) » g (iii) °Fs o °Ig (iv) CF4, °Sy) = L.
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Figure 2.2. Room temperature luminescence of nanocrystalline Y,Os:Ho®>" upon
excitation at 457.9 nm. (i) °F3 — ’Ig (i) CF4, °S2) — ’Ig (iii) °Fs > g (iv) CFs, °Sy) —
T
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noticeable shifting of peaks in any of the samples. The crystal field energy is therefore
reasonably similar for the nanocrystalline and bulk samples.

When comparing the emission spectra of the bulk samples to those of the
nanocrystals one notices that the relative intensities of the peaks do change considerably.
In the 1% doped nanocrystalline sample the integrated intensity of the (°F4, °S3) — I
transition was roughly ten times that of the *Fs — °Ig transition, while in the 1% doped
bulk sample the ratio of the relative intensities of these two transitions was approximately
150:1. One also notices that the overall luminescence is severely reduced by about one
order of magnitude in the nanocrystal samples compared to the bulk samples. In a
previous paper on Y,05:Er*" nanocrystals we have attributed this type of behaviour to an
increase in multiphonon relaxation due to adsorbed atmospheric carbon dioxide and/or
water. "

Similar to the Y203:Er3+ nanocrystals, the medium IR spectra of the
nanocrystalline Y,0;3:Ho®" samples under investigation show that the materials have
adsorbed atmospheric CO; and H,O, In fact, the MIR spectra show bands around 1500
and 3400 cm™ which can be attributed to stretching modes of carbonate and hydroxide
ions. The presence of these ions on the surface of the nanocrystalline materials yields
vibrational quanta of higher wavenumbers compared to the intrinsic phonons of yttria (~
600 cm™) resulting in an increase of multiphonon relaxations from all excited levels
under consideration. Since the radiative decay rates for the Ho>* ions in the bulk and
nanocrystalline samples should be of the same order of magnitude, the larger non-
radiative decay probability in the nanocrystals leads to lower emission efficiencies when

compared to their bulk counterparts.
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The rapid quenching of the (5F4, 5 S;) > 3Is transition relative to the °Fs — °Ig
transition in the nanocrystalline samples can also be attributed to the presence of the
adsorbed atmospheric molecules. The conditions necessary for efficient non-radiative
decay are well known.”*® In particular, the energy difference AE between the levels in
question should be equal to or less than 4-5 times the highest vibrational frequency of the
surroundings. The energy gap between the °S; and °Fs levels for the Ho®" ion in Y,0;

single crystals'!

has been reported to be 2666 cm™. As this gap is slightly higher than 4
high energy phonons of the bulk material (about 600 cm-1) the °S; level is slightly
affected by multiphonon decay. In the nanocrystals this gap could be spanned with 2 of
the high energy carbonate ion phonons available or just 1 hydroxide high energy phonon
making multiphonon relaxation of (’F4, °S;) levels much more probable than for its bulk
counterpart.

The energy gap between the °Fs and I, levels is just 1793 cm™

. This gap can be
spanned by 3 of the intrinsic yttria phonons meaning it would undergo a significant
amount of non-radiative relaxation already in the bulk sample. The multiphonon
relaxation quantum efficiency for this level is approximately 1.0 in Y203 single crystal.'*?
In the nanocrystals the number of phonons needed is reduced to slightly more than one if
one considers the high energy carbonate ion phonons available or just one hydroxide ion
high energy phonon.

In the bulk materials there is a difference of at least one phonon needed for
multiphonon decay of the °S, and °Fs levels. If one examines the energy-gap dependence

of the spontaneous multiphonon transition rate in single crystal Y,0:% 132 this would then

lead to an approximately 10% greater multiphonon relaxation rate for the °Fs level as
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compared to the °S level. In the nanocrystalline samples the same number of phonons is
needed either in considering carbonate or hydroxide ion high energy phonons for the
relaxation of both levels. This should result in a similar rate of multiphonon relaxation
for the °S, and °Fs levels in the nanocrystalline samples and therefore a quenching of the
(5F4, 3 Sy) > SIs transition relative to the > Fs —> 518 transition when compared to the bulk
materials.

In a previous study on Er* doped nanocrystalline Y,0O;3 different heat treatments
were carried out on a nanocrystalline Y gErg>O3 sample in order to reduce the amount of
carbonate and hydroxide ions on the surface of the nanoparticles.14 First, the sample was
treated at 800 °C for 17 hours and subsequently cooled to room temperature. The same
sample was then treated at 1000 °C for 65 hours and again cooled to room temperature.
The MIR spectra of the doped nanocrystalline yttria sample after both heat treatments
still showed bands at approximately 1500 and 3350 cm™, which indicated the presence of
carbonate and hydroxide ions, respectively. On the other hand, the bulk sample showed
no bands at 1500 and 3350 cm™' indicating the lack of carbonate and hydroxide ions. A
reduction of the overall intensities of the bands at 1500 and 3350 cm™ after both heat
treatments was noted indicating a reduction, not a complete removal, of the overall
surface contamination. A consequence of these long heat treatments at higher
temperatures is a possible aggregation (combination) of the nanoparticles to form larger
particles. This creates a difficulty in comparing the luminescence of heat-treated and
non-heat treated nanocrystalline materials as the spectroscopy of the nanocrystalline

material is particle size dependent.
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When examining the behaviour of the relative intensities of the (5 Fs, > S;) —» g
transition to the 5F3 —> 513 and ° Fs —» 5Ig transitions in the bulk and nanocrystalline
samples, one notices a rapid quenching of the (5F4, 582) - 513 transition as the Ho "
dopant concentration increases from 1% to 10%. This type of behaviour suggests a rapid
energy transfer from the (°F4, °S,) level. For samples with Ho>" concentration less than
1%, non-radiative relaxation by ion-ion interactions can be assumed to be negligible. As
the concentration increases the continuous spectral changes observed indicate that
interactions between ions develop at doping levels above 1%. By examining the energy
levels of Y,03:Ho>* ! one is capable of elucidating ion-pair cross-relaxation processes
that are likely to occur. One such resonant cross-relaxation is represented by the °S; —
5I4 and 517 <« 513 transitions. In this energy transfer process a donor Ho>" ion in the 5S2
excited state relaxes non-radiatively to the L state, while in another simultaneous
nonradiative process an acceptor Ho®" ion in a ground Iy state is excited to the °I; state,
thereby quenching the luminescence of the (°F4, °S) level. This energy transfer from the
(5F4, 5Sz) level is well documented and has also been observed in Ho®* doped ZnCl,-
based glasses'*® and YAIO;:Ho>* crystals."** The concentration quenching observed in
the nanocrystal samples can be attributed to this cross relaxation process.

2.4.3. Emission Decay Times

Room temperature emission decay curves of the (5F4, 3 S;) » 5Ig transition upon
457.9 nm excitation were monitored for both the bulk and nanocrystalline samples. The
lifetimes are reported in Table 2.1. Decay curves for the bulk samples were fitted with a
single exponential model. However, a deviation from first exponential behaviour was

observed in all decay curves obtained for the nanocrystalline samples. The difficulty in

-54-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fitting with a single exponential model in the more diluted nanocrystalline samples (0.1 -
2 mol%) arises because there is a distribution of dopant ions within the individual
nanocrystals that are coupled in various degrees to the absorbed surface molecules. The
dopant ions located close to the surface would have a faster decay than those ions located
inside the nanocrystals. This distribution of ions thus leads to a non-exponential decay as
a significant portion of the dopant atoms reside near the surface due to the particles’

small size (about 10 nm).

Table 2.1. Decay times obtained from an exponential fit of the room temperature decay

curves for the (’F4, °S;) — °Ig transition upon 457.9 nm excitation.

Sample Decay time (us)
Bulk
Y1.98H00.0203 135
Y1.30H002003 60
Nanocrystalline 1% Decay time (us) 2" Decay time (us)
Y 1.998H00.00203 17 77
Y1.99H00.0103 20 73
Y1.9sH00.0203 14 57
Y1.96H00,0403 9 40
Y1.90H00.1003 3 14
Y 1.80H002003 2 4

It is possible to fit the curves of the nanocrystalline samples with a double
exponential model since theoretically; one would expect two time constants: one for the

ions at the surface and a second for the ions inside the nanocrystals. The value of the first
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time constant is relatively low with respect to the second one and both remain reasonably
constant in the low concentration regime (0.1 mol% - 1 mol%). This behaviour is not
observed in the samples with dopant concentrations greater than 1 mol% as the decay
process in now influenced by the energy transfer process between the holmium ions.

Both time constants decrease steadily as the concentration of the dopant ion is
raised. As the concentration of the dopant ion is increased up to 5 mol% the deviation
from first order exponential behaviour increases as interactions between the dopant ions
become significant. As mentioned previously, a strong cross-relaxation process
involving energy transfer between two holmium ions is observed which depopulates the
(Fs, °Sy) level. This process increases the rate of nonradiative relaxations thus
explaining the rapid decrease of the lifetime of this level with increasing Ho>*
concentration.

The lifetimes of the excited states were found to be significantly shorter in the
nanocrystal samples than in the bulk samples. For example, the (5F4, 5 Sy) —» 513 lifetime
in the 1 mol% bulk sample was found to be 135 ps as opposed to 14 us (1* time constant)
or 57 us (2™ time constant) in the similarly doped nanocrystalline sample. The lifetime
of an excited state a is given by:

LoS (4, +w,)

T : ab ab
where A4, and W, are the radiative and nonradiative transition probabilities respectfully
from level a to level b, and the summation is over all terminal levels b '**, Nonradiative
processes include multiphonon relaxations and energy transfer between ions. Differences

in the rate of nonradiative decay from a given rare-earth level arise from the highest
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phonon energy available in the sample and the number of phonons required to bridge the
energy gap. Because phonons of higher energy are present in the nanocrystals as
opposed to the bulk samples, nonradiative transitions from the (5F4, 5Sz) level to the °Fs
level will require a lower-order multiphonon process resulting in a rapid relaxation. This
accounts for the larger rate of nonradiative processes in the nanocrystalline samples for a
given size energy gap. The resulting lifetime of the (’Fs, °S,) level is therefore shorter.
2.3.4. Upconversion upon excitation into the ’F's manifold

Upon excitation with 646 nm radiation from a dye laser that populates the °Fs
level, anti-Stokes emission corresponding to the F; > I3 and (5F4, 3 S;) —» 3[s transitions
were observed. The luminescence spectra of the bulk and nanocrystalline samples are
shown in Figure 2.3. and 2.4. respectively. The intensity of the upconverted
luminescence I, is proportional to some power n of the pump intensity I (I, o I") ¢
where n, which is called the order of the upconversion process, is the number of pump
photons required to populate the emitting state. The intensity of the upconverted blue
and green emission has been measured as a function of the 646 nm excitation intensity.
From a fit of the curve Inl; versus Inly we have obtained a slope of 1.9, which indicates a
two-photon upconversion process, as shown in Fig. 2.5.

The decay times of the (5F4, 5 Sy) » g upconversion transition are identical to
those obtained with 457.9 nm excitation for all the concentrations. No change in the
relative intensity of the blue and green luminescence between the direct emission and
upconversion spectra is observed. An energy transfer upconversion (ETU) process seems

to be unlikely because the upconversion luminescence decreases with increasing Ho®*

concentration. If an ETU process were occurring the luminescence should increase with
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Figure 2.3. Upconverted emission of bulk Ho>* doped Y,0; at room temperature upon

646 nm excitation, showing (i) 5F3 - 513 and (ii) (5 Fs, 582) - .
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Figure 2.4. Upconverted emission of Ho’* doped Y03 nanocrystals at room temperature
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increasing dopant concentration as the distance between the holmium atoms would
decrease, thus favouring energy transfer. A photon avalanche upconversion process is
also ruled out as no power threshold for the upconversion luminescence is observed.
Based on these observations we propose that the upconversion most probably results
from an excited state absorption (ESA) process.

The °Is, °I and °I; multiplets are typically long lived with appropriate energy gaps
to upper emitting levels. For 646 nm excitation excited state absorption from °I; is most
likely to occur because there is appropriate resonance l; = °F3. The mechanism by
which the (’Fs, °S,) and °Fs levels are populated is assigned as follows (Figure 2.7.). The
laser light brings the Ho®" ion into the °Fs level, which then non-radiatively decays to the
5I; level. An excited state absorption process brings the ion to the °F level. The ion then
emits through the °F; — °Ig transition or can non-radiatively decay to the lower lying
levels and the (5 Fa, 552) -7 Ig transition occurs.

The upconversion process was noted to be far less efficient in the nanocrystal
samples. This decrease in luminescence is attributed to an increase of multiphonon
relaxations of excited levels because of the presence of carbonate and hydroxide ions on
the surface of the nanocrystals. The populations of the intermediate levels from which a
part of the excited ions can be re-excited to the upper emitting levels by excited state
absorption (ESA) are substantially impacted by the non-radiative decay rate that
increases as the lattice phonon energy becomes higher.”” The highest available phonon
energy not only affects quantum efficiencies of the emitting levels such as °F; and °S,
levels but also impacts the upconversion efficiencies, which are primarily determined by

populations of intermediate levels such as the ’I¢ and °I;. The excitation populations of
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luminescence intensity observed with 646 nm excitation.
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intermediate levels and the quantum efficiencies of emitting levels of Ho** in a host
crystal with a higher phonon energy are undoubtedly lower than those in a crystal with a
lower phonon energy.

2.4.5. Upconversion upon excitation into the °1; manifold

Upon excitation with 754 nm radiation from a Titanium Sapphire laser that
excites the °14 level, anti-Stokes emission corresponding to the 5 F; — 5 Ig; (5 Fa, 5 Sy) » 3 Ig;
and °Fs — °I; transitions were observed in the bulk samples. The luminescence spectra
are shown in Figure 2.6. Though strong luminescence was observed from the bulk
samples no upconversion was noted in the nanocrystal samples. As mentioned
previously, behaviour of this type is attributed to an increase of multiphonon relaxations
of excited levels because of the presence of carbonate and hydroxide ions on the surface
of the nanoparticles.

The (°F4, °S;) — ’Ig transition demonstrated a quadratic dependence on the power
of the pump beam indicating that two photons were involved in the excitation process.
Again an excited state absorption (ESA) process is thought to be the dominant
mechanism for the same reasons mentioned previously for upconversion using 646 nm
radiation: the decay times of the (°Fs, °S;) — °Ig upconversion transition are identical to
those obtained with 457.9 nm excitation, no power threshold for the upconversion
emission was noted and the upconversion luminescence decreases with increasing Ho>"
concentration.

Another possible reason mentioned previously for justifying an ESA process, no
change in the relative intensity of the blue and green luminescence between the direct

emission and upconversion spectra, does not apply in this case but can easily be
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explained. The relative intensity of the blue emission transition compared to the green
one is severely reduced upon 754 nm excitation. The reason for this behaviour is that
there are two distinct ESA processes occurring concurrently that originate from the °Ig
and °I, levels and could populate the °Gg, *Kg and (°Fa, °S) levels respectively. It is well
known that the °I, level possesses a longer lifetime and a larger radiative character than
the °I¢ level, thus excited state absorption from 5L, rather than the I level is most likely
to occur. Therefore the proposed mechanism is the following (Figure 2.7.). The laser
light brings the Ho’" ion into the °I; level, which then non-radiatively decays to the °I,
level. An excited state absorption process brings the ion to the (’Fs, °S,) levels. The ion
then emits through the (5F4, 5Sz) - 518 transition or can non-radiatively decay to the lower
lying levels and the °Fs — I transition occurs. This mechanism is further aided by an
increase in the population of the °I; level via the cross-relaxation mechanism mentioned
previously. The increase in the population of the °I; level leads to the efficient population
of the (Fy4, °S,) levels through the ESA process and to the intense green emission. A
second ESA process originating from the ’Is level is also possible. For the 754 nm
excitation wavelength used in this study there is another possible resonant excited state
absorption: I — °Ks, Ge. It is most likely this ESA process along with non-radiative
relaxation which is responsible for the weak blue emission from the °F; level noted in

Figure 2.5.
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2.5. CONLUSIONS

Emission spectra and lifetimes of the excited states of the nanocrystal samples
differ significantly from those of the bulk. The upconverted intensity at both excitation
wavelengths was found to decrease with increasing holmium concentration, which
suggests a ESA type mechanism. Upconversion processes are far less efficient, or
nonexistent, in the nanocrystalline samples due to the presence of carbonate ions and
water on the surface. The bulk material shows enhanced green emission (5 F4, Sy —»° Ig)

over its nanocrystal counterpart in both the emission and upconversion spectra.
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2.6. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

This work on Ho*" doped nanocrystalline Y,03; was the first article published in
the literature on the spectroscopic and upconversion properties of Ho®" doped oxide
nanocrystals. It also was the first recorded instance of Ho>* upconversion in a
nanocrystalline oxide material. This study has shown that the luminescence and
upconversion of the holmium ions is severely reduced in Y,O3 nanocrystals compared to
bulk samples. My studies have determined that, while upconversion occurs in bulk
samples, it is severely reduced or nonexistent in the nanocrystal samples. This behaviour
is attributed to adsorbed atmospheric carbon dioxide and/or water on the surface of the
nanocrystals. This publication was a landmark in nanocrystalline research as it paved the
way for future studies on Ho>* doped nanocrystalline materials.

