LANTHANIDE-DOPED NANOPARTICLES AS THE ACTIVE OPTICAL MEDIUM IN
POLYMER-BASED DEVICES

PROEFSCHRIFT

ter verkrijging van
de graad van doctor aan de Universiteit Twente,
op gezag van rector magnificus,
prof.dr.F. A. van Vught,
volgens besluit van het College voor Promoties
in het openbaar te verdedigen

op vrijdag 6 februari 2004 om 16.45 uur

door

Jan Willem Stouwdam

geboren op 29 december 1974

te Ijsselmuiden



Dit proefschrift is goedgekeurd door:

Promotor Prof.dr.ir.D. N. Reinhoudt

Assistent-promotor Prof.dr.ir.F. C. J. M. van Veggel

i






Dit onderzoek is financieel gesteund door het gebied Chemische Wetenschappen van de

Nederlandse Organisatie voor Wetenschappelijk Onderzoek

ISBN 90-365-2011-8

v



Table of contents

CHAPTER 1 et e e eeeees 1
General INITOAUCTION ........eiiiiiiiieie ettt et ettt e esebeeeeas 1
L1 REIETEICES ...ttt ettt ettt e b e sttt e et e e eseteebeenaeeens 3
CHAPTER 2. 3
Luminescence of lanthanide 100S..........c.ooiiiiiiiiiiiiiiieee e 5
2.1 General INTrOAUCTION .......ooiuiiiiiiiieeiieee ettt et 6
2.2 Luminescence of trivalent lanthanide 100S .........c.ccocevieriiiieniinieienieeecceeee, 7
2.3 QUENCRING PIOCESSES...ecuviiriieiieriieeiieriieeieentteeiteestteeseesseeeseesseeesseenseesseessaeesseenses 10
2.3.1 Multi-phOnon @MISSION ......cuveeervreeeiireeeiireeeireesiteeesteeesaeeeesseeessreeensseeessseesnseens 10
2.3.2 Energy transfer between lanthanide 10nS..........ccccoeviieiieniiiiieniciecee 11
2.3.3 CroSS-TEIAXAtION ..ccuuieureiietieiieritei ettt ettt sttt et ae st saeens 11
2.3.4 UP-CONVEISION. ....eeeuiieeireeetreeeiteestreessieeesseeessseeessseeessseeesssessssseesnssesssssessnsees 12

2.4 Lanthanide luminescence in inorganic materialS...........ccceeeveeeviieencieeesieeeeeveeeene 13
2.5 Lanthanide luminescence in organic materials............cooceereeriiieiiiniieenienieeee 14
2.6 NANOPATLICLES ....eeevvieiieiiieeie ettt ettt et e eeseeeete e bt e enbeesseesnseesaeeenne 16
2.6.1 Synthesis of nanoparticles in organic SOIULION ...........ccceeevieriieeieenieeiieeenn, 16
2.6.2 Synthesis of semiconductor nanoparticles..........ccccveeriieerieeenieeecieeeeeeeenn 17
2.6.3 Synthesis of metal NANOPATtICIES.......cccvevuiiriiriiniiiirieieeeececeeeea 19
2.6.4 Lanthanide-doped nanopartiCles ..........ooceevuieriieiiienieeiiienie e 19
2.6.5 Lanthanide ions in semiconductor nanoparticles...........coceevierieeniercriennnennn. 23
2.6.6 Synthesis of mono-disperse nanoparticles..........ccoovveereviierciieenieeeriie e 24

2.7 Optical AMPIITIETS ..ccuvireiiiiiiiieierieee e 25
2.7.1 1550 nm fiber ampPlIfiers.......ccccueeruieriieiieiiieie e 27
2.7.2 1300 nm fiber ampPlIfiers........cccueeriiiriieiiieiieeieeeie et 27
2.7.3 Other wavelength amplifiers.........ccccoeeciieiciiieiiie e 28

2.8 Polymer-based optical amplifiers ..........ccceevieiiieiiiiiienie e 29
2.9 EleCtrOIUMINESCOIICE ... .ottt ettt ettt ettt ettt sbe e b e saeens 31
210 OULLOOK ...ttt ettt sttt et et et e eaeenbeennesaeens 33
21T RETEIEICES ..ttt ettt ettt ettt et et st e saaeebeeee 33
CHAPTER 3. eeeeees 41
Synthesis of lanthanide(IIT)-doped nanoparticles ...........ceeeveerierciienieecieenie e 41



31 INEEOAUCTION 1o 42

3.2 Results and diSCUSSION ......eeviiieriieiiiieieeie e 42
3.2.1 Luminescence of Eu’"-doped nanoparticles .............oevweveeeeeeeeeeeeereernens 47
3.2.2 Strongly visible-emitting ions Tb>", Dy*", and Sm™  .........ccocoovvvviiiririinn, 52
3.2.3 Weakly visible-emitting ions Pr’", Tm®", and Ho* ........cooovvvvvivrieece, 54
3.2.4 Determination of the quantum yield..........c.ccccoeveiieiiiniiiiiiiciee e 56
3.2.5 Near-infrared €mitting 101 .......ceeeuveeeiuieeriieeeiiieeeireeeieeesieeesreeesaeeesseeessneens 57

3.3 CONCIUSIONS ..ttt ettt ettt ettt e et et e et e e bt e s aaeesbeesnteeseaenseenees 65

3.4 EXPerimental SECHION .......ccueeviieriieeiieiie et eiee ettt et et saeesete b e enseenes 65

3.5 References and NOLES ........c.eevueeiuiiriieniienieeie ettt 68

CHAPTER 4. e eeeeees 71
Surface effects on the luminescence of lanthanide(Ill)-doped nanoparticles.................. 71

4.1 TNEFOAUCTION ..ttt ettt et ettt et sae et eaeesaeenbeeneas 72

4.2 Results and diSCUSSION ......cevueiriiiriiieiieiie ettt ettt e 73
4.2.1 Quenching by SOIVENLS .......cccueeiiiiiiiiiiieiiee e 73
4.2.2 Influence of the refractive INdeX.........coceevuieiiiriiniiiiiieceee 74
4.2.3 Concentration qUENCRING.........cccieriiiiiieiiieiieie ettt eaeens 75
4.2.4 Modeling of the luminescence lifetime ............cccceeeeviveeeiiieecieeeie e, 76
4.2.5 Nanoparticles with different S1Zes .........cccceeeeeriiiiieniieiiee e 82

4.3 CONCIUSIONS ..ottt ettt ettt ettt et e bttt sat e bt et e sate bt entesanenees 88

4.4 EXPerimental SECTION ........cevcuieriieeiieiiieeieeiee et eiee et et eseeeseeseaeeseeesseensaesasaas 88

4.5 References and NOLES ........coouiiiiiiiiiieieete ettt 88

ADPPENAIX 4L A ..ottt ettt e bt e bt e et e e bt e e abeebeeenteeneen 90

4.A.1 Modeling the luminescence deCaY..........ceecvierieriiierieeiienie ettt 90

4.1 References and NOLES ........cooueiiiiiiiiiieeieeeeeete et 92

CHAPTER 5. eeeeees 93
Surface modification of lanthanide(III)-doped nanoparticles ............cccceeveveerierireneenee. 93

5.1 INEOAUCLION ..ottt ettt sttt et et eneesneens 94

5.2 Results and diSCUSSION .........eiiuiiiiiiiiieiieeiie ettt e 95
5.2.1 Surface modification of LaF; and LaPO4 nanoparticles............ccceceevueennnennee. 95
5.2.2 Synthesis of core-shell nanoparticles of LaF3 ......cccccoeeiiviiiniiiiieienieeee 100

5.3 CONCIUSIONS ...ttt ettt ettt sttt et et esbeeneeenee 106

5.4 EXPerimental SECION ....ccveeeevieeeiieeiiieeiieeeiteeeite e et e e sieeesteeessaeeessaeeessseeesseeenns 106



5.5 RETETENCES ANA TIOTES .. e e e e e e e e e eeaeaeaeeeaeaeaeaeaeaenenenaaanas 108

(O o 1 I 111
Synthesis of lanthanide(III)-doped semiconductor nanoparticles ...........ccccceceereeruennnene 111
0.1 INTOAUCHION. ...c.uiiiiiiiiieetecie ettt st et 112
6.2 Results and diSCUSSION ......oc.eeiuieiiriieiieiesieeee ettt 113
6.2.1 Characterization of Eu*"-doped nanoparticles..............ooowveeeeeeeeereereeenenn. 113
6.2.2 Quenching in lanthanide-doped TiO; nanoparticles.........ccccceceererviervennenne. 117
6.2.3 Lanthanide ions emitting in the Near-Infrared ..........c.cccoceeveniiiinininenn. 119
6.2.4 A LED with TiOy:Eu nanoparticles..........cccceverieeviienieeiiienieeieeeee e 120

0.3 CONCIUSIONS......tiiuiieiiieiie ettt ettt ettt et e et e bt e s it e e beesseeebeesaeeens 121
6.4 EXperimental SECTION. ......ccuiiiiiiiiieiie ettt ettt ettt e eas 122
6.5 References and NOES ........cceevuiriiriiniiiiieiiericeice e 123
(O] o 1 I A 125
Polymer waveguide amplifiers doped with LaF3;:Nd nanoparticles. .........ccccevervenennee. 125
7.1 INEOAUCHION. ...ttt ettt et ettt e neenees 126
7.2 Results and diSCUSSION ....c...eiuieiuiiiiieiiieiie ettt 129
7.2.1 PMMA WaVEGUIAES .....ccueiiuiieiiieiieiie ettt ettt 129
7.2.2 SU-8 WAVEGUIAES ...cuveieiiiiniieiienieeieeitesttete ettt sttt 132
7.2.3 Modeling of the amplification ............ccceeviieiiieiiieiierieeeee e 137

7.3 Outlook: Optimization of the device StruCture ............eeveeeveerieeciierieeieeeie e 138
T4 CONCIUSIONS......iiniieeitieiie ettt ettt ettt ettt et ettt e s bt e e beesabe e bt e sabeebeesaeeens 141
7.5 EXperimental SECTION. .....ccc.uiiiuieiiieiieeie ettt ettt ettt ettt ens 141
7.6 References and NOES ........cceevueriirieniirieiierieeeet ettt 142
APPENAIX 7. A .ottt ettt ettt ettt e et e et e et e e bee et e e bt e etbeebeeesbeeteeesbeenseeenaeenseas 144
7.1 Modeling of the Nd*" optical amplification. .............o.eweeeeeeereeeeeeeereeeeeeereeeeenn. 144
7.2 RETETEICES. ...ttt ettt ettt ettt ettt e et e bt e esbeesseeenseenaeaens 147
SUMMATY .. ettt e et e ettt e st e e s bt e e sabeeesabeeesabeesnnreesnns 149
SAMENVALIING .....eiieeiiieeiieece e e et e et e e eerabee e bt e esaeessseesnnseessneeens 153
DaAnKWOOTA. ..ottt ettt sttt et an 157
CUITICUIUM VILAC ..ottt sttt e st e et esaee e 159

vil






General introduction

In the current age of information technology the demand for fast transport of a large
amount of data over long distances is constantly growing. The use of glass fibers for optical
telecommunication has been a very important step in increasing the bandwidth and speed of data
transport and these glass fibers have almost completely replaced conventional electric data
transport in copper cables. Glass fibers could only be used to their full potential after the
introduction of optical amplifiers to compensate for the small optical losses that occur in these
fibers." Optical amplifiers allow for the direct amplification of optical signals, without the
conversion to electrical signals. The active luminescent material in optical amplifiers is often one
of the lanthanide ions, because they have the appropriate optical transitions. The major
advantages of the lanthanide ions are the long luminescence lifetime and the high quantum
efficiency that can be achieved at the major telecommunication wavelengths of 1300 and 1530
nm. The Er**-doped fiber amplifier (EDFA) is the most commonly used amplifier, because the
optical transition of the Er’* ion at 1530 nm coincides with the minimum loss window of optical
glass fibers. To cover the complete low-loss window, other lanthanide ions also attract a lot of
attention, like Pr’" and Nd** for amplification around 1300 nm and Tm’" for amplification
around 1450 nm.>” A large number of optical components are needed for the manipulation of
optical signals, but combining these components with glass fiber technology is very expensive.

The use of planar waveguide technology would have significant advantages in reducing the cost



of integrated systems with the use of lithographic techniques.” Polymers are interesting materials
for the use in planar waveguides, because of the low fabrication cost of devices and the
flexibility these polymers offer in their processing.” Also needed in these integrated waveguide
structures are optical amplifiers, for the compensation of optical losses that occur during the
manipulation of the data signals and of the intrinsic losses of the device. Polymer-based optical
amplifiers have to be developed, but the use of lanthanide ions as the luminescent material in
these polymer-based amplifiers has some drawbacks. The luminescence of lanthanide ions,
especially the ions emitting at the wavelengths that are of interest for telecommunication, is
quenched significantly in organic materials, due to the high vibrational energies of the chemical
bonds in the polymer. In order to increase the luminescence of the lanthanide ions in polymer-
based materials, the ion has to be shielded from the polymer environment and one way to do this
is by the synthesis of organic complexes, in which an organic ligand is coordinated to the
lanthanide ion.® Reducing the amount of organic bonds in close proximity to the lanthanide ion
has improved the luminescence slightly, but still quenching is the dominant process.’

Therefore, the goal of this thesis is to improve the luminescence properties of lanthanide
ions in an organic solution or polymer, by doping them in the core of inorganic nanoparticles.
These nanoparticles are soluble in organic solvents, but at the same time they can provide an
environment around the lanthanide ion that reduces quenching. Generally, lanthanide ions have
good optical properties in inorganic matrices, like glasses and crystals, and long luminescence
lifetimes and high quantum yields are observed in these materials. Doping of the lanthanide ions
in the core of nanoparticles would give the lanthanide ion the luminescence properties found in
inorganic materials, but at the same time the nanoparticles could be processed as an organic
compound.

An overview of the luminescence of lanthanide ions will be given in chapter 2. The
luminescence of different ions in a variety of hosts will be discussed and it will focus on the
doping of lanthanide ions in nanoparticles. The synthesis and properties of different
nanoparticles will be discussed in detail.

The synthesis and optical characterization of nanoparticles doped with lanthanide ions are
discussed in chapter 3, as a way to improve the luminescence of lanthanide ions in an organic
solution. The nanoparticles have organic ligands coordinated to the surface that provide stability
of the nanoparticles and give the nanoparticles solubility in organic solvents. The small size of
the nanoparticles minimizes scattering and optically clear solutions can be made. Nanoparticles

doped with a range of lanthanide ions were prepared giving rise to different luminescence



spectra. The difference in luminescence spectra will be discussed in terms of the different crystal
symmetries of the nanoparticles that were prepared.

In chapter 4, the influence of the environment on the luminescence properties of the
lanthanide ions doped in the nanoparticles will be discussed. Due to the small size of the
nanoparticles the surface has a major influence on the luminescence of the lanthanide ions and a
model will be described that deals with the influence of surface quenching. Differently sized
nanoparticles are synthesized and it is shown that the optical properties of the lanthanide ions are
strongly size dependent.

The modification of the surface of the nanoparticles is discussed in chapter 5. The surface
of the nanoparticles is not only important for the optical properties of the lanthanide ions, but it
also determines the solubility of the nanoparticles. Control over the surface properties is an
important tool for the use of these materials in polymer-based technology and several methods to
change the surface bound ligands are discussed. The growth of an inorganic shell around the
nanoparticles is described as a simple way to improve the luminescence properties of the doped
lanthanide ions.

Chapter 6, describes the synthesis of semiconductor nanoparticles doped with lanthanide
ions. The low absorption coefficients and the narrow absorption lines of the lanthanide ions
make direct excitation of the lanthanide ions inefficient. Semiconductor materials can have broad
absorption bands with high absorption coefficients at wavelengths ranging from the UV to the
near-infrared (NIR) and energy transfer from the semiconductor host material to the lanthanide
ion could provide alternative excitation pathways. Semiconductor nanoparticles can be excited in
polymer light-emitting diodes (LEDs) and the doping of lanthanide ions in the nanoparticles
could generate lanthanide luminescence directly from electricity.

Optical amplification in a polymer waveguide is reported for the first time at an important
telecommunication wavelength of 1320 nm. The fabrication of planar polymer-based optical
amplifiers is described in chapter 7, using Nd**-doped nanoparticles synthesized as described in
this thesis. It is shown that these nanoparticles are promising materials for polymer amplifiers.
Modeling of the amplification results shows that the gain of these polymer-based optical

amplifiers might be close to the gain that was obtained in Nd**-doped glass fiber amplifiers.
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CHAPTER 2

Luminescence of lanthanide ions

The luminescence of lanthanide ions has a large technological importance in a
variety of materials like phosphor lamps, displays, lasers, and optical amplifiers.
Usually, the best hosts for these lanthanide ions are inorganic materials like crystals
and glasses, because lanthanide ions generally show high quantum yields in these
hosts. However, the use of organic materials could have significant advantages over
these inorganic materials in terms of the processability and costs. In this chapter,
some of the characteristics of the lanthanide ions will be described and how these
ions are already being used in organic environment. Furthermore, an overwiew is
given on optical amplifiers with lanthanide ions, since this will be a focus in the

remainder of this thesis.



2.1 General introduction

Most of the lanthanide ions were discovered in the early 19™ and some in the 20" century,'
but since this fairly recent discovery the technological importance of the ions has been growing
rapidly. Although they are also called rare earth ions, they are not as rare as this name would
suggest. The ions are abundant in the earths crust, but they do not have the tendency to form
concentrated ore deposits.” A wide variety of minerals, which can be found on a few places in
the world, do contain rare earth elements at relatively high concentration, in different
compositions.” The lighter ions have a higher abundance in these ores and consequently have
lower prices. The ions have a wide variety of technological importance in for instance permanent
magnets, catalysis, batteries, and optics.* The optical properties of lanthanide ions became
important when techniques were developed to separate the different lanthanide ions to high
purity. Cathode ray tubes of computers and color televisions use europium as the red phosphor’
and in fiber optic telecommunication, erbium ions are used in laser amplifiers to enhance optical
signals.® It is especially this laser action of lanthanide ions that is the subject of this thesis.

The ions are extremely stable under laser action, because the optical transitions involve
electronic transitions within the ion itself. No chemical bonds are involved so degradation does
not occur. The long luminescence lifetime of the lanthanide ions makes laser action relatively
easy to achieve with cheap pump sources.” The luminescence of the ions is widely studied in
inorganic hosts, like crystals or glasses.® These host materials are often fabricated at high
temperatures and with sometimes high-cost materials. For optical glass fiber technology, the
high costs of integration of the optical components can even exceed the fabrication costs of the
components itself. This has clear disadvantages especially in short range telecommunication,
where the optical signals have to be processed in a large number of optical components.
Integration of these components on a single chip could reduce the costs significantly. Polymers
are attracting interest for integrated optical systems and research is going on to investigate the
use of lanthanide luminescence in polymer materials.” Polymers have the advantage that they can
be processed at low temperatures and with standard techniques it is relatively easy to make
different structures. This would make it possible to integrate a wide variety of optical
components like splitters, couplers, multiplexers, and amplifiers lowering the cost of optical
systems. Polymer-based optical amplifiers have to be developed for the compensation of optical
losses that occur in the integrated systems. Lanthanide ions could be used as the luminescent

material in these amplifiers, but then the ions have to be incorporated in the polymer matrix. The



solubility of the ions in organic materials is low and one way to circumvent this problem is by
the synthesis of lanthanide complexes, which are soluble in organic materials. A disadvantage of
the use of these complexes is that the good optical properties these lanthanide ions have in
inorganic materials are largely reduced in the organic complexes.'® The high vibrational energies
of the chemical bonds in organic complexes are efficient quenchers of lanthanide luminescence.
In order to use lanthanide ions in a polymer matrix, they have to be shielded from the organic

environment in order to have good luminescence properties.

2.2 Luminescence of trivalent lanthanide ions

The lanthanides are the elements following lanthanum in the periodic table. In this range of
elements the 4/ shell is successively filled. These 4f electrons are shielded from the environment
by the filled 5s and 5p shells. Since the valence electrons are the same for all the ions, they all
show very similar reactivity and coordination behavior.*

This thesis will focus on the luminescence of the trivalent lanthanide ions, but a few ions in
the series also show luminescence in the divalent state (Eu®", Sm®").!" Since luminescence of the
trivalent lanthanide ions arises from transitions within the 4f shell and because this shell is
shielded by filled 5s and 5p shells, the absorption and emissions of the ions are only slightly
affected by the environment. The transitions within the 4f state are parity forbidden, but due to
mixing with allowed transitions, like the 4f-5d transitions, they do occur. As a result of the
forbidden character, absorption coefficients are low and luminescence lifetimes are long, ranging
from microseconds up to several milliseconds. Figure 2.1 shows the energy levels of the 4f
configurations. Three lanthanide ions are not shown in this figure and of these ions; La*" and
Lu’" have a completely empty and a completely filled 4f shell, respectively, and therefore have
no optical transitions and Ce®" has one electron and one 41 level just above the ground state. Ce®*
has the lowest oxidation potential of the lanthanide ions making the allowed 4f-5d transitions
possible in the UV. Y*" is usually also treated as a lanthanide ion, because of similar reactivity
and coordination behavior. This ion also has no optical transitions, but luminescent lanthanide
ions are often incorporated in host materials with Y** ions. The energy levels are denoted as
@S*Dr) (Russel-Saunders notation), where S is the spin multiplicity, I' the orbital angular
momentum, and J the total angular momentum. Due to the effective shielding of the 4f electrons,
the crystal field has almost no effect on the energy of the levels. For this reason this energy level
diagram can be used for lanthanide ions in all sorts of host materials. In principle this could lead

to very similar emission and absorption spectra for the same lanthanide ion in a range of



different hosts, but symmetry and quenching will have an effect on the emission properties as

discussed further in this chapter.
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Figure 2.1: Energy level diagrams of the lanthanide ions."

Table 2.1 gives some important emissions of lanthanide ions and their technological
interest. The selection rules for the different transitions are influenced by the symmetry of the
environment. The nature of the transitions varies from pure magnetic dipole transitions to pure
electric dipole transitions and mixtures of the two. The emission spectrum of the Eu’* ion is
strongly influenced by the symmetry of the surroundings. The main emissions of this ion occur
from the °Dy to the 'F; (J = 0-6) levels. The *Dy—'F, transition is a pure magnetic dipole
transition, which is practically independent of the symmetry of the surroundings and the strength
can be calculated theoretically. The transitions to the 7F0, 3, 5 levels are forbidden both in
magnetic and electric dipole schemes and are usually very weak in the emission spectrum. The
remaining transitions to the 7F2, 4,6 levels are pure electric dipole transitions and they are strongly
dependent on the symmetry of the environment. In a crystal site with inversion symmetry the
electric dipole transitions are strictly forbidden and the *Dy—’F; transition is usually the
dominant emission line. In a site without inversion symmetry the strength of the electric dipole

transitions is higher. The >Dy—F, transition is usually the strongest emission line in this case,



because transitions with AJ = +£2 are hypersensitive to small deviations from inversion
syrnmetry.13 The symmetry around the lanthanide ion can thus be obtained from the shape of the
emission spectrum of the Eu’™ ion. The other lanthanide ions have transitions that are usually
mixtures of electric and magnetic dipole transitions and the effects of the symmetry are less

pronounced.

Table 2.1:  Important emission lines of some lanthanide ions.

Ion Transition Wavelength (nm) Application
Pr” 'G4—H;s 1300 Optical amplifier
Nd** ‘Fino'Tin 1064 Solid state lasers
Eu’* Do—'F, 615 Displays, lighting
b D4—'Fs 545 Lighting
Dy3+ F 12 + *Hopn—Hys)n 1300 Optical amplifier
Er’ Mi3n— s 1530 Optical amplifier
Tm®* SHy—>F4 1480 Optical amplifier
Yb** Fs;p—Fqp 980 Sensitizer

The symmetry also has an influence on the radiative lifetime of the *Dy level. The radiative
lifetime is the time for the luminescence to drop to 1/e in intensity in absence of quenching. In
the case of a Eu’” ion without inversion symmetry the rate of the forced electric dipole transition
is higher than in the case of a Eu’" ion with inversion symmetry. This automatically means that
the radiative lifetime of a Eu’" ion in a site with inversion symmetry is longer. Radiative
lifetimes of lanthanide ions have been calculated with several methods, of which the Judd-Ofelt
theory is the most popular.'* In this theory the strength of the electric dipole transitions are
calculated from the absorption spectrum and these strengths can be related to the radiative
lifetime. Werts et al. have formulated an equation to calculate the radiative lifetime of the Eu’"

ion from the shape of the emission spectrum (Equation 2.1)."

1 |
— = AMD,0n3[I

2-R MD

] (Eq. 2.1)



In this equation, the strength of the magnetic dipole transition (Imp) is compared to the
intensity of the total spectrum (Iif). Ampo is the spontaneous emission probability of the
*Dy—'F; transition in vacuo and 7’ is a correction for the refractive index. Amp,o could be

calculated and was found to be 14.65 s,

2.3 Quenching processes

2.3.1 Multi-phonon emission

Non-radiative processes can also play an important role. The energy of the excited state
can be taken up by the surroundings in the form of vibrational energy, often referred to as
phonon emission. The effectiveness of this process depends on the availability of high-energy
vibrations in the surroundings and the energy difference between the energy levels of the
lanthanide ion. The fundamental vibrations of the chemical bonds in the surroundings and the
energy of the vibration are determined by the reduced mass of a bond. Especially bonds with
hydrogen have a small reduced-mass and therefore high vibrational energies. These bonds are
therefore able to take up large amounts of energy and effectively quench lanthanide ions with
large separations between the energy levels. The visible emitting ions Eu*" and Tb*" have large
gaps between the emissive Dy and *Dy level of 12,000 and 15,000 cm™, respectively, but still
these ions and especially Eu’" are quenched substantially when the ions are dissolved in water
(vibrational energy: Lmsx 3500 cm™). The quenching efficiency is strongly dependent on the
number of vibrational quanta that are needed to bridge the gap between the lowest emitting level
and the highest non-emitting level of the lanthanide ion. The intensity of the vibronic transition
is dependent on the square overlap integral (Franck-Condon factor) of the initial and final
vibrational states and this overlap decreases rapidly as the number of vibrational quanta
increases.'® This is summarized in the theory of the energy gap law.'” The observation of
luminescence of a lanthanide ion in solvents with high vibrational energies (water) is dependent
on the energy difference between the lowest radiative level and the highest non-radiative level.
For example, Tb>" in water shows reasonable luminescence but Eu®* luminescence is almost
completely quenched. The Eu®* ion is quenched by energy transfer to the 4™ overtone of the OH
bonds, while the Tb®" ion is quenched by energy transfer to the 5™ overtone of the OH bond.
Another important factor governing the efficiency of quenching is the distance between the
lanthanide ion and the quencher group. Quenching occurs through a dipole-dipole interaction in
a Forster-type mechanism.'® In this Forster mechanism the interaction between the lanthanide ion

(donor) and the quenching site (acceptor) only occurs when the energy levels of the donor and
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acceptor are resonant. The donor and acceptor do not have to have overlap of their wave
functions, but the process is strongly distance dependent. For dipole-dipole interactions the rate

of quenching has a distance dependence of r®."°

2.3.2 Energy transfer between lanthanide ions

Another factor in the quenching of lanthanide ions is the interaction between the lanthanide
ions, of the same or different type. Two different lanthanide ions can transfer energy when they
have similar separations between the energy levels. The small mismatch in energy can be
compensated for by the emission or uptake of a phonon. Energy transfer of one lanthanide ion
can be used to enhance luminescence of the other lanthanide ion. For example the lanthanide
couple Yb*"-Er’*, where the Yb’" ion is excited at 980 nm and then transfers its energy to the
Er'” ion. The advantage of co-doping with Yb®" is that the Yb*" ions have a much higher
absorption cross-section at 980 nm."” The optical gain of an amplifier co-doped with both these
ions can be increased compared to an amplifier with only Er’" ions.** Another example is the
Tm’*-Ho®" couple, where Tm’" is used as the sensitizer and Ho’" as the emitter around 2 pm.
The Tm’" ion has an absorption peak around 790 nm, a wavelength where a lot of cheap
semiconductor pump lasers are available. Pumping at this wavelength leads to an excited Tm®"
ion in the *Hy level, which self-quenches to the *Fy4 level producing two Tm’" ions excited in the
°F, level. Energy transfer from the °F4 level of Tm®" to the °I; level of Ho’" could theoretically
lead to two excited Ho" ions per absorbed photon.”' The same energy transfer process could
also be used to enhance laser action of Tm®>" around 1480 nm.** Pumping of the Tm’" ion into
the 3H4 level can lead to Tm>" emission at 1480 nm by radiative decay to the 3 F4 level. If this 3 F4
level is relatively long lived, which is the case in some host materials, it is difficult to create a
population inversion between the *H, and °F4 level. Co-doping with Ho ™ leads to a fast

depopulation of the *F4 level making population inversion possible.

2.3.3 Cross-relaxation

In a cross-relaxation process two ions that are closely together interact and exchange
energy. Examples of these processes are given in Figure 2.2 for Eu’" and Pr’". A Eu®" ion in the
°D, excited state can transfer its energy to a neighboring Eu’" ion promoting it to the 'F; level.
This leads to one ion in the “Dy excited state and one in the "F; level. In the case of Pr3+, the 3P0

level can be quenched by cross-relaxation leading to an ion in the *Hq and an ion in the 'D, level.
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The 'D; level can be quenched again by cross-relaxation leading to an ion in the 'Gy state and an
ion in the °F; level.

Energy migration is another form of cross-relaxation between two ions of the same sort.
The excited state energy levels of two identical ions are resonant, so the energy can be
transferred to the neighboring ion by cross-relaxation and travel through the material hopping
from one ion to the other. An increase in the doping concentration leads to a faster energy
migration through the material, making the chance of meeting a quenching site higher. For
reasons of cross-relaxation and energy migration, high doping concentrations often lead to a

decrease in luminescence intensity and luminescence lifetime.
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Figure 2.2: Cross-relaxation processes in Eu*" and Pr*.

2.3.4 Up-conversion

Up-conversion is a process in which an excited state of a lanthanide ion is promoted to a
higher energy level by the absorption of another photon or by cross-relaxation between two
excited states. Up-conversion materials are of interest for the generation of high energy, blue or
UV- emitting lasers that are pumped with low cost red or near-infrared pump lasers. Up-
conversion phenomena can be found in most lanthanide ions using the appropriate conditions

like the right pumping wavelengths and the right host materials. Up-conversion can also reduce
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the efficiency of lasers and amplifiers, when the desired excited state is depleted by cross-
relaxation or excited state absorption. Up-conversion by cross-relaxation can be the gain limiting
factor in Er’'-doped amplifiers with a high concentration of Er'" ions.”® This up-conversion
process can clearly be seen by the green light emitted from the amplifier under NIR light
pumping. For this reason the concentration of Er'* ions in an amplifier has to be low, resulting in

very long amplifiers to achieve sufficient gain.

2.4 Lanthanide luminescence in inorganic materials

The luminescence in inorganic materials is generally characterized by high quantum yields
and therefore long luminescence lifetimes. There are, however, circumstances where the
quantum yields of these inorganic materials are lowered. For the visible emitting ions high
quantum yields can be reached in almost all inorganic materials as long as the purity is good and
water can be excluded form the material. Recently, interest for long wavelength lasers in the
near- and mid-infrared has focused the attention on lanthanide ions that emit between 1.5-5 um.
These lasers could have applications as surgical instruments, and as eye safe lasers. lons that are
of interest for emission in this region are Ho’" at 2 pm** and 2.9 um,” and Er’" at 2.7 pm?® and
3.5 um.”’” For emission at these wavelengths, the separation between the energy levels becomes
so small that the vibrational energies of the inorganic materials can also quench the
luminescence. In order to observe efficient lanthanide luminescence at these wavelengths,
materials with low phonon energies have to be used. A summary of some widely used inorganic
materials with their phonon energies is given in Table 2.2. Silica glass fibers are mostly used for
optical telecommunication, but this material has relatively high phonon energies. This means that
some of the optical transitions of lanthanide ions are quenched by multi-phonon relaxation.
When quenching occurs other glasses are used, like fluoride and chalcogenide glasses. The
materials used for lanthanide luminescence can be divided in two main groups, glasses and
crystals. Crystals are especially important for solid state lasers, for example Nd:YAG crystals for
a solid state laser operating at 1064 nm.” Crystals were also important for the determination of
the luminescence properties of lanthanide ions. In crystals, the Ln*" ions can exist in a single
well-defined crystal site. In this way the emission and absorption spectra of the lanthanide ions
can be related to the symmetry of the crystal site and important information can be obtained

about the energy of the levels.
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Table 2.2: Phonon energies of some common inorganic materials used as hosts for luminescent

lanthanide ions. ?°3%3

Material Phonon energy (cm™)
Phosphate glass 1200
Silica glass 1100
Fluoride glass 550
Chalcogenide glass 400
LaPO, 1050
YAG 860
YVO, 600
LaF; 300
LaCl; 200

Examples of these studies in the literature and of relevance in this thesis are given for
LaFs** and YVO,.” Crystals doped with lanthanide ions can also be used to study energy
migration between lanthanide ions.>* Glass hosts doped with lanthanide ions are interesting
materials for telecommunication where they can be integrated with un-doped optical glass fiber.
In these glasses the lanthanide ions do not have a fixed crystal site, which leads to
inhomogeneous line broadening. General problems can be the limited solubility of lanthanide
ions in the glass and clustering of the ions at higher concentration. The luminescence properties
of the lanthanide ions are reduced when they cluster, because of cross-relaxation. At low
concentrations, luminescence lifetimes of Er’* can go up to 15 ms and this long lifetime is
beneficial for the use in optical amplifiers.® Sol-gel processing has been used to make planar
waveguides for integrated optics.”® These integrated planar waveguides have to be of limited
length and as a consequence the concentration of Er’” has to be increased. A way to circumvent
the problems of cross-relaxation is by co-doping with other trivalent ions, like Al**, that do not

influence the luminescence of the lanthanide ion.*®

2.5 Lanthanide luminescence in organic materials

In order to use the luminescence of the lanthanide ions in an organic environment, the ions

have to be solubilized in organic solution. One way to do this is by the formation of complexes
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with organic ligands. Charged ligands can compensate for the charge of the lanthanide ions and
the organic groups on the ligand give the complex solubility in organic solvents and polymers.®’
A general problem of the use of lanthanide complexes is that the organic groups are close
to the lanthanide ion. This close proximity of organic groups leads to efficient quenching of the
excited lanthanide ions, especially for the NIR-emitting ions. In our group, lanthanide complexes
based on terphenyl and calix[4]arene ligands were used.”® Some of these structures are depicted

in Figure 2.3.
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Figure 2.3: Lanthanide complexes: (left) terphenyl-based, (right) calix[4]Jarene-based. Sens = a

sensitizer attached to the complex, that can absorb the light and transfer its energy to the

lanthanide ion.

These organic complexes can have a sensitizer attached in close proximity to the
lanthanide ion. Different sensitizers can be attached, that have high absorption coefficients and
that can transfer their energy to the lanthanide ion, giving the lanthanide ion overall a high
effective absorption coefficient. Visible emitting ions, like Eu’" and Tb®", can have high
quantum yields in these complexes and they find applications in biological immuno assays.*’
Lifetimes of these visible emitting lanthanide complexes are in the order of milliseconds and
quantum yields of up to 15 % have been reached, depending on the solvent used.*’ In deuterated
solvent the quantum yields are usually higher because quenching by OH groups is decreased.
Complexes with NIR-emitting ions have much lower quantum yields. Luminescence lifetimes
measured for Yb*", Nd**, and Er’” in a calix[4]arene complex were 12 ps, 0.9 ps, and 1.3 ps,
respectively.”! In terphenyl complexes these lifetimes are of the same order of magnitude. For
Yb*", Nd**, and Er’’, luminescence lifetimes of 19 ps, 2 ps, and 3 us, respectively, were
measured with some variation for the solvent used.*”>** An estimation of the quantum yield of
these complexes was made by comparing the luminescence lifetime of the complexes with
radiative lifetimes reported in the literature. For Yb’" and Nd** the quantum vyields are

approximately 1 % and for Er’* this is well below 0.5 %. One way of increasing the
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luminescence lifetime of the NIR-emitting ions in organic complexes is by decreasing the
vibrational energies of the organic bonds that are in close proximity to the lanthanide ions by
deuteration,* or fluorination* of the ligand. Deuteration of the terphenyl ligand gave a 2-3 fold
increase in the luminescence lifetime of the three NIR-emitting ions.” Other groups have also
used deuteration and fluorination of the organic ligands in order to increase the luminescence
lifetime of the lanthanide ions.'"*® The lifetimes of important ions like Nd** and Er’" are still
only several microseconds and for other ions like Pr’", Ho'™ and Tm’" it is very difficult to
observe NIR luminescence in organic systems.

In order to reduce quenching of the lanthanide ion by the organic groups, the distance
between the excited lanthanide ion and the organic environment has to be increased. A possible
way to do this is by doping the lanthanide ion in the core of an inorganic nanoparticle that is
stabilized by organic ligands. In these nanoparticles the lanthanide ion is in an environment that
could give all the advantages of lanthanide luminescence in an inorganic environment, but with

the solubility in organic solvent, because of the adsorbed organic monolayer.

2.6 Nanoparticles

2.6.1 Synthesis of nanoparticles in organic solution

Colloidal gold was prepared for the first time by M. Faraday in 1857 and the properties of
this nanosized material have been studied since then.*” Aqueous solutions containing silver and
gold nanoparticles have been used to coat various substrates with thin films of metals. Control
over the size and the size distribution of the nanoparticles have been important subjects in
nanoparticle research. Control over the size of the nanoparticles is important, because the
properties of the nanoparticles are strongly dependent on the size. Most nanoparticle solutions
are prepared in aqueous phases and stabilization of the nanoparticles is usually achieved by
surface charges on the nanoparticles that keep them separated from each other. In this way,
aggregation of the particles into insoluble large aggregates is prevented. A good method to
synthesize relatively mono-disperse gold nanoparticles in water has been described using citrate
as a reducing agent and as a stabilizer.”® The synthesis of nanoparticles that are soluble in
organic solvents became an important subject of research after the synthesis of CdSe
nanoparticles by Bawendi ez al.* and the synthesis of gold nanoparticles by Brust et al.’® These
nanoparticles are stabilized by organic ligands that have a coordinating group that binds to the

nanoparticle surface and bulky organic tails that separate the particles. A schematic picture of
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such a nanoparticle is shown in Figure 2.4. In this case the stabilization is not by charges on the
surface, but because of the bulkiness of the organic ligands. Stabilization of nanoparticles with
these organic ligands is so successful that the particles can be precipitated from the solution,
dried, and be resolubilized in organic solvent. Most of the synthesis methods aim to have a good

control over the particle size and size distribution.
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Figure 2.4: Schematic representation of a nanopatrticles stabilized with organic ligands.

2.6.2 Synthesis of semiconductor nanoparticles

Semiconductor nanoparticles have interesting properties that are markedly different from
the bulk. Excitation of a semiconductor leads to the generation of an electron and a hole. This
electron and hole can combine to form a bound electron-hole pair, also referred to as an exciton.
This exciton has a certain size, known as the Bohr exciton radius and for most semiconductors
the Bohr radius is in the order of a few nanometers. When the size of the nanoparticles
approaches the size of the Bohr exciton radius, the charge carriers have to be treated quantum
mechanically. The conduction and valence bands split into discrete levels and the band-gap
increases with decreasing particle size, leading to a blue shift in the absorption and emission
spectrum. Nanoparticles that show these phenomena are often called quantum dots, because they
show quantum confinement. The size of the exciton is now limited to the size of the
nanoparticles, so the charges will be present on the surface of the nanoparticles. Passivation of
the surface is therefore very important to observe luminescence. CdS nanoparticles have been
prepared from aqueous solutions,” but these generally suffer from low quantum yields due to the
bad surface passivation and difficulties to control the size distribution. The synthesis of CdE (E =
S, Se, Te) nanoparticles reported by Bawendi et al. was performed in TOPO (trioctylphosphine

oxide) as the coordinating ligand and solvent.* An organometallic precursor, CdMe, was
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injected into a hot solution of TOPO together with a chalcogenide source in the form of TOP(E)
or bis(trimethylsilyl)E (E = S, Se, Te). Decomposition of these precursors leads to the growth of
nanoparticles. The reaction temperature and the reaction time determine the size of the
nanoparticles. This procedure yields nanoparticles that can be isolated, dried, and re-dispersed in
organic solvents and with a relatively high luminescence quantum yield. Improvements in the
reactants and coordinating solvents followed later. The highly toxic and air sensitive CdMe,
could be replaced by CdO without changing the optical properties of the nanoparticles.”® The
introduction of other coordinating ligands like stearic acid and hexadecyl amine together with
TOPO resulted in even better control over the nanoparticles growth and size distribution.” With
the addition of hexylphosphonic acid not only control over the size of the nanoparticles, but
shape control could also be obtained.”® The stronger binding of this ligand to the particles surface
gave rod-like nanoparticles when the concentration was as low as 5 %. The phosphonic acid
ligand slows down the reaction rate and as a result the concentration of reactive monomer is high
which leads to a preferential growth of one of the crystal surfaces and using this ligand even
arrows, teardrop, and branched-tetrapod structures could be prepared.”> Semiconductor
nanoparticles of different materials have been synthesized and with their different bandgaps and
sizes the emissions can be tuned from the blue till the NIR. Some of these materials are

summarized in Table 2.3.

Table 2.3:  Semiconductor nanoparticles with emissions at different wavelengths.

Semiconductor Wavelength region (nm) Reference
ZnSe 370-420 56
Cds 400-450 52a
CdSe 450-650 53b
CdTe 520-700 57
HgTe 800-1700 58
PbS 1000-1600 59
PbSe 1200-2000 60

With these semiconductor nanoparticles the telecommunication window can also be
completely covered, but these particles have a drawback in comparison with lanthanide ions and
that is the short luminescence lifetime. The lifetime of these particles ranges from several

nanoseconds up to 1 ps, making it more difficult to create a population inversion. Despite this
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drawback, optical gain of CdSe nanoparticles has been reported for a close packed crystal.”' The
termination of the surface is very important to obtain nanoparticles with high quantum yields. A
large fraction of the atoms is located at the surface and these atoms are not all fully coordinated.
The exciton is located at the surface most of the time due to the reduced size of the nanoparticles
and thus quenching at the surface generally plays an important role. The use of strongly
coordinating groups to the surface of the nanoparticles can decrease the non-radiative effects and
high quantum yields can be obtained under certain circumstances. The quantum yield of the
nanoparticles could be improved significantly when the surface is coated with an inorganic shell.
These core-shell particles consist of a core of small band-gap semiconductor surrounded by a
shell of larger band-gap semiconductor.®* In these core-shell nanoparticles, the hole is confined
to the core of the particles while the electron can travel over the whole particle. Because of the
absence of the hole at the particles surface the quantum yields could be increased up to 80 %.
Examples of these core-shell particles are CdSe/ZnSe,*” CdSe/ZnS,64 HgTe/CdS65, and

InP/ZnS%, but many more examples can be given.

2.6.3 Synthesis of metal nanoparticles

Gold nanoparticles synthesized by Brust et al. were made in a two phase system. To a
solution of HAuCl, in water, a toluene solution of the phase-transfer agent tetraoctylammonium
bromide and a thiol as the ligand, was added.”® The gold ions transfer to the organic phase where
they are reduced by the addition of sodium borohydride in the aqueous phase, leading to the
formation of gold nanoparticles. The size of the particles can be controlled to some extent by the
ratio of thiol ligand to gold ions, but the size distribution of the particles is generally large.
Improvements in the synthesis method have lead nanoparticles with a narrower size distribution.
The synthesis of other metal nanoparticles, like Ag, Pd, and Pt nanoparticles has been described,
using similar methods.®” A special class of metal nanoparticles that gained considerable interest
are magnetic nanoparticles. Nanoparticles with a sufficiently narrow size distribution
spontaneously form 2D superlattices that could have applications in magnetic data storage.
Several procedures have been described to produce mono-disperse nanoparticles of Co® and
FePt.” These usually involve high boiling point solvents together with a coordinating ligand,

like oleic acid.

2.6.4 Lanthanide-doped nanoparticles
Several procedures have been described for the synthesis of lanthanide-doped

nanoparticles and novel properties of the luminescence of lanthanide ions in these nanoscale
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materials have been reported. Most lanthanide-doped nanoparticles are made via high
temperature procedures leading to small crystallites without any surface capping. Particles of
Y,03:Eu”® and Y,SiOs:Eu’' have been prepared at temperatures of 1000 °C and more. These
nanoparticles are not soluble in organic solvents, because they lack the solubilizing surface
groups, but due to an enlarged surface area and small domain of the crystal itself, different
properties compared to the bulk materials are observed. First of all, the emission lines in
nanocrystalline materials show extra inhomogeneous broadening.”> Not all crystal sites are the
same, especially due to the enormous increase in surface sites compared to bulk sites. The
increase in surface area was found to be an advantage for Y,O;:Eu nanoparticles excited with
cathode rays.”” The synthesized nanocrystalline materials have a much better surface termination
than the powdered bulk material leading to higher luminescence efficiency. A blue shift in the
peak emission wavelength when decreasing the particle size was also reported for Y,0;
nanoparticles doped with Eu’"." Y,0,S nanoparticles doped with Er’* showed a population of
the energy levels that was only observed in nanocrystalline materials and not in the bulk.”* Laser
excitation of the Er’ ions in nanocrystals at a temperature below 7 K, leads to a saturation of the
levels just above the ground state. Figure 2.5 shows a schematic and simplified excitation

spectrum of Er’* emission in bulk and nanocrystalline Y,0,S at 2.6 K.
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Figure 2.5: Schematic excitation spectrum of Y,0,S:Er nanoparticles and bulk Y,0,S:Er at 7 K.

The excitation spectrum of the bulk material only shows a single line at 20,333 cm™ from
the absorption of the lowest level of the ground state to level a of the excited state. In the
nanocrystals absorptions from level 2, 3, 4, and 5 were also observed in the excitation spectrum

of the Er’” emission. At low temperatures, the levels just above the ground state become
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populated, because after excitation the ion does not fully decay to the ground state. The
explanation that was given for this behavior is the absence of the very small phonon energies in
nanocrystals because of the “ending” character of the crystal domain. The vibrational modes in a
nanocrystal become discrete and are no longer band-like as in bulk materials. In bulk materials
the higher levels of the ground state decay very rapidly to the lowest level even at low
temperatures. A similar effect was found for Eu,O3 nanoparticles.”” A lot of energy transfer
processes rely on the matching of the energy levels by the uptake or emission of low energy
phonons. The absence of low energy phonons can have a significant effect on efficiency of
energy transfer processes in nanoparticles.”®

The symmetry of the lanthanide site can also be changed in nanocrystalline materials.”’
Decreasing the size of YBOs:Eu nanoparticles lead to an increase of the Dy—>’F, emission peak
compared to the other emission lines indicating that the symmetry around the Eu’" ion is
lowered. A similar effect was found for 14 nm sized YVO4:Eu particles.” These nanoparticles
were excited using a narrow laser line and the excitation wavelength was slowly scanned over an
absorption peak. Different Eu’* sites with different site symmetries and corresponding different
luminescence lifetimes were found. The sites with decreased site symmetry were attributed to
surface sites, so the lower lifetimes are found at the nanoparticle surface. Lanthanide-doped
nanoparticles also offer the possibility to change the environment around the lanthanide ion,
while keeping the lanthanide ion in the same crystal site. This proved to be valuable in the
determination of the influence of the refractive index on the luminescence lifetime. The
influence of the refractive index on the luminescence lifetime of Eu’" organic complexes was
studied by varying the solvent in which the complex was dissolved.” In these complexes special
care has to be taken that the coordination of the lanthanide is not changed when changing the
solvent. In nanoparticles, the ions are doped inside the crystal and local coordination of the ion is
not changed when varying the solvent. Y,0s:Eu particles showed a correlation between the
refractive index and the luminescence lifetime of the Eu®* ion, when the particles were dispersed
in different environments.*

Lanthanide-doped nanoparticles that are soluble in solvents that form optically clear
solutions have also been reported. YVO4:Eu nanoparticles were synthesized by a precipitation
from aqueous solution using different stabilizing groups, like sodium hexametaphosphate,®'
citrate®, or by adjusting the pH.* These particles are soluble in water and show strong Eu’"
luminescence. Due to the sensitivity of the Eu’" ion on the symmetry of the environment it can

clearly be seen from the emission spectrum that the ion is doped in the same site as in the bulk
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material. The Eu®" ion is in an Y*" crystal site giving the Eu®" ion D,; symmetry. YVO,:Eu is a
well-known phosphor that was used in cathode ray tubes before it was replaced by the more
efficient Y,0,S:Eu phosphor. YVO4:Eu particles can be excited in the UV where the VO, groups
have a charge transfer band, caused by a ligand to metal charge transfer in the V-O bond. The
VO, groups can transfer their excitation energy to the Eu’* ions leading to 4f line emission of the
lanthanide ion. The energy transfer processes in these nanoparticles have been studied by
temperature-dependent spectroscopy and luminescence lifetime studies.® It was concluded that
energy transfer to Eu’" occurs only from VO, groups adjacent to the Eu’" center and that
quenching of the excited VO, groups at the surface of the particles is the main reason for the low
quantum yield of 15 %. The quantum yield was later improved by the transfer of the
nanoparticles in D,O and by the growth of a silicate shell around the nanoparticles.* Quenching
of these nanoparticles could be studied by varying the concentration of Eu®" in the nanoparticles.
The best quantum yields were observed when the concentration of Eu’" was 5 %, but when
surface quenching was an important process the highest quantum yields were observed at a
higher Eu®" content. Silicate coated nanoparticles with the highest quantum yield had a Eu*"
concentration of around 5 %, close to the value for bulk YVO4:Eu, indicating that surface
quenching is strongly reduced in these nanoparticles.

Haase ef al. synthesized nanoparticles of LaPO4 doped with Eu®" or with the combination

8687 and via a hydrothermal procedure.® The

Ce’" and Tb*" in coordinating organic solvents
nanoparticles synthesized in the coordinating solvent tris(ethylhexyl)phosphate are soluble in
polar organic solvents like DMF and DMSO. After the addition of some tetraalkylammonium
hydroxide they are also soluble in methanol. From the emission spectrum of Eu**-doped particles
it could be concluded that the Eu’” ion is inside the particle, because of the similarity with the
bulk spectrum. The Eu’" ions can be excited in the UV (260 nm) via a charge-transfer band
originating from the Eu-O bond. In the Ce®” and Tb*" particles the Ce’" ions acts as a sensitizer
for the Tb** emission, because Ce®" has an allowed 4f-5d transition in the UV (at = 274 nm).
This allowed transition has a high absorption coefficient and the quantum yield of particles
doped with this ion could be determined. The emission spectrum of the particles consists of Ce’”
emission in the UV, and Tb** emission in the green. The quantum yield was up to 42 % for only
the Tb>" emission and 61 % if also the Ce’" emission was taken into account. This value is
among the highest quantum yields for organically capped nanoparticles. The luminescence
decays of Eu’"- and Tb*"-doped nanoparticles were not mono-exponential and a model to fit the
luminescence decay was described. This model takes into account quenching from randomly

distributed quenchers inside the nanoparticles. The luminescence lifetimes for both ions are
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several milliseconds. Recently, the luminescence of Er’*-doped LuPO, co-doped with Yb** was
reported.*”” Energy transfer from Yb’" to the Er’” ion was demonstrated and in another
publication energy transfer from Yb>" was used to obtain up-conversion luminescence of Er’"
and Tm®" in a nanoparticle solution, which demonstrates the good shielding of the lanthanide
ions in these nanoparticles.90

Synthesis of these YVO4 and LaPOy4 nanoparticles solutions were performed at relatively
low temperatures compared to the synthesis of the bulk powders, but the particles are still highly

crystalline and show similar spectroscopic properties as the bulk materials.”’