The following chapter presents our work on the spectroscopy, fluorescence
liftimes and Judd-Ofelt parameters of Eu’* doped nanocrystalline Lu,O3. Though Lu,03
is a different host than the one utilized in the previous study, it is isostrutural to Y»O; as
both possess a cubic crystal structure with the same space group and symmetry. At the
time of this study, initial research in our lab on other lanthanide doped Lu,O;
nanocrystalline samples indicated that this host might allow for high upconversion
efficiencies than Y,0s3;. Thus we though it imperative to examine in detail the effect the
nanocrystalline host has on the spectroscopy of the lanthanide ions. The europium ion
was chosen as the dopant ion as it is a useful optical probe for ion-host interactions due to
its relatively simple excitation and emission spectrum in the visible portion of the

spectrum.
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Chapter 3

Variation of Fluorescence Lifetimes and Judd-
Ofelt Parameters between Eu’* Doped Bulk and

Nanocrystalline Cubic Lu,O;

Published as:
J. C. Boyer, F. Vetrone, J. A. Capobianco, A. Speghini and M. Bettinelli

Journal of Phyical Chemistry B 2004, 108, 20137-20143.
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3.1. ABSTRACT

The luminescent properties of 1mol % Eu®**-doped cubic Lu,Os nanocrystals
prepared by a combustion synthesis route were investigated. The visible emission
spectrum of the europium doped Lu;O; nanocrystals indicate that the structural
environment surrounding the dopant Eu’* ion is distorted when compared to a bulk
sample with a micrometer particle size. From the resulting emission spectra, the €, and
Q, Judd-Ofelt intensity parameters were calculated. The lifetimes of the *Dg excited state
for both the C; and Cjs; sites were found to be nearly double that found for a similarly
doped sample with larger particle size (bulk sample). This behaviour is attributed to a
change in the refractive index of the nanocrystalline material that in turn modifies the

oscillator strength of the 4f «» 4ftransitions.
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3.2. INTRODUCTION

Over the past several years there has been an ongoing search for nanometer sized
powdered phosphors with superior performance characteristics over their micrometer
counterparts. This research has been stimulated by the fact that significant changes in the

optical properties have been observed with decreasing particle size.'?

Currently,
phosphors in the micrometer size range find applications in a wide variety of information
display devices such as cathode-ray tubes (CRTs), field emission displays (FEDs),
vacuum fluorescent displays (VFDs) and electroluminescent (EL) devices.*’ It is
anticipated that the advent of nano-sized phosphors could lead not only to improved
resolution in these devices but also to an increase in luminescent efficiency. Research in
the realms of nanocrystalline phosphors ranges from bandgap semiconductors to
lanthanide-doped insulators such as the common red phosphor Eu** doped Y,0s.
Nanocrystalline materials are usually defined as polycrystalline solids with
particle diameters or grain sizes less than 100 nm.” Particle-size-dependent phenomena
have been noted in several materials. The properties affected are: (i) emission lifetime;
(i) luminescence efficiency and (iii) concentration quenching. Recently, numerous
studies have focused on the optical properties of nano-dimensioned Y,03;:Eu’*. In
particular, Tissue et al. have thoroughly investigated and reported results on Eu** doped
monoclinic Y203 noting changes in the luminescent spectra and lifetime of the red *Dy —
’F, transition with decreasing particle size.” 120-122
Over the past few years, our research groups have examined the spectroscopic and
13, 47, 138

upconversion properties of lanthanide doped nanocrystalline cubic Y20s.

Recently we have turned our attention to rare-earth doped lutetium oxide (Lu,Oj3)
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nanocrystalsm’ 8. 139

since it has been observed that when comparing the emission
properties of Y- and Lu-containing oxide and fluoride crystals, stronger luminescence is
observed for the Lu- containing crystals.!*® 1! An explanation for this behaviour can be
found in the results of Guillot-No&l et al.'*> The authors attributed the increase in
oscillator strength in related crystals to an intensity-borrowing mechanism that mixes the
4f and 5d lanthanide orbitals via the lattice valence band levels. In YVOq for example,
these valence band energy levels are due predominantly to the oxygen 2p.

Recent XPS measurements on LuVOy4 and various kinds of materials for
scintillator applications such as LuAlO; and Lu,;SiOs have shown that the top of the
valence band would be more characteristic of lutetium 47 levels.'** '* This means that the
intensity-borrowing mechanism mentioned above could be further enhanced because of
an increasing hybridization of the Eu®* and Lu®" 4f orbitals.'*?® Thus lutetium could be a
more favourable cation than yttrium for lanthanide dopant emission.

Nanocrystalline Lu;O; doped with lanthanides has garnered much attention
recently for use as X-ray scintillators and/or potential phosphors. Zych et al. have
examined Eu®" doped Lu,0; synthesized by a combustion technique using urea as the
fuel for these potential uses."*'” These materials are attractive for X-ray scintillators
because of the high density of Lu,O3 and the high atomic number of Lu.'*® Furthermore,
micrometer sized Y203:Eu3+ phosphor, which is isostructural to Lu,Os, has been used
since the 1970’s as the red component in television projection tubes and fluorescent
lighting devices.'"

In this paper, we present a detailed examination of the luminescent properties of

cubic nanocrystalline Lu,O3; doped with 1 mol% Eu" synthesised via a combustion
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synthesis technique utilising glycine as the fuel. These results are compared to a cubic
bulk LuyO3 doped with 1 mol% Eu’* sample synthesised using a traditional ceramic

technique with crystallite sizes in the micron range.
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3.3. EXPERIMENTAL
3.3.1. Samples preparation

Nanosized Lu,O3 crystals of composition Lu, g9sEug 0203 were prepared using a
solution combustion synthesis procedure.*®** The synthesis reaction is:

6 M(NO3); + 10 NH,CH,COOH + 18 O, —> 3 M;05 + 5 N, + 18 NO, + 20 CO, + 25 H,O
where M = Lu, Eu. A glycine-to-metal nitrate molar ratio of 1.2:1 was employed to
prepare the precursor solution resulting in a flame temperature of approximately 1200 °C.
After the combustion, the powders were fired for 1 hour at 500 °C in order to decompose
the residual nitrate ions. A thorough structural analysis of the material obtained showed
that the average crystallite size is 50 nm"*® and therefore larger than the size of the yttria
nanocrystals obtained using the same conditions (about 10-20 nm).*?

For comparison purposes, a bulk sample of the same composition as the
nanocrystalline one was prepared by intimately mixing EuyO; (Aldrich, 99.99 %) and
Luy03 (Aldrich, 99.99+ %), pressing the powders into pellets under a load of 10° kg and
firing them in air at 1500 °C for 48 hours. At this temperature, the optimum
homogeneity was obtained.

All lutetia samples were kept in air without any further precautions.

3.3.2. Emission spectroscopy

Luminescence spectra were measured by exciting at 257.25 nm using a Coherent
Model 440 Ultraviolet Generator which frequency doubled the 514.5 nm line of a
Coherent Sabre Innova, 20 W argon laser. Site selective spectroscopy was performed
using 580.5 nm or 582.5 nm radiation from a Spectra-Physics 375 tuneable dye-laser

operating with Rhodamine 6G (Exciton) pumped by the 514 nm line of the argon laser.
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The visible emissions were then collected and dispersed using a Jarrell-Ash 1-meter
Czermny Turner double monochromator.  The signals were monitored with a
thermoelectrically cooled Hamamatsu R943-02 photomultiplier tube. A preamplifier,
model SR440 Stanford Research Systems, processed the photomultiplier signals and a
gated photon counter model SR400 Stanford Research Systems data acquisition system
was used as an interface between the computer and the spectroscopic hardware. The
signal was recorded under computer control using the Stanford SR465 software data
acquisition/analyzer system.

All low temperature spectra were obtained using a Janis Research ST-VP-4
continuous flow cryostat with the temperature being monitored by a LakeShore model
330 controller.

3.3.3. Decay times measurements

Luminescence decay times were measured at each of the excitation wavelengths
by modulating the excitation laser beam with a Stanford Research Systems optical
chopper (Model SR540). The photon counter was triggered by a photodiode
synchronized by the laser pulse. They were recorded using the same detection equipment

and gated photon counter mentioned above.
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3.4. RESULTS AND DISCUSSION
3.4.1. Luminescence spectroscopy

The sesquioxide LuyOs is isostructural to Y203 and crystallizes in a cubic bixbyite
structure with space group Ia3.'*® In this lattice, two distinct sites are available for rare
earth ions, one with point-group symmetry C, and the other with point group symmetry
Csi, which occur in a 3:1 ratio respectively. It was reported recently by some of us that
the Eu’* ions occupy both these sites in a statistical way for the nanocrystalline sample

130 The presence of Eu®" ions in both sites is

similar to what is observed for bulk crystals.
reflected in the luminescent and spectral properties of the material. A phonon assisted
energy transfer mechanism that occurs between the Eu** ions residing in the two sites has
been studied by Buijs et al.'*!

The observed optical transitions within the 4/" configuration are mainly attributed
to electric dipole transitions, which are forced by the odd parity components of the
crystalline electric field. For Cs symmetry only magnetic dipole transitions should be
observed. For the Dy — 'F; transition of the Eu®* ion in the cubic bixbyite structure,
five emission peaks should be present: two peaks that are attributed to Eu®" ions residing
in Cy; sites and three peaks for Eu’* in C; sites. These peaks have been assigned. on the
basis of their different emission decay times.'” Of the two possible radiative decay
mechanisms, forced electric dipole and magnetic dipole, only the latter will occur for
Eu’" ions in Cj; sites thus resulting in a longer decay time.

After excitation into the Eu>*-O% charge transfer band with 257.25 nm radiation

at room temperature, emission can be observed in the orange-red region of the spectrum

resulting from the Dy — 'Fo, 'Fi, 'F, transitions. The UV radiation is absorbed by the
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charge transfer band of the Eu’" ion. The ion then non-radiatively decays to lower 47™
levels with the majority of the luminescence occurring from the Dy state of the Eu®" ion.
The room temperature luminescence spectra of bulk and nanocrystalline Lu,O;:Eu 1
mol% are shown in Figure 3.1. Assignment of the individual peaks to their
corresponding transitions was performed based on data obtained previously for
Lu203:Eu3+,15 3 154 published data on the isostructural material Y203:Eu3+,13 !
luminescence decay times of the individual peaks, time-resolved spectroscopy and site-
selective spectroscopy (see below). Table 3.1. lists the room temperature and 78 K

transition energies found for the Eu’" ion located in the C, and C;; sites of the Lu,O3 bulk

and nanocrystalline materials.

Table 3.1. Observed transition energies from the emission spectra of bulk and

nanocrystalline LuO3:Eu®" 1 mol% at RT and 78 K.

Transition Energy (cm'l)
Transition Bulk Sample Nanocrystalline Sample
RT 78 K RT 78 K
Dy — "Fo 17224 17217 17226 17215
17166%*, 17171%, 17170%*, 17169*,
Do — 'F 17032, 17025, 17032, 17024,
0 1 16864*, 16866*, 16871%, 16868*,
16850, 16652 | 16848, 16659 | 16850, 16652 | 16846, 16655
5Dy — 'F 16358, 16319, | 16358, 16314, | 16356, 16318, | 16356, 16315,
0 2 15818 16256, 15814 | 16270, 15818 | 16254, 15811

. . + o . g0 . .
* Denotes emission from Eu’" ion residing in Cs; site
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These transitions energies for both samples differ from those reported by Zych et
al. in several other studies.'*'¥” In the papers published by Zych et al, the energies
reported for the Dy — ’Fy transitions vary among the numerous publications. The
authors offer no explanation for these differences. The differences noted between our
transition energies and those reported by Zych may arise from the fact our crystallite
sizes are approximately three to four times larger, probably due to slight differences in
the preparation methods. Difference in the crystallite sizes may induce changes in the
crystal field experienced by the Eu’* ion as a larger percentage of the dopant ions would
reside on or towards the surface of the nanocrystals resulting in small line shifts between
the two samples.

The emission spectra also reveal changes in the relative intensities and linewidths
of the Dy — 7F0, 7F1, ’F, transitions between the bulk and nanocrystalline samples. The
inset of Figure 3.1. clearly shows that the unsplit Dy — "Fy line, attributed to Eu’" ions in
the C,; site, in the nanocrystalline sample is significantly broader than in the bulk;
indicating a higher disorder of the Eu®" crystalline environment. It is also observed in the
nanocrystalline sample that the relative intensity of the Do — 'Fy and the hypersensitive
Dy — 'F, peaks compared to the Dy — "F peaks are higher than for the bulk. The ratio
of the integrate intensities of the 5D0 — "F, and 5Do — F, transitions under UV

excitation:

ICD, » 'F,)

R 3.1)

ICD, - 'F)

can be considered indicative of the asymmetry of the coordination polyhedron of the Eu**

ion.”®  The values of the asymmetry ratio R are 3.8 and 4.4 for the bulk and
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nanocrystalline samples respectively. These values are slightly smaller than those
observed previously in bulk and nanocrystalline Y ¢sEug 0203 prepared by wet chemical
synthesis.wo In the case of Lu; 9gEug 0203, the R value is again markedly higher for the
nanocrystalline sample, suggesting a more distorted local environment for the Eu®" jon
than the corresponding bulk sample as the intensity of the *Dy — 'F, transition strongly
depends on the asymmetry of the Eu** site.'®® This again confirms that a larger portion of
the Eu®* jons reside near or at the surface of the nanocrystals due to their higher
surface/volume ratio when compared to the bulk material.

The luminescence spectra of the nanocrystalline and bulk samples in the 570-610
nm region upon 257.25 nm excitation at 78 K are shown in Figure 3.2. When comparing
the low temperature spectra of both samples to their corresponding RT spectra several
changes are observed. Most obvious is the reduction in the emission linewidths as one
reaches 78 K due to a reduction in phonon-electron coupling. Also noticeable are a
small wavelength shift in several of the emission peaks with decreasing temperature
along with a change in the relative intensities of the 587 nm and 582.5 nm peaks. To
illustrate these changes, the luminescence of the nanocrystalline Lu;O3:Eu** 1 mol% at
RT and 78 K under UV excitation is shown in Figure 3.3.

Several theoretical and experimental studies'” '*® have examined how changes in
electron-phonon coupling with temperature affect peak positions and widths. The
majority of these studies have ignored changes in the crystal structure with temperature
since these were assumed to be insignificant in the systems studied. Recently it has been
found that changes in the peak positions with decreasing temperature in cubic Eu,0O3 can

be attributed not only to differences in the electron-phonon coupling strength at low
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temperature but also to changes that occur in the crystal structure due to thermal
effects.'™ Thus it is safe to assume that the observed Eu’* transition energy changes in
the isostructural Lu,O3 with temperature are due to changes in both the electron-phonon
coupling and crystal structure.

It is also noticeable in Figures 3.1.-3.3. that the 580 nm (°Dy — Fg) shifts to
different extents with temperature changes when comparing the nanocrystalline to bulk
samples. It is observed that the line shift is more pronounced in the case of the
nanocrystalline sample. As mentioned above the temperature shift of the luminescence is
ascribed to a temperature-derived contribution (linked to the electron-phonon coupling)
and a volume-derived contribution (linked to the thermal expansion, leading to a change
in the equilibrium atomic positions, and therefore in the crystal field)."”® In order to
distinguish between these two contributions, one should perform spectroscopic
measurements as a function of the pressure and temperature. It is possible that the
presence of varying amounts of these contributions between the two types of samples can
explain the difference in the degree of line shift with temperature. At this time though, a
precise explanation is clearly outside the scope of the paper.

3.4.2. Site-Selective Spectroscopy

Besides examining the luminescence decay times of the Eu’" ions in differing
sites, it is possible to elucidate bands which originate from the two different sites by
comparing the luminescence spectra under excitation into each separate excitation band.
Under excitation into a Eu’* (Cs;) transition only Cs; lines should appear in the
luminescence spectra if one neglects the effects of energy transfer between the two sites.

The reverse should also hold true for excitation into Eu®" (C,) transition. This type of site
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selective spectroscopy is also a powerful tool for examining the energy transfer
mechanism that occurs between the Eu>* ions in the two sites.
Upon excitation at room temperature into the "Fg — °Dj (C,) transition, peaks are visible
in the orange-red emission spectra of both samples that originate from Eu** ions in C,
and Cs; sites as seen in Figure 3.4. Emission is observed from the corresponding 5 Dy —
"F,, 'F, transitions for the C, site. A weak emission line at 582.4 nm [SDo (Cs) — R,
(Cs)] confirms the presence of a weak energy transfer from “Dy (Cy) to the *Dq (Cs;) level
over the energy gap separating the two states. Nevertheless the majority of the exciting
energy is still being released as C, type emissions. Likewise, room temperature emission
is seen originating from both the C, and Cs; sites under Cs; excitation at 582.4 nm.
Emission is observed from the corresponding 5Do — 7F1, 7F2 transitions for the C, site
along with the presence of a Cs; transition at 592.9 nm and a vibronic transition of Cs;
character at 597 nm. Thus at room temperature there is effective energy transfer from the
Eu’* ions in Cs; to C;, sites and also a less efficient energy transfer from C, to Cj; sites
similar to what was observed by Zych for the same material.'> It is clear though from
comparing the spectra obtained under Cj; excitation to those obtained under
non-selective UV excitation that a higher percentage of the exciting energy is being
released as Cs; type emissions in the selective excitation case even with the presence of
the energy transfer mechanism. This experimental data also indicates that the energy
transfer between the Cs; and C; sites must occur at the 5Do level even for non-selective
UV excitation.

The orange-red emission spectra of the 1 mol% doped bulk and nanocrystalline

samples under 7Fo — 5D0 (Cy) excitation at 78 K is shown in Figure 3.5. It is evident

-83-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.0

Bulk Sample ~——— C, Exc.

o
£
z

-----------

.......

N
o
T

o
(6)]
T

I

0.0
207 Nanocrystalline /7

Sample,

Normalized Intensity

-
16)]
T

N
o

0.5

0.0

585 590 595 600
Wavelength (nm)

Figure 3.4. Emission spectra *Dy — 'F; for selective excitation into the *Dy level (C,
Exc. — 580.5 nm, Cs; Exc. 582.5 nm) of bulk and nanocrystalline Lu203:Eu3Jr 1 mol% at
RT. Note the presence of weak Cs; peak at 582.5 nm in both spectra obtained under C,

excitation (marked with arrow).
-84 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bulk Sample

8

o
(&)
T

’ L

g
----------

Normalized Intensity
N ©
o o

Nanocrystalline —— G, Bxe
Sample  i¥i ,
1.5} P Gibe
10 e et N e
0.5r
0 O B | J L i 1 1
585 590 595 600
Wavelength (nm)

Figure 3.5. Emission spectra 5Do — 7F1 for selective excitation into the °Dy level (@)
Exc. — 580.5 nm, Cs; Exc. 582.5 nm) of bulk and nanocrystalline Lu203:Eu3+ 1 mol% at

78K. Note the presence of weak Cs; peak at 582.5 nm in both spectra obtained under C,

excitation (marked with arrow).
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from the spectra by the absence of C;; emissions that the C; to Cs; energy transfer process
is to a great extent reduced at this temperature as it is a thermally activated process.'’
The spectra now consist only of C, type emission lines from the corresponding *Do —
’F1, "F, transitions. The reverse is not true though for 'Fo — D, (C3;) excitation at 78 K
shown in the same figures. Here C, type emission is still observed from the Dy — 'F,
F, transitions in both the bulk and nanocrystalline samples indicating the Cs;; to C,
energy transfer process is effective even at 78 K.
3.4.3. Luminescence Decay Times

Table 3.2. reports the luminescence decay times of the 5Do — 7F1 and 5Do — 7F2
transitions under various excitation wavelengths. All decay curves exhibited single-
exponential behaviour unless otherwise stated, similar to what has been reported in the
past for these transitions in bulk and nanocrystalline LuyO; with identical doping

levels.!* 133

On examining the values of the luminescence decay times of the
nanocrystalline and bulk samples under UV excitation one notices a lengthening of the
decay time in the nanocrystalline sample, for both the room temperature and 78 K
measurements. This behaviour has been explained by Meltzer et al.'' on the basis of
changes in the refractive index of the surrounding medium of the Eu** ion as one goes to
the nanometer size range.

The radiative lifetime of electric dipole transitions of an ion embedded in a
160

medium may be expressed by the formula

1 A2

o~ . (3.2)
T,
3
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where f(ED) is the oscillator strength for the electric dipole transition, A is the
wavelength in vacuum and » is the refractive index of the medium. An analogous

formula can be found for magnetic dipole transitions'®

1A 53
F(MD) * "

Tp~

where AMD) is the oscillator strength for the magnetic dipole transition, Ao is the
wavelength in vacuum and # is the refractive index of the medium. It was observed in
monoclinic Y203:Eu3+ that the radiative lifetime of an electronic transition of an ion
embedded in a medium is correlated with an effective refractive index nes, which is a
function of the refractive index of yttria and the fraction of space occupied by the

11

nanoparticles surrounded by the media with refractive index #meq. The effective

refractive index is given by

o) = 1,0+ (1 - 3) G4
where x is the “filling factor” showing what fraction of space is occupied by the
nanoparticles. One may replace n by n. when the average size of the particles in
questions much smaller than the wavelength of light, as is the case for the nanocrystalline
lutetia under investigation.

We have performed similar experiments on the nanocrystalline Eu** doped Lu,O3
and have found comparable results. In Figure 3.6. the lifetime at room temperature of the
3Dy state of Eu’" for both the C, and Cj; sites are plotted versus the refractive index of the
media (nmeq) in which the nanoparticles are dispersed. The experimental data for both the
C, and C3; sites have been used for fitting with Eq. (3.2.) and Eq. (3.3.) respectively,

using x as an adjustable parameter. In both the C, and Cs; sites, it was found that a filling
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Figure 3.6. Dependence of the 5Dy lifetime for the Eu®* C; and Cj; sites on the index of

refraction of the media nyeq at T =298 K.
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factor of 0.625 gave a reasonable fit (see Figure 3.6.). Results using x = 0.525 and 0.725
are shown by the other curves. Thus as the refractive index of lutetia'® is 1.93, a
lengthening of the decay times of the electronic levels of Eu®* for the nanoparticles in air
is expected, in agreement with the present results.

This is the first time that this procedure has been performed for the Eu’* Cy
decay. The fact that the same filling factor was determined for both the C; and Cs;
decays is a good indication that this fitting procedure is a valid one. To validate the
results further, a corresponding bulk sample was ground with a mortar and pestle and
placed immersed in the various solvents utilized. No changes in the bulk C; or Cs; decay
time were observed under these conditions.

At 78 K, the lifetime of the Dy (Cy) level under UV excitation was observed to
increases from 1.0 ms to 1.1 ms for the bulk sample. A similar increase from 2.0 ms to
2.3 ms was also found in the nanocrystalline sample. A more striking increase was
observed in the lifetime of the D, (Csi) level at 78 K; where the lifetimes of both samples
were approximately double of what was observed at room temperature (Table 3.2.). We
propose that the lengthening of the lifetime of these levels are primarily due to the
reduction of both the C, to C;; and Cs; to C; energy transfer mechanisms between Eu**
ions at low temperature. Since the major pathway for non-radiative relaxation for Eu** in
Y,0; is energy transfer among the Eu®* ions to a quenching center, if the energy transfer
process is less efficient at low temperatures then these non-radiative processes will be
reduced and the lifetime of the level will increase. In the case of the Dy (Cs9) level at RT
the lifetime is shortened by energy-transfer to Eu>* ions residing in C; sites which possess

significantly shorter lifetime. At 78 K the probability for the downward energy-transfer
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from the Cs; to C; site is decreased; reducing this pathway for relaxation and resulting in

the significant increase of the *Dyg (Cs;) lifetime.

Table 3.2. Dy luminescence decay times for bulk and nanocrystalline Lu,O3:Eu’ 1

mol% at RT and 78 K (Aexc = 257.25 nm).

Smple Tempersture (0, PSER | g odand - Doy fime
Bulk RT 611 Dy (Ca) 1.0
Bulk ‘RT 582.4 "Dy (Csi) 4.4
Bulk 78 611 Dy (C2) 1.1
Bulk 78 582.4 Dy (C3) 6.0
Nano RT 611 Do (C2) 2.0
Nano RT 582.4 *Dyp (C3) 8.7
Nano 78 611 Dy (Ca) 2.3
Nano 78 582.4 "Dy (C3i) 17

3.4.4. Judd-Ofelt Parameters

To gain more insight into the possible structural changes surrounding the Eu®** ion
between the two samples, the experimental intensity parameters 2, and Q4 were

162 and

calculated from the emission spectra using a technique developed by Porcher
subsequently used by others.'® This technique takes advantage of the fact that the
intensities of the Dy — 7F2, Dy — F4 and *Dy — "F transitions are solely dependent on
the Q,, Q4 and Q¢ parameters respectively. Also, the Dy — ’F transition possesses

solely magnetic dipole character while the other Dy — ’F, transitions are purely electric

dipole.
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It is possible to express the spontaneous emission intensity for an i — k transition

as164

1(,k) =ho,, Ai,kK)N(G) (3.5.)
where Ziw, is the transition energy, N(i) is the population of the emitting state and A(i, k)

is the spontaneous emission probability for the i — k transition. In the case of the

SDy—F; emission transitions of the Eu’' ion, the value of A(5Do, 7FJ) can be determined

from the equation'®

4e’w’

ACD,’F,) = 22, ("E|U®|D,) (3.6.)
A

3nc’
where y = ny (n02+ 2)2 / 9 is the Lorentz local field correction and ny is the index of
refraction of the host. For the nanocrystalline sample, we replace ny with the ngy
refractive index determined in the previous section. The reduced matrix elements were
taken from Carnall et al.”’

The calculated values of the Judd-Ofelt parameters are given in Table 3.3. for
both the nanocrystalline and bulk samples. The Q;, parameters for the lanthanide ion are
noticeably higher for the nanocrystalline sample than in the bulk. This behaviour could
be due to the fact that for the nanocrystalline host a higher fraction of the Eu** ions is on
the surface of the particles with respect to the bulk one and therefore the average crystal
field experienced by the ions in the nanoparticles is different with respect to that for the
bulk sample. Moreover, it has been shown that adsorbed CO, and water are present as
contaminants at the surface of the Lu,O; nanoparticles16 and therefore they could
contribute to vary the crystal field experienced by the Eu®* jon. In particular, changes in

the Q, value can be related to changes in the structural environment around the rare earth
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ion due to the hypersensitivity of the Dy — F, transition. The larger Q, parameter in
the nanocrystalline sample is a good indication that the symmetry of the Eu’* sites is

distorted compared to the bulk sample due to the samples small size.

Table 3.3. Q;, Judd-Ofelt intensity parameters for the nanocrystalline and bulk
Lu203,:Eu3+ 1 mol%. Re,: ratio between the emission intensities of the 5D0—>7F0 and

SDo—>F, transitions.

Sample Q, (102 em?) Q4 (102 cm?) Ry,
Bulk 6.14 1.71 0.019
Nanocrystalline 9.07 2.60 0.025

Another useful value to examine is the ratio of the emission intensities of the > Dy
— 7Fo to Dy — F, transitions Rg,. This parameter can give information about the J-
mixing effect related with the 5D0 — "Fy, transition.'®®> As with the Qy values, the Ry
ratio was found to be higher for the nanocrystalline sample reflecting a larger J-mixing.
This indicates that in the nanocrystalline sample the structure environment around the

Eu®" jons is of higher complexity compared to the bulk.
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3.5. CONCLUSIONS

Emission spectra and lifetimes of the excited states of the nanocrystal samples
were found to differ significantly from those of the bulk. Judd-Ofelt intensity parameters
calculated from the emission spectra of the samples indicate that the Eu®" sites in the
nanocrystalline sample are more disordered compared to the bulk sample. A higher Ry
ratio confirms that the Eu®* environment in the nanocrystalline sample is more complex
than in the bulk. The longer lifetimes for the Dy excited state were successfully
attributed to a modification in the refractive index for the nanocrystalline material. By
fitting the decay curves for both the C, and C;; sites, it was found that the nanocrystals

have a filling factor of 0.625.
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3.6. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

This publication on Eu** doped Lu,0s is a groundbreaking publication in the field
of nanocrystal research. In this work, we applied several techniques from the literature
that allowed for the determination of Judd-Ofelt intensity parameters for the Eu®*
transitions in this material. Intensity parameters are normally calculated for transparent
glasses and crystals via the absorption spectra of the materials. Since the materials in
question were polycrystalline, we utilized the relative emission intensities of the various
Eu®" transitions to arrive at the intensity parameters. This was the first instance in the
literature of the utilization of this technique on a Eu*" doped nanocrystalline material.

The subsequent chapter examines the spectroscopy and upconversion studies of
Ho>" doped Gd;GasO;; (GGG) nanocrystals. Though we were able to observe
upconversion in lanthanide doped sesquoxide materials the efficiencies of these materials
were significantly decreased by adsorbed CO;* and OH ions. We decided to move on to
GGG as a host material as it demonstrated considerably less surface contamination due to
the afformentioned ions derived from atmospheric molecules. This resulted in a
substantial increase in the observed upconversion efficiencies in the Ho’* doped
materials. In fact, this was the first report in the literature of efficient Ho>" upconversion

in a discrete oxide-based nanopowder.
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Chapter 4

Investigation of the Upconversion Processes in

Nanocrystalline Gd;GasO,:Ho”'

Published as:
J. C. Boyer, F. Vetrone, J. A. Capobianco, A. Speghini, M. Zambelli and M. Bettinelli

Journal of Luminescence 2004, 106, 263-268.
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4.1. ABSTRACT

Intense upconversion luminescence is reported for the first time in a Ho** doped
nanocrystalline material. ~Anti-Stokes blue and green luminescence was noted in
nanocrystalline Gd3G:¢15012:Ho3+ after excitation into the ° F5 level with 647 nm radiation.
Excitation at 756 nm into the * I4 level resulted in green and red anti-Stokes emission. In
both cases, an excited state adsorption (ESA) mechanism is thought responsible for the
observed upconversion luminescence. The temporal dependence of the upconverted
luminescence for the two excitation wavelengths revealed that the °I; level was the

intermediate level in both two-photon processes.
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4.2. INTRODUCTION

The past decade has seen a proliferation in the number of papers published on
lanthanide doped nanocrystalline phosphors due to their different luminescence
properties and excited state kinetics when compared to micrometer counterpans.m’ 122
These unique properties have generated interest in these materials for possible use in
Plasma Display Panels (PDPs), Field Emission Displays (FEDs) and Cathode Ray Tubes
(CRTs).¥ While numerous studies® ® have focused on these applications, examining
the luminescence generated by exciting with UV light or electrons, very few have
examined the upconversion phenomenon in nanocrystalline materials. Upconversion is
the generation of visible or UV light from lower energy radiation, usually NIR or IR,
through the use of transition metal, lanthanide or actinide ions doped into a solid state
host. Much of the interest in upconverting materials is due to their potential applications
as IR sensitive phosphors or in upconversion lasers.”"

The Gd3GasO2 (GGG) crystal belongs to the cubic crystalline system with space
group 1a3d.°" ' The Gd** ions occupy 24(c) dodecahedral (distorted cube) sites in the
lattice, while the Ga®>" ions are located in the 16(a) and 24(d) sites which represent
octahedral and tetrahedral coordination. The O* ions occupy the 96(h) sites with each
one being a member of two dodecahedra, one octahedron and one tetrahedron. The
garnet structure can be viewed as interconnected dodecahedra, octahedra and tetrahedra
with shared atoms at the corners of the polyhedra. The doping lanthanide ions enter into
the Gd>* sites which possess D, symmetry.