2.6.5 Lanthanide ions in semiconductor nanoparticles

The shielding of lanthanide ions could be achieved by doping them in the core of nanoparticles
and as a result the luminescence properties of the ions in an organic environment could be
improved. Semiconductor nanoparticles have the advantage of high molar absorption coefficients
and the possibility to excite them with charge carriers generated by electricity. Doping of
lanthanide ions in semiconductor nanoparticles could have enormous advantages over the doping
in nanoparticles of isolator host materials. Energy transfer from the semiconductor host to the
lanthanide ion would have the advantage of a broad excitation band for photo-excitation and
offer the possibility of electroluminescence of the lanthanide ion. At the same time the
lanthanide ion is shielded from the organic environment. Energy transfer from semiconductor
nanoparticles to lanthanide ions has been reported in a large number of publications. The best-
known example is the energy transfer of silicon nanoparticles to Er'™ ions doped in silicon-
enriched SiO, waveguides.”” Energy transfer of other semiconductor nanoparticles to other

lanthanide ions is also described, like from CdS to Eu’" and SnO, to Eu®".”***

These examples
are all in solid state glasses or sol-gel derived samples. Reports about the doping of lanthanide
ions in nanoparticles passivated by organic ligands have also appeared. The doping of Tb>" ions
in ZnS nanoparticles was described in several papers.”> Okamoto et al. reported luminescence

studies on CdS doped with Eu’**

and ZnS doped with Eu’" was reported by Qu et al.”” The
results of these studies have been under discussion lately when Bol et al. tried to reproduce the
results.”® They conclude that the lanthanide ions are not incorporated in the nanoparticles, but
probably adsorbed at the surface. The excitation spectra of their reaction products are dominated
by the 4f absorption bands of the lanthanide ions as proof that no energy transfer takes place

from the semiconductor host to the lanthanide ion.
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2.6.6 Synthesis of mono-disperse nanoparticles

It is important to control the size and size distribution of the nanoparticles during the
synthesis. The properties of nanoparticles strongly depend on the size and therefore mono-
disperse nanoparticle solutions are necessary to study the size-dependent properties. Mono-
disperse nanoparticle solutions are also necessary to control the organization on substrates or in
3D space.” Control of the size and size distribution of nanoparticles during the synthesis can be
obtained by confinement in tight cavities, like zeolites, dendrimers, or reversed micelles. In
reversed micelles the size of the water pools can be controlled, and with the size of the water

pools the size of the nanoparticles.'®

In coordinating solvents the size distribution of
semiconductor nanoparticles is kept low by fast injection of the precursors. A rapid injection of
the precursor leads to the formation of a high concentration of monomer and to a fast growth of
nanoparticles with a small size distribution. When the reaction proceeds, the monomer
concentration becomes lower due to the reaction and an increase in size distribution is observed.
Narrow size distributions can be obtained by maintaining a high monomer concentration as was
stated in the theory “focusing of the size distribution”.'”! Another mechanism for lowering the
size distribution is by Ostwaldt ripening. In this mechanism the larger particles grow by
consuming the smaller particles, because the smaller particles have a larger surface area making

them less stable.!®

This theory was demonstrated with the synthesis of mono-disperse gold
nanoparticles by heating preformed gold nanoparticles in a surfactant mixture.'” The heating
lead to a narrowing of the size distribution and an increase of the size from 2 to 5 nm. This is
apparently the most stable size under these conditions, because starting with larger nanoparticles
also results in nanoparticles with a size of 5 nm and a relatively narrow size distribution.'® The
desired size distribution is not in all cases obtained directly after the synthesis and the most
popular method to decrease the size distribution of a nanoparticle solution is by size-selective
precipitation. In this procedure, the nanoparticles are in a solution and a non-solvent is slowly
added to the solution until a precipitate starts to form. This precipitate should consist of the
largest particles, because these have the largest surface area and are the first to destabilize in

solution. This method is time consuming, because it often has to be repeated several times and

the yield of the desired size is very low.
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2.7 Optical amplifiers

Optical amplifiers consist of a waveguide in which optical signals can be amplified without
the conversion to an electrical signal.'” These amplifiers are of technological importance,
because of the fast amplification and because they allow for the simultaneous amplification of
multiple wavelengths of light. A schematic optical amplifier is shown in Figure 2.6. The
waveguiding material has a higher refractive index than the surroundings and due to total
internal reflection the light is guided through the waveguide. The waveguides can be made of
glass fiber, but in Figure 2.6 a planar waveguide is shown. These planar waveguides can be made
on solid substrates with the use of lithographic techniques and they can play an important role in
the integration of optical components. The waveguide has to be doped with a luminescent
material, in our case the lanthanide ion, that can amplify light by stimulated emission. A four-
level laser scheme is shown in Figure 2.6, which can be applied to most lanthanide ions. The
lanthanide ion can be excited from level 4, the ground state, to level 1 the excited state. From
level 1 it decays non-radiatively and very fast to the luminescent level 2. Spontaneous and

stimulated emission is possible from level 2 to level 3, followed by a rapid deactivation to the

e,

ground state.

e
v

Figure 2.6: Schematic representation of an optical amplifier and the luminescence processes playing a
role in the luminescent material. The scheme is for a four-level lasing medium with process
4—1 the ground state absorption, 2—3 spontaneous and stimulated emission and the

processes 1—-2 and 3—4 fast non-radiative decays.

The scheme shows a four-level system applicable to most lanthanide ions, but for instance
Er'* operates in a three-level system. In a three-level system level 3 is missing and emission goes
directly to the ground state. For net optical gain a population inversion has to be created between

level 2 and 3 (or the ground state for a three-level system). If this is the case, a signal can be
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amplified by stimulated emission resulting in more photons with the same frequency, the same
phase, and the same direction. A long living level 2 (long luminescence lifetime) is beneficial to
reduce the pumping power, because with a long luminescence lifetime it takes less pump power
to maintain a population inversion. Optical amplifiers are necessary to compensate for losses in
telecommunication fibers. The wavelengths of interest are determined by the losses of the silica
fibers used for telecommunication. The loss spectrum of an optical fiber is schematically shown
in Figure 2.7. The losses increase because of Raleigh scattering at shorter wavelengths by small
inhomogeinities in the glass fiber. The minimum loss is between 1300 and 1600 nm with a peak
at 1400 nm. This peak is caused by the vibrational overtone of OH groups from water that is
trapped into the fiber during the production. In current optical fibers this peak can be reduced,
making this wavelength also available for telecommunication.'” At longer wavelengths the
losses increase again due to the vibrational energies of the chemical bonds. The wavelength
region most interesting for telecommunication is therefore between 1300 and 1600 nm and
optical amplifiers operating at these wavelengths are of most interest.

A disadvantage of the use of glass fibers is that it is difficult to couple them to other optical
components, like splitters, multiplexers, etc. Due to this problem there is a large interest in
making these optical amplifiers on chips so integration is achieved more easily on the same chip.
Materials, which combine good optical properties with the low cost fabrication on planar

substrates, are under development.
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Figure 2.7: Schematic loss spectrum of an optical telecommunication fiber.
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2.7.1 1550 nm fiber amplifiers.

The success of long-range optical telecommunication can, for a large part, be ascribed to
the development of the erbium-doped fiber amplifier (EDFA). These fiber amplifiers operate in
the low loss window around 1550 nm due to the 4113/2—>4115/2 transition of Er’". In silica fiber a
large gain of 30-50 dB (1,000-100,000 times signal increase) can be obtained over a 80 nm wide
bandwidth. The amplification wavelengths and bandwidth can be varied slightly by changing the
glass material in which the Er’" ions are doped. The concentration of Er’* ions has to be low in
order to prevent cross-relaxation of the Er’" ions, which would lead to lower efficiency of the
amplifier. Due to the low Er’” concentration, the amplifier has to be very long (several meters) to
obtain sufficient gain. The Er’* ion operates in a three-level system and as a result the
transmission wavelength is also an absorption wavelength. For this reason population inversion
has to be complete over the entire length of the amplifier or else signal loss by absorption would

take place.

2.7.2 1300 nm fiber amplifiers.

A lot of optical fibers installed are single mode fibers at 1300 nm, because at 1300 nm
silica fibers have their dispersion minimum. Dispersion leads to a spreading of the optical signal
because the velocity of light is dependent on the wavelength. As a result the best wavelength to
emit signals through a silica fiber would be 1300 nm. The demand for optical amplifiers at this
wavelength is obvious and among the lanthanide ions, Nd**, Pr’", and Dy’" have transitions at
these wavelengths.

The Nd*" ion was the first lanthanide ion reported, that exhibits optical gain around 1300
nm.'”” Nd** was an interesting ion at that time, because a lot was known about the luminescence
and the ion generally shows high quantum efficiencies in various hosts. In the same year optical
gain was demonstrated in a ZBLAN (ZrF4-BaF,-LaF;-AlF;-NaF) fiber doped with 1000 ppm
Nd*"'® A maximum gain of 32 % at 1354 nm was obtained with a pump power of 688 mW at
514 nm. The wavelength of maximum gain was red-shifted compared to the luminescence
maximum, which is caused by excited state absorption. The energy level diagram of Nd** is
shown in Figure 2.8. This energy level diagram shows the pumping of Nd** at 795 nm to the
*Fsy level, followed by a rapid decay to the emissive *Fs, level. From this level emissions to the
*1o» level around 880 nm, to the 111 level around 1060 nm, and to the 1.3, level around 1330

nm are possible. The emissions to the first two levels are generally stronger than emission to the
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312 level, and spontaneous emission in the waveguide at 880 and 1060 nm can be amplified in
the same way as the signal (ASE) and in this way deplete the excited state population. Filtering
out emissions at these wavelengths can reduce amplified spontaneous emission, but signal gain
never exceeded 10 dB. Together with the disadvantage that the gain spectrum is at longer
wavelength than the desired 1.3 pm because of ESA, the research for optical amplifiers in the 1.3

pm window has been focused on other lanthanide ions.
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Figure 2.8: Energy level diagram of Nd®* ions. GSA is the ground state absorption, ESA is the excited

state absorption, and ASE the amplified spontaneous emission processes.

Other possible lanthanide ions for optical amplification around 1300 nm are praseodymium
and dysprosium. Pr’” shows emission around 1300 nm from the 'G4—>’Hs transition and Dy’
from the *Ho,—>°H; 5, transition. The efficiency of emission is strongly dependent on the phonon
energy of the host material for both ions, because the energy levels are close together. Silica
glass is therefore an unsuitable host for these ions, but chalcogenide glasses and fluoride glasses
are.'” Sol-gel processing of LaF; and LaCl; has obtained materials with high quantum yields for

Pr’" and Dy*"."'° Pr**-doped fiber amplifiers with a gain exceeding 30 dB have been reported.’

2.7.3 Other wavelength amplifiers
To increase the bandwidth of today’s telecommunication, amplification at other
wavelengths is also investigated. The Tm®" ion, with emissions around 1220 nm and 1470 nm,

could be used in optical amplifiers as well.”” A problem with the 1470 wavelength is that this is a
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four-level system of which the lifetime of the upper level is shorter than the lifetime of the lower
level, making it difficult to obtain population inversion. Ways to circumvent this problem is by
up-conversion pumping,''" or the use of Ho*™ co-doping.** An energy transfer process of Tm®" to
Ho®" can decrease the luminescence lifetime of the lower laser level, making it possible to create

population inversion.

2.8 Polymer-based optical amplifiers

Polymers for telecommunication have been prepared with good optical properties needed
at the required wavelengths between 1300 and 1600 nm. Two important factors contributing to
optical losses can be identified; absorption and scattering. The most important factors for the
absorption losses are the overtones of the vibrations of organic bonds in polymers. They can give
rise to absorptions in the telecommunication windows, leading to high losses. Especially CH and
OH bonds commonly found in organic materials have strong absorptions between 1100 and 1700
nm. Some wavelengths of important vibrational overtones are given Table 2.4.''* The strength of
the absorptions decreases about an order of magnitude between each harmonic order. Bonds with
the smallest reduced mass, like CH bonds, have the highest vibrational energies and the third
overtone absorption is around 1200 nm. Polymers with CF bonds only show overtone orders of
5-7 in the telecommunication region and therefore have very low absorptions at these
wavelengths. Partial or complete fluorination of the polymers has often been applied to decrease
the absorption losses.

Scattering losses are another factor contributing to the loss of polymers. Scattering can
occur from differently sized objects and experimental data can be fitted with an empirical law

(Equation 2.2)

Oscatier = A + B/A* + D/A? (Eq. 2.2)

in which A is the contribution of large particles (> A), B the contribution from
inhomogeneities on the order of A in size ( Mie scattering), and D the contribution from small
inhomogeneities (< A, Rayleigh scattering). For the small inhomogeneities, the losses due to
scattering are strongly wavelength dependent, so exclusion of the larger particles from the

polymer by filtering the polymer solutions can strongly reduce scattering at the long
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telecommunication wavelength. Other problems that could occur with polymers are the generally
low thermal stability and high moisture sensitivity.

In order to compensate for the losses in polymer-based integrated circuits, amplifiers have
to be integrated as well. Some polymer-based optical amplifiers have been fabricated, using
lanthanide ions as the active luminescent material. Nd*>" ions have been used for polymer-based
optical amplifiers around 1060 nm. In general Nd** shows the highest quantum yield of NIR-
emitting lanthanide ions in organic environment, because it has the largest gap between the
excited state and the lower lying energy levels. This transition around 1060 usually shows the
strongest emission and is likely to be the first to show optical gain. A few reports have focused

on this wavelength.

Table 2.4: Wavelengths and relative intensities of important vibrational overtones compared to the CH

vibration.

Bond Overtone order Wavelength (nm) Intensity (relative)
C-H 3390 1
C-H 1 1729 72107
C-H 2 1176 6.8 107
C-D 2 1541 1.6 107
C-D 3 1174 1310
C-F 4 1626 6.4 10°
C-F 5 1361 1.9 107
C-F 6 1171 6.4 107
C=0 2 1836 1.2 107
C=0 3 1382 4310*
C=0 4 1113 1.8107
O-H 1 1438 7.2 107

Karve et al. made a polymer waveguide of polyimide doped with NdCl; with channel
widths of 50 x 7 um and 5 cm length.'" The waveguides were made by alternately spin-coating
a layer of doped polyimide and a layer of un-doped polyimide to reduce the losses of the
polymer film. A signal of 1064 nm was coupled in at one side of the waveguide and the pumping
laser operating at 800 nm was coupled in the waveguide on the other side. The gain was

calculated by comparing the signal intensity when the pump was off to the signal intensity when
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the pump was on. With a pump power of 110 mW and a signal power of 90 mW a signal gain of
8 dB was found. An et al. reported optical gain of a photolime gel waveguide doped with NdCl;
and chlorophenol red.'"* The pump and signal lasers were coupled into the waveguide using a
prism coupling setup. With a pump power of 50 mW at 796 nm, a maximum gain of 3.8 dB at
1064 nm was obtained. Different polymers of fluorinated polyimides,'” doped with Nd**
complexes were reported, but no optical gain was reported for these materials. A calculation of
the gain of a polymer-based amplifier with a visible emitting Sm>" complex was reported by
Koeppen et al.''® For a fiber with a diameter of 1.5 um, an optical gain of over 20 dB was
calculated at a wavelength of 644 nm. To date, no polymer-based optical amplifiers have been
reported that show gain at the important telecommunication wavelengths.

The use of large colloids in polymer-based amplifiers has been considered. SiO; colloids
with sizes of 240 and 360 nm have been doped with Er’* ions by ion implantation.''” These
colloids show a long luminescence lifetime of 17 ms for the Er’ " luminescence and a quantum
yield of 80 % was estimated. Spin-coating of a layer of PMMA over the colloids resulted in a
large reduction of the optical losses, but more careful matching of the refractive index of the
polymer and the SiO, colloids is necessary for waveguide fabrication. Large Cr’*-doped particles
were also incorporated in a polymer matrix.''® These particles were in the order of 1 pm and the
refractive index of the polymer was closely matched to the index of the particles. Although the
losses of the film were substantial, optical gain at 1.23 um could be measured. A signal increase
by a factor of 2 was observed at a pump power of 7 W from a Nd:YAG laser operating at 1064
nm.

Recently, amplification of an organic dye at 1.3 um was reported, by doping the dye in a

sol-gel matrix.'"”

The emission intensity did not show a linear relationship with the pump power
and an apparent gain of 11 cm™ was estimated by amplified spontaneous emission measurements
using a one-dimensional amplifier model. Narrowing of the emission band could not be

observed, which was attributed to the small gain.

2.9 Electroluminescence

Electroluminescence is the generation of light directly from electricity by applying a
voltage over a thin layer of luminescent material. Holes are injected at the anode, electrons at the
cathode and due to the applied electric field the holes and electrons travel through the layer. The

holes and electrons can combine to a bound electron-hole pair (exciton) and form an excited
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state. This excited state can decay by the emission of a photon. The luminescent material can be
an inorganic material, small organic molecules, or a polymer. These polymer light-emitting
diodes (LEDs) are fabricated as schematically shown in Figure 2.9. The transparent anode of
most LEDs is composed of a glass substrate with a layer of ITO on top, so the light can escape
out of the device on this side. The emissive layer is sandwiched between the cathode and the
anode with a typical layer thickness of 100 nm. Metals with a low oxidation potential, like Ca,
Mg, or Al, can be evaporated on top of the emissive layer to form the cathode. Another
possibility is to use liquid metal alloys as the cathode.'” Other layers can be added to improve

the electron and hole injection in the device.

Cathode
nv ~
Emissive layer ‘ o L
o4 -
d
[TO
Glass

Figure 2.9: Simple scheme of a light—emitting diode (LED). Several more layers can be added to
improve electron and hole injection into the device and more than one emissive layer can be

used.

In principle this scheme could be used to excite lanthanide ions, having the advantage that
a laser would no longer be necessary to excite the lanthanide ions. Electroluminescent lanthanide
complexes have been reported, which emit in the visible and NIR."*! Efficiencies of the NIR-
emitting lanthanide complexes are generally low due to the low quantum yield of the organic
complexes.'”? For more efficient lanthanide electroluminescence the quantum yield of the
lanthanide ion itself in organic environment has to be increased. The problems are similar to the
problems found using photo-excitation.

Semiconductor nanoparticles can be excited in light-emitting diodes leading to the direct
generation of light from electricity. This principle was first shown using CdSe nanoparticles and

PPV as a polymer layer.'”

A semiconductor polymer poly(p-phenylenevinylene) (PPV) was
used as a hole transport layer on which the emissive layer of CdSe nanocrystals was spin-coated.
On top of the CdSe layer the magnesium anode was evaporated, which was covered with a layer

of silver to prevent oxidation in air. The efficiency of this device was later improved by using
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core-shell nanoparticles of CdSe covered with a layer of CdS.'** More examples of visible
emitting semiconductor nanoparticles of ZnS and CdS in polymer substrates were reported.'*’
Similar electroluminescent devices, that emit in the NIR, using nanoparticles of InAs'*® and

PbS™ were also reported.

2.10 Outlook

In this chapter an overview was given on the luminescence of lanthanide ions with a focus
on the use of these ions in optical amplifiers. Lanthanide-doped fiber amplifiers have become a
very important technology that has been developed in a relatively short period of time, of about
20 years. The major drawbacks of the glass fibers used, is the relatively expensive fabrication
technology and the difficulties to integrate different optical components. The research on
integrated planar polymer waveguide technology is growing. In order to make planar polymer
waveguides successful, optical amplifiers have to be developed to compensate for losses in the
waveguides and lanthanide ions seem to be the first choice since these luminescent materials are
so important in glass technology. However, the luminescence of lanthanide ions in organic
materials is not efficient due to the high-energy vibrations of the organic bonds surrounding the
lanthanide ion. In this thesis the doping of lanthanide ions into nanoparticles is described as a
way to improve the luminescence efficiency of the ions and to show that these materials can be
used to make a polymer-based optical amplifier operating at a telecommunication wavelength.
Haase et al. reported the efficient luminescence of LaPO4 nanoparticles doped with visible
emitting ions and in this thesis the properties of these nanoparticles doped with near-infrared
emitting ions have been investigated. The near-infrared emitting ions generally show more
efficient luminescence in materials with lower phonon energies than LaPO,4 and therefore the

synthesis of nanoparticles with other host materials has also been investigated.
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Synthesis of lanthanide(lll)-doped nanoparticles

This chapter describes the synthesis of lanthanide(Ill)-doped nanoparticles. In these
nanoparticles the lanthanide ion is shielded from the surrounding organic
environment to improve the luminescence properties. Visible and near-infrared
(NIR)-emitting lanthanide ions have been doped in nanoparticles of LaPOy:Ln,
LaFs:Ln and LaVOy:Ln. The Ev’" ion was used as a probe for the doping site of the
lanthanide ion, because the luminescence of this ion is sensitive to the symmetry of
the local environment. Other lanthanide ions emitting in the visible and NIR could
also be doped in these nanoparticles. Generally, the luminescence of the ions is
comparable to that of the bulk materials. For the first time, Ho " is reported to show
luminescence in an organic solution, in the visible and in the NIR, indicating the
good shielding of the lanthanide ion. The lifetimes of the Ew’" and NIR-emitting ions

indicate a high quantum yield, compared to the same ions in organic complexes.

" The major part of the work in this chapter was published: Stouwdam, J. W_; van Veggel, F. C. J. M. Nano Lett.
2002, 2, 733; Hebbink, G. A.; Stouwdam, J. W.; Reinhoudt, D. N.; van Veggel, F. C. J. M. Adv. Mater. 2002, 14,
1147; Stouwdam, J. W.; Hebbink, G. A.; Huskens, J.; van Veggel, F. C. J. M. Chem. Mater. 2003, 15, 4604.
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3.1 Introduction

The luminescence of lanthanide ions has found important commercial applications in
displays,' optical amplifiers,” and lasers,’ as described in chapter 2. There is a growing interest to
use this luminescence in polymer-based materials, because of the easy processing of polymers
and ease of integrating different optical components. The luminescence of these lanthanide ions
arises from transitions within the 4f electron shell. These transitions are parity forbidden, leading
to low absorption cross-sections and long luminescence lifetimes. However, this long-lived
excited state can be quenched very efficiently in the presence of the high-energy vibrations of
organic solvents, polymers, or ligands, thus hampering the application in polymer-based devices.
Therefore, to use lanthanide luminescence in an organic environment it is important to shield the
lanthanide ion from the organic surroundings. Shielding of the lanthanide ion* can be achieved
by doping it in the inorganic part of nanoparticles, that should still be soluble in organic solvents.
Good solubility is generally achieved by having organic groups on the outside of the
nanoparticles. Most nanoparticles doped with lanthanide ions are made in high temperature
procedures leading to nanoparticles without organic groups on the surface and, therefore, they
have no solubility in solvents.’

Only very few examples of these lanthanide-doped nanoparticles that have a good
solubility in organic solvents have been reported.”’ Haase and co-workers have synthesized
nanoparticles of LaPO4 doped with the visible emitting ions Eu’" and Tb", but the near-infrared
(NIR) emitting ions have received little attention. Lanthanide ions emitting at wavelengths
between 1300 and 1600 nm are of interest for optical telecommunication, because at these
wavelengths the silica-based optical fibers have their maximum transparency.® Nanoparticles
with dimensions of a few nanometers are small enough to minimize scattering in polymer films.’
The largest contribution to scattering in polymer films originates from particles with a size
comparable to the wavelength of light, or bigger (Mie scattering). Nanoparticles have a size
much smaller than the wavelength of light and when clustering of the nanoparticles in a polymer

film is prevented, scattering should be minimal.

3.2 Results and discussion

Characterization. Nanoparticles of LaPO, were prepared using a literature procedure
from the hydrated LnCl; salts and phosphoric acid.® The growth of the nanoparticles is controlled
by the coordinating solvent tris(ethylhexyl)phosphate and protonated trioctylamine. During the

reaction some of the solvent is hydrolyzed and the resulting bis(ethylhexyl)phoshate coordinates
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to the surface. The coordination of this molecule to the surface was shown by 'H NMR
spectroscopy and MS-FAB on the nanoparticle product. Broadened signals were observed at 0.9
and 1.3 ppm in the '"H NMR spectrum, from the ethyl hexyl chains and MS-FAB analysis
showed a peak at 321.2 of the de-protonated bis(ethylhexyl)phoshate. The LaF; and LaVO,
nanoparticles were synthesized using a procedure similar to a literature procedure for the
synthesis of LaF; nanoparticles.'’ Ligands 1 or 2 depicted in Figure 3.1 were used for the
synthesis of the lanthanide-doped luminescent nanoparticles.'’ To a solution of one of these
ligands and NaF or Na;VO, in a water/ethanol mixture was added dropwise a solution of the
Ln(NOs); salts in water. The dithiophosphate head-group of the ligand coordinates weakly to the
lanthanide ions allowing the growth of the nanoparticles, but coordinates strongly enough to

prevent the nanoparticles from aggregating. '

Figure 3.1: Ligands used for the synthesis of LaF; and LaVO, nanopatrticles.

In all cases the doping concentration of the luminescent lanthanide ions is 5 % of the total
lanthanide ion concentration, unless stated otherwise. Different nanoparticles, with different host
materials were made because these nanoparticles all offer a different symmetry site to the
lanthanide ion and because the maximum phonon energies differ for these materials, from 300
cm! for LaF;, about 800 cm! for LaVO,, to 1050 cm for LaPO4. Especially the low-phonon
energies of the LaF; host could have advantages for the NIR-emitting ions, because multi-
phonon emission is minimized in this material. The nanoparticles were characterized using
transmission electron microscopy (TEM) by evaporating a drop of nanoparticle solution on a
carbon coated copper grid. Figure 3.2 shows typical TEM pictures of LaFs:Eu, LaVO4:Eu, and
LaPO4:Eu nanoparticles. The morphologies of the nanoparticles are independent of the doping
ion. The high crystallinity of the nanoparticles can clearly be seen, despite the fact that the
nanoparticles were synthesized at relatively low temperatures, i.e. below 200°C. The average
sizes of the nanoparticles are 6.3, 7.9, and 4.3 nm for the LaF;, LaVO,, and LaPO4 nanoparticles,

respectively (note the different scale bars).
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Figure 3.2: TEM pictures of (A) LaFs:Eu, (B) LaVO4Eu, and (C) LaPO4Eu nanoparticles with the
corresponding size distribution. The insets show high magnifications of single nanoparticles

in which the crystallinity of the nanoparticles can be seen.
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The size distribution (standard deviation) of the LaF; nanoparticles is 28 %, much larger
than for the other two. The size distributions of the LaVO4 and LaPO4 nanoparticles are 17 %
and 15 %, respectively. Moreover, the LaF; nanoparticles are less spherical in shape with aspect
ratios between 1 and 3. The spherical and elongated nanoparticles both consist of one crystal
domain, so the elongated nanoparticles are not formed by aggregation of multiple nanoparticles.
In the size distribution histograms the sizes of the elongated nanoparticles were determined by
averaging of the long and short axis. The sizes of the nanoparticles are sufficiently small to
prevent scattering when the nanoparticles are incorporated in a polymer matrix."> An estimation
of the number of luminescent ions in the nanoparticles can be made taking into account the
density of the host material and the average size of the nanoparticles. Assuming spherical
nanoparticles, and using a density of LaF; of 5.94 g/cm?,'* the number of La>" atoms in the LaFj;
nanoparticles is about 2400. At a doping concentration of 5 % the number of luminescent ions is
approximately 120 per LaF; nanoparticle. For the smaller LaPO4 nanoparticles the number of
luminescent ions will be slightly less and for the bigger LaVO,4 nanoparticles it will be slightly
more. The elemental composition of the nanoparticles was determined using X-ray fluorescence
(XRF) and combustion elemental analysis. The results are summarized in Table 3.1. In the
nanoparticles the same ratio of lanthanide ions as applied in the synthesis was found, reflecting

the similar reactivity of the lanthanide ions.

Table 3.1:  Elemental composition of lanthanide-doped nanoparticles (weight %)

Particle La* Ln*  P* v C H s N’
LaFs:Eu ligand 1 3096 1.61 2.64 - 3596 6.63 6.18 -
LaF;:Eu ligand 2 nd.® nd® nd® - 1523 229 3.82 0.14
LaVO4:Euligand1 1846  1.17 4.48 9.24 44.62  7.88 6.70 -
LaF;:Nd 2476  1.23 3.48 - 4249  7.76 5.76 -
LaF;:Er 2420 1.35 3.48 - 4359 7.62 6.48 -
LaF;:Ho 3541 1.94 2.94 - 33.07 7.76 5.72 -
LaPO4:Nd 41.97 242 12.19 - 6.33 2.16 - 1.01
LaPO4:Er 41.80 2.36 12.56 - 5.57 2.63 - 1.20
LaPOg4:Pr 41.97 2.35 12.52 - 6.30 2.17 - 1.01

a) measured with XRF
b) measured with combustion elemental analysis.

¢) n. d. is not determined
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Apart from the nanoparticle core, organic groups on the outside of the nanoparticles like
tetramethyl ammonium ions and ethylhexyl chains for the LaPO, nanoparticles and the
coordinated dithiophosphate ligand for the LaF; and LaVO, nanoparticles were detected. The
LaF; nanoparticles synthesized with the two different ligands show a different amount of ligand
present after the synthesis. Ligand 2 is much less abundant compared to the LaF; core, although
there is still a small amount of free ligand present, indicated by the 0.14 % of nitrogen in the
elemental analysis. For the nanoparticles synthesized with ligand 1, no free ligand is present,
because no nitrogen has been detected. The presence of lanthanide complex can also be
excluded, because this could not be detected with mass spectroscopy (FAB and MALDI). For the
LaF; nanoparticles it is likely that the surface consists of Ln’" ions, because these can coordinate
to the ligand that stabilizes the nanoparticle. The coordination of the ligand to the surface of the
nanoparticles can be seen from the broadened signals of the ligand in the '"H NMR spectrum.
Fluoride could not be detected with EA and XRF, so no information could be obtained about the
amount of F in the LaF; nanoparticles. In the case of LaPO4 nanoparticles the ratio of Ln/P is
smaller than one, indicating that the surface of the nanoparticles consists of phosphate groups.
The presence of tetramethylammonium ions in the "H NMR spectrum is consistent with this,
because these positively charged ions could coordinate to the phosphate groups.

Some representative IR spectra of the nanoparticles are shown in Figure 3.3. The IR
spectra of LaF; and LaVO,4 nanoparticles synthesized with ligand 1 are very similar in the high

frequency range of the IR spectrum.
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Figure 3.3: IR spectra of the LaFs, LaVO,, and LaPO, nanoparticles. The LaF3; and LaVO, nanopatrticles

were synthesized using ligand 1.
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The CH stretching vibrations of the organic ligand are visible around 3000 cm™. Above
3000 cm™ a broad band is visible caused by water that is probably coordinated to the surface of
the nanoparticles. LaF; is not a hygroscopic material so incorporation of water in the crystal
lattice is not likely. The surface LaVO, nanoparticles can be terminated with V-OH bonds,
giving rise to a broad band above 3000 cm’. Differences between the LaF; and LaVO,
nanoparticles are observed at lower energy. The LaVO, nanoparticles show a broad band
peaking at 780 cm™ of the host lattice absorption. In the spectrum of the LaF; nanoparticles the
onset of an absorption can be seen at 350 cm™. The reported value of 300 cm™ for host lattice
absorption lies out of the range of our spectrometer.”> The host lattice absorption corresponds to
the maximum phonon energies surrounding the lanthanide ion and the lower these maximum
phonon energies are, the lower the quenching by mutli-phonon emission is by the host lattice.
For the LaPO,4 nanoparticles the broad band of host lattice absorption is at 1050 cm™. At higher
energy a broad band similar to the other two nanoparticles is observed above 3000 cm™, which
can be ascribed to coordinated water and to the surface P-OH bonds. A small series of peaks can
be seen below 3000 cm™, ascribed to the small amount of coordinated organic ligands in the

form of ethylhexyl chains.

3.2.1 Luminescence of Eu’"-doped nanoparticles

Dy Eu’* emission. The Eu’" ion was used as a probe for the symmetry of the crystal site in
which the ion is located. Typical Eu’" emission originating from the Dy and °D; levels was
observed after excitation at 397 nm for LaF3:Eu, 280 for LaVO4:Eu, and 260 nm for LaPO4:Eu.
The Eu® ion in LaF; has to be excited directly in a 4f absorption line of the ion itself. These
absorption lines have a low absorption coefficient and so a high concentration of nanoparticles
has to be used in order to obtain sufficient luminescence. YVO4:Eu is a well known phosphor for
display purposes, because of an intense red emission originating primarily from the *Dy—’F,
transition. Y VO4 nanoparticles could be synthesized using ligands 1 or 2 and Y(NOs)s3, but the
luminescence of these nanoparticles was weak. LaVO,4 nanoparticles showed much stronger
luminescence using this synthesis method and in the remainder of this chapter LaVOy is used as
the host material instead of YVO,. The bad results for the YVO4 nanoparticles could be a result
of different coordination of the ligand to the Y*" ions. The ion is smaller in size and has a higher
affinity for oxygen than sulfur compared to the lanthanide ions. This difference in affinity could
have an influence on the reaction, because the nanoparticle growth is controlled by the

lanthanide sulfur interaction of the ligand.
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Figure 3.4: Emission (up) and excitation (down) spectra of LaF3:Eu, LavVO,:Eu, and LaPO,Eu. An

enlargement of the °Dy—'F, emission peak is shown on the top right.

The Eu®" emission spectrum shows that the symmetry site in both materials is the same
because differences in the emission spectrum were not observed. The distances between the
lanthanide ions can be a little larger, because of the increased size of the host cation. The
LaVO4:Eu and LaPO4:Eu nanoparticles can be excited in a charge transfer band. In the LaVO,
nanoparticles the charge transfer is in the V-O bond and in the LaPO4 nanoparticles it is in the

Eu-O bond. Deactivation of the charge transfer state leads to an excited Eu’" ion. Due to the low
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reduction potential of Eu®" this band occurs at wavelengths above 200 nm in the LaPOy
nanoparticles. The LaVO4 nanoparticles have the advantage that the charge transfer band of the
VO, group is independent of the doping ion, making it possible to excite almost all lanthanide
ions using the charge transfer band of the VO4 group. The ratio of the different peaks of the
*Dy—'F; (J = 1, 2) transitions in the Eu’" emission spectrum gives information about the
symmetry of the crystal site in which the ion is located. This confirms that the doping ion is
present in a La’" crystal site giving the Eu®" ion C, symmetry in LaFs, D,y symmetry in LaVOs,,
and C; symmetry in LaPO4 nanoparticles, the same as for the bulk materials.'®!"!® In the LaVO,
nanoparticles the Eu’" ion has no inversion symmetry, so the *Dy—'F, transition is clearly the
dominating emission band. In the other two nanoparticles there is more inversion symmetry and
especially in the LaF; nanoparticles the *Dy—’F; transition is the dominating emission band. The
emission peak of the *Dy—Fy transition gives information on the number of different Eu’" sites
present. Both levels are non-degenerate, so a single Eu®" center should give rise to one emission
peak. In all three samples one emission peak was observed for the “Dy—’F, around 578 nm,
leading to the conclusion that all Eu®" ions are in a similar crystal site. In the LaF; and LaVO,
nanoparticles the peak is however broader than in the LaPO4 nanoparticles, which could indicate

more disorder.

5D1 emission. The LaF; nanoparticles clearly showed emission from the 5D1 level
indicating the low phonon energies of the LaF; nanoparticles host. In the other two nanoparticles
the °D; emission could be observed, but due to multi-phonon relaxation the emissions were very
weak. The appearance of °D; emission in the LaF; nanoparticles is comparable to the bulk
material and is not often observed in organic environment.'” This indicates that the shielding
form the organic environment is good and that emission properties of the bulk material are also
found in the nanoparticles. The separation between the °D; and °Dy level is only 1750 cm™ and
like in bulk LaF; this gap cannot be bridged by multi-phonon emission. The emission of the °D;
level is however strongly concentration dependent. A cross-relaxation process as described in
chapter 2 is responsible for quenching of the “D; emission at higher concentrations of Eu’".
Figure 3.5 shows the emission spectrum of the °D; emission of LaFs:Eu at different Eu’*

concentrations, with the spectra normalized to the *Do—'F; emission peak at 591 nm.
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Figure 3.5: Emission spectra of LaF3:Eu nanoparticles with different concentrations of Eu*', normalized

to the °Dy—'F; emission peak at 591 nm.

A concentration dependence of the °D; emission is indicative of a cross-relaxation process,
similar to what is seen for the bulk material. Emissions from the °D, and °D; level are observed
in the bulk crystal for the 1 % doped sample, but this is not the case for the nanoparticles. This
indicates that quenching of these levels still occurs in the nanoparticles. In bulk LaFs, emission
from these levels shows a strong dependence on the concentration and the temperature. The
relative emission from the Dy level strongly increases with increasing temperature and
increasing doping concentration. No emission from these levels is observed after lowering the

concentration in the nanoparticles, but a reduction of the temperature might be of influence.

Luminescence lifetime. The luminescence lifetime is an important parameter indicative of
the efficiency of the luminescence of the lanthanide ion. The luminescence lifetime is directly
related to the quantum yield of emission by Equation 3.1,

@ rum = s (Eq. 3.1)
rad
in which, @y, is the luminescence quantum yield, Tqps the measured quantum yield, and T4 the
radiative lifetime of the lanthanide ion. The observed luminescence lifetime is the same as the
radiative lifetime when quenching does not play a role.

Figure 3.6 shows the luminescence decays of the “Dy level of the Eu’" ion doped in the

three nanoparticles.
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Figure 3.6: Luminescence decays of the Eu® °Dy level in the three nanopatticles (lem, 591 nm for LaF;
and 613 nm for LavVO, and LaPQ,).

The decays of all three nanoparticles are not mono-exponential, because the decay does not
form a straight line in the log plot. A multi-exponential decay is caused by a difference in
quenching for different Eu’" ions or a difference in radiative lifetime of the Eu’" ions caused by
different symmetry sites. The influence of the nanoparticles surface, which always has a large
impact on nanoparticle properties, is probably the main cause for the existence of a non-mono-
exponential decay. In the next chapter a model will be described to fit the luminescence decay of
the lanthanide ions in these nanoparticles by taking into account surface effects. Another
possibility is to fit the decays using a multi-exponential decay. Although there is no physical
reason to do this,” it does return average values of the main components of the luminescence
decay that can be compared to the lifetimes obtained for bulk materials and lifetimes obtained
from organic complexes. When comparing the lifetimes, the influence of the refractive index and
the symmetry of the Eu’" site on the radiative lifetime of the Eu’* ion have to be taken into
account. The comparison with lifetimes obtained for organic complexes is a good measure for
the shielding of the lanthanide ion from the organic environment. The luminescence lifetimes
were fitted using a bi-exponential decay. LaFs;:Eu nanoparticles in dichloromethane have a
lifetime of 7.7 ms responsible for 74 % of the luminescence and 2.9 ms responsible for 26 % of
the luminescence. For LaVO4:Eu, the lifetimes are 0.67 ms (59 %) and 0.19 ms (41 %) in
dichloromethane and for LaPO4:Eu nanoparticles in methanol, the lifetimes are 7.1 ms (56 %)

and 3.9 ms (44 %). The luminescence lifetime of the Eu’" ion in LaVOy is clearly much shorter
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than in the other matrices. In the LaVO, nanoparticles the Eu®* the ion is in a crystal site that has
no inversion symmetry as was concluded from the emission spectrum. As a result the radiative
lifetime of the Eu’" ion in this matrix is much shorter than in the other two matrices. The
radiative lifetime of the Eu’" ion is strongly dependent on the symmetry of the crystal site and
Werts et al. have proposed an equation from which the radiative lifetime of the Eu®" ion can be
calculated from the shape of emission spectrum (Equation 2.1).*' Using Equation 2.1, radiative
lifetimes for LaFs:Eu, LaVO4:Eu, and LaPO4:Eu of 6.3, 0.8, and 4.8 ms, respectively, were
calculated. The long components of the measured lifetimes were even longer than the calculated
radiative lifetimes for LaF; and LaPO4 nanoparticles, leading to calculated quantum yields above
100 %. These impossible calculated quantum yields could be a result of the influence of the
refractive index of the solvent on the measured luminescence lifetime. In the calculation, the
refractive indices of 1.59, 1.99, and 1.53 of the host materials were used, but due to the close
proximity of the solvent to the lanthanide ion, the refractive index of the solvent cannot be
ignored. A relation between the luminescence lifetime of Y,0Os:Eu nanoparticles and the
refractive index of the surrounding medium was reported before.”” The obtained lifetimes are

19,2324 i
%" These measured lifetimes were

also longer than the lifetimes measured for bulk materials
6.7 ms, 0.35 ms, and 3.2 ms for LaF;, YVO,, and LaPQO,, respectively. Comparison with the
lifetimes of the bulk materials indicates a high quantum yield for the nanoparticles and therefore

a good shielding of the lanthanide ion from the organic environment.

3.2.2 Strongly visible-emitting ions Tb>*, Dy**, and Sm**

Other lanthanide ions that generally show strong emission in the visible are Tb>*, Dy’", and
Sm’". The emission and excitation spectra of nanoparticles doped with these ions are shown in
Figure 3.7. Emission spectra recorded for LaVO4 nanoparticles are all taken by excitation in the
VO, charge transfer band at a low nanoparticle concentration. The excitation spectra all show the
broad vanadate absorption band and due to the low concentration the absorption peaks of the
lanthanide ions were not observed.

The Tb>" ion does not show emission in the LaVO4 nanoparticles. The excitation occurs
through the charge transfer band of the VO4 groups, but due to the low oxidation potential of
Tb3+, the ion can be oxidized to Tb4+, which does not show emission.? In the emission spectra
very little differences can be observed between the other two nanoparticles of LaF; and LaPO,.
Four emission peaks are observed of the SDy—"Fy (J =3 - 6) transitions after excitation at 380

nm. The positions of the major peaks are the same, because of the good shielding of the 4f
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electrons from the environment. Small differences can occur in the peak splitting and the

intensity ratio between the peaks.
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Figure 3.7: Excitation (left) and emission (right) spectra of Tb®" (top), Dy** (middle), and Sm** (down) in
the three nanopatrticle hosts. The LaFs; and LaVO, nanoparticles were in dichloromethane

solution and the LaPO, nanoparticles in methanol.

These small differences are a result of the difference in symmetry of the doping site. In the

excitation spectrum monitoring the emission at 545 nm, the 4f absorption bands are clearly
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visible, together with the allowed 4f-5d absorption. In both host materials the 4/-5d absorption
band is visible, but in the LaF; nanoparticles it is found at lower energy.Dy’" shows three
emission bands in the visible from the 4F9/2 level to the 6H15/2 (475 nm), 6H13/2 (570 nm), and the
6H11/2 (655 nm) levels, after excitation at 352 nm. In the LaVO,4 nanoparticles the emissions at
475 and 655 nm are less strong than in the other two nanoparticles, due to the lack of inversion
symmetry in this host material. The emission spectra in the LaF; and LaPO, host are very
similar. The excitation spectra of the doped LaF; and LaPO4 nanoparticles show the typical 4f
absorption bands of the Dy*" ion, monitoring the emission at 572 nm. The charge transfer band
of the VO4 group is observed in the excitation spectrum for the LaVO, nanoparticles.
Sm3+-doped nanoparticles of LaF; and LaVO4 show the typical emission from the ‘Gs)
level to the 6H5/2 (560 nm), 6H7/2 (590 nm), 6H9/2 (640 nm), and 6H11/2 (700 nm) after excitation at
400 nm and 280 nm respectively. The difference in symmetry of the doping ion is clearly visible
again because the strongest emission band is different for the two materials. The excitation
spectrum of LaF3:Sm nanoparticles is similar to the absorption spectrum of the Sm>" ion and for
the LaVOy4 nanoparticles the charge transfer band of the VO, groups is observed. Results for the
LaPO4 nanoparticles are not shown, because no hydrated SmCl; was available and the anhydrous
SmCl; reacts with methanol to form insoluble products. It is, however, likely that LaPO4:Sm
nanoparticles can be formed and that the luminescence is very similar to the luminescence of the

LaF;:Sm nanoparticles.

3.2.3 Weakly visible-emitting ions Pr*, Tm**, and Ho>*

Lanthanide ions that generally show weak emission (if emission is observed at all) in the
visible are Pr’*, Tm®", and Ho>". The emission and excitation spectra of nanoparticles doped with
these ions are shown in Figure 3.8.

A few reports on the luminescence of Pr'” in the visible from organic complexes have
appeared.”® Visible luminescence of the Pr’” ion is observed from all three nanoparticles after
excitation at 443 nm for the LaF; and LaPO,4 nanoparticles and at 280 nm for the LaVO,
nanoparticles. The luminescence is attributed to emission from the 3 Pg and 1Dz level.

Tm®" luminescence has been reported for a number of organic complexes.”” Tm®* emission
was only observed in the doped LaVO4 nanoparticles, probably because the excitation in the
other two host materials is not effective. The Tm’" ion does have a weak absorption band around
350 nm, but after excitation in this band no luminescence was observed for the doped LaF; and
LaPO4 nanoparticles. Luminescence occurs from the 1G4 level at 475 nm, and 650 nm from

transitions to the 3H(,, 3H4 levels, respectively and from the 3 F4—>3H6 transition at 790 nm, after
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excitation in the broad absorption band of the LaVO4:Tm nanoparticles. Recently, the up-

converted emission of Tm’"-doped nanoparticles of LuPOy4 co-doped with Yb*" was reported.”®

In these nanoparticles the excitation was done through the strong absorption peak of the Yb*" ion

. . .. 3+ . ..
at 980 nm and with an up-conversion scheme, emission of Tm”" was observed in the visible.
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Figure 3.8: Excitation (left) and emission (right) spectra of Pr** (top), Tm** (middle), and Ho®" (bottom) in

the nanoparticles.
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This result shows that with an effective excitation it is probably also possible to observe
luminescence from the LaF; and LaPOy nanoparticles doped with Tm’". Ho>" luminescence has
not been reported in organic environment. In glasses emission can be observed from different
levels and in the visible the emission of the ° Sz—>5 Ig transition usually dominates.”’ Ho
luminescence was observed from the °Fs—°Ig transition at 640 nm in our nanoparticles of LaF;
and LaVO,. Only very weak emission from the °S; level was observed. The gap between the °S,
level and the °Fs level is only 3000 cm™, which is resonant with the vibrational energy of a CH
bond. The presence of CH bonds at the outside of the nanoparticles might lead to an effective
non-radiative decay of the °S; level to the °Fs level leading to a dominating luminescence of the
°Fs level. The effective shielding of the luminescent lanthanide ion is, however, demonstrated,

. 3+ . . . . .
because for the first time Ho” luminescence is reported in organic media.

3.2.4 Determination of the quantum yield

Quantum yields of luminescent materials in solution are generally determined by
comparing the emission intensity of the solution with the emission intensity of a dye with a
known quantum yield. For these quantum yield determinations the absorption of the solution has
to be known precisely to correct for the amount of photons absorbed. Due to the low absorption
coefficients of the 4f bands of the lanthanide ions a precise measurement of the absorption is
virtually impossible. The absorption can be measured accurately when the excitation can be done
indirectly using a sensitizer with a high absorption coefficient. The Ce’”, Tb*" lanthanide couple
offers the possibility to determine a quantum yield of the nanoparticles. Ce’" has a strong
absorption band in the UV of an allowed 4/-5d transition and the Ce’* ion can transfer its energy
efficiently to the Tb>" ion leading to emission in the green. Lag 4PO4:Ceg45,Tby 15 is a well known
phosphor, that is being applied in fluorescent lamps.’® From solutions of LaPO,:Ce,Tb and
LaF;:Ce, Tb nanoparticles, with the same lanthanide ion distribution, it is possible to determine
the quantum yield by comparing the emission intensity with the emission intensity of quinine
bisulfate in 1M H,SO4. The measured quantum yields were 12 % and 25 % for the LaPO4 and
LaF; nanoparticles respectively, including the emission of Ce**. The value found for the LaPO,
nanoparticles is lower than the value found by Haase et al.” This can for a part be explained
because we used a different dye for comparison. Haase et al. used Rhodamine 6G in ethanol for
comparison, but this dye is not well suited for excitation in the UV, because it has a very low
absorption coefficient in the UV.>' The quantum yield of the LaF3:Ce,Tb can be increased by the

addition of a few drops of D,0 to the dichloromethane solution. The quantum yield increased to
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48 % proving that the coordination of a small amount of water to the surface of the nanoparticles
plays a role in deactivation of the excited state of the lanthanide ion. The addition of D,0O to the
solution replaces the OH bonds of the coordinating water with OD bonds. OH bonds are stronger
quenchers of lanthanide luminescence than OD bonds, so the addition of D,O leads to an
increase in quantum yield.

The LaVOQ4 nanoparticles show a strong absorption band of the VO4 group and thus
quantum yields of these lanthanide-doped nanoparticles could be determined. The quantum yield

of these nanoparticles was determined for the Eu®” ion with different doping concentrations.

Table 3.2:  Quantum yield of LaVO,:Eu nanopatrticles with different concentrations of Eu*.

Eu’" content (%) Q.Y. (%)
5 3.4
10 5.6
15 7.0

The quantum yield shows an increase from 3.4 % for the 5 % doped nanoparticles to 7.0 %
for the 15 % doped nanoparticles. The optimum Eu’" concentration for bulk YVO, is 5 %. An
optimum in the doping concentration is observed in this material, because at increasing Eu’"
concentration more and more excitation energy from the vanadate groups is captured leading to
an increased quantum yield for Eu’". This effect is countered by concentration quenching of the
Eu’* luminescence, leading to an optimum doping concentration. In our LaVO, nanoparticles the
optimum Eu’" content is higher than 5 %, which is likely a result of increased quenching of the
vanadate groups at the surface.”> For YVO, nanoparticles in water, it was shown that a surface
modification not only decreases quenching of the Eu’" luminescence, but also decreases the
optimum doping concentration from 15 to 5 %. Quenching at the surface can occur because of
the coordination of water to the nanoparticles surface or because of the existence of V-OH

bonds. The other lanthanide ions doped in the LaVO4 host have quantum yields well below 1 %.

3.2.5 Near-infrared emitting ions

The nanoparticles of LaF3;, LaVO,, and LaPO4 were also doped with the NIR-emitting ions
Nd** and Er’". Luminescence spectra of these ions are shown in Figure 3.9. The luminescence
spectra of Nd®" in the three nanoparticles show the typical emission at 880, 1060, and 1330 of

the 4F3/2—>4113/2, 4F3/2—>411 12 and 4F3/2—>419/2 transitions, respectively. The emission spectrum
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measured for LaF3:Nd looks very similar to the spectrum measured in a Nd**-doped LaF; thin
film.*> The emissions are almost the same for the three nanoparticles, showing only slightly
different splittings of the emission peaks, indicative of a different symmetry around the
luminescent ion, like found for the Eu’" ion. However, the differences in the luminescence
spectra are smaller than for Eu®’, because Eu’" is much more sensitive to the symmetry of the
crystal site than the other lanthanide ions.** The excitation spectra of the LaF; and LaPOg4
nanoparticles also look very similar and are comparable with the absorption lines of the Nd*" ion
in solution.>> The wavelength positions of the peaks do not change; only the peak splitting and
the ratio between peak intensities differ. The excitation spectrum of the LaVO, nanoparticles

shows the broad absorption band of the VO, charge transfer.
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Figure 3.9: Near-infrared excitation (left) and emission (right) spectra of Na**- and Er3+—doped

nanoparticles.

Er3+-doped materials show typical luminescence at 1530 nm of the 411 3/2—>411 5/ transition

in the three nanoparticles with a small difference in the shape and the width of the emission peak
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caused by a difference in crystal symmetry. The emission of the LaFs:Er nanoparticles again
looks very similar to the emission spectrum of an Er’"-doped LaF5 thin film.*® A small emission
is observed at 980 nm in the LaVO,4 and LaPO, hosts of the *I;1,—*1;5, transition, which is not
visible in the LaF; host, probably because of symmetry reasons. The excitation spectra are very
similar again for the LaF; and LaPOy4 nanoparticles, showing small differences in peak intensities
caused by symmetry differences. The excitation spectrum of the LaVO4 nanoparticles shows the
charge transfer band of the VO, groups. The emission spectra of both these ions are very similar
to the bulk material, showing the similar symmetry around the lanthanide ions in these materials.

Pr’" and Ho’™ ions are also known to emit in the NIR in bulk materials. Nanoparticles
doped with these lanthanide ions were prepared and the emission and excitation spectra are
shown in Figure 3.10. Luminescence of the Pr’* ion can originate from different levels

depending on the crystal field and on the quenching mechanisms.”’
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Figure 3.10: Near-infrared excitation (left) and emission (right) spectra of Pr*- (A em. 1030 Nm, Agy 476
nm) and Ho*- (Aem. 966 Nm, 4 o, 450 nm) doped nanopatticles.
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Luminescence originating from the 'D, level was observed in LaPO,:Pr nanoparticles by
excitation with the 476 nm line of an Ar" laser. The absence of emission from the 1G4—>3H5
transition at 1300 nm indicates that non-radiative processes dominate for this level, similar to the
electroluminescence that was observed of an organic complex.”® When the LaFs:Pr nanoparticles
were excited using the same laser line, no emission was observed, although it is known that the
Pr’” ion can emit very efficiently in this host matrix.* It is possible that Pr’* does not absorb at
this wavelength in the LaF; host or that the Pr’" ion is very sensitive to the small amount of
water present at the surface of the LaF;. Under excitation with an Xe arc lamp at 443 nm, the
emission of LaPO4:Pr could also be detected, but only weak emission was observed for LaFs:Pr
nanoparticles.

Emission of the Ho>" ion could be detected in the LaF;:Ho and LaVO4:Ho nanoparticles at
960 and 1460 nm from the °Fs—°I; and *Fs—I transitions. The emission of the LaVO4:Ho
nanoparticles was substantially weaker than for the LaF;:Ho nanoparticles, which could be a
result of the higher phonon energies of the host material. The LaPO4:Ho nanoparticles did not
show any luminescence at all, probably due to the high phonon energies. Ho*" emission was also
not detected in bulk YPO, indicating that the high-energy phonons of the lattice prevent
emission in this host material.** NIR emission of Ho’" in an organic environment has not been
reported till now and for Pr’" the reports are limited, proving the good shielding against the
organic groups when they are doped in the nanoparticles. The spectral window between 1300-
1600 nm, which is of interest to telecommunication purposes, can be covered completely with
the emissions of these NIR-emitting lanthanide ions.

Yb** co-doping. The Yb®" ion is often used as a sensitizer for Er’ "~ emission, because of a
higher absorption coefficient and an efficient energy transfer to the Er’” ion. The Yb>" ion has
only one excited state 4/ level and it can be excited over a broad range from 940-1000 nm with a
peak at 980 nm. The LaVO4 nanoparticles offer the possibility for excitation in the UV because
of the charge transfer band of the VO, group, but also the LaPO4 nanoparticles offer the
possibility to excite the Yb** ion in the UV. The Yb*" ion has a low reduction potential similar to
the Eu’" ion and in the LaPO, nanoparticles this gives rise to a charge transfer band peaking at
250 nm. The emission and excitation spectra of LaPO4:Yb nanoparticles in methanol-d, are

shown in Figure 3.11.
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Figure 3.11: Excitation (left) and emission (right) spectra of LaPO,:Yb nanopatrticles in methanol-d,.

The charge transfer band of Yb*" is somewhat blue shifted compared to the charge transfer
band of Eu’" in LaPO,, reflecting the higher reduction potential of Yb*".* In the emission
spectrum the typical emission of the %Fs,—’F), transition peaking at 980 nm is observed. Yb*
can be used as a sensitizer for Er’* emission, increasing the effective absorption of Er’". Energy
transfer between Yb*" and Er’" is also observed in the nanoparticles. The emission and excitation
spectra of LaPOy nanoparticles co-doped with Yb*" and Er’* both at 5 % are shown in Figure
3.12. The absorption lines of Er’~ and a broad band with a maximum at 250 nm are visible in the
excitation spectrum, when monitoring the Er’" emission at 1530 nm. The presence of this broad
band is caused by charge transfer excitation of Yb*™ followed by energy transfer to Er’". When
the sample was excited in the broad band at 250 nm, emission at 980 nm from Yb>* and at 1530
nm from Er’* was observed. The appearance of Yb’" emission means that energy transfer is not
complete. The direct excitation of Er’” at 378 nm leads to Er’* emission at 1530 nm as expected,
but also Yb*" emission at 980 nm is observed, showing that energy transfer from Er’” to Yb*"
also occurs. This reverse process needs phonon energy from the surroundings because the I}
energy level of Er’* is slightly lower in energy than the *Fs); level of Yb*". In LaF; nanoparticles
energy transfer between Yb’" and Er’" is also observed after direct excitation of Yb>" into the
2F5/2 level around 980 nm. In this matrix no charge transfer band is observed, for the same reason
as for the Eu’" ion. Nanoparticles of LaF; co-doped with various amounts of Yb*" and 5 % Er’"
were synthesized and the luminescence properties were determined in order to optimize the

energy transfer.
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Figure 3.12: Excitation (up: Aem 1530 nm) and emission (left: Aex 250 nm, right: ., 378 nm) spectra of
LaPO,:Yb, Er in methanol.