The Iluminescent properties and intensity parameters of single crystal

Gd3GasO12:Ho®" have been examined in detail previously.167 Recently, the upconversion
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of NIR to visible light,'®® and the energy transfer'®

involved in this process, have been
investigated in Gd3GasO12:Ho®" co-doped with Yb*". The effect of Tm*" on both the
upconversion processes and as a sensitizer for the 2 um laser emission in
Gd3Ga5012:Ho3+ garnet co-doped with Yb** has also been examined in great detail.>**®
To date, no investigation of the luminescent or upconversion properties of
Gd3Ga5012:H03+ in nanocrystalline form has been performed. In this letter we examine

two upconversion processes, one under 647 nm excitation and another with 756 nm

excitation, in Gd;Gas0O;, nanocrystals doped with 1 mol% Ho’".
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4.3. EXPERIMENTAL

The Gd3;GasO;; nanocrystals doped with 1 mol% Ho** were prepared using a
solution combustion (propellant) synthesis procedure. This process involves the
exothermic reaction between metal nitrates (oxidiser) and an organic fuel, such as urea,
glycine or carbohydrazide. An aqueous solution containing appropriate quantities of
carbohydrazide (NH,NH),CO (Aldrich, 98%), Gd(NOs);:6H,O (Aldrich, 99.99%),
Ga(NO3);-H,0 (Aldrich, 99.999%) and Ho(NO3);3-6H,0 (Aldrich, 99.9%) was prepared.
A carbohydrazide-to-metal nitrate molar ratio of 2.5 was employed. The precursor
solution was heated with a Bunsen flame and after the evaporation of the solvent, the auto
combustion process occurs with the evolution of brown fumes resulting in the formation
of a very porous and voluminous mass of powder. The proposed stoichiometric synthesis
reaction is:

3(1-x)Gd(NO3); + 5Ga(NO3)3 + 3xHo(NO;3); + 3(NH,NH),CO —
(Gd;Ho,)3GasO2 + 24NO; + 6N, + 3CO; + 9H,0

The resultant powder of the combustion reaction was fired for 2 hours at 700 °C in order
to decompose any residual carbohydrazide and nitrate ions. All nanocrystalline samples
were kept in air without any further precautions.

Stokes emission spectra were measured by exciting at 457.9 nm using a Coherent
Sabre Innova, 20 W argon laser. The anti-Stokes luminescence spectra were obtained by
exciting either at 756 nm using a Spectra-Physics Model 3900 Titanium Sapphire laser or
at 647 nm using a Spectra-Physics 375 dye-laser operating with DCM, both were pumped
by the 514.5 nm line of the argon ion laser. The visible emissions were then collected

and dispersed using a Jarrell-Ash 1-meter Czerny Turner double monochromator. The
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emissions were monitored with a thermoelectrically cooled Hamamatsu R943-02
photomultiplier tube. The photomultiplier signals were aquired using a preamplifier
model SR440 Stanford Research Systems and a gated photon counter model SR400
Stanford Research Systems data acquisition system. The signal was recorded under
computer control using Stanford SR465 data acquisition software. Luminescence decay
curves were measured by modulating the excitation light with a chopper (SR540 Stanford
Research Systems). They were recorded using the same gated photon counter mentioned
above. The temporal dependence of the upconverted emission was obtained by
modulating the excitation beam at 20 Hz with the chopper and recorded the
photomultiplier tube output using a digital oscilloscope (Tektronix TDS 520A). All

experiments were performed at room temperature (298 K).
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4.4. RESULTS AND DISCUSSION

Wide angle powder X-ray diffraction has confirmed that the nanocrystalline
Gd3Ga5012:Ho3+ sample under investigation contains Gd3;GasO;, and that no important
contamination from other phases is present. The broadening of the diffraction peaks
indicates that the particle sizes are in the 10 nm range. A detailed investigation of the
structure and morphology of these materials is presently under way.'”

The luminescence emission spectra of the sample excited at 457.9 nm is shown in
Figure 4.1. Three emission bands arising from transitions within the 4/-4f levels of the
Ho®" ion are observed in the visible portion of the spectrum. All observed emission
bands demonstrated a linear power dependence indicating they all originate from Stokes
emissions. A weak blue emission attributed to the 5F3 - 5Ig transition was observed
between 480-500 nm. An intense yellow-green emission between 530-570 nm was
detected and assigned to the transition from the thermalized 5F4 and °S, states to the 513
ground state. A red emission was observed between 635-670 nm originating from the °Fs

— I transition. A NIR emission between 740-770 nm (not shown) corresponding to the

(°Fs,°S;)—°I; transition was also observed. The emission spectrum obtained for the
nanocrystalline material is very similar to what has been reported for single crystal
Gd3Gas0O;, doped with Ho** and Yb*",'68 indicating that the crystal field acting on the
ions is not significantly affected by the nanocrystals’ small size.

Figure 4.1. shows the upconversion (anti-Stokes) luminescence of the Gd;GasO,:
Ho’" nanocrystals after excitation into the °Fs level with 647 nm radiation. Anti-Stokes
emission was observed corresponding to the blue °F3 — Iz and the green CFy, °S,) — I

transitions. As in the Stokes emission spectrum obtain under 457.9 nm excitation, the
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Figure 4.1. Room temperature upconverted luminescence of nanocrystalline Gd;GasO;2:

Ho>" upon excitation at 647 nm or 756 nm. Room temperature emission spectrum under
Aex = 457.9 nm is also shown for comparative purposes. (i) °F3 — °Iz (i) CFq, 5S,) >

g (iii) °Fs » ’ls.

-102 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



green (5 Fs, 3 S;) > 5Ig emission was found to be dominant over all other emissions. The
upconversion luminescence intensity 7y is related to the pump intensity /; via the formula
Ip o I, where n is the number of pump photons required to populate the emitting state.!>
In order to determine the number of photons responsible for the upconversion
mechanism, the intensity of the green (5 Fa, 5 Sy) —» 5 Is luminescence was measured as a
function of the 647 nm excitation intensity (Figure 4.2.). A straight line fit of the
resulting plot of In(l;) versus In(Jy) resulted in a slope of 1.8 indicating a two-photon
upconversion process is present.

The ratio of the blue to green emission was found to approximately 1:400 in both
the Stokes and anti-Stokes emission spectra. The luminescence decay curve of the (5 Fa,
3S;) — I transition by exciting at 647 nm was measured and fitted with a single

exponential function. The decay time of the (Fa, °S,) — °Ig transition was found to be 49

us, which is identical to that obtained under 457.9 nm excitation. For this reason, there is
no definite indication that an energy transfer upconversion process (ETU) is dominant.'”"
A photon avalanche upconversion mechanism is discounted as no inflection in the graph
of In(Z}) versus In(/y) was observed. Based on these observations, it is reasonable to
assume that an excited state absorption (ESA) upconversion process is predominantly
responsible for the anti-Stokes emission.

Excited state absorption (ESA) processes from lower lying energy levels in Ho®*
doped crystals and glasses has been proposed by many authors.”® ' Two likely excited
state absorptions occur from the °Is and °I; levels. To determine which was responsible

for the upconversion luminescence we examined the temporal evolution of the green

luminescence. We observed a risetime value of 5.1 ms which is closer to the lifetime of
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Figure 4.2. Room temperature power dependence of the upconverted (CFs, °Sy) — °Ig
luminescence intensity for the nanocrystalline Gd;GasO»: Ho>" observed with 647 nm

and 756 nm excitation.
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10 ms for the °I7 level rather than the °I; lifetime of 550 ps found in the single crystal
GdsGasOpn: Ho**.*® Based on these results we propose that the primary mechanism by
which the >Fs and (°Fs, °S,) levels are populated (Figure 4.3.) is as follows. The 647 nm
laser light initially populates the °Fs level of the Ho®* ion, which then non-radiatively
decays down to the °I; level. A second absorbed 647 nm photon through an ESA process
(517 - 5F3) brings the ion to the 5F; level. The ion then emits through the SF; = Ol
transition or can non-radiatively decay to the lower lying levels and the (°F4, °S;) — °Ig
transition occurs. Since the °I; level, which is responsible for feeding the 5F4 and °S,
levels in the upconversion process, is long lived®® the identity of the decay time of the
emission from (5F4, 5 S,), following 457.9 and 647 nm excitation, confirms that an ETU
mechanism is not important in the upconversion process.

The anti-Stokes green emission was found to be very powerful with luminescence
being visible with the naked eye with only a few milliwatts of excitation power. This is
in stark comparison to a previous study on Ho®" doped nanocrystalline Y,Oj; prepared via
a similar propellant synthesis where the same upconversion process was noted to be far
less efficient.> The lower upconverted emission intensity for the Y,0s:Ho>
nanocrystalline sample was attributed to an increase of multiphonon relaxations of
excited levels caused by the presence of carbonate and hydroxide ions on the surface of
the nanocrystals. The presence of carbonate (~1500 cm™) and hydroxide (~3350 cm™)
phonons can easily depopulate via multiphonon relaxation the °I; intermediate level
involved in the excited state absorption (ESA) upconversion mechanism, thereby
reducing its efficiency. In contrast, the MIR spectrum of Gd;GasO;, nanocrystals

synthesised via the combustion reaction described, exhibited a considerable reduction
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Figure 4.3. Principal ESA upconversion mechanisms for 647 nm excitation (left) and 756

nm excitation (right) in nanocrystalline Gd;GasO1;: Ho".
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in the intensity of the bands attributed to the carbonate and hydroxide ions compared to

173 Therefore, the lower concentration of adsorbed

those of the Y,O; nanocrystals.
contaminant species on the surface of the Gd;GasOp:Ho™" nanocrystals will lead to
higher luminescence and upconversion efficiencies compared to nanocrystalline Y,0s:
Ho*".

Upon excitation of the Gd3Ga5012:Ho3Jr nanocrystals with 756 nm radiation into
the 14 level, anti-Stokes emissions corresponding to the (5F4, 5 S;) —» 5Is and °Fs — I,
transitions were observed (Figure 4.1.). As seen in Figure 4.2., the CFs, °Sy) o I
luminescence was found to exhibit a nearly quadratic dependence (» = 1.8) on the laser
power indicating that two photons were involved in the upconversion mechanism. Again,
no changes in the relative intensities of the emission peaks were observed between the
upconverted and Stokes emission spectra.

An excited state absorption (ESA) upconversion mechanism was again thought
responsible for the upconversion luminescence. The decay time of the (’Fs4, °S,) state
under 756 nm excitation was found to be 49 us; similar to what was observed under
excitation at 457.9 nm. Similar to the case of excitation into the ° Fs level (Aexc = 647 nm),
the temporal evolution of the green luminescence indicated a rise time of 5.1 ms
identified as the lifetime of the ° I; level, as described above. Based on these observations
we propose the following upconversion mechanism by which the (Fs, °S,) and °Fs levels
are populated (Figure 4.3.). The first 756 nm photon populates the 4 level of the Ho®"
jon through a ground state absorption (GSA), which then non-radiatively decays to the °I;
level. A second laser photon through an excited state absorption (ESA) process then

populates the (F4, °S) levels. Green emission then occurs corresponding to the (°Fs, °Sy)
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— °Ig transition or alternatively the ion can non-radiatively decay to the lower lying

energy levels and the red emission °Fs — °I3 transition is observed.
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4.5. CONLUSIONS

The luminescence and upconversion processes in nanocrystalline Gd;GasOi,:
Ho®" were investigated and discussed. Anti-Stokes emissions obtained after excitation
into the °Fs level were attributed to an excited state absorption (ESA) mechanism
occurring via the °I; level. Excitation into the I level with 756 nm radiation resulted in
visible upconversion emission through another excited state absorption (ESA)
mechanism. Temporal studies have demonstrated that the 31, level is the intermediate

state from which the excited state absorption (ESA) takes place.
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4.6. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

This work on Ho®* doped nanocrystalline Gd;GasO;; was the first article
published in the literature to report intense Ho®>" upconversion luminescence in a discrete
nanocystalline powder. To increase the upconversion efficiencies to a greater extent, the
GGG:Ho>" sample was co-doped with Yb**. The disadvantage of upconversion systems
based solely on one lanthanide ion is that the majority of the lanthanide ions possess low
absorption cross sections in the NIR range were most commercially available diode lasers
are available. Co-doping with Yb®* overcomes this problem as it has the highest
absorption cross section of any of the lanthanide ions in the NIR region. It is also capable
of transferring the excitation energy to several of the other lanthanide ions, including
Ho’", thus acting as an effective excitation channel through which the upconversion

processes can occur. The following paper deals with the results of this study.
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Chapter 5

Yb’" Ion as a Sensitizer for the Upconversion

Luminescence in Nanocrystalline

Gdg,GasOl 2IH03+

Published as:
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5.1. ABSTRACT

The effect of Yb* co-doping on the upconversion luminescence in
nanocrystalline GdgGa5012:Ho3+ was examined. Strong and efficient NIR to green anti-
Stokes luminescence was noted in nanocrystalline Gd3Ga5012:H03+, Yb* after excitation
into the 2Fs, level of Yb** with 978 nm radiation. Weaker blue, red and NIR anti-Stokes
luminescence was also observed upon 978 nm excitation. An enhancement of the red °Fs
— I luminescence was observed in the anti-Stokes spectrum compared to the Stokes
emission spectrum. This enhancement was attributed to two distinct Energy Transfer
Upconversion (ETU) mechanisms which preferentially populate the (’Es4, °S,) and °Fs

levels.
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5.2. INTRODUCTION

An increasing amount of attention in the literature has been given recently to
upconverting nanoparticles due to their fascinating potential. Upconversion is the
generation of visible or UV light from lower energy radiation, usually NIR or IR, through
the use of transition metal, lanthanide or actinide ions doped into a solid state host. Much
of the interest in upconverting nanocrystalline materials is due to their prospective
applications as biological fluorescence labels or as IR sensitive phosphors. Our group
has recently examined the upconversion processes in nanocrystalline Gd;GasO;> doped
either with Er** or Ho>* 3! 172

The Yb**-Ho*" ion pair in solid-state hosts has attracted considerable interest as
a possible green laser system which can be pumped with commercial laser diodes in the
980 nm range thereby taking advantage of the Yb** to Ho>" energy transfer (ET).!"*'"¢
Co-doping with Yb** overcomes the problem of the low absorption cross section of the
Ho* ion in the NIR range where most commercially available diode lasers are
available.'” Thus, co-doping with Yb*" offers an effective excitation channel through
which the upconversion processes can occur.

The upconversion of NIR to visible light has been examined recently in single
crystal Gd;GasOp2:Ho>™ co-doped with Yb**, pumping with a 978 nm IR diode laser.'®®
The effect of Yb*" and Tm®" as a sensitizers for the 2 pm infrared emission in
Gd3Ga5017_:Ho3+, along with the energy transfer process involved, has also been
investigated in great detail.®>*" ' These studies have also looked at the upconversion
processes under IR excitation in this material, but as a source of loss for the 2 pm Ho®*

emission. Here we present a detailed examination of the upconversion processes in
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nanocrystalline Gd3Ga5012:H03+, Yb>" under NIR excitation in which we will elucidate

the energy transfer upconversion mechanisms responsible for the anti-Stokes emission.
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5.3. EXPERIMENTAL

The Gd3;GasO;2 nanocrystals doped with 1 mol% Ho®* and 1 mol% Yb** were
prepared using a solution combustion (propellant) synthesis procedure. This process
involves the exothermic reaction between metal nitrates (oxidizer) and carbohydrazide.
An aqueous solution containing appropriate quantities of carbohydrazide (NH,NH),CO
(Aldrich, 98%), Gd(NO3)3-6H,0 (Aldrich, 99.99%), Ga(NO3);-H,O (Aldrich, 99.999%),
Ho(NO;)3-6H,0 (Aldrich, 99.9%) and Yb(NO3)3:6H,0 (Aldrich, 99.9%) was prepared.
A carbohydrazide-to-metal nitrate molar ratio of 2.5 was employed. Upon heating, the
auto combustion process occurs with the evolution of brown fumes resulting in the
formation of a very porous and voluminous mass of powder. The proposed
stoichiometric synthesis reaction is:
3M(NO3); + 5Ga(NOs); + 3(NHNH),CO — M3Gas0;; + 24NO; + 6N, + 3CO, + 9H,0
where M = Gd, Ho and Yb. The resultant powder from the combustion reaction was fired
for 72 hours at 800 °C in order to decompose any residual carbohydrazide and nitrate
ions. All nanocrystalline samples were kept in air without any further precaution.

Stokes emission spectra were measured by exciting at 457.9 nm using a Coherent
Sabre Innova, 20 W argon laser. The anti-Stokes luminescence spectra were obtained by
exciting at 978 nm using a Spectra-Physics Model 3900 Titanium Sapphire laser pumped
by the 514.5 nm line of the argon ion laser. The visible emissions were then collected
and dispersed using a Jarrell-Ash 1-meter Czerny Turner double monochromator. The
emissions were monitored with a thermoelectrically cooled Hamamatsu R943-02
photomultiplier tube. The photomultiplier signals were amplified using a Stanford

Research Systems model SR440 preamplifier. The amplified signals were acquired using
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a Stanford Research Systems model SR400 gated photon counter data acquisition system.
The signal was recorded under computer control using Stanford SR465 data acquisition
software. The near-infrared (NIR) emission spectra and decay times were recorded using
a Jarrell-Ash % meter Czerny-Turner single monochromator in second order. The signal
was detected by a Northcoast EO-817P liquid nitrogen-cooled germanium detector
connected to a computer-controlled Stanford Research Systems model SR510 lock-in
amplifier.

Fluorescence lifetimes were measured by modulating the excitation beam using a
Stanford Research Systems SR540 optical chopper. They were recorded using a
Tektronix TDS 520A digital oscilloscope. The temporal dependence of the upconverted
emission was obtained by modulating the excitation beam at 20 Hz with an optical
chopper and recording the photomultiplier tube output using the digital oscilloscope. All
spectroscopic measurements were carried out at room temperature.

A continuous flow cryostat (Janis Research ST-VP-4) was used to acquire the low
temperature spectra and a Lakeshore model 330 controller was used to monitor the

temperature.
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5.4. RESULTS AND DISCUSSION

Wide angle powder X-ray diffraction revealed that the nanocrystalline samples
under investigation have a particle size in the 15-30 nm range. A detailed investigation
of the structure and morphology of these materials is presently under way.!”

The room temperature Stokes luminescence spectrum of the Gd;GasOq: Ho3+,
Yb>" sample when excited into the *Kg level with 457.9 nm radiation is shown in Figure
5.1. Four emission bands are observed in the visible and NIR portion of the
electromagnetic spectrum. According to the energy diagram for Ho’*, the observed
Stokes emissions are assigned to transitions within the 4£4f levels of the Ho>" ion as
follows. The weak blue emission from 480 to 500 nm is assigned to the F; — Ol
transition. The intense greed band around 550 nm is attributed to the (5F4, 3 S;) — s
transition. The red emission in the region of 650 nm and the NIR emission centered at
750 nm were assigned to the SFs — S1g and (5F4, S S;) — 3l transitions respectively. The
peak positions of the Ho>* ion transitions in both nanocrystalline samples are similar to
what has been reported in the literature previously for single crystal Gd;Gas0,,. 167 168

Figure 5.1. also shows the upconversion (anti-Stokes) luminescence of the
Gd3GasOyp: Ho®*, Yb** nanocrystals after excitation into the *Fs, level of Yb>* with 978
nm radiation. Similar to excitation at 457.9 nm, four emission bands were again
observed in the visible and NIR portions of the spectrum. Emission was again observed
from the *F3 — °Ig, (°F4, °Sy) — Iy, °Fs — °Ig and CFs, °S;) — °I; transitions. No
emissions located higher in energy relative to the °F3 — °Ig transition were observed.

The ratio of the green to red emission was found to be approximately 15:1 in the

case of the anti-Stokes emission spectra. This is a significant change when compared to
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Figure 5.1. Room temperature (a) emission spectrum under Aex = 457.9 nm shown for
comparative purposes. (b) anti-Stokes luminescence of nanocrystalline Gd3Ga5012:
Ho*", Yb>" upon excitation at 978 nm. (i) CF4, °S2) — °Ig (ii) °Fs — °Is (iii) CF4, °Sp) —
3l; Inset: Weak blue °F; — °I3 luminescence observed under (a) 457.9 nm and (b) 978

nm excitation. Extra peak character under 978 nm excitation is noted by *.

-118 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the spectrum obtained under 457.9 nm excitation where the ratio of the two emissions
was 60:1. This is an indication that two separate upconversion mechanisms are
responsible for populating the (’Fs, °S;) and °Fs levels respectively.

To gain insight into the kinetics of the luminescence we examined the decay times
for the (5F4, 582) — 518 and 5F5 — 5Ig transitions for both excitation wavelengths (Table
5.1.). The decay curve obtained for 457.9 nm excitation showed a slight deviation from
single exponential behaviour. As such, we determined the emission decay constant, 7,,

using the following equation for the effective decay time:'”’

[ (e)ar (5.1.)

" j: 1(r)dt

where [(f) is the intensity at time ¢. An effective decay time of 43 us was observed under
457.9 nm excitation, which represented a slight change over the 46 us effective decay
time determined for the same level in a singly doped Ho>* 1 mol% sample 3. This
decrease in decay time can be related to a well documented energy transfer between the
Ho®" and Yb** ions.'” However, the relatively small decrease shows that this Ho>* to
Yb** energy transfer is inefficient at current doping levels. Under 978 nm excitation, the
decay curves of the (5F4, 5 S;) — 513 and °Fs — °I; transitions exhibit strong non-
exponential behaviour and an increased effective decay time of 343 us and 817 us
respectively compared to that obtained under 457.9 nm excitation. Both of these

behaviours are considered to be a clear indication of energy transfer upconversion.'”!

-119 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.1. Decay times obtained from an effective decay fit of the room temperature

decay curves for the (F4, °S) — °Ig and °Fs — I transitions for 457.9 nm and 978 nm

excitations.
Decay Time (Ms)
Transition
Aex = 457.9 nm Aex =978 nm
CFs,°S2) — I 43 ps 343 us
Fs — g 104 ps 817 ps

The general formula relating the intensity of the upconversion luminescence I to
the pump power P can be written as:

[aP" 5.2)
where n is the number of pump photons required to excite the emitting state.'’® In order
to determine the number of photons responsible for the upconversion mechanism, the
intensities of the blue, green and red upconversion emissions were recorded as a function
of the 978 nm excitation intensity (Figure 5.2.). The blue and green emissions intensities
demonstrated quadratic power dependencies indicating two photon upconversion
mechanisms. The °Fs — °Ig upconversion emission exhibited a power dependence close
to 1.5, indicating a “saturated” two photon mechanism. Since upconversion is a
nonlinear process, it cannot maintain its nonlinear behaviour up to infinite excitation
energy as a consequence of the conservation of energy. As such, the dependence of
upconversion luminescence intensity on pump power is expected to level off to a linear
behaviour with increasing excitation, and a “saturation” of the luminescence intensity is
observed for higher pump powers. This difference again confirms that the °Fs level is

populated predominately through an alternate mechanism to the upper °F; and (Fa,
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Figure 5.2. Room temperature power dependence of the upconverted blue °F3 — °Ig,
green (CFs, °S;) — °Ig and red °Fs — ’Is luminescence intensity for nanocrystalline

Gd3GasO1a: Ho®", YB*" upon 978 nm excitation.
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3S,) states. All three plots exhibited no inflection points thereby ruling out photon
avalanche upconversion.

To gain an understanding of the upconversion mechanisms we examined both the
temporal evolutions of the green and red emissions along with the decay times of the IR
emissions of both the Yb*" and Ho®" ions (Figure 5.3.). Two distinct rises in the temporal
evolutions for the green and red upconversion emissions were observed again indicating
that two distinct mechanisms are responsible for these emission transitions.

The rise of the green emission (Figure 5.3.) was determined to be approximately
1.1 ms, which is the same as the experimentally determined decay time of the 2Fs, level
of the Yb*" ion. Thus, the 2F5/2 decay time is determined to be the limiting step in the
proposed upconversion mechanism populating the (’Fs, °S,) levels (Figure 5.4.). The
initial 978 nm photon will populate the 2F5/2 level of the Yb*" ion, which will then
transfer its energy to a nearby Ho>* ion thus populating the ’Is level. The difference in
energy between the two states will be dissipated via the lattice. The ion is then promoted
to the (5 F4, 5 S») levels either through another energy transfer from an Yb** ion in the 2F5/2
state or an excited state absorption via the absorption of a 978 nm pump photon. The
Ho>" ion can then emit through the green (°Fs, °S;) — °lg transition. Alternatively, the
ion can non-radiatively decay to the lower lying levels and the °Fs — °Ig transition occurs.

A rise of 4.1 ms was observed for the temporal evolution of the red °Fs — °Ig
upconversion emission. This is in approximate agreement with the experimentally
observed lifetime of the °I; level in this host.”® Therefore, the mechanism responsible for
the population of the °Fs state must involve the °I; level as an intermediate state (Figure

5.4.). Similar to the mechanism that populates the CFy, °S,) levels, the first step in the

-122 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[ 7 e v P N

]

a%g :ﬁz%

0 (°Fy, °Sy) — g

Rise Time = 1.1 ms

Normalized Intensi
o
%
8 (=]
3
og@
&
&

X o 5F5 N 518

8 Rise Time = 4.1 ms
o

0 5 10 15 20

Time (ms)

Figure 5.3. Temporal evolution of the green (5F4, 5Sz) — I3 and red °Fs — Iy
upconverted luminescence in nanocrystalline Gd;GasOp: Ho’', Yb*" under 978 nm

excitation.
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Figure 5.4. Principal upconversion mechanisms for the anti-Stokes green (°Fa, °Sy) — °Ig

(left) and red °Fs — °Ig (right) luminescence in nanocrystalline Gd:GasO2: Ho**, Yb**

under 978 nm excitation.
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mechanism involves population of the 2F5/2 level of an Yb>" ion via absorption of a 978
nm pump photon. An energy transfer process then occurs between the Yb*" jon and a
Ho®" ion thus populating the °Is state of the Ho’" ion. The ion then decays non-
radiatively to the °I; level, where a subsequent energy transfer from an Yb®" ion or an
excited state absorption takes the Ho>* ion up to the °Fs state. The red emission then
occurs via the °F5 — °Ig transition.

A weak blue emission was also observed under 978 nm excitation. This blue
emission demonstrated a quadratic dependence on the 978 nm excitation power and is
approximately twice the energy of the excitation wavelength. Thus, there are two
possible mechanisms that could be responsible for the blue emission. Since the Ho’" ion
has no resonant absorption at 978 nm, the initial absorption must occur via the Yb>" ion.
An energy transfer could then occur between an Yb>" ion in the 2F5/2 state and the 515 state
of a Ho®" ion with the difference in energy being made up by lattice vibrations. An ESA
or a second ET from an Yb** ion could then populate the F; state of the Ho>* ion
resulting in the blue emission. An alternate mechanism could involve two Yb>* ions in a
cooperative upconversion mechanism that results in blue emission.'”” " This blue
emission could also populate the °F; state. This alternate mechanism could offer an
explanation for the extra peak character in the blue portion of the spectrum that is
observed in the upconversion spectrum.

To aid in the determination of the mechanism, the temperature dependence of the
upconversion emissions was studied between 78 K and RT. It was found that the ratio of
the blue to green emission did not change significantly over the temperature range

examined. This effectively rules out the first proposed mechanism, where a phonon-
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assisted energy transfer from the 2F5/2 state of the Yb>" ion populates the 515 state of a
Ho’* jon. Thus, the cooperative upconversion mechanism proposed above must be
responsible for the observed blue emission. Elucidation of the Yb** ion concentration
dependence on this cooperative upconversion mechanism will be the basis of future

studies.
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5.5. CONLUSIONS

The effect of Yb** codoping on the upconversion process in nanocrystalline
Gd3GasOqa: Ho’" is examined. We observed strong and efficient NIR to green
upconversion in a nano-material. Enhancement of the red SF5 — 515 emission is observed
relative to the green (CF4, °S;) — °Ig emission when the sample is irradiated with 978 nm
radiation. The enhancement is attributed to two distinct energy transfer mechanism
which independently populate the (°Fs, °S;) and °Fs states. Evaluation of the
upconversion temporal evolutions and the decay times of the IR levels indicate the
intermediate levels in the two upconversion mechanisms are the ¢ and °I; levels
respectively. Studies are currently underway to determine the concentration effect of the

Yb*" ion doping on the upconversion luminescence.
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5.6. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

This publication deals with the upconversion of Ho>*/Yb* co-doped
nanocrystalline Gd3GasO;;. The results published in this article were an important
milestone in the field of nanocrystal research. For the first time in the literature, intense
upconversion luminescence was reported for a Ho** doped nanocrystalline sample. At
the time we thought this sample showed real promise as a potential upconversion
phosphor and as an upconverting biological label.

In next chapter we present the results of our first effort to obtain discrete and
dispersable upconverting nanoparticles. Shortly after the publication of the previous
article our lab recognized that for the realization of upconverting biolabels or bioassays,
upconverting nanoparticles would have to be synthesized that were capable of being
dispersed as colloidal solutions. Though several of the oxide and garnet nanocrystalline
samples investigated by our lab up to this point had realatively high upconversion
efficiencies, none of the samples could be dispersed as clear colloidal solutions. We
developed a method for producing upconverting lanthanide-doped NaYF,4 nanocrystals
via the thermal decomposition of trifluoroacetate precusors in a mixture of oleic acid and
octadecene. This method produced highly luminescent nanoparticles through a simple
one-pot technique with only one preparatory step. The Er’*, Yb** and Tm®*, Yb** doped
cubic NaYF4 nanocrystals were colloidally stable in nonpolar organic solvents and
exhibit green/red and blue upconversion luminescence, respectively under 977 nm laser

excitation with low power densities.
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Chapter 6

Synthesis of Colloidal Upconverting NaYF,
Nanocrystals Doped with Er’*, Yb*" and Tm’”,
Yb’" via Thermal Decomposition of Lanthanide

Trifluoroacetate Precursors

Tm' Yh
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The synthesis and spectroscopy of upconverting nanocrystals (NCs) has recently
garnered considerable attention due to their potential use as biolabels and in biological
assays.”” 2% 19197 Upconverting phosphors have a number of properties that make them
attractive for use in these tasks.>> ' 116 B8 (ypconversion is the generation of higher
energy light from lower energy radiation, usually near-infrared (NIR) or infrared (IR),
through the use of transition metal, lanthanide or actinide ions doped into a solid state
host. Organic dyes and semiconductor quantum dots that emit at higher energies via two-
photon absorption processes requiring expensive high energy pulse lasers have also been
investigated for use in these techniques.'®*'% Due to the relative high efficiency of the
upconversion process in lanthanide doped materials inexpensive 980 nm NIR diode lasers
may be employed as the excitation source. The realization of efficient NIR to visible
upconverting NCs should unlock a realm of new possibilities in the field of biolabeling
and bioassays.

The first step in achieving viable upconverting NCs is the selection of a material
that is an efficient host for lanthanide ion upconversion. Gudel et al. have recently
identified micrometer-sized Er’*/Yb®" or Tm?*/Yb®>" co-doped hexagonal NaYF, as the
material with the highest upconversion efficiencies.'™ '®'¥7 Several recent publications
have reported upconversion from colloids of either cubic*” *° or hexagonal'® NaYF,
NCs, as well as hexagonalzs’ 105 NaGdF, NCs. It is well known that metal
trifluoroacetates thermally decompose to give the corresponding metal fluorides and

109, 111

various fluorinated and oxyfluorinated carbon species. The use of oleic acid

together with the non-coordinating solvent octadecene for the synthesis of various types

of NCs in also well documented.'®" "> '3 Here we present a new synthetic route for
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cubic NaYF4 NCs that exploits the combination of these two facts to provide highly
luminescent nanoparticles through a simple one-pot technique with only one preparatory
step.

The procedure for the synthesis of NaYF4 NCs was adapted from a recently
reported synthesis of LaF3 nanoplates.lo1 The lanthanide trifluoracetate precursors were
prepared from the corresponding lanthanide oxides and trifluoracetic acid.'® The
corresponding amount of sodium trifluoroacetate was then added to the reaction vessel
with octadecene and oleic acid. The resulting solution was heated to 100 °C under
vacuum with stirring for 30 min to remove residual water and oxygen. The solution was
then heated to 300 °C at a rate of 10 °C/min under Ar and kept at this temperature for 1
hr. Subsequently the mixture was allowed to cool to room temperature and the NCs were
precipitated by the addition of hexane/acetone (v/v in 1:4) and isolated via centrifugation.
The resulting pellet was then washed once with ethanol and further purified by dispersing
in a minimum amount of chloroform and precipitated with excess ethanol. The resulting
NCs were dried under vacuum for 24 hrs. The presence of the oleic acid ligand on the
surface of the NCs was confirmed via the 'H NMR of an undoped NaYF, sample (Figure
6.4. in supporting information). Due to the presence of the capping ligand, the NCs could
be dispersed in nonpolar solvents and were colloidally stable in solution for a period of
weeks with no visible agglomeration or settling.

Fig. 6.1. shows the characterization data for a NaYF4: 2% Er’", 20% Yb*" sample.
The transmission electron microscopy (TEM) images (Fig. 6.1.A) show that the
synthesized particles are roughly spherical. From the particle size distribution (Fig.

6.1.B), one can observe that the particles vary in size from 10 to 50 nm, with the majority
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falling in the range between 15 to 30 nm. The powder X-ray diffraction (XRD) pattern
(Fig. 6.1.C) of the sample shows well defined peaks indicating the high crystallinity of
the synthesized material. The peak positions and intensities from the experimental XRD
pattern match closely with the calculated pattern for cubic a-NaYF,.!®® From the line
broadening of the diffraction peaks, the crystallite size of the sample was determined to
be approximately 25 nm using the Debye-Sherrer formula, which corresponds well to the
average particle size determined from the TEM data.