The emission spectra of LaF; nanoparticles doped with a varying concentration of Yb*"
and 5 % Er’" excited at 940 nm are shown in Figure 3.13. The emission spectra are normalized
to the Yb®* emission. Excitation at 940 nm was chosen because Er’” has no absorption at this
wavelength, so all emission from Er’" is formed through sensitized emission by Yb*". Er’
emission is clearly observed at 1530 nm, proving the energy transfer between the ions. The Yb*"
emission at 980 nm is still dominating, so energy transfer is not complete. By increasing the
concentration of Yb*" the relative Er’" emission increases, so the energy transfer becomes more
efficient up to a doping concentration of 20 % Yb>" where the maximum energy transfer is
reached. Increasing the concentration of Yb*" above 25 % does not increase the energy transfer

further.
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Figure 3.13: Excitation (left) and emission (right) spectra of LaFs:Yb, Er with varying concentrations of
Yb*". The excitation spectra are scaled to the Er** absorption band at 650 nm and the

emission spectra to the Yb®* emission at 980 nm.

At increasing Yb’" concentration the energy transfer becomes more efficient because the
average distance between the ions decreases. It levels off when all the Er’* jons have at least one
Yb*" ion as the nearest neighbor.*' The excitation spectra of Er’” luminescence at 1530 nm for
samples doped with different concentrations of Yb®" are also shown in Figure 3.13. The
excitation spectra are scaled to the Er’" absorption peak at 650 nm, because the concentration of
Er’" in the sample is constant. It can be seen that the excitation peak of Er’" in the sample
without Yb>" around 980 nm is very low and that co-doping with Yb>" increases it. Increasing
the concentration of Yb*" leads to a linear increase of the Yb*" peak compared to the Er’" peak,
because more energy is absorbed by Yb®" ions. It was reported in the literature that energy
transfer from Yb** to Er’" in Y,0,S nanoparticles is less efficient than in bulk material, because
of the absence of low energy phonons.* These low energy phonons are required to take up the
small energy released when the excitation energy is transferred from Yb** to Er’". In the present
case, in which the nanoparticles are capped with organic molecules these low energy phonons
are present in the form of vibrational and rotational energies, thus facilitating a more efficient
energy transfer. The amount of energy that is actually transferred from Yb*" to Er’* is difficult to
estimate from the emission spectrum, because the intrinsic quantum yields of both ions are
different and difficult to estimate.

Luminescence lifetimes of NIR-emitting ions. Decays of the NIR-emitting ions were
fitted using a bi-exponential decay or in one case a mono-exponential decay. The results of the

LaF; and LaPO4 nanoparticles are summarized in Table 3.3.
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Table 3.3: Luminescence lifetimes of Nd**, Er**, Ho®*, and Pr** in LaF; and LaPO, nanoparticles.

a

Host material Ion 71 (us) T2 (us) Aex/Aem

LaF; Nd™* 240 (77 %) 40 (23 %) 514/880
Er'? 220 488/1536
Ho™ 340 (6 %) 30 (94 %) 488/966

LaPO, Nd** 81 (21 %) 15 (79 %) 514/880
Er’* 1280 (12 %) 260 (88 %) 488/1536
Pr’ 5.4 (29 %) 0.5 (72 %) 476/868

a) LaF; nanoparticles were dissolved in dichloromethane and the LaPO, nanoparticles in methanol, except the
LaPO4:Pr nanoparticles which were dissolved in methanol-d,

b) Mono-exponential fit

All but one of the decays were fitted bi-exponentially, only the decay of Er’” in LaF; could
be fitted with a single exponential. This might indicate a different distribution of the luminescent
ion, but also that different quenching mechanisms play a role. Compared to the lifetimes
obtained in organic complexes for Nd*" and Er’", the luminescence lifetimes have increased
substantially. In organic complexes the lifetimes of Nd>* do not exceed 6 us for a fully
deuterated or fluorinated complex.” The longest lifetime reported for Nd** in organic
environment is 9 ps for Nd(NOs); in DMSO-aﬂ;.44 An increase of more than an order of
magnitude is observed, indicative of the good shielding of the lanthanide ion from the quenching
organic environment. The measured lifetimes for Nd** are longer in LaF; than in LaPQOy in line
with the lower phonon energy of the LaF; host lattice. For Er’*, differences in the luminescence
lifetimes of both materials are less pronounced and the lifetime in LaPOy is even slightly longer.
The decay of LaFs:Er could be fitted using a single exponential indicating that other quenching
pathways are important in this material. Nevertheless, the lifetimes are two orders of magnitude
longer than the lifetimes measured for Er’” in organic complexes, which are in the order of
several microseconds.™ A comparison with the luminescence lifetimes of Nd** and Er’” in the
corresponding bulk materials, leads to the conclusion that the quantum yield of Nd** is probably
very high. A luminescence lifetime of Nd*" in LaF; around 600 ps was reported in the
literature.* Not taking into account the influence of the refractive index, the quantum yield of
the LaF;:Nd nanoparticles is around 30-40 %. For Er3+, the lifetime of the *I 3 level of 12 ms
was reported in LaF3.*® This indicates that the quantum yield of Er’" in the LaF3 nanoparticles is

about 2 %, substantially lower than for the Nd*" ion. One reason for the lowered lifetime is
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probably concentration quenching, because the Er’" luminescence lifetime is strongly
concentration dependent, so a decrease of the Er’* concentration should lead to a substantial
increase in the luminescence lifetime.

For the other two ions no data on the luminescence lifetime in organic media are available,
so no comparison can be made. For bulk LaF;:Ho a luminescence lifetime of the 5F5 level of 300
ps was reported.?’” This would indicate a quantum yield for the LaFs:Ho nanoparticles of around
10 %. For LaPO, doped with Pr’* no data could be found. Most research efforts of Pr’"-doped
materials focus on the 'G4—>’Hs transition of Pr’* around 1300 nm. This transition requires a
material with a low phonon energy, so LaPOj is not of interest. However, in our case, Pr’" shows
luminescence in a high phonon lattice around 1450 nm, which could also be of interest to

telecommunication purposes.

3.3 Conclusions

Nanoparticles of LaF;, LaVOy4, and LaPO4 doped with lanthanide ions show luminescence
properties that are very similar to the corresponding bulk materials. Quenching of the lanthanide
ions in these nanoparticles is strongly reduced compared to the same ions in organic complexes.
The luminescence decay of the ions is not mono-exponential, so not all ions in the nanoparticles

have the same probability of decay.

3.4 Experimental section

General

TEM images were collected on a Philips CM 30 Twin FTEM, operating at 300 kV. Samples were
prepared by evaporating a drop of a diluted nanoparticle dispersion, in methanol in the case of LaPO, and
dichloromethane in the case of LaF; and LaVO,4 nanoparticles, on a carbon coated 200 mesh copper grid.
Size distributions were determined by measuring the sizes of at least 100 nanoparticles from different
places on the grid. Melting points were determined with a Reichert melting point apparatus and are
uncorrected. Mass spectra were recorded on a Finnigan MAT 90 spectrometer using m-NBA (nitrobenzyl
alcohol) as a matrix or on a Perkin Elmer/Perspective biosystems Voyager-DE-RP MALDI-TOF mass
spectrometer. IR spectra were recorded with a Perkin Elmer Spectrum BX FT-IR System using KBr
pellets as matrix. 1H NMR spectra were recorded with a Varian-300 spectrometer using CDCl; as the
solvent unless stated otherwise, using residual CHCl; (6 = 7.26 ppm) as the internal standard. X-ray

fluorescence was carried out on a Philips PW 1489 spectrometer using LaF;, Li;PO4, Eu,0s3, Nd,Os,
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Er,03, PrsOy,, and Ho,O; as the standards. Elemental analyses were performed on a Carlo Erba EA 1106
apparatus. The lanthanide salts were purchased from Aldrich or Acros in the highest purity available (at
least 99.9 %). Octadecanol (99 %), Sodium fluoride (99 %), and tris(ethylhexyl)phosphate (98 %) were
purchased from Fluka, phosphorous pentasulfide (99 %) from Aldrich and trioctylamine (98 %) from
Acros. All chemicals were used as received without further purification. CH,Cl, and hexane were distilled

from CaCl,, ethyl acetate was distilled from K,COs.

Compound 1

19 g (0.07 mol) Octadecanol and 4.44 g (0.02 mol) P,Ss were heated at 75°C for 3 hours. The suspension
was cooled to room temperature followed by the addition of 50 ml of dichloromethane. To remove
inorganic salts the solution was filtered followed by evaporation of the solvent. The remaining residue
was taken up in 50 ml of hexane and ammonia was bubbled through the solution. The precipitate was
separated by filtration, washed with hexane, and dried; yield 13.3 g, 60 %, m.p. 103-106 °C. '"H NMR
(DMSO-dy): & 7.2-6.9 (broad, 4H), 3.7 (dt, J= 8.1, 6.6 Hz, 4H), 1.5-1.4 (m, 4H), 1.35-1.1 (m, 60H), 0.84
(t, J = 6.2 Hz, 6H); MS (MALDI-TOF) m/z = 634.0 [(M-NH"")-, calcd. for C3sH740,PS,: 633.5]; Anal
caled. for C3¢H-sNO,PS,: C, 66.31, H, 12.06, N, 2.15, S, 9.83. Found C, 66.50, H, 12.24, N, 2.27, S, 9.56.

Compound 2

20 g (0.079 mol) Bromoundecanol, 9.6 g (0.1 mol) phenol, and 4.5 g (0.1mol) K,CO; were refluxed in
100 ml acetonitril overnight under an argon atmosphere. The reaction mixture was cooled to room
temperature and 300 ml of ethylacetate was added. The organic phase was washed three times with 1 N
NaOH and dried over MgSO,. The solvent was evaporated and the residue dried.

19.58 g (0.074 mol) of the alcohol obtained in the first step and 4.7 g (0.021 mol) P,Ss were heated at 75
°C for 3 hours. The suspension was cooled to room temperature followed by the addition of 50 ml of
dichloromethane. To remove inorganic salts the solution was filtered and the solvent evaporated. The
remaining residue was taken up in 50 ml of hexane and ammonia was bubbled through the solution. The
precipitate was separated by filtration, washed with hexane, and dried; yield 19.8 g, 78 % m.p. 80-82 °C.
"H NMR (Acetone dg): 6 7.8-7.5 (broad, 4H), 7.3 (m, 4H), 6.9 (m, 6H), 4.0 (t, /= 6.6 Hz, 4 H), 3.9 (dt, J
= 8.1, 6.6 Hz, 4H), 1.8 (m, 4H), 1.6 (m, 32H); MS (FAB) m/z = 621.1 [(M-NH,"), calcd. for
C34H5404PS;: 621.3]; Anal caled. for C34HssNO4PS;: C, 63.81, H, 9.14, N, 2.19, S, 10.02. Found C, 63.87,
H, 9.04, N, 2.23, S, 10.07.

LaPO, nanoparticles
1 Mmol of the hydrated LnCl; (Ln = La’", Eu’", Nd*", Er’" or Pr’") was first dissolved in 10 ml of
methanol followed by the addition of 6 ml of tris(ethylhexyl)phosphate and evaporation of the methanol

under vacuum. The solution was heated to 70°C under vacuum to remove water and methanol. A solution
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of 1 mmol orthophosphoric acid and 3 mmol trioctylamine in 3 ml of tris(ethylhexyl)phosphate was
added and the reaction mixture was heated at 200°C under argon. After 40 hours the solution was cooled
to room temperature and methanol was added to precipitate the nanoparticles. The nanoparticles were
separated by centrifugation and washed two times with methanol. The nanoparticles were soluble in
methanol by the addition of tetramethylammonium hydroxide. The nanoparticles can be precipitated by

the addition of ethyl acetate and separated by centrifugation.

LaF; nanoparticles

The LaF; nanoparticles were prepared by heating a solution of 0.95 mmol of compound 1 (618 mg) or
compound 2 (608 mg) and 126 mg (1 mmol) NaF in 35 ml ethanol/water at 75°C. A solution of
La(NO3);6H,0 and Eu(NOs);6H,O (1.33 mmol total) in 2 ml of water was added dropwise and the
solution was stirred at 75°C for 2 hours and then cooled to room temperature. The precipitate was
separated by centrifugation and was washed subsequently with water and ethanol. The nanoparticles were
further purified by dispersing in dichloromethane and precipitation by the addition of ethanol. After
separation by centrifugation the nanoparticles were dried in vacuum over P,Os for two days. After drying

the nanoparticles, they are soluble in apolar solvents like chloroform, dichloromethane, and toluene.

LaVO, nanoparticles

These nanoparticles were synthesized as the LaF; nanoparticles but instead of NaF, Na;VO, was used.

Photophysical measurements

Photoluminescence measurements in the visible were done with an Edinburgh Instruments FS/FL
instrument with a 450 W Xe arc lamp for steady state measurements and for the time-resolved
measurements a micro-flashlamp as the excitation source. The excitation light was fed to a
monochromator (single grating, 1800 lines/mm) and focused on a square quartz cuvet (Ix1 cm)
containing the nanoparticle solution. The emitted visible light was fed to a second monochromator (1800
lines/mm grating) and collected on a red sensitive Peltier element cooled Hamamatsu R955 PMT. The
emission spectra were corrected for the detector response and the excitation spectra were corrected for the
lamp intensity. The NIR spectrum of Ho®* was measured with the same instrument using a liquid nitrogen
cooled Ge detector and a monochromator equipped with a 600 lines/mm grating. The other NIR spectra
were measured by exciting the samples with a CW Ar+ ion laser operating at 488 nm (Er’"), 476 nm
(Pr'"), and 514 nm (Nd**). The continuous light was modulated with an acousto-optic modulator and
focused on the sample in 1x1 cm quartz cuvettes. The signal was focused with a 20 cm lens on a
monochromator and detected at the monochromator exit with a liquid nitrogen cooled Ge detector
(Northcoast) or a PMT (AgOCS) for the spectral region between 700-1000 nm. The signal of the detector
was fed to a lock-in amplifier. The spectra of the near-infrared emitting ions were measured with a

resolution of 6 nm and of the visible emitting ions with a resolution of 0.9 nm. The concentration of the
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nanoparticles was 50-100 mg/ml for the LaF; and LaPO, and for LaVO, the absorption was kept below
0.6 at 280 nm (~ pg/ml). The LaF; and LaVO, nanoparticles were dissolved in dichloromethane and the
LaPO, nanoparticles in methanol, unless stated otherwise.

Luminescence quantum yields were determined by comparing the luminescence intensity of a
nanoparticle solution with a solution of quinine bisulfate in 1M H,SO, with approximately the same

absorption at the excitation wavelength. The quantum yield was calculated from Equation 3.2.

2
n sampleI A

sample” *ref
¢sample - A ¢ref (Eq- 3 2)

2
n refI

ref * *sample
in which n is the refractive index, A the absorption, and I the emission intensity and taking the quantum

yield of quinine bisulfate as 54.4 %.*
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CHAPTER 4

Surface effects on the luminescence of lanthanide(lll)-doped nanoparticles

Nanoparticles consist for a large part of surface atoms. Luminescence of lanthanide-
doped nanoparticles is therefore always influenced by the way the surface is
terminated. In this chapter, the influence of the surroundings on the luminescence
lifetime of lanthanide ions doped in nanoparticles is investigated. The influences of
the quenching strength of the solvent and the refractive index of the solvent on the
luminescence lifetime were studied. Concentration quenching was investigated by
changing the doping concentration of the Iluminescent ion. The high-energy
vibrations of molecules outside the nanoparticles are the most important quenchers
and a model is proposed to fit the non-mono-exponential luminescence decay taking

into account quenching from the surface.

" The major part of the work in this chapter was published: Stouwdam, J. W_; van Veggel, F. C. J. M. Nano Lett.
2002, 2, 733; Hebbink, G. A.; Stouwdam, J. W.; Reinhoudt, D. N.; van Veggel, F. C. J. M. Adv. Mater. 2002, 14,
1147; Stouwdam, J. W.; Hebbink, G. A.; Huskens, J.; van Veggel, F. C. J. M. Chem. Mater. 2003, 15, 4604.
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4.1 Introduction

The spectra of lanthanide or transition metal ion doped nanoparticles usually do not differ
much from the spectra of the same bulk material.' In a bulk crystals, the sites that are close to the
surface do not contribute significantly to the overall properties of the material. However, in
nanocrystals, the surface sites cannot be neglected, because they provide a major contribution to
the total. The ratio of surface site, to bulk site, in the nanoparticles is strongly dependent on the
size of the nanoparticles. The coordination of water and other organic molecules to the surface of
the nanoparticles can lead to quenching of the excited state of the lanthanide ion by the high-
energy vibrations of the bonds. Krebs et al. found that the main source of quenching of Yb*'-
doped in y-Al,0; nanoparticles was the coordination of water to the surface of the nanoparticles.”
The surface quenching leads to a non-mono-exponential decay of the luminescence of the Yb*"
ion. Deviations from exponential decay were found more often for example in YVO4Eu
nanoparticles. Different symmetry sites were found by site-selective excitation.” Eu’" ions in
different symmetry sites have different radiative lifetimes leading to a multi-exponential decay
of the Eu’" luminescence. The refractive index surrounding the nanoparticles can have a
significant effect as well on the luminescence lifetime of Eu*" ions doped in Y,O3 nanoparticles.’
The measured luminescence lifetime can differ by a factor of three when the nanoparticles are
dispersed in carbon disulfide or in air, with the longest lifetime for a medium with the lowest
refractive index. The influence of the refractive index on the spontaneous emission rate has also
been studied for a Eu’" complex in solution.” The coordination of the ligand around the Eu** ion
can change when the complex is dissolved in different solvents, leading to a significant effect on
the radiative lifetime of the Eu’" ion.® These differences in coordination overshadow the
influence of the refractive index. The coordination around the Eu*" ion in nanoparticles is fixed,
making them ideal for the study of the refractive index on the radiative lifetimes of the doping
ions.

The Tb>" luminescence of CePO4:Tb nanoparticles synthesized by Haase e al. did not
show a mono-exponential decay. A model, taking into account randomly distributed quenchers,
was used to fit the decay.” This model has been used for bulk crystals when randomly distributed
quenchers were incorporated in the crystal lattice. A strong solvent effect was also reported in
the case of these nanoparticles, indicating that quenching from outside the nanoparticles plays an
important role. Quenchers outside the nanoparticles are not randomly distributed, but are at the
surface and in the solvent surrounding the nanoparticles, so this model cannot be used to

describe a multi-exponential decay, when surface quenching is important.
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In the previous chapter, luminescence decays of lanthanide-doped nanoparticles that are
soluble in organic solvents were described. These nanoparticles do not show a mono-exponential
decay of the lanthanide luminescence. In this chapter more insight is given in the luminescence
decay of these nanoparticles. Solvent quenching, concentration quenching, and the influence of
the refractive index of the solvent on the luminescence lifetime have been studied. A model was
developed to fit the luminescence decays. The model explains why the luminescence decay is not

mono-exponential by taking into account quenching from outside the nanoparticles.

4.2 Results and discussion

4.2.1 Quenching by solvents

Quenching by the solvent in which the nanoparticles are dissolved can easily be varied and
the influence this has on the luminescence lifetime of the lanthanide ions can be studied. LaPO4
nanoparticles doped with different lanthanide ions are soluble in water and methanol. The
quenching strength of these solvents can be altered by using deuterated solvents, replacing the
OH and CH bonds for OD and CD bonds.® The lower vibrational frequency of a deuterated bond
compared to the hydrated bond leads to a reduced quenching of the lanthanide ion. The
luminescence lifetimes obtained in deuterated and non-deuterated solvents, after fitting with a bi-

exponential decay, are shown in Table 4.1.

Table 4.1:  Luminescence lifetimes of LaPO,:Eu in different solvents.

Solvent 71 (ms)™ T; (ms)

H,0 5.7 (71 %) 2.6 (29 %)
D,0 7.6 (44 %) 4.9 (56 %)
CH;OH 6.4 (57 %) 3.4 (43 %)
CD;0D 7.6 (41 %) 4.9 (59 %)

a) The percentages reflect the amount of the component contributing to the total lifetime.
b) The absolute errors in the fit are 0.2 ms in the lifetime and 5 % in the component contributing to the total

lifetime.

In the strongest quenching solvent, water, the luminescence lifetimes were the shortest.
When the OH bonds were replaced by OD bonds, that quench less, a substantial increase in the

luminescence lifetimes was observed. This was accompanied by a change in the ratio of the long
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and short lifetime. The change in the ratio of the two lifetimes indicates that the non-mono-
exponential behavior is strongly influenced by the solvent and that quenching from outside the
nanoparticle has an influence on the shape of the decay curve. A similar effect on the
luminescence lifetime was observed when the luminescence lifetime was measured in the
solvents methanol and methanol-d.,.

LaF;:Eu nanoparticles were not soluble in water or methanol, but also with these
nanoparticles OH bonds are important quenchers of the Eu’" luminescence. When the
nanoparticles were synthesized in a mixture of D,O/EtOD, the lifetimes increased to 9.0 ms,
contributing to 65 % of the total luminescence and 4.0 ms, contributing to 35 % of the total
luminescence. Compared to the lifetimes obtained for nanoparticles synthesized in non-
deuterated solvents of 7.7 ms contributing to 74 % of the total luminescence and 2.9 ms
contributing to 26 % of the total luminescence, an increase in the lifetime as well as a shift in the
ratios of the two components was observed. The difference in luminescence lifetime is caused by
the coordination of water to the surface, because stirring of the nanoparticles, synthesized in
deuterated solvents, in a mixture of EtOH/H,0 leads to a decrease of the lifetime to the values of
nanoparticles synthesized in non-deuterated solvent. The decrease of the luminescence lifetime
proves that the quenching groups are accessible to the solvent and are therefore located at the

surface of the nanoparticles and not in the core.

4.2.2 Influence of the refractive index

The influence of the refractive index on the luminescence lifetime of Eu’'-doped
nanoparticles was investigated by dissolving the nanoparticles in different solvents. The solvents
used have a refractive index ranging from 1.352 for ethylether to 1.525 for chlorobenzene. A
gradual change in the luminescence lifetime of the Dy level of Eu’" was found. The decays had
to be fitted with a bi-exponential decay and the luminescence lifetimes are summarized in Table
4.2. When the refractive index of the solution is increased, a gradual increase in the
luminescence lifetime is observed. This effect is most pronounced on the long component of the
lifetime. The differences on the short component are within the experimental error of the fit. This
constant value of the short component of the luminescence lifetime indicates that the short
component is not influenced primarily by the refractive index, but that quenching is more
important. The solvents that were used have approximately the same quenching strength,
because all solvents have CH bonds as bonds with the highest vibrational energy and no OH
bonds. Probably, the strongest quencher is the coordinated water and the ligand, which forms a

densely packed monolayer around the nanoparticles, and not the solvent. The emission spectra of
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Eu’” were the same in the different solvents, so a change in coordination around the lanthanide

ion is not responsible for the change in luminescence lifetime.

Table 4.2: Luminescent lifetimes of LaFs:Eu nanoparticles in different solvents ab

D

Solvent n T; (ms) T, (ms)

Ethylether 1.352 9.5 (67 %) 3.6 (33 %)
Pentane 1.357 8.4 (77 %) 2.9 (23 %)
Hexane 1.375 8.2 (76 %) 2.9 (24 %)
THF 1.407 8.1 (73 %) 3.0 (27 %)
Dichloromethane 1.424 7.7 (74 %) 2.9 (26 %)
Chloroform 1.446 7.4 (75 %) 2.8 (25 %)
Toluene 1.497 6.8 (75 %) 2.7 (25 %)
Chlorobenzene 1.525 6.8 (72 %) 2.8 (28 %)

a) The percentages reflect the amount of the component contributing to the total lifetime
b) The absolute errors in the fit are 0.2 ms in the lifetime and 5 % (absolute) in the component contributing to

the total lifetime.

4.2.3 Concentration quenching

There are different quenching mechanisms for lanthanide ion-doped nanoparticles.
Quenching does not only take place by interaction with high-energy vibrations of the host matrix
and impurities, but also the interactions between lanthanide ions can play an important role.
Variation of the doping concentration of the luminescent ion can change the interactions between
lanthanide ions. In the previous chapter it was shown that the concentration of Eu’" ions in the
LaF; nanoparticles has an influence on the cross-relaxation quenching of the °D; emission. A
concentration effect was also found on the luminescence lifetime of the > Dy level of Eu’" ions in
LaF; and LaPOs nanoparticles. The luminescence lifetimes of LaF;:Eu and LaPO4:Eu
nanoparticles with a different doping concentration are shown in Table 4.3. An increase in the
average luminescence lifetime is observed, for both nanoparticles, but for LaPO, these
differences are less pronounced. A shift in the ratios of the two components is also observed for
the LaF; nanoparticles. For a lower Eu’" content the amount of the short component decreases,
consistent with reduced Eu’"-Eu’" interaction. Due to the lower concentration the rate of
migration of excitation energy through the nanoparticle is lowered and the amount of Eu’* ions
in contact with the surface is decreased. As a result the amount of the short component in the

luminescence decay decreases. Although there is a clear influence of the concentration on the
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ratios of the two components in the luminescence lifetime, at low concentration the decay is also

not mono-exponential. The concentration of the lanthanide ion is therefore not the cause of the

deviation from mono-exponential behavior.

Table 4.3:  Luminescent lifetimes of the °D, level of Eu** in LaF; nanopatrticles at different

concentrations of Eu®*.*"

Nanoparticle Eu’" conc. 71 (ms) T, (ms) Tay (IMS)

LaF, 1% 9.1 (87 %) 2.8 (13 %) 8.8
2% 8.5 (83 %) 2.7 (17 %) 8.1
5% 7.7 (74 %) 2.9 (26 %) 7.1

LaPO, 1% 7.3 (65 %) 4.0 (35 %) 6.5
2% 7.6 (57 %) 4.3(43 %) 6.6
5% 6.4 (57 %) 3.4 (43 %) 5.5

a) The percentages reflect the amount of the component contributing to the total lifetime
b) The absolute errors in the fit are 0.2 ms in the lifetime and 5 % (absolute) in the component contributing to

the total lifetime.

4.2.4 Modeling of the luminescence lifetime

From the previous results it can be concluded that quenching from outside the nanoparticle
causes the deviation from mono-exponential behavior. This quenching from outside the
nanoparticles leads to shorter luminescence lifetimes of ions close to the surface of the
nanoparticles and longer luminescence lifetimes for ions in the core of the nanoparticles. This
decrease in the luminescence lifetime towards the surface of the nanoparticles is a gradual
change and not one of two distinct populations as assumed in a bi-exponential fit. With this in
mind, a model is proposed to fit the luminescence decay, which incorporates quenching from
outside the nanoparticle. The different Ln’" luminescent centers are related to each other with a
radiative lifetime that is the same for all lanthanide ions and a quenching factor that is related to
the distance to the surface. When the nanoparticle is divided in a number of shells, the

luminescence decay can be described using Equation 4.1

I, :IOZie_klt;ki :%:kR +Cxf; (Eq. 4.1)
i=1 i

1
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in which I; is the intensity of light at time t, I, the intensity at t = 0, k; = 1/7; is the rate
constant in shell i, kg = 1/1r the rate constant in absence of surface quenching, C a quenching
constant, and fy; the quenching factor of shell 1, that takes into account the integrated distance of
the shell to the surface with a distance dependence of the quenching of r. For more information
on the model see the appendix. The model assumes that all the luminescent ions are in the same
crystal site, with the same refractive index, that they are randomly distributed over the
nanoparticle, and that surface quenching is the cause of deviation from exponential behavior.
The observation of one emission peak for the “Do—'F, transition in the Eu**-doped nanoparticles
was a strong indication that the ions are all doped in a crystal site with the same environment.
More evidence can be found in the time-resolved emission spectrum. Eu’ ions in different
crystal sites with a different symmetry have a different radiative lifetime. In a time-resolved
emission spectrum, the emission shortly after the excitation pulse is dominated by the emission
centers with the shortest lifetime and the emission at the end of the decay is dominated by
emission centers with the longest lifetimes.

Figure 4.1 shows the time-resolved emission spectra of LaVOs:Eu and LaPO4:Eu
nanoparticles. When the normalized emission spectra taken shortly after an emission pulse and at
the end of the decay are compared, the differences observed are not large, indicating that the
luminescent centers emitting at the end of the decay and the emission centers emitting shortly
after excitation are in a crystal site with the same symmetry. For LaF;:Eu nanoparticles the
absorption is too low to measure an emission spectrum with enough intensity and high enough
resolution to make a good comparison. The emission spectrum of LaF;:Eu nanoparticles shows
differences in time, because of the overlap of the emission from the D, and Dy level, which

have a different lifetime.
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Figure 4.1: Time-resolved emission spectra of Eu3+-doped nanopatrticles of (left) LaVO, and (right)
LaPO,.
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The result for the other two nanoparticles make it safe to assume that for LaF;
nanoparticles the ions are also in crystal sites with the same symmetry. The luminescence decays

of the Eu**-doped nanoparticles and the fits using Equation 4.1, are shown in Figure 4.2.
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Figure 4.2: Luminescence decays and fits for Eu3+-doped nanoparticles of LaFj, LaVO,, and LaPO, (left)
and the lifetime distributions in the nanopatrticles (right). The LaFz and LaVO, nanoparticles

were dissolved in dichloromethane and the LaPO, nanopatrticles in methanol.

Equation 4.1 is able to fit the luminescence decay of the Eu’ luminescence very
accurately. The values obtained for the luminescence lifetimes, the quenching constants, and the

average lifetimes of the ten shells are shown in Table 4.4.

Table 4.4: Luminescence lifetimes, quenching constants, and average lifetimes obtained by fitting the
luminescence decays of Eu3+-doped LaF; LaVO,, and LaPQO, nanopatrticles with the model

described in the appendix.

Nanoparticles Tg (mMSs) C Tay (MS)
LaFs; 7.7 2.94 10" 6.5
LaVOy 1.4 1.48 10 0.45
LaPO, 7.0 4.06 107 6.5

The apparent radiative lifetimes show that in absence of surface quenching the lifetime in
LaF; nanoparticles is the longest, then the lifetime of the LaPO4 nanoparticles, and then the
LaVOy, lifetime. The same dependence of the Eu’" lifetime on the host material was found for
bulk materials.” The size and size distribution are incorporated in the C constant, so the C

constants cannot be compared directly. Quenching in the LaF; nanoparticles must be stronger
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than in the LaPO4 nanoparticles, because the average lifetimes of the shells are the same for both
nanoparticles. Luminescence lifetimes for all ten shells are obtained and the lifetimes of these
shells are plotted in Figure 4.2 as well. It can be seen that the quenching in the core of the
nanoparticles is minimal and that going to the outside of the nanoparticles the lifetime decreases.
For the LaF; and LaVO4 nanoparticles the quenching seems to have a longer range, going deeper
into the nanoparticle. All shells are under the influence of quenching for the LaVO4
nanoparticles, because the first shell in the core of the nanoparticle has a lifetime that is
substantially lower than the radiative lifetime. About half of the shells are not quenched for LaF;
and for the other five shells quenching increases going to the surface of the nanoparticle. For the
LaPO4 nanoparticles about 7 shells are not quenched. Quenching from the surface is stronger in
the LaF; and LaVOy4 nanoparticles than in the LaPO,4 nanoparticles, because in the LaF; and
LaVOj4 nanoparticles, more shells are influenced by surface quenching.

Luminescence decays of NIR emitting ions could also be fitted using Equation 4.1. The
decays of Nd** and Er’* in LaF; and LaPO, nanoparticles with the corresponding fits are shown

in Figure 4.3 and Table 4.5 gives the values of the fit constants tr and C.

5 5
8 8
s 2
2 2
) @
k= k=
0.01 ' ' — 0.01 , , ' .
0.0 0.4 0.8 1.2 1.6 0.00 0.25 0.50 0.75 1.00
Time (ms) Time (ms)
14 14
5 3
© S
= 2
.(7) 'a
c .
S 014 [ 0.1
< £
0.01 . T . 0.01 T T — )
0.0 0.1 0.2 0.3 0 1 2 3 4
Time (ms) Time (ms)

Figure 4.3: Luminescence decays of (A) LaFs:Nd, (B) LaFs:Er, (C) LaPO,:Nd, and (D) LaPOEr.
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The average luminescence lifetimes for Er’" and Nd** show the same trend as when the
decay was fitted using a bi-exponential decay. An increase by a factor 10-1000 in the
luminescence lifetime is observed compared to the lifetimes of organic complexes, containing
Nd** or Er’". For Nd** the values of the average lifetime and tg are higher for LaF; than for
LaPOy, reflecting the difference in the phonon energies of the matrices. This is the other way
around for Er3+, the value of tr and the average lifetime are lower for the LaFs:Er nanoparticles

compared to the LaPO4:Er nanoparticles.

Table 4.5:  Luminescence lifetimes of the NIR-emitting ions in the two different nanoparticles.®

Nanoparticle Solvent TR (US) C(s™) Tay (ULS)
LaPO4:Nd CDs;OD 90 107 68
LaF;:Nd CH,Cl, 347 23.5 265
LaPO4:Er CD;0OD 315 4.66 304
LaFs:Er CH,Cl, 236 3.29 226
LaPO4:Pr CDs;OD 4.0 57.3 3.7
LaF5:Ho CH,Cl, 35 27 31

a) All doping concentrations were 5 %. The errors in g are = 3 % and in C = 10 % determined from duplicate

measurements.

Not only the quenching is stronger, but also the lower tr indicates that there are more
quenching possibilities for Er’” inside the nanoparticles. Quenching by cross-relaxation, or
concentration quenching could be more important in the LaF; nanoparticles, compared to the
LaPO4 nanoparticles as a result of different average distances between the luminescent ions. The
average lifetimes of Pr’” and Ho " are in the pus range reflecting the shorter radiative lifetimes of
these ions. A lifetime of 70 us for the 'D, level was reported for Pr’* in a phosphate host '° and
for Ho>" in LaF;, a lifetime of the 3Fs level of 780 s was calculated.!"

Using Equation 4.1, different factors influencing the luminescence lifetimes of these
nanoparticles were investigated. Er’" usually shows a large dependence on the doping
concentration and when the nanoparticles are doped with different concentrations of Er’" this is
indeed reflected in the values of 1z and C (Table 4.6). A decrease in Er’" concentration should
not change the quenching constant C because the Er’" ions are still in the same crystal site and at
the same average distance to the surface. tr should increase with a decreasing doping

concentration because quenching processes like cross-relaxation and up-conversion become less
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important.'? This is clearly observed in the values for LaFs:Er with different Er’* concentrations.
A pronounced increase in tg is observed when the concentration is lowered, while C remains

about the same for the concentrations used.

Table 4.6:  Luminescence lifetimes of LaF;:Er and LaPO4:Er at different doping concentrations.?

LaF;:Er LaPOg4:Er
Concentration TR(US) C(s™) TR(US) C(s™)
5% 236 3.29 315 4.66
2% 332 3.73 758 4.27
1 % 465 3.54 1070 2.92

a) The errors in tg are = 3 % and in C = 10 % determined from duplicate measurements.

The constant C does change for the LaPO4:Er nanoparticles and becomes lower at a lower
doping concentration. The different surface termination of the nanoparticles could play a role
here. One quenching path is the transfer of the excitation energy of ions in the core of the
nanoparticles to ions closer to the surface followed by quenching. This process is dependent on
the concentration of the doping ion, because energy transfer becomes more efficient at higher
doping concentrations, but also on the surface termination. In the LaF; nanoparticles the
lanthanide ions are coordinated directly to the ligand and other possible quenchers, but in the
case of the LaPOy4 nanoparticles PO4 groups are at the surface.

In addition, quenching by solvents with a different quenching strength can be described
using Equation 4.1. The luminescence lifetimes of LaPO4:Nd and LaPO4:Eu in methanol with a

different degree of deuteration are given in Table 4.7.

Table 4.7: Luminescence lifetimes of LaPQO4:Nd and LaPOEu in methanol with different degrees of

deuteration.?

Nd3+ Eu3+
Solvent TR(1S) Ccis™ TR(MS) Cis™
CH;0H 87 733 7.0 4.06 10
CH;0D 91 214 6.9 1.18 10
CD;0OD 90 107 6.9 1.31 10

a) The errors in tg are = 3 % and in C = 10 % determined from duplicate measurements.
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The same tr is found for all three solvents in agreement with the fact that the nanoparticle
itself does not change. The C constants are different, because the quenching of the solvent is
varied. A small quenching constant is found for the Eu®" ions, because the energy gap of Eu’" is
relatively large and it is therefore less sensitive to quenching. In non-deuterated methanol the
strongest quencher is the OH group and replacing this with an OD group leads to a large
decrease in C. Replacement of the CH group by CD leads to another small decrease in quenching
in the case of Nd**, but in the case of Eu’" the effect is negligible consistent with the larger
energy gap between the excited state and the ground state of the Eu’" ion.

The model does not include the influence of the refractive index on the luminescence
lifetime. Lanthanide ions in the core of the nanoparticles experience a different refractive index
than nanoparticles close to the surface of the nanoparticles. The luminescence lifetimes of
LaF;:Eu nanoparticles in different solvents showed that the refractive index mainly influences
the long component of the decay (Table 4.2).The lifetime of Eu’" ions doped in the core of the
nanoparticles is strongly influenced by a change in refractive index of the solvent, which is at a
distance of approximately 4 nm. The spontaneous emission rate of Er’ near surfaces of different
refractive indices changes even when the Er’" ions are 150 nm away from the interface.” It is
therefore safe to assume that the distance dependence of the luminescence lifetime on the
refractive index in the nanoparticles is much smaller than the distance dependence of quenching.

The model also assumes that the excited state stays in one place, although a known
quenching mechanism for lanthanide ions is the transfer of the lanthanide ions, until a quenching
site is met.'* This quenching mechanism also occurs in the nanoparticles, which can be seen
from the luminescence lifetimes of LaF;:Eu nanoparticles with a varying Eu’" concentration
(Table 4.3). The decrease of the ratio of the short luminescence lifetime at a low Eu’’
concentration indicates that quenching is more confined to the surface, which could be caused by
a decreased energy migration.

The size and size distribution of the nanoparticles is currently in the constant C of the
model. In order to get the size and size distribution separated it is necessary to synthesize

nanoparticles with different sizes and with a small size distribution.

4.2.5 Nanoparticles with different sizes

Several techniques have been developed to influence the size and size distribution of
nanoparticles during or after the synthesis. During the synthesis it is often a ligand that controls
the growth of the nanoparticles and changing the concentration of ligand can have an influence

on the nanoparticle size."
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Figure 4.4: TEM pictures with the corresponding size distributions for LaFz:Eu nanopatrticles synthesized
with different ligand ratios; (top) ligand / NaF 2/3, (middle) 1/3, (bottom) 1/6.
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When more ligand is present, there is more overall interaction between the monomer and
ligand, slowing down the reaction rate. This allows for more nucleation and a decrease in
nanoparticle size. The effect of the ligand ratio on the size distribution is usually small. The ratio
of ligand to lanthanide/NaF was changed for the reaction of LaF;:Eu nanoparticles. The
influence on the size of the nanoparticles was studied with TEM. Typical TEM pictures with the
corresponding size distribution histograms are shown in Figure 4.4. The average sizes of the
nanoparticles varied between 7.1 nm, 7.7 nm, and 8.4 nm for the nanoparticles synthesized with
a 2/3, 1/3, and 1/6 ligand/F ratio, respectively. When the concentration of ligand was lowered, an
increase in the nanoparticles size was observed. The size distributions of the nanoparticles were
also increased slightly from 23.7 %, 25.6 %, and 28.2 %, respectively. An effect on the
luminescence decay was found for nanoparticles with different sizes. The decays of the *Dy level

are shown in Figure 4.5.
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Figure 4.5: Decays of the Eu®* luminescence for the differently sized nanoparticles by changing the

ligand to NaF ratio. The nanoparticles were dissolved in toluene.

The main difference between the decays is observed shortly after the excitation pulse,
where a shorter component in the luminescence lifetime is observed for the smallest
nanoparticles. This is a strong indication that the surface plays an important role in the
quenching of the lanthanide ion, because the smaller nanoparticles have a larger surface to core
ratio. About 15-20 ms after the excitation pulse the decays are almost parallel indicating the ions
with a long luminescent lifetime are not much influenced by the size of the nanoparticles. The

influence of surface quenching does not reach to the core of the nanoparticles, so ions in the core
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of the small nanoparticles show the same luminescence lifetime as ions in the core of the larger
nanoparticles. The luminescence lifetimes obtained after fitting with a bi-exponential decay are
shown in Table 4.8. When the nanoparticle size is decreased, a clear decrease in luminescence
lifetime of both components is observed. The relative amounts of the two components did not

change as would be expected for a size increase.

Table 4.8: Luminescence lifetimes of different sized LaF3;:Eu nanoparticles in toluene after changing the

ligand ratio.®"

Average batch size (nm) 71 (ms) T, (ms)

8.4 7.4 (71 %) 2.6 (29 %)
7.7 6.8 (68 %) 2.2 (32 %)
7.1 6.5 (68 %) 1.8 (32 %)

a) The percentages reflect the amount of the component contributing to the total lifetime.

b) The absolute errors are 0.2 in the lifetime and 5 % in the relative amount.

Another technique to decrease the size distribution of the nanoparticles is applied after the
synthesis. Size-selective precipitation has been widely applied to decrease the size distribution of
a nanoparticle solution and to select nanoparticles of different sizes.'® To a solution of the
nanoparticles a non-solvent is slowly added, until a precipitate starts to form. This precipitate is
enriched with the largest nanoparticles in solution, because these have the largest surface area.
Nanoparticles with different sizes can be obtained by separating the precipitate and repeating the
procedure with the residue. Typical TEM pictures of the size-selected nanoparticles are shown in
Figure 4.6. The nanoparticles are more clustered than directly after the synthesis, which might be
a result of the prolonged stirring in the precipitated form. It is therefore more difficult to measure
an accurate nanoparticle distribution. A clear difference in size could be observed for the
different batches ranging from 7.2, 6.8, and 5.3 nm, respectively. The size distribution was not
narrowed and was 18.1, 23.4, and 21.5 % for the different batches. The luminescence lifetime of

the *Dy level of Eu®* was also influenced.
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Figure 4.6: TEM pictures of size selected nanopatrticles of LaF3:Eu.
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The luminescence decays are shown in Figure 4.7. The differences in the luminescence
decay are less pronounced than in Figure 4.5 for nanoparticles synthesized with different
concentrations of ligand. The inset of Figure 4.7 shows an enlargement of the decay between 22
and 24 ms. This shows that the decay of the smallest nanoparticles is indeed below the decay of
the larger nanoparticles. The values obtained after fitting with a bi-exponential decay also show
that the luminescence lifetime is the longest for the nanoparticles with the largest size as
summarized in Table 4.9. From the fit a relevant difference in the luminescence lifetimes was

obtained.
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Figure 4.7: Normalized luminescence decays of size-selected nanoparticles of LaFs:Eu in
dichloromethane. The inset shows an enlargement of the decays at a time interval between
20 and 22 ms.

Table 4.9: Luminescence lifetimes of differently sized LaFs;:Eu nanopatrticles after size selective

precipitation.*”

Batch size (nm) T1 (ms) T, (ms)

7.2 7.6 (63 %) 2.9 (37 %)
6.8 7.3 (68 %) 2.6 (32 %)
5.3 7.1 (67 %) 2.5 (33 %)

a) The percentages reflect the amount of the component contributing to the total lifetime.

b) The absolute errors are 0.2 in the lifetime and 5 % in the relative amount.
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4.3 Conclusions

The shape of the luminescence decay of lanthanide ions doped in the nanoparticles is
strongly dependent on the surroundings of the nanoparticles. The quenching strength of the
solvent has a large influence on the shape of the decay curve, leading to the conclusion that the
deviation from mono-exponential behavior is caused by surface quenching. The luminescence
decays can be fitted with a model that takes into account quenching from outside the

nanoparticles.

4.4 Experimental section

Nanoparticle synthesis. The nanoparticles were synthesized as described in chapter 3. For the
nanoparticles with a different concentration of lanthanide ions, the total amount of lanthanide salts was
constant. For the LaF;:Eu nanoparticles with the different ligand ratios, the amount of NaF, lanthanide
salts and solvent were kept constant and only the concentration of ligand was varied.

Size selective precipitation. Methanol was added dropwise to a solution of LaF;:Eu in toluene
(1g/50 ml). The solution became cloudy after the addition of about 45 ml of methanol. This cloudy
solution was stirred overnight and the precipitate separated by centrifugation. A few drops of methanol
were added to the supernatant until the solution was cloudy again and this was stirred overnight again.
The procedure was repeated 7 times until no precipitate was formed anymore after addition of methanol.

Photophysical measurements were performed using the setup described in chapter 3.
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Appendix 4.A

4.A.1 Modeling the luminescence decay

When it is assumed that most of the quenching of the excited state is located close to the
surface, a model can be designed taking into account these surface effects. lons in the core of the
particles will have the longest lifetime and going to the outside the lifetime will decrease. When
a particle is divided into a number of shells, the lifetime of one shell can be related to the lifetime
in another shell by an effective radiative lifetime and a quenching factor that is dependent on the

distance to the surface. The luminescence decay can thus be described using Equation 4.A.1.

Il |
I i1 n Lo ¢ * a !

In this equation I; is the luminescence intensity at time t, Iy the intensity at t = 0, n the
number of shells, k; = 1/1; the rate constant in shell i, with t; the luminescent lifetime of this
shell, t the time, kg a rate constant in the absence of quenching from outside the particle so it is
an apparent radiative decay rate, and C the quenching constant. This constant is a fit parameter
that is dependent on the individual ion, the size and size distribution of the particles, and on the
strength of the quenching. The relative quenching factor f;; takes into account the distance of a
shell to the surface and the distance dependence of the quenching. When quenching is assumed
to take place via a dipole-dipole mechanism, the quenching has a distance dependence of r®.’
The total quenching then has to be integrated over the total volume outside the nanoparticle.

Integration over the total volume gives the total quenching factor f;; (Equation 4.A.2).

@)= [redv (Eq. 4.4.2)

v
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Figure 4.A.1: Definition of symbols used in the text.

This equation was solved for a particle shell i, with a;=Ai/R; as the center of each shell, by
varying the radius r (Figure 4.A.1). Three domains can be defined. The first domain is totally
inside the particle ranging from r = 0 to r = (R-A), so for this domain no quenching is taken into
account. In the second domain the volume fraction d[V(r,9)] is dependent on both the radius and
the angle ¢ (part of the shell is inside the particle with no quenching and part is outside the shell,
but with quenching). This domain ranges from r = (R-A) to r = (R+A) (Figure 4.A.1). The third
domain lies totally out of the particle and is from r = (R+A) to oo. The fraction of a shell in the
second domain that is outside the particle equals 2nr® (1-cos@)dr. The volume fraction dV of a
shell in the third domain is 4nr® dr. Multiplying this with r°® results in Equation 4.A.3, that was
numerically solved for a particle consisting of 10 shells of equal volume.? Assuming that the ions

are randomly distributed in the particle it will give all ions the same weight in the fit.

R+A ©
f; (A,(p):J.r'GdV: J. %2nr2(l-cos¢>)dr+ I %4nr2dr (Eq. 4.4.3)
\'% R-A R+A

This results in relative quenching factors for the different shells as shown in Table 4.A.1.
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Table 4.A.1: Quenching factor for the ten shells.

Shell i ai fqi(ai)

1 0.23 4.9
2 0.52 11
3 0.63 19
4 0.70 32
5 0.77 63
6 0.82 121
7 0.87 3.0 10°
8 0.91 8.6 10
9 0.95 4910°

10 0.98 7.710°

Using this model a radiative lifetime and a quenching constant is obtained. For all of the

ten shells a luminescence lifetime is calculated and an average lifetime of these ten values can be

calculated using Equation 4.A.4.°

T

B ZAiTZi
av ZAiTi

(Eq. 4.4.4)

In this equation, 7;is the lifetime of each shell and A; the weight of each shell. The weight

of each shell is the same i.e. 0.1 for 10 shells, so it can be taken out of the equation. This

intensity-average lifetime is equal to the average time a fluorophore spends in the excited state.

4.A.2 References and notes

! Ermolaev, V. L.; Sveshnikov, E. B. Russ. Chem. Rev. 1994, 63, 905.

2

more shells could increase the accuracy of the fit.

3 Sillen, A.; Engelborghs, Y. Photochem. Photobiol. 1998, 67, 475.
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CHAPTERS

Surface modification of lanthanide(lll)-doped nanoparticles

Lanthanide-doped luminescent nanoparticles can be used as functional materials in
polymer-based optics. The solubility of the nanoparticles is determined by the
surface and the surface also has a major influence on the optical properties of the
lanthanide ions. Control over the solubility can be obtained by coordinating various
functionalized ligands to the surface of the nanoparticles. In this chapter the
exchange of ligands used in the synthesis of the nanoparticles is discussed together
with the reaction of functionalized ligands with the nanoparticle surface. The growth
of an inorganic shell around the nanoparticles is also discussed. With this inorganic
shell the luminescence properties of the lanthanide ions in the nanoparticles can be
improved significantly. This improvement is demonstrated by an increase in the
luminescence quantum yield and an increase in the luminescence lifetime of the

lanthanide ions.
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5.1 Introduction

Particles on the nanometer scale consist for a large part of surface atoms. Control over the
surface of these nanoparticles is important to obtain control over the physical properties of the
nanoparticles.' Nanoparticles that are soluble in organic solvents usually have organic ligands
coordinated to the surface. This ligand is present to control the nanoparticle growth and to keep
the nanoparticles from aggregating after the synthesis. Using ligands with functional groups
could change the solubility of the nanoparticles. The synthesis of nanoparticles in organic
solvents usually involves ligands with straight alkyl chains, making the nanoparticles soluble in
apolar organic solvents.” The use of ligands functionalized with for instance hydroxyl groups
would yield nanoparticles that are soluble in short chain alcohols.’” The introduction of
functionalized ligands has been used to induce a phase transfer of nanoparticles synthesized in
water to make them soluble in organic solvents.* The introduction of functionalized ligands is
also used to induce ordering in nanoparticle systems. DNA strands on the surface of gold and
CdSe nanoparticles have been used to make ordered structures, by the complementary binding of
the DNA strands.” Complementary groups like amines and carboxylic acids have also been used
to induce aggregation of binary nanoparticle systems.’ The functional groups can be introduced
by an exchange reaction, in which the ligand used in the synthesis of the nanoparticles is
partially or completely substituted for the ligand bearing the functional group.” In some cases it
is also possible to perform the synthesis with ligands bearing the functional group, but in this
case the functional group should of course not be interfering in the reaction.® Control over
coordinated ligands is very important, for the control over the processability and the assembly
behavior of nanoparticle systems. The use of nanoparticles in polymer systems requires the
optimization of several steps, including the solvent and solubility of the nanoparticles when spin-
coating is being used.

Quenching of the luminescent nanoparticles mainly occurs from the surface, where the
high-energy vibrations of the surrounding molecules are located. Coordinating ligands can help
to prevent the quenching of the excited state, but an inorganic surface coating has proved to be
more successful.’” In these so called core-shell nanoparticles the original luminescent core is
coated with an inorganic shell that protects the original core from the environment. This process
has proven to be very efficient in enhancing the optical properties of luminescent semiconductor
nanoparticles. The quantum yield of CdSe can be increased from a few percent to more than 50

% by the overcoating with a CdS shell.” The CdS overcoating confines the hole of the exciton to

94



the core of the nanoparticle, leading to increased photostability and increased quantum yield.
Surface modification has also been applied to mask the toxic properties of semiconductor
nanoparticles, to make them applicable in biological systems.'” One known pathway for the
quenching of lanthanide luminescence is the energy transfer over neighbouring lanthanide ions,
until a quenching site is met."" It is likely that this quenching site is located at the surface of the
nanoparticles, because here, the high-energy vibrations of chemical bonds are located, in the
form of ligands, water, or other solvents. In nanoparticles, the distance to the surface is always
small and quenching at surface sites can play a major role. A core-shell structure, in which the
core is doped with the lanthanide ion and the shell is not doped, could confine the excited state
well away from the surface and in this way reduce surface quenching. Haase et al. reported the
influence of different solvents on the luminescence quantum yield of lanthanide-doped LaPO4
nanoparticles and suggested that surface modification might increase the quantum yield of these
nanoparticles.'*"

In this chapter, the surface modification of LaF; and LaPO4 nanoparticles is discussed.
First, the organic molecules bound to the surface of the nanoparticles are varied to alter the
solubility properties of the nanoparticles. In the second part, the synthesis of core-shell
nanoparticles is discussed. The luminescent nanoparticles are also coated with an inorganic shell

to enhance the luminescent properties of the nanoparticles.

5.2 Results and discussion

5.2.1 Surface modification of LaF'; and LaPO, nanoparticles

Surface modification of LaF3; nanoparticles. One way of substituting a ligand for another
ligand is by an exchange reaction.” The LaF; nanoparticles were synthesized with ligands 1 and
2 (Figure 5.1) as described in chapter 3. These ligands have a dithiophosphate headgroup, which
binds weakly to the nanoparticle surface, to allow the growth of the nanoparticles, but
coordinates strongly enough to prevent aggregation of the nanoparticles. Oxygen bearing
coordinating groups have a higher binding affinity towards lanthanide ions and examples of such
ligands would be dioctadecyl phosphate and oleic acid (ligands 3 and 4) in Figure 5.1, with a

phosphate group or a carboxylic acid group, respectively.
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Figure 5.1: Ligands used in the synthesis and for the exchange of LaF; nanopatrticles.

The ligands used in the synthesis were exchanged by stirring a nanoparticle solution with
ligand 3 or 4 and a small amount of base to ensure the deprotonation of the coordinating group.
The exchange reactions of these ligands on the nanoparticles were monitored using '"H NMR
spectroscopy. Figure 5.2 shows the result of nanoparticles synthesized with ligand 2 and

exchanged with the phosphate ligand 3.
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Figure 5.2: "H NMR spectra of LaFs; nanoparticles synthesized with ligand 2 (left) and after exchange
with ligand 3 (right).