Fig. 6.2.A-D shows photographs of a 1 wt.% solution of NaYF4: 2% Er**, 20%
Yb** NCs in dichloromethane demonstrating its transparency (Fig. 6.2.A) and the total
visible upconversion luminescence under 977 nm excitation with a power density of 1.3
kW/cm? (Fig. 6.2.B). Fig. 6.2.C & D shows the same solution through appropriate green
and red filters, respectively. Fig. 6.2.E demonstrates the upconversion luminescence of a
1 wt.% solution of NaYF4: 2% Tm3+, 20% Yb>" in dichloromethane under the above
excitation conditions.

The visible and NIR upconversion spectra of 1 wt.% solutions of NaYF4: 2%
Er’", 20% Yb*>* and NaYF,: 2% Tm>*", 20% Yb*>* NCs in dichloromethane under 977 nm
excitation are shown in Fig. 6.3.A & B, respectively. The spectra correspond to what has
been reported previously for Er*" and Tm* upconversion in cubic NaYF4 NCs. 272103, 107
In the Er** sample, green luminescence was observed from the (2H11/2, 4S3/2) — 411 sp and
red from the 4F9/2 — 4115/2 transitions, respectively. The power dependencies of the green
and red luminescence (Fig. 6.5. in supporting information) were found to be
approximately 2 indicating that two photons were involved in the upconversion

mechanism. Four spectral bands were observed in the Tm®>* sample and were assigned to
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Figure 6.1. Characterization data for NaYFs: Er'* 2%, Yb*" 20% nanocrystals. A)
Transmission electron microscopy (TEM) image. Inset: High resolution TEM (HRTEM)
image of a single nanocrystal. B) Histogram of the particle sizes obtained from TEM
images of ~1400 nanocrystals. C) Experimental powder x-ray diffraction (XRD) pattern

(upper) and the calculated line pattern for a-NaYF,4 (lower).
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Figure 6.2. 1 wt.% colloidal solutions of nanocrystals in dichloromethane excited at 977
nm demonstrating upconversion luminescence. A) NaYFy: Er’* 2%, Yb** 20% solution
showing its transparency. B) Total upconversion luminescence of NaYFy: Er’* 2%, Yb**
20% solution. C, D) NaYF4: Er** 2%, Yb>* 20% upconversion viewed through green and

red filters, respectively. E) NaYF,: Tm® 2%, Yb** 20% solution.
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Figure 6.3. Luminescence emission spectra of 1 wt.% colloidal solutions of nanocrystals
in dichloromethane excited at 977 nm. A) NaYF4: Er*" 2%, Yb** 20% and B) NaYFq:

Tm>* 2%, Yb>* 20%.
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the 'Gy — *He, 'Dy — °Fs, 'G4 — °F4 and *Hy — °Hg transitions. The mechanisms
responsible for the upconversion luminescence are shown in the supporting information
for the article (Fig. 6.6. in supporting information).

We have reported a novel and straightforward synthesis for upconverting
lanthanide-doped NCs that requires few preparatory steps. The Er'", Yb*" and Tm®",
Yb** doped particles exhibit green/red and blue upconversion luminescence respectively
under 977 nm laser excitation with low power densities. Further refinement of the
synthesis is currently underway to obtain a narrower particle size distribution as well as
core-shell NCs where a shell of undoped NaYF, is grown over the lanthanide-doped
NaYF,4 core. Investigation of additional cappings ligands and post synthetic surface

treatments are also ongoing to obtain water-dispersible NCs.
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6.1. SUPPORTING INFORMATION
6.1.1. Synthesis of Ln’* doped NaYF, nanocrystals

It should be noted beforehand that the decomposition of the metal
trifluoroacetates produces various fluorinated and oxyfluorinated carbon species such as
trifluoroacetic anhydride (CF3CO),0, trifluoroacetyl fluoride CF;CF,COF, carbonyl
difluoride COF; and tetrafluoroethylene C,F4. These species are considered toxic and as
such the reaction should be carried out in a well ventilated hood. Care should also be
exercised as not to inhale any of the evolved gases from the reaction.

All chemicals utilized in the synthesis of the nanocrystals were purchased from
Aldrich. The lanthanide trifluoracetate precursors were prepared from the corresponding
lanthanide and yttrium oxides and trifluoroacetic acid (99%). In the case of the NaYFj:
Er** 2 mol%, Yb** 20 mol% codoped sample, 9.6 mg (0.025 mmol) of Er,03, 98.5 mg
(0.25 mmol) of Yb,03, and 220.2 mg (0.975 mmol) of Y,03; were dissolved in 10 mL of
50% aqueous trifluoroacetic acid at 80 °C. The residual water and acid were then slowly
evaporated to dryness at 50 °C. The 0.3400 g (2.5 mmol) of sodium trifluoroacetate
(98%) was then added to the reaction vessel with 20 mL of octadecene (90%) and 20 mL
of oleic acid (90%). The resulting solution was slowly heated to 100 °C under vacuum
with magnetic stirring for 30 minutes to remove residual water and oxygen during which
time the flask was purged periodically with dry argon gas. The resulting clear solution
had a slight yellow color. The solution was then heated to 300 °C at a rate of 10 °C/min
under dry argon and kept at this temperature for 1 hr. At approximately 250 °C, the
evolution of small gas bubbles was observed from the solution indicating the

decomposition of the metal trifluoroacetates. A burst of nucleation was observed

- 137 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



between 280-300 °C which resulted in the solution becoming turbid. Subsequently, the
mixture was allowed to cool to room temperature during which time the solution became
clear and a yellow colloidal solution was obtained. The nanocrystals were precipitated by
the addition of hexane/acetone (v/v in 1:4) and isolated via centrifugation at 3000 rpm
corresponding to a relative centrifugal field (RCF) of approximately 1000. The resulting
pellet was then washed once with ethanol and further purified by dispersing in a
minimum amount of chloroform and precipitated with excess ethanol. The resulting
nanocrystals were dried under vacuum for a minimum of 24 hrs. The resulting
nanocrystals could be dispersed in nonpolar solvents (e.g. hexane, toluene,
dichloromethane) by sonicating a suspension of the nanocrystals in a bath sonicator for
10-20 minutes. It was sometimes necessary to add one or two drops of oleic acid to the
suspension to aid in the dispersion of the nanocrystals. To eliminate this addition of oleic
acid, it was preferable to leave the nanocrystals in a ‘muddy’ state instead of the dry
powder form.

It must be stated that the health and environmental effects of the synthesized
NaYF, nanocrystals have yet to be determined fully. As a result, suitable precautions
should be exercised when dealing with the powders and their colloidal solution. The use
of appropriate eye and skin protection should always be employed when handling the
materials.

6.1.2. NMR Measurements
The '"H NMR spectrum of an undoped NaYF; sample dispersed in CDCl; was

recorded using a Varian 300 MHz spectrometer. The spectrometer frequency was 300.03
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MHz and 128 transients were recorded. The residual proton signals of the deuterated
solvents were used as internal standards (CDCl; 'H 8: 7.27 ppm).
6.1.3. Powder X-ray Diffraction Analysis

The powder diffraction patterns were collected at room temperature with the Ko
(40 kV, 20 mA) radiation of Cu on a PW-1050 Philips diffractometer automated with the
Difftech Sie-Ray system. Data accumulation and processing were carried out using the
Difftech Sie-122 software. The scanning step size was 0.05° 20 with a counting time of
10 s per step.

6.1.4. Transmission Electron Microscopy (TEM) Studies

TEM was performed on a NaYFy: Er** 2%, Yb** 20% sample using a JEOL JEM-
2000 FX microscope operating at 80 kV equipped with a charged-coupled device (CCD)-
camera (Gatan). A small amount of the sample (~1 mg) was dispersed in 1 g of hexane to
give an approximate 0.1 wt% solution. One drop of the resulting solution was evaporated
on a formvar/carbon film supported on a 300 mesh copper grid (3 mm in diameter). High
resolution TEM was performed on the same sample using a 200 KeV JEOL JEM-2100F
microscope.

6.1.5. Visible and NIR Room Temperature Emission Spectroscopy (Aexc = 977 nm)

The upconverted emission spectra were obtained using 977 nm radiation from a
Spectra-Physics model 3900 Ti sapphire laser pumped by the 514.5 nm line of the
Coherent Sabre Innova 20 W Argon Ion laser. For the upconversion studies, the samples
were placed in 1 cm path-length quartz cuvettes (Hellma, QS). The visible emissions
were collected from the samples at 7/2 from the incident beam and then dispersed by a 1

m Jarrell-Ash Czerny-Turner double monochromator. Resolution of the monochromator
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was 0.2 nm with slit widths of 200 um. The visible emissions from the sample exiting
the monochromator were detected by a thermoelectrically cooled Hamamatsu R943-02
photomultiplier tube and the photomultiplied signals were processed by a Stanford
Research Systems (SRS) model SR440 preamplifier. A Stanford Research Systems
model SR 400 gated photon counter data acquisition system was used as an interface
between the spectroscopic equipment and the computer running the SRS SR 465 data

acquisition software.
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Figure 6.4. The 'H NMR spectrum of an undoped NaYF; sample dispersed in CDClj;
recorded on a Varian 300 MHz spectrometer. Chemical shifts are reported in parts-per-
million 3: 5.3-5.45 (broad, -HC=CH-), 2.0-2.1 (broad, CH3-(CH,)s-CH,-CH=CH-CHj,-

(CH,)s-COOH), 1.2-1.4 (broad, -(CHa)e-) and 0.85-1.00 (broad, -CHs).
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Figure 6.5. Power dependence of the upconverted emissions of 1 wt.% colloidal
solutions of nanocrystals in dichloromethane excited at 977 nm. A) NaYFy: Er’* 2%,
Yb** 20% and B) NaYFs: Tm®" 2%, Yb*>" 20%. In the case of the NaYF,: Er*" 2%, Yb**
20% sample, the straight lines are least-squares fit to the low power data points. At
higher excitation densities the power dependence of the emissions are observed to level
off due to saturation of the upconversion processes. For the NaYF,: Tm3* 2%, Yb** 20%

sample, the least-squares fit to the data points give a value that is lower than the expected

due to the saturation of the upconversion processes.
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6.2. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

This publication details our initial efforts in synthesizing and characterizing
colloidal upconverting NaYF4 nanoparticles. The nanoparticles in this study were
synthesized via the thermal decomposition of lanthanide trifluoroacetate precursors in a
mixture of oleic acid and octadecene. The resulting nanoparticles can be dispersed in a
variety of nonpolar organic solvents due to the presence of oleate ligands on their
surfaces. The transparent colloidal solutions of there particles were shown to upconvert
977 nm laser radiation into visible light under moderate excitation densities. This was
the first report of upconversion luminescence in the literature from NaYF,4 nanoparticles
synthesized via this thermal decomposition method.

This synthesis has several advantages over previously published synthetic
methods for producing NaYF, nanoparticles. Previous methods have utilized difficult to
handle chemicals such as sodium metal and/or hydrofluoric acid. Another alternative
method presented in the literature utilizes a high pressure reaction vessel to obtain the
final nanoparticles while our method uses no complicated equipment of techniques. We
also employed technical grade solvents and ligands in the synthesis thus reducing the cost
and making commercialization possible.

Though this was a significant advancement in the synthesis of upconverting
nanoparticles, refinement of the synthesis was still needed to obtain nanoparticles with a
defined shape and a narrower particles size range. By introducing the lanthanide
precursors slowly into the high temperature reaction mixture we were able to achive these
goals. The follow work is the first in the literature to report synthesis of upconverting

NaYF;4 nanocrystals with a truly monodisperse particle size and uniform shape.
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Accepted as:
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The synthesis and spectroscopy of upconverting nanocrystals (NCs) has garnered
a tremendous amount of attention in the literature recently,?’ 2% 102 103. 106. 107. 189-191
Upconversion is a process where low energy light, usually near-infrared (NIR) or infrared
(IR), is converted to higher energies, ultraviolet (UV) or visible, via multiple absorptions

or energy transfers.”" 7

This phenomenon has been observed in transition metal,
lanthanide and actinide ions, though the highest efficiencies are found in lanthanide
doped materials. To date, the highest upconversion efficiencies observed have been in
hexagonal phase NaYF, bulk materials doped with the Er**/Yb>" or Tm*/Yb*" ion
couples synthesized via solid state methods.'®'¥7 Colloids of upconverting NaYF4 NCs,
and the related material NaGdF4, have also been synthesized through thermal

decomposition, precipitation, and high pressure reactions.’’?> 192 193

The ability to
suspend upconverting NCs as clear colloidal solutions has opened the door for their use
in several new technologies, the most promising of which appears to be for use as labels
in biological assays and imaging.

Upconverting NaYF; NCs doped with the Er’’/Yb®" have already been

successfully applied to analyte and DNA detection.'® '

The use of upconverting
nanophosphors for bioimaging has also been demonstrated."”®> The majority of current
commercialized labels, such as organic dyes and quantum dots (QDs), utilize the Stokes
luminescence of the fluorophore under UV, blue or green excitation in order to detect the
analyte. This leads to the possibility of high background signals and difficulty in
choosing an appropriate label as many biological species fluoresce under ultraviolet or

visible radiation. The use of upconverting NCs, two-photon dyes or two-photon QDs

removes many of these difficulties.®> !4 116 117. 181 182, 184186 1y qrawback with the use
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of dyes or quantum dots is the need for expensive pulse lasers to meet the high power
densities required to observe the two-photon effect.'**'® One may also increase the
sensitivity further by choosing a detection system with low response in the wavelength
range of the IR excitation source.

We have previously synthesized upconverting cubic NaYF,; NCs doped with the
Er*/YD* or Tm**/Yb®" ion couples via the thermal decomposition of trifluoroacetate
precursors in a high-boiling point organic sovent.?> A similar approach was used in the
literature to produce sodium rare-earth fluoride nanocrystals and LaF; nanoplates.'° 1?2
These procedures take advantage of the fact that the metal trifluoroacetates thermally
decompose to give the corresponding metal fluorides at relatively low temperatures (200-
300 °C).!% 1L 19 1p these methods the noncordinating solvent octadecene was used as
the primary solvent due to its high boiling point (315 °C). Oleic acid was chosen as the
coordinating ligand due to its successful use in the synthesis of various types of
nanocrystals.''> ''* In this paper we present a modification of the synthetic procedure
that results in the synthesis of cubic NaYF, particles with a narrow particle size range and
well defined shape. These particles are capable of being colloidally dispersed in various
non-polar organic solvents (e.g. hexane, toluene, dichloromethane) and are able to emit
visible light under 980 nm laser diode excitation via the upconversion process under
relatively low excitation power densities. This method uses inexpensive technical grade
chemicals which reduces the cost of the nanoparticle synthesis and a relatively low cost
laser diode for excitation hence making them attractive for potential commercial

applications.
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The synthesis report here for NaYF4 NCs is a modification of recently reported
synthetic procedures for LaF; nanoplates and NaYF, NCs.®> 101192 The lanthanide
trifluoroacetate precursors for the synthesis were prepared from the corresponding
lanthanide oxides and trifluoroacetic acid in a three-neck round bottom flask. The
corresponding amount of sodium trifluoroacetate was then added to the lanthanide
trifluoroacetates in the reaction vessel with 5 mL of octadecene and 10 mL of oleic acid.
A second solution of of 15 mL of octadecene and 10 mL oleic acid was then prepared in a
second three-neck round bottom flask. Both solutions were heated slowly to 125 °C
under vacuum with stirring and kept at this temperature for 30 min to remove residual
water and oxygen. The second solution was then heated to 310 °C under Argon and
maintained at this temperature. The lanthanide trifluoroacetate solution at 125 °C was
then transferred dropwise into the second solution over a period of 15 minutes using a
stainless steel cannula at a flow rate of ca. 1 mL/min. During this time the second
solution was maintained at 310 °C. After the addition was complete the temperature of
the reaction mixture was lowered to 305 °C and kept at this temperature for 1 hr under
dry argon. Subsequently the mixture was removed from the heating mantle and cooled to
room temperature. The NCs were precipitated by the addition of excess ethanol and
isolated via centrifugation. The resulting pellet was then washed twice by dispersing
with ethanol and centrifugated. The resulting NCs were dried under air for 24 hrs. Due
to the presence of the capping ligand, the NCs could be dispersed in nonpolar solvents
and were colloidally stable in solution for a period of weeks with no visible
agglomeration or settling. A more detailed description of the synthetic procedure and

spectroscopy setup is given in the supporting information of the article.
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Figure 7.1. shows the transmission electron microscopy (TEM) data for a NaYF,:
2% Er**, 20% Yb** NC sample. From the low resolution micrographs, Figure 7.1.A and
B, one can observe that the synthesized particles appear hexagonal in shape and are
nearly monodisperse. From a detailed particle size analysis of 500 particles from several
low resolution TEM micrographs (Figure 7.7. in supporting information), the average
particle size was found to be 27.6 nm with a standard deviation of 1.6 nm. Further proof
of the uniform particle size and shape of the particles reported herein is provided by their
assembly into a regular two-dimensional hexagonal close packed arrangement on the
TEM grid due to the presence of the oleic acid capping ligand on the surface of the
particles.

From the high resolution TEM (HRTEM) image, Figure 7.1.C, the distance
between the particles was found to be 2.8 £ 0.5 nm which is somewhat less than two
times the length of a single oleate molecule (2.2 nm from semi-empirical calculation).
This is a good indication that there is interdigitation of the alkyl chains from neighboring
particles or that the oleic acid chains are not in a fully extended conformation. From the
HRTEM image one can also clearly distinguish lattice fringes on the individual particles
indicating that the particles are highly crystalline. The distances between the lattice
fringes were measured to be 3.2 and 2.8 which correspond to the d-spacing for the (111)
and (200) lattice planes, respectively, in the cubic NaYF, structure.'$® 194 1% From this
we can conclude that the particles have a polyhedron shape and are truncated octahedral
bordered by the (111) and (002) lattice planes.196 The hexagonal shape of the particles
observed in the TEM images are 2D projections of the 3D truncated octahedral geometry.

The selected area electron diffraction (SAED) pattern of the particles (Figure 7.1.D) can
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Figure 7.1. (A-B) Low resolution transmission electron micrographs of NaYF,: 2% Er**,
20% Yb** sample showing uniformity of the particles. (C) High resolution micrographs
of a single NaYF: 2% Er’", 20% Yb*" particle showing lattice fringes. (D) Selected area

electron diffraction pattern (SAED) of NaYF,: 2% Er**, 20% Yb*" particles.
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be indexed to the (111), (200), (220), (311), (222), (400), and (331) planes of the standard
cubic a-NaYF, structure (JCPDS: 6-0342) as seen in Table 7.1. As well, the particles
were found to be single crystallites as the Fourier transformation on individual particles
returned patterns corresponding to a single set of (111) and (200) planes.

In a previous study we found that the synthesis of a-NaYF; nanoparticles in
octadecene and oleic acid resulted in irregularly shaped particles with a wide particle size
range.”> It is clear from the TEM data that the modifications made to the earlier
synthetic procedure results in a-NaYF4 nanoparticles with a defined shape and
monodisperse size distribution. It can be assumed that the decomposition of the
trifluoroacetate precursors and thus the crystallization of the NaYF, particles occur quite
fast at the temperatures used in this synthesis (310 °C). By adding the precursors to the
solution slowly one can control the rate of decomposition and formation of the particles.
In essence, by performing the addition over a longer period of time one can separate the
nucleation and growth phases of the nanocrystals resulting in a monodisperse particle
size. This method also allows the oleic acid to complex to the surface of the growing
particles more effectively due to the initial low concentration of precursor in the solution.
The oleic acid ligands modulate the growth rate along the <111> and <200> directions of
the cubic NaYF, nanocrystals resulting in the truncated octahedral shape.

The presence of the oleic acid ligand on the surface of the NCs was confirmed
using '"H NMR of an undoped NaYF, sample. The 'H NMR of the undoped NaYF,
sample dispersed in CDCl; is shown in Figure 7.8. in supporting information, along with
the 'H NMR of free oleic acid for reference. The 'H NMR signals of the bound oleic

acid molecules on the surface of the nanoparticles are broadened with respect to those of
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the free oleic acid. The broadening is due to an inhomogeneous distribution of the
magnetic environments due to site variations on the nanoparticle surface as well as a
decrease in the rotational freedom of the oleic acid ligands.'*’'*

Figure 7.2. shows the powder X-ray diffraction (XRD) patterns for the NaYFy:
2% Er’’, 20% Yb’"; NaYFs: 2% Tm®, 20% Yb*" and NaYF,; NCs, as well as the
calculated line pattern for a-NaYF,. It is evident from the intensity of the peaks in the
patterns obtained that the materials in question are highly crystalline in nature. The peak
positions of all three patterns correspond closely to the reported and calculated patterns
for cubic a-NaYF,.'®® 19 1% The calculated d spacing values for all three samples and
the corresponding 4 & / values are given in Table 7.1. These values obtained from the
nanocrystalline samples closely match the standard pattern of a-NaYF, (JCPDS: 6-0342)
and no peaks from other phases or impurities were observed. The lattice constants for the
NaYFs: 2% Er’*, 20% Yb’'; NaYFs: 2% Tm®,20% Yb’* and NaYFs; NCs were
calculated to be 5.519 A, 5.515 A, 5.517 A, respectively which correspond closely to
previously reported lattice constants of 5.485 A and 5.47 A for nanocrystalline’’” and bulk
0-NaYF,."®® The broad nature of the observed diffraction peaks are an indication of the
small size of the NCs. From the line broadening of the (111) diffraction peak of the
NaYFs: 2% Er*’, 20% Yb** sample an average crystallite size of 25 nm was calculated
using the Debye-Sherrer formula. This value matches closely to the particle size
determined from the TEM results.

Figure 7.3.A-D shows photographs of a 1 wt% solution of NaYFs: 2% Er’**, 20%
Yb** NCs in toluene. The transparency of the resulting colloidal solution is clearly

demonstrated in the first image, Figure 7.1.A. Figure 7.3.B shows the total upconversion
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Figure 7.2. Experimental powder X-ray diffraction (XRD) patterns of a-NaYF,, o-
NaYF,: 2% Er3+, 20% Yb3+, and a-NaYF4: 2% Tm3+, 20% Yb3+nanocrystals. Calculated

line pattern for o-NaYF; (bottom plot) is shown for reference.
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luminescence of the same solution under 980 nm laser diode excitation into the *F,p —

2F5/2 absorption of the Yb** ion with a power density of 100 W/cm?. The total

luminescence appears yellow-green in color due to a combination of green and red

emissions from the Er’* jon. This is apparent in Figure 7.3.C and D where the solution

under the same excitation conditions is viewed through green and red filters, respectively,

thus isolating the two separate emissions.

Figure 7.3.E shows a 1 wt% solution of

NaYFs: 2% Tm®", 20% Yb>" NCs in toluene under identical excitation conditions

demonstrating a primarily blue luminescence in the visible region of the spectrum.

Table 7.1. d-spacing values for NaYF;: 2% Er**, 20% Yb**; NaYF,: 2% Tm>*, 20% Yb*";

and NaYF, determined via electron diffraction (ED) and X-ray diffraction (XRD).

d-spacing values (A)

NaYFg: 2% Er*”,

NaYF;: 2% Er*”,

NaYF,: 2% Tm®",

Standard Pattern

hEL 0% Yb™ (ED)  20% Yb** (XRD) 20% Yb** (XRD) TeYFs(XRD)  1opng. 6.0342)
111 3.15 3.19 3.19 3.19 3.14
200 2.72 2.76 2.76 2.76 2.73
220 1.92 1.95 1.95 1.95 1.93
311 1.64 1.66 1.66 1.66 1.64
222 1.57 1.59 1.59 1.59 1.57
400 1.36 1.38 1.38 1.38 1.36
331 1.26 1.27 1.27 1.26 1.25
420 1.22 1.23 1.23 1.23 1.22

The upconversion spectra both 1 wt% solutions of NaYF4: 2% Er3+, 20% Yb’*

and NaYF4: 2% Tm®*, 20% Yb®* nanocrystals in toluene under 980 nm laser diode
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Figure 7.3. 1 wt.% colloidal solutions of nanocrystals in toluene excited with a 980 nm
laser diode (power density = 100 W/cm?) demonstrating upconversion luminescence. A)
NaYFs: 2% Er**, 20% Yb** solution showing its transparency. B) Total upconversion
luminescence of NaYFs: 2% Er’*, 20% Yb>* solution. C, D) NaYFs: 2% Er**, 20% Yb**
upconversion viewed through green and red filters, respectively. E) Total upconversion

luminescence of NaYF4: 2% Tm>*, 20% Yb>" solution.
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Figure 7.4. Luminescence emission spectra of 1 wt.% colloidal solutions of nanocrystals
in toluene excited with a 980 nm laser diode. A) NaYF4: 2% Er’*, 20% Yb** and B)

NaYFs: 2% Tm>", 20% Yb>".
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excitation (power density = 100 W/cm?) are shown in Figure 7.4.A & B, respectively, and
correspond to what has been reported previously for these materials.?” 32 The emission
bands can easily be assigned to transitions within the 4£4f levels of the Er’" and Tm**
jons. The spectrum of the NaYF4: 2% Er’*, 20% Yb** sample (Figure 7.4.A) exhibits
three distinct Er’** emission bands. The green emissions between 510-530 nm and 530-
570 nm were assigned to the 2H11/2 -4 spand 4S3/2 -4 sp transitions, respectively. A
dominant red emission was observed between 635-700 nm originating from the Fop =
4115/2 transition as well as a weak NIR emission between 830-860 nm corresponding to
the 4S3/2 - 4113/2 transition. Four Tm>" emission bands were observed in the NaYF;: 2%
Tm>*, 20% Yb** sample (Figure 7.3.B) upon 980 nm laser diode excitation. The band
observed in the blue region of the spectrum between 440-500 nm was assigned to the 'D,
— 3F,; and 1G4y » 3H6 transitions. A week red emission between 630-670 nm and an
intense NIR emission between 750-850 nm were assigned to the 1G4 —» 3 F4 and 3 Hy —»
3 He transitions, respectively.

In order to determine the number of photons responsible for the upconversion
mechanism, the intensities of the upconversion emissions were recorded as a function of
the 980 nm excitation intensity (Figure 7.5.). As seen in Figure 7.5.A, the green and red

Er** upconversion emission intensities demonstrated quadratic power dependencies at
low excitation densities indicating two photon upconversion mechanisms. For the Tm>*

doped sample (Figure 7.5.B), three and two photon power dependencies were observed
for the 'G4 — *Hg and *Hy — *Hg emissions at low excitation densities, respectively. The
power dependencies of the Er** and Tm*" upconversion emissions became linear at high

excitation densities due to “saturation” of the upconversion processes.”®® Upconversion
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Figure 7.5. Power dependence of the upconverted emissions of 1 wt.% colloidal
solutions of nanocrystals in toluene excited at 980 nm. A) NaYFy: 2% Er’*, 20% Yb**

and B) NaYFs: 2% Tm>*, 20% Yb**. In the case of the NaYFy4: 2% Er’*, 20% Yb**

sample, the straight lines are least-squares fits to the low power data points.
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is a nonlinear process; as such it will not maintain its nonlinear behavior up to infinite
excitation energies as a consequence of the conservation of energy. Hence at high
excitation densities, the power dependence of the upconversion luminescence intensity
will become linear, and a “saturation” of the luminescence intensity is observed.

The upconversion excitation pathways for the Er’*/Yb®" and Tm>*/Yb** ion
couples in these materials are well known®®' and are shown in Figure 7.6. In the case of
NaYF4: 2% Er**, 20% Yb**, an initial energy transfer from an Yb>* ion in the Fs), state
to an Er’" ion populates the *I;, level. A second 980 nm photon, or energy transfer from
an Yb>* ion, can then populate the *F;;, level of the Er*" ion. The Er’* ion can then relax
non-radiatively (without emission of photons) to the Hy11, and *S3p levels and the green
2H11/2 - 411 spand 4S3/2 — 411 s emissions occur. Alternatively, the ion can further relax
and populate the 4F9/2 level leading to the red 4F9/2 - 411 5 emission. The 4F9/2 level may
also be populated from the *I;3, level of the Er'* ion by absorption of a 980 nm photon,
or energy transfer from an Yb*" ion, with the *1;5,, state being initially populated via the
non-radiative *I;1, — *I;3p relaxation. For the NaYFy: 2% Tm®*, 20% Yb>* sample, up to
four subsequent energy transfers from Yb>" ions populate the upper Tm>* levels (Figure
7.6.) and the various emissions can occur.

In summary, we have prepared upconverting lanthanide-doped NaYF,
nanocrystals (NCs) from the thermal decomposition reaction of trifluoroacetate
precursors in a mixture of octadecene and oleic acid. The nanocrystals produced by this
method are ~28 nm in diameter on average with an almost monodisperse particle size
distribution. SAED and powder XRD indicate the nanocrystals are cubic a-NaYF,.

HRTEM show that the nanocrystals are highly crystalline and are composed of single
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Figure 7.6. The energy level diagrams of the Er**, Tm* and Yb** dopant ions and
upconversion mechanisms following 980 nm laser diode excitation. The full, dotted, and
curly arrows represent emission, energy transfer and multiphonon relaxation processes,

respectively.
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crystallites.  The Er*/Yb®* and Tm*/Yb*" doped nanocrystals are capable of
upconverting NIR light from a 980 nm diode laser into red/green and blue light,
respectively.

The synthetic method presented here is highly attractive as it uses techical grade
solvents and ligands yet produces highly luminescent and uniform NCs. The synthesis
does not require sophisticated equipment or complicated procedures and the resulting
NCs are capable of being excited with a 980 nm laser diode thereby increasing their
commercialization possibilities. Upconverting NCs have already been identified for
potential use as biolabels and in biological assays. Further research is currently
underway to modify the oleic acid-capped surface to obtain water-soluble particles

required for these applications.
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7.1. SUPPORTING INFORMATION
7.1.1. Synthesis of Ln®* doped NaYF nanocrystals

It should be noted beforehand that the decomposition of the metal
trifluoroacetates produces various fluorinated and oxyfluorinated carbon species such as
trifluoroacetic anhydride (CF3CO),0, trifluoroacetyl fluoride CF;CF,COF, carbonyl
difluoride COF; and tetrafluoroethylene C,F4. These species are considered toxic and as
such the reaction should be carried out in a well ventilated hood. Care should also be
exercised as not to inhale any of the evolved gases from the reaction.

All chemicals utilized in the synthesis of the nanocrystals were purchased from
Aldrich. The lanthanide trifluoracetate precursors were prepared from the corresponding
lanthanide and yttrium oxides and trifluoroacetic acid (99%). All oxides utilized were
99.99% purity or higher. In the case of the NaYF,: Er’* 2 mol%, Yb** 20 mol% codoped
sample, 9.6 mg (0.025 mmol) of Er,03, 98.5 mg (0.25 mmol) of Yb,03, and 220.2 mg
(0.975 mmol) of Y,03 were dissolved in 10 mL of 50% aqueous trifluoroacetic acid at 80
°C in a three-neck round-bottom flask. The residual water and acid were then slowly
evaporated to dryness at 60 °C. Sodium trifluoroacetate (98%) in the amount of 0.3400 g
(2.5 mmol) was then added to the reaction vessel with 5 mL of octadecene (90%) and 10
mL of oleic acid (90%). A second solution of 15 mL of octadecene and 10 mL oleic acid
was then prepared in a 100 mL three-neck round bottom flask. Both solutions were
slowly heated to 125 °C under vacuum with magnetic stirring for 30 minutes to remove
residual water and oxygen during which time the flask was purged periodically with dry
argon gas. At this point, both solutions were clear with a slight yellow color. The second

solution was then heated to 310 °C under Argon and maintained at this temperature. The
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lanthanide trifluoroacetate solution at 125 °C was then transferred dropwise into the
second solution over a period of 15 minutes using a stainless steel cannula at a flow rate
of ca. 1 mL/min. During this time the second solution was maintained at 310 °C. During
the addition, the evolution of small gas bubbles was observed from the solution indicating
the decomposition of the metal trifluoroacetates. Approximately 8-10 minutes into the
addition of the trifluoroacetates, the reaction solution became turbid. After the addition
was complete, the reaction mixture was lowered to 305 °C and kept at this temperature
for 1 hr under dry argon during which time the solution became clear and a yellow
colloidal solution was obtained. Subsequently, the mixture was allowed to cool to room
temperature at which point the solution became turbid once again. The nanocrystals were
precipitated by the addition of ethanol and isolated via centrifugation at 2000 rpm
corresponding to a relative centrifugal field (RCF) of approximately 1000. The resulting
pellet was then washed twice with ethanol and isolated via centrifugation at 2000 rpm
each time. The resulting nanocrystals were dried in air for a minimum of 24 hrs. The
resulting nanocrystals could be dispersed in nonpolar solvents (e.g. hexane, toluene,
dichloromethane) by sonicating a suspension of the nanocrystals in a bath sonicator for
10-20 minutes. To aid in the dispersion of the nanocrystals, it was preferable to leave
them in a ‘muddy’ state instead of the dry powder form.