The 'H NMR spectrum of the nanoparticles obtained after the synthesis shows broadened
signals of the ligand due to coordination of the ligand to the nanoparticle surface. This
broadening of the NMR signals of nanoparticle bound ligands can be ascribed to the
inhomogeneous distribution of the magnetic environment around the nanoparticle and a

d."*!* No free ligand is present, because no sharp

reduction in rotational freedom of the ligan
signals are observed for unbound ligand in solution. A complete exchange of the dithiophoshate
ligand was accomplished as can be seen in the '"H NMR spectrum of the exchanged product. The
aromatic proton signals at 6.8 and 7.2 ppm of the dithiophosphate ligand have disappeared and
the triplet of the CH; endgroup of the phosphate ligand is present at 0.9 ppm. The ligand

exchange is accompanied by a small change in solubility. Before the exchange the nanoparticles
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were not soluble in apolar aliphatic solvents like hexane or pentane, but after the exchange they
were. This is a confirmation that before the exchange the surface of the nanoparticles consists of
the aromatic groups of the ligand making the nanoparticles soluble in aromatic solvents like
toluene. After the exchange the surface of the nanoparticles consists of the CHsz endgroups
making the nanoparticles also soluble in hexane and pentane. Figure 5.3 shows the 'H NMR
spectrum of LaF; nanoparticles synthesized with ligand 1, before and after the exchange with an
excess of oleic acid. The ligands all contain long alkyl chains and in the proton spectrum these
are mainly located between 0.9 and 2 ppm. It is difficult to observe changes in this region of the
spectrum except for changes in the intensities. The "H NMR signals of the protons next to the

functional groups are shifted downfield and were used to monitor the exchange reaction.
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Figure 5.3: "H NMR spectrum of LaFs nanoparticles synthesized with ligand 1 before (left) and after
(right) the exchange with oleic acid. The left picture shows an enlargement of the broad peak

of the protons next to the dithiophosphate group.

The left spectrum in Figure 5.3 shows the nanoparticles with ligand 1. The spectrum of the
free ligand has a characteristic double triplet at 4.1 ppm of the protons next to the phosphorous
atom (not shown), but on the nanoparticles the signal is broadened and only a single broad peak
is observed. The spectrum on the right shows the broadened signals of the oleate ligand
coordinated to the surface of the nanoparticles after the exchange reaction. The exchange is
complete, because the signal of ligand 1 at 4.1 ppm is absent and a peak of oleate at 5.2 ppm of
the protons on the double bond is observed. These results confirm that the ligand used in the
synthesis of LaF; nanoparticles can be exchanged completely for another ligand with a more
strongly coordinating group. This provides a straightforward method for the introduction of
functional groups at the surface of the nanoparticles. The stability of the nanoparticles was not
much influenced. Apparently, the coordination of the ligand to the nanoparticle surface is not the

limiting factor for the stability, but the size of the hydrocarbon tails most likely is.
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Another possibility to functionalize the surface of the LaF; nanoparticles is to carry out the
synthesis with ligands that already have functional groups. This is probably the most
straightforward way to tune the solubility of the nanoparticles in different solvents. A synthesis

route to obtain functionalized dithio ligands is shown Scheme 5.1.

R
HO\/\/\/\/\/\/BF +

OH

2a:R=H 2:R=H
5a: R =COOMe 5:R=COO0OMe
6a:R=Cl 6:R=Cl

Scheme 5.1:Synthesis route for functional dithio-phosphate ligands: i: K,COs, acetonitril, reflux, yield: 99
%; ii: P>Ss, NH3, yield: 60 %.

The synthesis of these ligands is similar to the synthesis of ligand 2, using a functionalized
phenol instead of phenol. Every functionality that does not interfere in the second step of the
reaction can be used, making this a versatile method to functionalize the surface of the LaF;
nanoparticles. Nanoparticles synthesized with these ligands do show different solubilities.
Nanoparticles synthesized with ligand 2 are soluble in apolar solvents like, toluene,
dichloromethane, and chloroform. Nanoparticles synthesized with ligand 5 are soluble in
solvents containing ester and ketone groups like, ethylacetate, cyclopentanone, and Y-
butyrolactone. The last two solvents are commonly used for the spin-coating of polymer
solutions. The optical properties of the nanoparticles are independent of the functionalities of the
ligand, so the functionalities do not interfere in the formation of the inorganic core of the
nanoparticles. The same luminescence spectrum and luminescence lifetime were measured and

no change in the nanoparticle cores was observed with TEM.

Surface modification of LaPO4 nanoparticles. The surface of LaPO4 nanoparticles
consists of phosphate groups and some coordinated diphosphate ligands originating from the
decomposition of the solvent. The surface of the nanoparticles is covered with OH groups of the

phosphate groups, which provide the opportunity to bind molecules covalently to the surface.
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The presence of the OH groups was proven by solubility experiments. Directly after the
synthesis, the nanoparticles were soluble in polar aprotic solvents, like DMF and DMSO. This
means that the surface has a polar nature, which is inconsistent with a full coverage with
ethylhexyl chains of the coordinating solvent. A full coverage with these apolar ligands should
make the nanoparticles soluble in apolar solvents, like hexane, toluene, and dichloromethane.
The nanoparticles can be solubilized in alcohols, such as methanol and iso-propanol by the
addition of tetraalkylammonium hydroxides. The addition of tetraalkylammonium bromides does
not lead to solubility in the alcohols, proving that the base is necessary to deprotonate surface
OH groups. Deprotonation of the surface OH groups leads to a negatively charged surface, that
makes the coordination of the positively charged ammonium ions possible. Surface
functionalization could involve the reaction of the surface OH groups with alcohols, to form
phosphate esters. The OH groups of the surface phosphate groups were converted into chlorides
by a reaction with phosphorus oxychloride. The surface of the nanoparticles could subsequently
be functionalized by a reaction with an excess of dodecanol. The 'H NMR of this product is

shown in Figure 5.4.
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Figure 5.4: 'H NMR of LaPO,, surface modified by a reaction with dodecanol.

The "H NMR signals of the dodecane chains are broadened due to the binding to the
nanoparticles surface. The LaPO4 nanoparticles before surface functionalization were only
soluble in polar aprotic solvents like DMSO and DMF, but after the surface modification the
nanoparticles are soluble in apolar solvents like toluene, chloroform, and dichloromethane. The
reaction of phosphorus oxychloride with the nanoparticles is a rigorous method to introduce the
chlorides to the surface of the nanoparticles and they were further characterized. TEM pictures of
the reaction product showed that the nanoparticle cores are still intact and that no change in
nanoparticle size and size distribution had occurred. Elemental analysis confirmed the presence

of about 10 % organic material in the product, which is consistent with a monolayer formation
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around 5 nm sized nanoparticles. Luminescence studies also revealed no change in the
. + - . . +

environment of the Eu’" ion when the surface modification was performed on Eu’'-doped

nanoparticles as shown in Figure 5.5. The luminescence spectra have the same line positions and

the same peak splitting showing that the Eu®" ion is still in the LaPO, matrix.
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Figure 5.5: Emission spectra of LaPO,Eu nanoparticles in methanol with tetramethylammonium
hydroxide (TMAH) and after the surface reaction with dodecanol. The difference in intensity

is for clarity.

This reaction can thus be used to make the nanoparticles hydrophobic and soluble in apolar
solvents. The reaction also offers a way to introduce other functional groups on the surface of the
nanoparticles, making the tunability of the solubility properties possible. Haase et al. reported
the surface modification of LaPO, nanoparticles, by heating them in dodecylamine.'® These
nanoparticles with dodecylamine coordinated to the surface were also soluble in apolar solvents

and could be precipitated from solution by the addition of methanol.

5.2.2 Synthesis of core-shell nanoparticles of LaF;

The synthesis of core-shell nanoparticles can be an easy way to enhance the luminescence
properties of lanthanide-doped nanoparticles, because interaction with the high-energy vibrations
of the surrounding organic environment can be reduced in this way. A schematic representation
of such a core-shell nanoparticle is shown in Figure 5.6. All the lanthanide ions involved in the
luminescence of the nanoparticle are doped in the core and therefore have no direct interaction

with the surface of the nanoparticle.
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(La,Ce)F,:Tb

Figure 5.6: Schematic representation of a core-shell nanopatrticle, with a (La,Ce)F3:Th core and a LaF;
shell.

In the previous chapter it was shown that the sizes of LaFs; nanoparticles could be
manipulated by changing the ratio of the ligand and reagents that form the core. This is a strong
indication that the nanoparticles form after an initial nucleation followed by growth after the
addition of more reagent. This mechanism allows the growth of a core-shell structure in a one-
pot synthesis, by a stepwise addition of reagents. In the core-shell experiments, ammonium
fluoride was used instead of sodium fluoride as the fluoride precursor, because this salt shows a
higher solubility in water, making it possible to add fluoride precursor, dissolved in a small
amount of water, to the reaction mixture. Core-shell nanoparticles with a core of
Lay4F3Cep4s5Tby 15 and a shell of LaF; were synthesized to study the influence of the shell on the
quantum yield of the nanoparticles. During the growth of the shell no additional nucleation
should occur, because this would result in the formation of un-doped nanoparticles. The size of
the nanoparticles is a good indication for this. The size of the nanoparticles should increase,
roughly corresponding to an increase in volume that is similar to the amount of shell material
added. The nanoparticle sizes before and after the growth of an un-doped shell around a
(La,Ce)FsTb core were measured using TEM. Figure 5.7 shows typical TEM pictures of core
nanoparticles and core-shell nanoparticles, with the corresponding size distribution histograms.
A growth of the nanoparticles is clearly observed from 7.0 nm with a size distribution of 28.1 %
for the core nanoparticles, to 9.0 nm with a size distribution of 22.7 % for the core-shell
nanoparticles, when the same amount of reagent was used for the shell as for the initial core.
This increase in size corresponds to an increase in volume by a factor of 2, indicating that all of
the added monomer had grown on the existing core nanoparticles and no new nucleation had
occurred. This is consistent with the finding in the previous chapter, in which nanoparticles with

different sizes were synthesized by changing the amount of ligand. The size distribution is the
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same in absolute value but because of the increased size it appears like it has narrowed. In this
case the effective ligand ratio is also lowered after the addition of the shell monomer, making it

possible to form larger nanoparticles.
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Figure 5.7: TEM pictures of LaCeF3;Tb nanoparticles with the corresponding size distribution histograms,

core (top) and core-shell (down)

To determine the effect of the un-doped core around the nanoparticles, the quantum yields
of Ce’"- and Tb**-doped nanoparticles were determined by comparing the emission intensity
with the emission intensity of quinine bisulfate. Upon excitation of the Ce’” absorption band at
282 nm, one emission band of Ce’" at 350 nm and four emission peaks of Tb>" at 489, 543, 584,
and 621 nm of the *D4—'F; (J = 3-6) were observed. The quantum yield of the emission was

determined by measuring both the emission of Ce’” and Tb>". Three methods were used to grow
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a shell of LaF; around the core nanoparticles, which are described in the experimental section

and differ only in the way the shell reagents were added to the reaction mixture.

Table 5.1:  Luminescence quantum yield of LaCeF3:Tb core shell nanopatrticles.

Nanoparticles Quantum Yield (%)
No shell 24.4

Method 1 42.7

Method 2 41.7

Method 3 54.2

Reference” 27

a) In the reference experiment the nanoparticles have the same size as the core-shell nanoparticles, but they

lack the core-shell structure

The quantum yields of the core nanoparticles were very similar to the quantum yields of
the nanoparticles synthesized with NaF as the fluoride reagent, determined in chapter 3, as an
indication that the source of the fluoride ion has no influence on the optical properties of the
nanoparticles. All methods to synthesize shell material were successful according to the quantum
yield measurements. The best method was to grow the shell material around the core by the
alternate addition of small portions of the shell reagents. The quantum yield of nanoparticles
coated in this way more than doubled. As a reference experiment, nanoparticles of the same size
as the core-shell nanoparticles were synthesized, but lacking the core-shell structure, to check if
the increase in quantum yield is not caused by the dilution of the luminescent ions. Nanoparticles
synthesized in this way had a quantum yield of 27 %, only a little higher than the core
nanoparticles, but clearly much lower than the core-shell nanoparticles. The higher quantum
yield compared to the core nanoparticles could be a result of the increased size, reducing the
overall surface quenching. The Ce’” emission in these diluted nanoparticles was stronger
compared to the core and the core-shell nanoparticles indicating that energy transfer from Ce’" to
Tb>" is less efficient due to an increase in the average distance between the Ce** and Tb*" ions.
From this experiment, it can be concluded that the increase in quantum yield is a result of the
core-shell structure and not of nanoparticle size or a different distribution of the lanthanide ions
in the nanoparticles.

Figure 5.8 shows the luminescence decay curves of both luminescent levels of the Eu®" ion
in LaF3; nanoparticles, with different equivalents of LaF; grown as a shell over the original core.

The non-exponential decay of the °Dy level is clearly observed and when one equivalent of shell
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reagent was grown on the nanoparticles, a large change in the decay was observed. The decay
becomes almost single exponential and an increase in the luminescence lifetime was observed.
The luminescence lifetimes obtained by fitting with a bi-exponential decay are shown in Table
5.2. The increase in the luminescence lifetimes shows the increased shielding from quenching
groups at the surface and the shift in the ratio of the two components of the luminescence
lifetime shows that the decay was almost mono-exponential after the growth of a shell around the

core.
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Figure 5.8: Luminescence decay curves of the °D, (left) and °D; (right) level of Eu®* in LaF;

nanopatrticles with a different amount of shell material in toluene.

Table 5.2: Luminescence lifetimes of the 5D0 and °D; level of LaFs:Eu nanoparticles with different

amount of LaF3 grown over the original core, in toluene.?”

Dy D,
71 (ms) T, (ms) T; (ms) T, (ms)

no shell 7.9 (74 %) 3.1 (26 %) 2.0 (73 %) 0.65 (27 %)

1 equivalent 9.7 (5.8 %) 5.3 (42 %) 2.3 (83 %) 0.72 (17 %)

2 equivalents 9.9 (54 %) 5.6 (46 %) 2.4 (81 %) 0.78 (19 %)

3 equivalents 9.5 (69 %) 5.4 (31 %) 2.5 (82 %) 0.80 (18 %)

a) The percentages reflect the amount of the component contributing to the total lifetime.
b) The absolute errors in the fit are 0.2 ms in the lifetime and 5 % in the component contributing to the total

lifetime.

The biggest change in the decay is observed after the addition of one equivalent of the shell
material. The growth of more shell material has a smaller influence on the decay curve, but with

the growth of three equivalents of LaF; over the core, a small rise in the decay curve of the *Dy
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level is observed. Due to the reduced quenching of the higher Eu’* levels like the *Dy, °D,, and
°Ds levels the Dy level is populated more slowly in the core-shell nanoparticles, giving rise to a
build-up in the luminescence from this level. Due to the rise in the decay the fitting of the decay
curve was started 5 ms after the excitation pulse. As a result the values of the luminescence
lifetimes for three equivalents of LaF; are lower than for two equivalents of LaF;. The effect of
the shell on the luminescence lifetime of the °D; decay is also shown in Figure 5.8 and the
corresponding lifetimes obtained after fitting with a bi-exponential decay are given in Table 5.2.
The effect is similar to what was observed for the Dy level. The growth of one equivalent of
LaFs is enough to increase the luminescence lifetime substantially and a thicker shell only has a
small influence on the luminescence lifetime. Emission of Eu’" from the *D, level is located
between 460 and 520 nm. The LaFs:Eu core nanoparticles do not show emission from this level,
but in the core-shell nanoparticles emission peaks from this level were visible, due to the reduced

quenching. The emission spectra are shown in Figure 5.9.
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Figure 5.9: Emission of the °D, level of Eu®" in core-shell nanopatticles. The spectra are normalized to

the emission of the °D,—F; emission peak. The offset is for clarity.

After the growth of LaF; shell material emission lines start to appear at 464, 472, 489, and
509 nm of the *D,—'F; (J = 0-3) transitions, respectively. These lines become more intense after
the growth of more shell material, indicating reduced quenching of the °D; level. Emission from
the °D, level is also observed in the bulk material at this Eu’" concentration, at room

1
temperature.'’
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5.3 Conclusions

The solubility of LaF; and LaPO4 nanoparticles can be varied by changing the ligands that
are coordinated to the surface of the nanoparticles. Surface quenching of lanthanide-doped
nanoparticles was reduced by the synthesis of core-shell nanoparticles. The synthesis of an un-
doped shell around the nanoparticles reduces the quenching of lanthanide ions that are doped in

the core of the nanoparticles.

5.4 Experimental section

Oleic acid and octadecanol were purchased from Fluka. Phosphorus oxychloride was purchased from
Acros. THF was freshly distilled from Na/benzophenon. "H NMR measurements on nanoparticles were
performed on un-doped nanoparticles to exclude the influence of the paramagnetic nature of some of the

luminescent lanthanide ions.

Ligand 3. A solution of 5 g (18.5 mmol) of octadecanol in 20 ml of anhydrous THF was slowly dropped
into 1.42 g (9.2 mmol) of OPCI; at —15 °C under Ar. The solution was slowly allowed to warm to room
temperature and stirred for two hours. After the addition of 1 ml of water, the solution was vigorously
stirred for 1 hour, followed by the addition of 100 ml of ethyl acetate. The organic phase was separated
and washed three times with 1 N HCI. The organic layer was dried over MgSQO, and evaporated to
dryness. The residue was dissolved in 20 ml of hexane and NH; was bubbled to the solution. The
precipitate was filtered, washed with hexane, and dried. To substitute the ammonium counterion for a
proton, the product was taken up in ethyl acetate and washed three times with 1 N HCI. The organic layer
was dried over MgSO, and evaporated to dryness. A white solid remained, yield 2.9 g, 53 %, m.p. 71-73
°C. '"H NMR (CDCL): & 4.1 (dt, J = 7.0, 6.6 Hz, 4H), 1.7 (m, 4H), 1.3 (m, 60 H), 0.9 (t, J = 6.6 Hz, 6H);
MS (FAB) m/z = 602.5 [(M"), calcd. for C3H;504P: 603.0]; Anal calcd. for CssH7504P: C, 71.71; H,
12.54. Found: C, 71.45; H, 12.80.

Compound Sa was synthesized by refluxing overnight a mixture of; 10 g (39.3 mmol) bromoundecanol,
7.78 g (51 mmol) of methyl-4-hydroxy benzoate, and 7.06 g (51 mmol) K,CO; in 100 ml of acetonitril.
The mixture was cooled to room temperature and 300 ml of ethylacetate were added. This solution was
washed with 1 N NaOH three times and one time with water. The organic layer was dried over MgSOy,,
filtered, and the organic solvent removed under vacuum. A white solid remained, that was recrystallized
from ethylacetate, yield 99 %, m. p. 69-71 °C. '"H NMR (CDCls): 8.1 (d, J = 8.8 Hz, 2H), 6.9 (d, J= 8.8
Hz, 2H), 4.0 (t, J = 6.2 Hz, 2H), 3.9 (s, 3H), 3.6 (dt, J = 6.6, 4.4 Hz, 2H), 1.8 (m, 2H), 1.6-1.4(m, 16H);
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MS (FAB ) m/z = 323.2 [(M+H)+, caled. for Cy9H3,04: 323.2]; Anal caled. for C9H;3004: C, 70.77; H,
9.38. Found: C, 70.88; H, 9.55.

Ligand 5 was synthesized by heating 9.72 g (30 mmol) of compound Sa with 1.91 g (8.6 mmol) of P,Ss
at 80 °C for 3 hours. The workup of this reaction was the same as for ligand 2 in chapter 3. The product
was obtained as a white solid, in a yield of 73 %, m. p. 81-83 °C. "H NMR (acetone-d,): & 7.9 (d, J = 9.2
Hz, 4H), 7.0 (d, J=9.2 Hz, 4H), 4.1 (t, J = 6.6 Hz, 4H), 3.9 (dt, J = 8.4, 6.6 Hz, 4H), 3.8 (s, 6H), 1.8 (m,
4H), 1.5-1.3 (m, 32H); MS (FAB) m/z = 737.5 [(M-NHy,)’, calcd. for C33sHs304PS;: 737.0]; Anal calcd. for
C33Hg,OgPS,N: C, 60.37; H, 8.27; N, 1.85; S, 8.48. Found: C, 59.87; H, 8.72; N, 1.95; S, 8.37.

Compound 6a was synthesized by refluxing overnight; 7.06 g (51 mmol) of K,COs3, 6.6 g (51 mmol) of
4-chlorophenol, and 10 g (39.3 mmol) of bromoundecanol in 100 ml of acetonitril. The workup of the
reaction mixture was the same as for compound 5a. The product was obtained as a white solid after
recrystallization from hexane, in a yield of 98 %, m. p. 42-43 °C. 'H NMR (CDCl;): 6 7.3 (d, J=9.2 Hz,
2H), 6.8 (d, J=9.2 Hz, 2H), 3.9 (t, /= 6.6 Hz, 2H), 3.7 (dt, /= 6.6, 5.1 Hz, 2H), 1.8 (m, 2H), 1.6-1.3 (m,
16H); MS (FAB) m/z 298.3 [M", calcd. for C,7H,,0,Cl: 298.2; Anal calcd. for C,7H,s0,Cl: C, 68.79; H,
8.49. Found: C, 68.54; H, 8.35.

Ligand 6 was synthesized by heating 9.7 g (32.5 mmol) of compound 6a and 2.06 g (9.3 mmol) of P,S;s
at 80 °C for 3 hours. The workup of this reaction mixture was the same as for Ligand 5. The product was
a white solid obtained in 70 % yield, m. p. 57-60 °C. '"H NMR (CDCl3) § 7.2 (d, J= 9.2 Hz, 4H), 6.8 (d, J
= 8.8 Hz, 4H), 4.0 (dt, /= 8.4, 6.9 Hz, 4H), 3.9 (t, /= 6.6 Hz, 4H), 1.8-1.7 (m, 8H), 1.4-1.3 (m, 28H); MS
(FAB) m/z = 689.2 [(M-NH,)’, calcd. for C54Hs5,04PS,Cly: 689.2]; Anal caled. for C34Hss04PS,;NCl: C,
57.61; H, 7.96; N, 1.98; S, 9.05. Found: C, 57.42; H, 8.05; N, 2.04; S, 9.20.

Exchange reaction on LaF; nanoparticles. To a solution of 100 mg of LaF; nanoparticles in 5 ml
dichloromethane was added 100 mg of ligand 3 or 4 and 100 pl of triethylamine. This solution was stirred
overnight and methanol was added to precipitate the nanoparticles. The precipitate was separated by
centrifugation and washed repeatedly with polar solvents like methanol, ethanol, or acetone, until no free

ligand was observed in the 'H NMR spectrum.

Surface modification of LaPO, nanoparticles. The surface phosphate groups of the nanoparticles were
first reacted with phosphorus oxychloride by heating 100 mg of nanoparticles in 5 ml of OPCl; for two
hours at 120 °C. After two hours the solution was cooled to room temperature and the OPCl; was
evaporated under vacuum followed by the addition of 5 ml of toluene containing 1 ml of dodecanol. This

solution was refluxed for two hours and then cooled to room temperature. To remove excess dodecanol
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the nanoparticles were precipitated by the addition of 20 ml of methanol and separated by centrifugation.
After washing a few times with methanol the nanoparticles were soluble in apolar solvent like toluene,

dichloromethane, and chloroform.

Core-shell nanoparticles. LaF; core-shell nanoparticles were synthesized similar to the core
nanoparticles described in chapter 3. NaF was substituted by NH4F because of an increased solubility in
water. The core of the nanoparticles was synthesized by the dropwise addition of the lanthanide salts to
the NH4F and ligand 1 in 35 ml of a water/ethanol mixture at 75 °C. This mixture was stirred for 10 min
followed by the shell growth. To determine the best way of growing a shell around a core, several
methods were tested.

method 1. After the synthesis of the core nanoparticles 3 mmol of NH,4F was added dropwise followed by
the drop-wise addition of 1.33 mmol of La(NOs3)s.

method 2. The synthesis of the core nanoparticles was started with 6 mmol of NH4F and to this solution
was first added the lanthanide salts for the core, followed after 10 min by the addition of La(NOs); for the
shell.

method 3. After the synthesis of the core, 3 mmol of NH4F and 1.33 mmol of La(NOj3); dissolved in 2 ml
water were added alternately in 10 portions.

After the addition of the shell material, the solution was stirred for 2 more hours at 75 °C, after which it
was cooled down to room temperature. The workup of the nanoparticle product was the same as described

in chapter 3.
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CHAPTER G

Synthesis of lanthanide(lll)-doped semiconductor nanoparticles

In the previous chapters the doping of lanthanide ions in nanoparticles was
described as a way to enhance the optical properties of the lanthanide ions in
organic media. The host materials of these nanoparticles prevent quenching of the
luminescence, but the contribution to an effective excitation of the lanthanide ions is
limited. In this chapter the synthesis of semiconductor nanoparticles doped with
lanthanide ions is described. Semiconductor materials can be excited by photo-
excitation or electro-excitation and have the possibility to transfer the excitation
energy to dopant ions. The doping of semiconductor nanoparticles with lanthanide
ions could provide alternative excitation routes of the lanthanide ions. This chapter
describes the successful doping of TiO, nanoparticles that are soluble in organic
solvents with a variety of lanthanide ions, that emit in the visible and in the near-

infrared (NIR).
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6.1 Introduction

The luminescence properties of lanthanide ions in organic media can be enhanced by
doping the lanthanide ions in inorganic nanoparticles that are soluble in organic solvents, as was
shown in the previous chapters. The host material is not active in the excitation of the lanthanide
ions in LaF; nanoparticles and for the LaPO, nanoparticles only through a charge transfer band
to Eu’* or Yb*". In the LaVOy, host, the ions can be excited by using the charge transfer band of
the VO4 group, giving rise to a high absorption band in the UV." Another possibility to involve
the host material in the excitation of lanthanide ions, is by the use of energy transfer from a
semiconductor host. Doping of lanthanide ions in semiconductor hosts can lead to efficient
photo- and electro-excitation of the lanthanide ion, which has been shown with bulk
semiconductors.” Semiconductor nanoparticles of various materials, like CdS, CdSe, CdTe,
HgTe, PbSe etc., have been prepared.’ These nanoparticles have broad absorption bands ranging
from the UV till the NIR, offering the possibility for broadband photo-excitation.
Electroluminescence provides alternative ways for the excitation of semiconductor materials. In
a light-emitting diode (LED) the active material can be excited by charge carriers generated from
electricity, leading to luminescence generated directly from electricity. Several groups, including
our own, have investigated the possibility to excite lanthanide ions in polymer-based LEDs by
the use of lanthanide complexes.* Quenching of the lanthanide luminescence, especially for the
NIR-emitting lanthanide ions, is a problem in these devices. The lifetime of the lanthanide ion
could be increased by doping in semiconductor nanoparticles and energy transfer from the
semiconductor host to the lanthanide ion could offer the possibility for electroluminescence.
Polymer light-emitting diodes (LEDs) doped with semiconductor nanoparticles, which emit in
the visible have been prepared by Colvin ez al.” and in the NIR by Tessler ez al.® Energy transfer
from semiconductor nanoparticles to lanthanide ions is possible and has been shown in glass
materials. Energy transfer from silicon nanocrystals to Er’* ions is widely studied” and energy
transfer from CdS to Eu’" or SnO, to Eu’" is also reported.® In these glasses, the lanthanide ion
does not have to be doped in the nanoparticle to have energy transfer.