It must be stated that the health and environmental effects of the synthesized
NaYF, nanocrystals have yet to be determined fully. As a result, suitable precautions
should be exercised when dealing with the powders and their colloidal solution. The use
of appropriate eye and skin protection should always be employed when handling the

materials.
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7.1.2. NMR Measurements

The 'H NMR spectrum of an undoped NaYF, sample dispersed in CDCl; was
recorded using a Varian 300 MHz spectrometer. The spectrometer frequency was 300.03
MHz and 128 transients were recorded. The residual proton signal of the deuterated
solvent was used as internal standards (CDCl; 'H 8: 7.27 ppm). The 'H NMR of free
oleic acid was also obtained using the same experimental conditions for reference.
7.1.3. Powder X-ray Diffraction Analysis

The powder diffraction patterns were collected at room temperature with the Ka
(40 kV, 20 mA) radiation of Cu on a PW-1050 Philips diffractometer automated with the
Difftech Sie-Ray system. Data accumulation and processing were carried out using the
Difftech Sie-122 software. The scanning step size was 0.05° 20 with a counting time of
10 s per step.
7.1.4. Transmission Electron Microscopy (TEM) Studies

TEM was performed on a NaYFy: Er*" 2%, Yb*" 20% sample using a JEOL JEM-
2000 FX microscope operating at 80 kV equipped with a charged-coupled device (CCD)-
camera (Gatan). A small amount of the sample (~1 mg) was dispersed in 1 g of hexane to
give an approximate 0.1 wt% solution. One drop of the resulting solution was allowed
evaporated on a formvar/carbon film supported on a 300 mesh copper grid (3 mm in
diameter). High resolution TEM was performed on the same sample using a 200 KeV

JEOL JEM-2100F microscope.
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7.1.5. Visible and NIR Room Temperature Upconversion Emission Spectroscopy (Aexc =
980 nm)

The upconverted emission spectra were obtained using a Coherent 6-pin fibre-
coupled F6 series 980 nm laser diode with a maximum power of 800 mW at 1260 mA.
The laser was coupled to a 100 um (core) fibre. For the upconversion studies, the
samples were placed in 1 cm path-length quartz cuvettes (Hellma, QS). The visible
emissions were collected from the samples at n/2 from the incident beam and then
dispersed by a 1 m Jarrell-Ash Czerny-Turner double monochromator. Resolution of the
monochromator was 0.2 nm with slit widths of 200 um. The visible emissions from the
sample exiting the monochromator were detected by a thermoelectrically cooled
Hamamatsu R943-02 photomultiplier tube and the photomultiplied signals were
processed by a Stanford Research Systems (SRS) model SR440 preamplifier. A Stanford
Research Systems model SR 400 gated photon counter data acquisition system was used
as an interface between the spectroscopic equipment and the computer running the SRS

SR 465 data acquisition software.
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Figure 7.7. Histogram of the particle sizes obtained from TEM images of ~500 NaYF,:

2% Er’*, 20% Yb®>" nanocrystals (average particle size = 27.6 + 1.6 nm).
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Figure 7.8. The 'H NMR spectra of A) an undoped NaYF, sample and B) free oleic acid

in CDCl; recorded on a Varian 300 MHz spectrometer. Chemical shifts for NaYF4
sample are reported in parts-per-million §: 5.3-5.45 (broad, -HC=CH-), 2.3-2.4 (broad, -
CH,-COOH), 2.0-2.1 (broad, CH3-(CH;)s-CH,-CH=CH-CH,-(CH;)s-COOH), 1.2-1.4

(broad, -(CHy)s-) and 0.85-1.00 (broad, -CHs).
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7.2. AUTHOR’S NOTES AND SIGNIFICANCE OF THIS PAPER

The work presented here details our modification to an earlier synthetic method to
obtain upconverting nanoparticles with uniform size and shape. This is the first reported
synthesis of upconverting NaYFy: Er**/Yb* and Tm*"/Yb* nanocrystals with a truly
monodisperse particle size and uniform shape. Previous synthetic methods presented in
the literature resulted in particles with non-uniform shapes and a considerable particle
size range. All the nanoparticles obtained could be colloidally dispersed in nonpolar
solvents and upconvert 980 nm laser radiation to visible emissions. The synthesis used
technical grade solvents thus reducing the cost of the synthesized nanoparticles. A
relatively inexpensive 980 nm laser diode was use as the excitation source for the
upconversion photos and spectra thus demonstrating the potential for commercialization
of these nanoparticles. It is hoped that surface modifications can be made to the
nanoparticles rendering them water soluble and opening the door to their potential use as

biolabels and in biological assays.
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Conclusions and Future Work
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8.1. CONCLUSIONS
In this thesis, the luminescence and upconversion properties of lanthanide-
doped inorganic nanocrystals, specifically Y,0s3;, Luy0;, Gd;GasO;; and NaYF,,
synthesized by two immensely different synthetic methods have been investigated in
detail. The Y,0; Lu;0s3, and Gd3GasO;; nanocrystals were synthesized using a
combustion synthesis technique that involved reacting metal nitrates (oxidizer) with an
organic fuel such as glycine. In contrast, the lanthanide-doped NaYF4 nanocrystals were
synthesized via the thermal decomposition of metal trifluoroacetate precursors in a
mixture of octadecene and oleic acid.
The optical and upconversion properties of Ho>* doped nanocrystalline and bulk
Y-03 were investigated as a function of holmium concentration (0.1, 0.5, 1, 2, 5 and 10
mol%). Emission in the blue, green, red and NIR portions of the spectrum were observed
after 457.9 nm excitation and attributed to the ° F; > 513, (5F4, 5 Sy) —» 513, 5F5 -7 Is, and
(°F4, °S3) = °I; transitions, respectively. The transition energies were similar for all
samples investigated suggesting that the crystal field energy is not significantly affected
by the type of host (nanocrystalline or bulk) or the amount of Ho*>" doping at the
concentrations utilized in this study. However, the luminescence intensities of the
emissions between the two sets of samples were shown to differ drastically, with the
luminescence emissions in the bulk material being one order of magnitude greater than in
the nanocrystalline samples. The decrease in luminescence efficiency in the
nanocrystalline samples were attributed to adsorbed CO32' and OH" contaminants on the

particle surface.
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The presence of these contaminates on the surface of the nanocrystals was also
reflected in the excited state lifetimes of these materials. In all nanocrystalline samples
the decay curves of the (°F4, °Sy) — °Is transition were observed to deviate significantly
from exponential behavior. This deviation was attributed to a distribution of dopant ions
within the individual nanocrystals that are coupled in various degrees to the absorbed
surface molecules. The distribution of ions thus results in a non-exponential decay as a
significant portion of the dopant atoms reside near the surface of the particles.

Laser excitation at 646 nm resulted in blue and green upconversion luminescence
in both the nanocrystalline and bulk samples. The blue and green emissions were
assigned to the 3F3 — °Ig and (5F4, 5Sz) -1, transitions, respectively, and attributed to a
two-photon excited-state absorption (ESA) upconversion process. Overall luminescence
of the nanocrystalline samples under 646 nm pumping was again severely reduced due to
the surface contaminants when compared to that of the bulk sample.

Near-infrared (NIR) excitation (754 nm) was noted to result in blue, green, and
red upconversion emissions only in the bulk samples. In the case of the nanocrystalline
samples, upconversion was found to be non-existent in the case of the 754 nm pumping,
which was again attributed to absorbed atmospheric carbon dioxide and/or water on the
surface of the nanocrystals. Similar to the case of 646 nm excitation, an ESA type
mechanism was responsible for the observed upconversion luminescence.

The luminescent properties of 1 mol % Eu**-doped cubic Lu,O; nanocrystals
prepared by a combustion synthesis route were also investigated. These results were
compared and contrasted to a bulk sample with micron particle sizes synthesized by

conventional ceramic techniques. The emission spectra and lifetimes of the excited
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states of the nanocrystal samples were found to differ significantly from those of the bulk
material. After excitation into the Eu*"-O% charge transfer band with 257.25 nm
radiation at room temperature and 78 K, emission was observed in the orange-red region
of the spectrum resulting from the 5Do — 7F0, 7F1, 7F2 transitions. The unsplit 5Do — 'F,
line, attributed to Eu’" ions in the Cp site, in the nanocrystalline sample was found to be
significantly broader than in the bulk; indicating a higher disorder of the Eu®" crystalline
environment. As well, the ratio of the integrated intensities of the Dy — 'F, and Dy —
F, transitions under UV excitation was determined to be higher in the case of the
nanocrystalline sample again indicating that the structural environment surrounding the
dopant Eu’" ion is distorted when compared to the bulk sample.

Site-selective spectroscopy experiments at room temperature revealed that
energy-transfer from Eu®" ions residing in Cj; sites to Eu®" ions in C; sites occurs readily
though the reverse energy-transfer is not nearly as efficient. The same experiments
performed at 78 K revealed that the C, to Cs; energy transfer process is to a great extent
reduced as it is a thermally activated process. The reverse is not true for the Cs; to C;
energy transfer at 78 K as C, type emissions were still observed in both the bulk and
nanocrystalline samples after selective Cs; excitation

The lifetimes of the > Dy excited state for both the C; and Cs; sites were found to
be nearly double that found for the similarly doped bulk sample. This behavior was
successfully attributed to a change in the refractive index of the nanocrystalline material
that modifies the oscillator strength of the 4f <> 4ftransitions. By fitting the decay curves

of the °Dy level for both the C; and C;; sites obtained by immersing the nanocrystals in
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media with different refractive indexes, it was found that the nanocrystals have a filling
factor of 0.625.

From the emission spectra of the two samples, the Q and Q4 Judd-Ofelt intensity
parameters were calculated using techniques adapted from the literature. The Judd-Ofelt
parameters confirmed that the Eu’* sites in the nanocrystalline sample are more
disordered compared to the bulk sample. In addition, a higher observed Ry, ratio in the
nanocrystalline sample confirms that the Eu** environment is far more complex in the
nanocrystals than in the bulk.

The luminescence and upconversion properties of a nanocrystalline Gd;GasO»:
1% Ho** sample were investigated. Anti-Stokes blue SF3— g and the green (5 Fa, 5 Sz) »
5Is emissions were noted in the nanocrystalline Gd;GasOy,:Ho>* sample after excitation
into the °Fs level with 647 nm radiation. Power studies performed on both emissions
revealed a two-photon upconversion mechanism. Temporal studies on the upconversion
emissions demonstrated that the °I; level was the intermediate state in the upconversion
process. Based on these results, the anti-Stokes emissions were attributed to an excited
state absorption (ESA) mechanism occurring via the I level.

Excitation at 756 nm into the 514 level of the nanocrystalline Gd;GasOjs: 1%
Ho** sample resulted in green (°F4, °S2) = °Ig and red °Fs — °I3 anti-Stokes emissions.
As was the case with 647 nm excitation all of the upconversion emissions demonstrate a
quadratic dependence on the excitation power indicating two-photon mechanisms. The
temporal evolution of the green luminescence indicated a rise time corresponding to the
lifetime of the I; level. Hence, a second excited state absorption (ESA) mechanism was

proposed with the 517 level as the intermediate state.
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The effect of Yb®* co-doping on the upconversion luminescence in
nanocrystalline Gd;GasO;,:Ho>* was also examined. Strong and efficient NIR to green
anti-Stokes luminescence attributed to the (5F4, 5Sz) — I transition was noted in
nanocrystalline Gd;GasO2:Ho>, Yb** after excitation into the *Fs;, level of Yb>* with
978 nm radiation. Weaker blue, red and NIR anti-Stokes luminescence were also
observed after 978 nm excitation and assigned to the 5F3 — SIg, 5 Fs — > Is, and (5 Fs, 582)
— 1, transitions, respectively.

Enhancement of the red °Fs — °Is emission is observed relative to the green (5 Fs4,
’S,) — Iy emission when the sample is irradiated with 978 nm radiation. The
enhancement is attributed to two distinct energy transfer upconversion (ETU)
mechanisms which independently populate the (°Fs, °S,) and °Fs states. This was
confirmed by measuring the upconversion temporal evolutions and the decay times of the
IR levels that indicated the intermediate states in the two upconversion mechanisms are
the 516 and 517 levels, respectively.

Upconverting Er'*, Yb** and Tm®*, Yb®*" doped NaYF,; nanocrystals were
synthesized via the thermal decomposition of trifluoroacetate precursors in a mixture of
oleic acid and octadecene. This method provides highly luminescent nanoparticles
through a simple one-pot technique with only one preparatory step. Transmission
electron microscopy (TEM) indicated that the synthesized particles ranged in size from
10 to 50 nm, with the majority falling in the range between 15 to 30 nm. The powder X-
ray diffraction (XRD) pattern of the NaYF;: Er’*, Yb’* sample matched closely to the
calculated pattern for cubic NaYF,. The cubic NaYFq: 2% Er’*, 20% Yb** and NaYFy:

2% Tm>*, 20% Yb*" nanocrystals were shown to be colloidally stable in nonpolar organic
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solvents and exhibit green/red and blue upconversion luminescence, respectively, under
977 nm laser excitation with a power density of 1.3 kW/cm?.

The synthesis, characterization and spectroscopy of upconverting lanthanide-
doped NaYF, nanocrystals with a defined shape and monodisperse particle size were also
presented. The cubic NaYF,; nanocrystals were synthesized via a thermal decomposition
reaction of trifluoroacetate precursors in a mixture of technical grade chemicals,
octadecene and the coordinating ligand oleic acid. In this straightforward method, the
dissolved precursors are added slowly to the reaction solution through a stainless-steel
cannula resulting in highly luminescent nanocrystals with an almost monodisperse
particle size distribution. The average diameter of the nanocrystals was determined to be
~28 nm on average by Transmission electron microscopy (TEM). High resolution TEM
images of individual nanocrystals indicated that they are highly crystalline and are
composed of single crystallites. Selected area electron diffraction (SAED) and powder X-
ray diffraction (XRD) revealed that the nanocrystals possessed a cubic crystal structure
with a lattice cell parameter of 5.52 A. The present of the oleic acid capping ligand was
confirmed via '"H NMR of an undoped NaYF, sample. The NaYF, nanocrystals are
capable of being dispersed in nonpolar organic solvents thus forming colloidally stable
solutions. The colloids of the Er**, Yb*>" and Tm**, Yb** doped nanocrystals exhibited
green/red and blue upconversion luminescence, respectively, under 980 nm laser diode

excitation with low power densities.
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8.2 FUTURE WORK

The next step in the development of upconverting nanomaterials involves
optimization of the current synthetic procedure to maximize their upconversion
efficiencies. The NaYF, nanoparticles currently produced by this synthesis are cubic in
phase, while the preferred phase for upconversion in the NaYF, system is the hexagonal
phase. Thus it is of utmost importance to investigate modifications to the synthetic
parameters to obtain hexagonal phase NaYF, nanoparticles.

Further increases in the upconversion efficiencies of these materials may also be
obtained by changing the lanthanide ion doping levels in the nanoparticles. The current
level of doping used in the synthesis of the nanoparticles is the optimal concentration for
upconversion in the bulk materials. As it still not fully understood what effect
synthesizing these materials in the nanoscale has on their upconversion properties,
additional samples should be synthesized with a range of different lanthanide ion
concentrations to identify the optimal doping levels. An added benefit of this research
would be the synthesis of a range of nanoparticles with slightly different emitting colors,
as modifying the dopant levels would also change the emission of the materials. In
addition, other hosts should be examined as this will also modify the spectral response of
the nanoparticles.

For these materials to ever be utilized in FRET based assays, modification of the
surface must still be performed to render the nanoparticles dispersible in polar solvents
such as water and buffer solutions. This may be achieved through two possible
techniques. The first involves stripping the surface of the current ligand and replacing it

with one with a water soluble head group facing out from the particle. This has possible
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disadvantageous such as irreversible agglomeration of the particles when the original
surface ligand is stripped. The second method is the incorporation of phospholipids or
surfactants into the hydrocarbon chains of the surface oleate ligands. In essence, a
phospholipid bilayer is created that surrounds each individual nanoparticle thus making it
water soluble.

Further work must also be directed at understanding the basic spectroscopy of the
lanthanide ions in these dispersible nanoparticles. Almost all of the studies on these
materials have focused on their synthesis and physical characterization for the most part
ignoring their optical properties. No study has of yet fully investigated the effect of
particle size on the optical properties of these dispersible upconverting materials. Further
development of the synthetic procedure should be investigated to produce a range of
samples with different particle sizes. Once synthesized, their optical properties should be
thoroughly investigated. Studies on other luminescent lanthanide-doped nanocrystals
have shown that a reduction in particle size has a drastic effect on the optical properties
of the material due to increased surface effects. Thus it is of the utmost importance to
full investigate the effect of particle size on the upconversion processes in nanocrystalline

NaYF,.
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