A number of papers reported on the doping of lanthanide ions in semiconductor
nanoparticles of ZnS and CdS, that are soluble in organic solvents.'® In most of the papers direct
proof of the energy transfer of the semiconductor host to the lanthanide ion is not shown,
because the excitation spectra of the lanthanide ions are not published. Bol et al tried to
reproduce the synthesis of these nanoparticles, but could not find evidence that the lanthanide ion

was doped in the nanoparticle and that energy transfer from the nanoparticle to the lanthanide ion
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occurred.'' Raola and Strouse reported the doping of Eu’* ions in CdSe nanoparticles, starting
with Eu”" as the europium source, but luminescence studies to see if energy transfer from the
nanoparticle host to the lanthanide ion occurs were not performed.'? Difficulties in doping most
likely arise from the large difference in size between the host cation and the lanthanide ion, the
charge mismatch between the cations, and the low affinity of lanthanide ions towards sulfur and
selenium. The lanthanide ions do have a high affinity towards oxygen and in this chapter the
doping of lanthanide ions in TiO, semiconductor nanoparticles is discussed. The effect of
lanthanide doping on the catalytic activity of TiO; has been investigated, but no luminescence
studies were performed on these materials."” The luminescence of the visible emitting ions Eu®*
and Tb>" doped in TiO, films has been reported by Conde-Gallardo et al.'*'> They observed
energy transfer from the TiO, host to the lanthanide ions after photo-excitation, which means
that energy transfer from this semiconductor host to the lanthanide ions is possible. The
luminescence of Er’*-doped TiO, waveguide materials and nanocrystals was also reported, but in
these cases the Er’ " ions were excited directly and not through the semiconductor host.'®"’

Nanoparticles of TiO, are widely studied for applications in solar cells and as
photocatalysts.'® A general synthesis route of TiO, nanoparticles comprises the decomposition of
Ti(OPr')4 in water at a low pH." This leads to nanoparticles that are soluble in water, but other
synthesis procedures to make nanoparticles that are soluble in organic solvents are described by
for instance Wu ef al. and Trentler et al.*

The procedure described by Parala et al. involves the thermal decomposition of
Ti(OPr')3(dmae) (dmae = Dimethylaminoethoxide) in TOPO (trioctylphosphine oxide) to form
nanoparticles coated with TOPO ligands.21 We modified this procedure by dissolving lanthanide
chloride salts in the TOPO, to obtain lanthanide-doped nanoparticles.

6.2 Results and discussion

6.2.1 Characterization of Eu’*-doped nanoparticles

The nanoparticles of TiO,:Eu were characterized by TEM, by evaporating a drop of a
nanoparticle solution on a carbon coated copper grid. A typical picture of nanoparticles obtained
by heating the reaction mixture for 30 min is shown in Figure 6.1. The picture shows small
particles with low contrast, due to the small size of the nanoparticles and the low atomic weight
of the Ti and O atoms. The nanoparticles are between 3-5 nm in size and in some nanoparticles

lattice fringes can be seen, indicating that these are crystalline. The inset shows an enlargement
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of such a crystalline nanoparticle in which the lattice planes are clearly observed. The size of the
nanoparticles is similar to those found for un-doped TiO, nanoparticles, synthesized via the same

method.”!

Figure 6.1: TEM picture of TiO,:Eu nanoparticles obtained by heating the reaction mixture for 30 min.

The inset shows a magnification of a single nanopatrticle with lattice fringes.

The composition of the nanoparticles was measured by X-ray fluorescence (XRF). For a
sample synthesized with a molar ratio of Eu’* to Ti*" of 1:17.7 and a reaction time of 30 minutes,
a weight ratio of Euy0;:TiO, 10.9:61.6 % was found, corresponding to a molar ratio of 1:12.5 in
the nanoparticles. The molar ratio of Eu’” in the nanoparticles is higher than applied in the
synthesis, which might be the result of incomplete precursor decomposition at this reaction time.
The other 27.5 % of the weight consists of the TOPO capping groups around the nanoparticles.

The emission of the Eu’" ion was used as a probe for the environment around the
lanthanide ion. The sensitivity of the emission lines of Eu’" to the symmetry of the surrounding
gives valuable information on the site in which the ion is located and it gives the possibility to
compare the emission spectrum with emission spectra from the literature of Eu®* doped in other
TiO, materials. The emission, absorption and excitation spectra of TiO,:Eu nanoparticles in

dichloromethane are shown in Figure 6.2. The emission spectrum shows typical Eu’"
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luminescence from the 5D0 level after excitation in the TiO, absorption band. The emission
spectrum shows a striking similarity to the emission spectra of Eu’" in a TiO, thin film'* and in
mesoporous TiO,.?* The ratios of the different peaks in the emission spectra are the same and
also the peak splitting is very similar, which is a strong indication that the environment around
the Eu’" ion is the same. The emission of the ’Dy—>'F, transition is clearly the dominating
emission line, indicating the Eu’™ ion is in an environment without inversion symmetry. The
peaks of the transitions are not well resolved. Sharp transition lines are observed when the Eu’®*
ions are all doped in a limited number of well-defined crystal sites. The broad emission lines
found in the emission spectrum of the TiO,:Eu nanoparticles could be caused by the doping of
Eu’" in amorphous material, but in the TEM pictures crystalline nanoparticles were found.
Another reason for the broadening of the emission lines could be the distortion of the crystal
lattice around the Eu’” ion. The size and charge mismatch between the two cations (Eu’" 0.95 A,
Ti*" 0.69 A) leads to oxygen vacancies around the Eu’" ions. This would make the sites of each

of the Eu’" ions slightly different, leading to broadening of the emission lines.
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Figure 6.2: Emission spectrum of TiO,:Eu nanopatrticles in dichloromethane excited at 300 nm (left).
Absorption (dotted line) and excitation (straight line, Aem, 610 nm) spectrum of TiOy:Eu

nanopatrticles in dichloromethane (right).

The absorption spectrum of the doped nanoparticle solution is also shown in Figure 6.2. A
strong absorption band of the TiO, host is observed starting at 350 nm. The onset of this
absorption is the band gap of the TiO, host and compared to bulk TiO,, which has a band gap of
382 nm, this is blue shifted.'® The blue shift of the band gap is caused by quantum size effects,
due to small size of the nanoparticles. The lanthanide absorption bands are not observed in the

absorption spectrum, because of their low absorption coefficients.
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The excitation spectrum of the Eu’" emission at 610 nm is very similar to the absorption
spectrum, except that the absorption peaks of the Eu®" ion are observed at 395 and 465 nm. The
presence of the TiO; absorption band in the excitation spectrum demonstrates the energy transfer
from the semiconductor host to the Eu’" ion. The luminescence decay of the TiO, nanoparticles

after excitation at 300 nm is shown in Figure 6.3.
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Figure 6.3: Luminescence decay of TiO,:Eu nanoparticles in dichloromethane (A¢x. 300 nm).

Energy transfer from the semiconductor host to the lanthanide ion is faster than the
instrument response, because in the decay no build-up in the luminescence is observed. The
decay shows a deviation from mono-exponential behavior, just like for the other lanthanide-
doped nanoparticles described in chapter 4. Fitting the decay with a bi-exponential decay gave
the luminescence lifetimes of the Eu’" emission. A long component of 1.2 ms is responsible for
77 % of the luminescence and a short component of 0.4 ms is responsible for 23 % of the
luminescence. The equation of Werts et al. (see chapter 2, Equation 2.1) was used to calculate
the radiative lifetime of the Eu®” ion and to estimate the intrinsic quantum yield of the Eu’" jon.”
Using the refractive index of dichloromethane, a radiative lifetime of 2.9 ms was calculated from
the shape of the emission spectrum. This radiative lifetime implies that the intrinsic quantum
yield of the Eu’" ion is about 40 %. The effective refractive index experienced by the Eu®" ions is
not exactly known. The ions itself are doped in the TiO, host material with a refractive index of
2.6-2.9 and the nanoparticles are dissolved in dichloromethane with a refractive index of 1.42.%*

It is therefore likely that the refractive index the Eu’™ ions experience is a bit higher than the

refractive index of the solvent and this would lead to a shorter radiative lifetime and as a
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consequence a slightly higher intrinsic quantum yield. The luminescence lifetime of the Eu’” ion
in these nanoparticles is longer than the luminescence lifetime measured for Eu’" in mesoporous
TiO, of 0.5 ms.?? This difference can be attributed to the influence of the solvent with the lower
refractive index, making the radiative lifetime of the Eu’" jon longer.

A quantum yield of the sensitized emission of the TiO,:Eu nanoparticles was determined
by comparing the emission intensity with the emission intensity of a solution of ruthenium tris
bipyridine in deoxygenated water with the same optical density at the excitation wavelength. The
determined quantum yield of the sensitized Eu’" emission was only 0.03 %. This very low
quantum yield seems in contradiction with the high intrinsic quantum yield of the excited Eu’*

ion and this will be discussed in the next paragraph.

6.2.2 Quenching in lanthanide-doped TiO; nanoparticles

The quenching routes of the lanthanide ion in the TiO, nanoparticles were investigated to
explain the low quantum yield. Residual OH groups at the surface of the nanoparticles or in the
core of the nanoparticles could quench the luminescence of the lanthanide ion.”” An FT-IR
spectrum was measured to see if water or OH groups are present in the product. The
nanoparticles were dried over P,Os to remove any physisorbed water present on the

nanoparticles surface after the synthesis.
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Figure 6.4: FT-IR spectrum of TiO,:Eu nanopatrticles after drying over P,0s.

There is a broad band centered at 3300 cm™, which can be ascribed to the OH stretching
vibration. The TOPO ligand is visible due to the peaks at 2925 cm™ and 2850 cm™ of the
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stretching vibrations of the CH bonds and the peak at 1046 cm™ of the PO bond. The band
around 500 ¢cm is caused by TiO bonds in the TiO, host.?®® To investigate the effect of
quenching by OH impurities, the nanoparticles were also synthesized by using deuterated
solvents. Nanoparticles were synthesized by dissolving the EuCls-6H,0O in MeOD and washing
the product with MeOD after the reaction. This procedure will convert free OH bonds inside and
on the surface of the nanoparticles in OD bonds and thereby reduce the quenching of the Eu’"
jon. When the luminescence intensity and the luminescence lifetimes of the Eu’" ion in
nanoparticles synthesized with methanol and with methanol-d;, were compared, no change was
found, indicating that OH bonds are present, but not as an important source of quenching. To
increase the quantum yield of the nanoparticles, the influence of the reaction time was
investigated. A longer reaction time could influence the quantum yield by increasing the
crystallinity, improving the surface capping, and by a growth of the nanoparticles. The average
luminescence lifetime of Eu’* is plotted as a function of the reaction time in Figure 6.5 and an

increase in lifetime is clearly observed.
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Figure 6.5: Average luminescence lifetime of Eu®* in TiO, nanoparticles after different reaction times.

This increase in the luminescence lifetime should correspond to an increase in quantum
yield after a longer reaction time, but this was not found. It is possible that un-doped
nanoparticles are formed after longer reactions and that they also absorb light, but do not
contribute to the lanthanide luminescence. In this case the quantum yield of the doped
nanoparticles would be increased, but the result of the quantum yield measurement is disturbed

by the presence of un-doped nanoparticles. A change in symmetry around the Eu®" ion could also
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lead to an increase in the measured lifetime, but this symmetry change should also lead to a
different emission spectrum, but this was not observed. The relatively long lifetime of the Eu®"

ion is an indication that once the energy is transferred to the lanthanide ion, quenching of the

3+ . . . .
Eu’ ion is not the dominating process.

6.2.3 Lanthanide ions emitting in the Near-Infrared
Other lanthanide ions were also successfully doped in the TiO, nanoparticles. The

emission and excitation spectra of TiO, nanoparticles doped with the NIR-emitting lanthanide

ions Nd**, Er’", and Yb*" are shown in Figure 6.6.
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After excitation in the TiO, absorption band, the emission spectra show the typical
luminescence of these lanthanide ions. The Nd* ion emits at 880, 1060, and 1330 nm originating
from the 4F3/2—>4I s (J=9/2, 11/2, 13/2) transitions, respectively. The Er’" ion emits at 1530 nm
from the *I;3,—"1;5), transition and the Yb>" ion at 980 nm from the *Fs;,—>°F7), transition. The
excitation spectra show the same broad band starting at 350 nm the same as for the TiO,:Eu’"
particles proving that sensitized emission of these ions also occurs. At high particle
concentrations of 50 mg/ml, the excitation spectra also show the direct excitation of Er’* and
Nd**, because the lanthanide absorption lines become visible in the excitation spectra. In the
samples with a high nanoparticle concentration the broad band has a maximum at 310 nm,
because below this wavelength all the excitation light is absorbed in the first millimeters of the
fluorescence cuvet and the emission is collected at an angle of 90 degrees from the middle of the
cuvet. The emission of the Nd®>" and Er’" ions around 1330 and 1530 nm are of special interest
for telecommunication purposes, because these wavelengths are in the telecommunication

windows.

6.2.4 A LED with TiO;.:Eu nanoparticles
A LED doped with TiO,:Eu nanoparticles was fabricated, with a structure as shown in

Figure 6.7.

Copper contact wire

TiO,:Eu/PMMA

PEDOT
ITO

Glass

Figure 6.7: LED with TiO,:Eu nanopatrticles. The thickness of the layers are not scaled for clarity.

On the ITO covered glass slides a layer of 80 nm of PEDOT (a mixture of poly(3,4-
ethylene dioxythiophene) and poly(styrenesulfonate)) was spin-coated to improve the hole
injection from the ITO into the device.”* When a nanoparticle solution was spin-coated on top of
the PEDOT layer cracks appeared in the nanoparticle layer, which can lead to shortcuts in the

LED. For this reason a mixture of nanoparticle/PMMA 3/1 was used, because smoother layers
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could be spin-coated using the polymer blend. Although the PMMA polymer is a non-
conducting polymer a semiconducting layer could be fabricated when the doping ratio of the
nanoparticles is high enough. Electroluminescent devices have been fabricated of nanoparticle
PMMA blends using ZnS:Cu nanoparticles, which have a slightly larger band gap than our TiO,
nanoparticles.”” A drop of InGa eutectic was used as the cathode.”® The device behaved as a
diode, which can be seen by the current-voltage characteristics as shown in Figure 6.8. The turn
on voltage of the device is around 12 V. Up to a voltage of 21 V when a significant current of
about 5 mA is going through the device no emission could be detected. The low quantum yield
of the nanoparticles that was found in the photophysical measurements is probably the reason

why it will be very difficult to observe electroluminescence.

Figure 6.8: Current-voltage characteristics of the TiO,:Eu/PMMA LED.

6.3 Conclusions

Lanthanide-doped nanoparticles of TiO, show energy transfer from the semiconductor host
to the lanthanide ions, for lanthanide ions emitting in the visible and in the NIR. The quantum
yield of the nanoparticles is low, although the intrinsic quantum yield of the lanthanide ion is
high. A LED with the nanoparticles did show diode like behavior, but no Ilanthanide
luminescence was observed. This is probably caused by the low quantum yield of the

nanoparticles.
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6.4 Experimental section

General. Photo-physical measurements were performed using the setup described in chapter 3. The
spectra of Eu’” were measured at a resolution of 1.8 nm and the spectra in the near-infrared were
measured at a resolution of 16.2 nm for Er’* and 8.1 nm for Nd** and Yb’". The quantum yield of the
TiO,:Eu nanoparticles was determined by comparing the emission intensity with the emission intensity of
a solution of ruthenium tris bipyridine with the same optical density at the excitation wavelength (A 310
nm). The quantum yield of ruthenium trisbipyridine in deoxygenated water is 4.2 %. For the
electroluminescence measurements the same instrument as for the photo-physical measurements was

used.

Nanoparticle synthesis. Nanoparticles of lanthanide-doped TiO, were prepared by adopting a literature
procedure.?' TiO, nanoparticles were formed by the thermal decompositon of Ti(OPr');(dmae) (dmae =
dimethylaminoethoxide) in hot trioctylphoshine oxide (TOPO). The titanium precursor was synthesized
using a literature procedure.”” Lanthanide-doped nanoparticles were prepared by dissolving 11 mg of
EuCl; - 6H,0 in 5 mL of methanol followed by the addition of 3.5 g of TOPO and evaporation of the
methanol and water in vacuo. The resulting solution was heated to 315 °C under a nitrogen atmosphere
and 200 pl of the titanium precursor was injected, followed by further heating at 300 °C for 10-240 min.
The reaction mixture was cooled to 60 °C and the nanoparticles were precipitated by the addition of
methanol. The product was separated by centrifugation and further purified by washing with methanol.
The resulting lanthanide-doped particles are dispersable in apolar solvents like toluene, dichloromethane,

and chloroform, to form optically clear solutions.

LED fabrication. A LED with TiO,:Eu nanoparticles was prepared on ITO covered glass plates. The
ITO layer was first cleaned by sonication in water and ethanol, followed by a treatment in an oxygen
plasma for 5 min. On top of the ITO a 80 nm thick layer of PEDOT (Aldrich) was spin-coated at 4000
rpm. The layer was dried over P,Os in vacuum at 80 °C for 2 days. On top of this layer a 1 % solution of
TiO,/PMMA 3/1 in chloroform was spin-coated at 1500 rpm to form a 100 nm thick layer. This layer was
also dried over P,Os in vacuum at 80 °C for 1 day. The devices were then transferred to a glove box with
a dry nitrogen atmosphere and on top of the layers a drop of InGa eutectic was placed. In the drop of InGa
eutectic a copper contact wire was placed and the device was protected from the atmosphere by a layer of

epoxy glue. The glue was cured at 80 °C for 2 hours.
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Polymer waveguide amplifiers doped with LaF3;:Nd nanoparticles.

In this chapter the fabrication of polymer-based optical amplifiers operating at 1319
nm is described. The luminescent material in the polymer waveguides were the
LaF;:Nd nanoparticles synthesized as described in chapter 3. Two polymer
waveguide devices were fabricated. One device with LaF3;:Nd-doped PMMA as the
waveguiding polymer was structured by reactive ion etching. The losses in this
waveguide are relatively high, probably due to the rough sidewalls caused by the
reactive ion etching process. These waveguides show an optical gain of 0.3 dB at
1319 nm on a 3 cm long device with a pump power of 12 mW at 578 nm. The other
polymer waveguide was made of nanoparticle-doped SU-8, a negative photoresist,
structured by photolithography. This device showed reduced losses, compared to the
PMMA waveguide, but due to the low pump power (5 mW at 795 nm) that could be
coupled in the waveguide the measured optical gain was limited to 0.1 dB. However,
modeling of the amplification results shows that an optimization of the waveguide
structure might lead to optical gain, that is close to the gain obtained in Nd**-doped
fiber amplifiers.
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7.1 Introduction

Erbium-doped fiber amplifiers (EDFA’s) operating at 1530 nm are commercially applied
all over the world in long distance telecommunication systems.' These optical amplifiers have
been used for less than two decades and they are for a large part responsible for the success of
optical telecommunication.” Optical amplifiers at other wavelengths are currently under
investigation, like the praseodymium-doped fiber amplifier for operation around 1300 nm and
the thulium-doped fiber amplifier for operation around 1450 nm.** These wavelengths
correspond to the minimum loss window of silica fibers and they are of major interest for optical
telecommunication. These glass fiber-based amplifiers function very well for long-range
telecommunication, but in short range telecommunication the need for easy integration of a large
variety of optical components requires materials, which can be processed more easily and at a
lower cost. Polymers are materials with excellent processing properties and with generally low
costs.” In order to use these polymers in optical systems it is necessary to develop polymer-based
optical amplifiers for the compensation of losses in the systems.’ The active material in these
polymer-based optical amplifiers can be lanthanide ions, but then the lanthanide ion has to be
shielded from the vibrational energies of the organic bonds surrounding it. In chapter 3, doping
of nanoparticles, which are soluble in organic solvents, was proposed as a way to increase the
luminescence lifetime of these ions and this strategy was proven to be successful. In this chapter,
the realization of polymer-based optical amplifiers doped with these nanoparticles will be
discussed. The success of these nanoparticles in polymer-based waveguides will be dependent on
the possibility to form homogeneous layers of the polymer nanoparticle composites. The
nanoparticles itself are small enough to minimize scattering, but when the nanoparticles
aggregate and form large domains, the scattering losses could increase substantially as discussed
in chapter 2. The solubility of the nanoparticles in the polymer solution and the polymer itself
will determine if aggregation takes place.

The polymer amplifier consists of a polymer waveguide, which is able to guide light by
total internal reflection, caused by the higher refractive index of the polymer channel compared
to the surrounding medium. Different waveguide designs can be fabricated, of which two are

shown in Figure 7.1.
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Polymer

Substrate Substrate

Figure 7.1: Waveguide designs; (left) ridge structure (right) channel structure.

Hebbink showed in previous experiments that these PMMA waveguides made with a
channel structure showed high losses of 6 dB/cm, which were ascribed to rough sidewalls,
fabricated during the RIE process.” In the ridge structure waveguide, the sidewalls have a much
smaller surface area, which could reduce the scattering losses of the waveguide. Different
cladding materials can be used, from air, leading to a large contrast in refractive index, to
polymers with a closely matching refractive index. The refractive index of the cladding and the
substrate determine the confinement of the light in the waveguide. A large difference in
refractive index confines the light more strongly in the waveguide, making it possible to design
curved waveguides, but a high refractive index contrast could also lead to higher losses when the
sidewalls are not smooth. In addition to scattering losses, another important source of optical loss
are the coupling losses, primarily the coupling losses into the waveguide are of great importance.
Careful matching of the incoming light mode and the waveguide mode could reduce these
coupling losses. The waveguide mode is dependent on the size of the channels and the refractive
index difference between the core and the surrounding material (the cladding).

Before polymers can compete with planar glass technology for the fabrication of planar
optical waveguide circuits, some major drawbacks of the polymers have to be overcome. These
drawbacks are the generally higher propagation losses and the reduced reliability compared to
glass technology. The propagation losses are dominated by absorptions of the vibrations of the
polymer. These vibrations are located at energies below 4000 cm™, or wavelengths above 2.5
um, but the overtones of these vibrations fall in the telecommunication window. With polymers
having a large number of CH bonds, this leads to high absorption peaks at wavelengths between
1.1-1.2 um and 1.35-1.45 um. The absorption peaks leave a minimum loss window between 1.2-
1.35 um, but also in this region the losses are high compared to glass technology. Substitution of
the hydrogens by halogens (F, Br, Cl) can overcome these problems and polymers have been

fabricated that can compete with glass in planar optical circuits.®”
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In our experiments with lanthanide-doped LaF; nanoparticles we used the polymers
PMMA and the negative photoresist SU-8.'" These polymers have a high CH bond content so
they only have a low loss window between 1.25-1.35 pum. The lanthanide ion that shows
emission in this region and shows significant emission in the LaF; nanoparticles is Nd*",

Optical gain of LaF;:Nd nanoparticles was already investigated in a collaboration with the
Light Devices Group headed by prof. dr. A. Driessen of the University of Twente. PMMA layers
doped with LaF;:Nd nanoparticles were used as the luminescent material on top of a microring
resonator.'' These microring resonators consist of two identical straight waveguides with a ring
placed at a short distance above the waveguides as shown in Figure 7.2 such that light that is
coupled into the straight waveguide couples with the microring. The waveguides were made
from SiON and on top of the microring a cladding of PMMA doped with LaF;:Nd nanoparticles

. 12
was spin-coated.

il Through

7z
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Figure 7.2: Schematic representation of a microring resonator.

The possibility of fabricating a microring laser with this structure was investigated,
because this design could offer the possibility for compact and low threshold microring lasers."
The ring resonator was designed for pumping at 578 nm and emission around 880 nm. The ring
is in resonance when an integral number of wavelengths fit in one roundtrip of the microring and
when in resonance, a large amount of pumplight can be coupled into the ring from the input
waveguide. The threshold for lasing could not be reached in the device, due to the high losses
and the low intensity of pump power in the doped cladding layer. However, on the straight
waveguide evidence for amplified spontaneous emission was found around 863 nm at a pump

power of around 200 uW. This is a very encouraging result that shows that amplification should

be possible in an optimized device.
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Amplification of neodymium-doped fiber amplifiers around 1300 nm has been reported."
Although in glass fibers Nd®" cannot compete with Pr'*-doped amplifiers for amplification
around 1300 nm due to amplified spontaneous emission and excited state absorption, it should be

possible to measure sufficient gain using the Nd** ion.

7.2 Results and discussion

7.2.1 PMMA waveguides

PMMA waveguides doped with 10 % w/w LaF3:Nd nanoparticles were made by spin-
coating a solution of PMMA and the nanoparticles in chlorobenzene on a silicon wafer, covered
with a layer of 3.2 um of SiO,. Ridge structures with a height of 1.45 pum were etched in the 3.3
um thick polymer layer using reactive ion etching (RIE). The formation of a gray film over the
substrate indicated that redeposition of material, probably lanthanide oxides, took place during
RIE. The method of RIE relies on the reaction of highly reactive ions and radicals to form
volatile products that can be pumped away from the vacuum chamber. Since the lanthanide ions
cannot form volatile products in this process, this lead to the redeposition of lanthanide salts. An
optical microscope image of waveguide structures made in this way is shown in Figure 7.3. It is
clearly visible that the surface of the polymer next to the ridge structures is rough due to the
redeposition, but the ridge structures itself seem to be smooth. The final device had air as the top
cladding leading to a large difference in refractive index between the polymer (~1.49) and the air

above the device.

Figure 7.3: 5 um wide PMMA/LaF3:Nd ridge structures on a SiO, wafer.
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The endfaces of the polymer waveguide can be made by cleaving the wafer or by dicing
the wafer. Due to the weak adsorption of the polymer to the substrate, it was not possible to dice
the wafer without destroying the polymer layer and cleaving of the substrate was the only
possibility. Low loss endfaces could be made using the cleaving method, but the reproducibility
with this method was be low. The PMMA waveguide had a length of 3 cm and contained
waveguides with different width, from 10, 5, 4, 3, 2.5, 2 um. The waveguides of 4 um and less
did not transmit any light at 1300 nm. The 5 pum channel was single-mode at the signal
wavelength of 1319 nm and multi-mode at the pump wavelength of 578 nm, but the losses of this
waveguide were substantial (18 dB over 3 cm at the signal wavelength). An excitation
wavelength of 578 nm was chosen, because at this wavelength the Nd** ion has the strongest
absorption peak. The measurements were performed on the 10 um wide channels, which were
multi-mode, both at the signal and pump wavelength. Standard 9/125 optical fibers (core
diameter of 9 um) were used to couple the light into and out of the waveguide. The total chip
losses (propagation and coupling losses) at the pump wavelength were 12 dB on the 10 um wide
channel and at the signal wavelength the losses were about 11 dB. The calculated coupling losses
for the signal beam were at least 6 dB, so on the 3 cm device the propagation losses were in the
order of 2 dB/cm. These propagation losses were lower compared to the previously prepared
PMMA waveguides,” but the rough sidewalls of the device still cause substantial propagation
losses.

The continuous pump beam was butt-end coupled into the waveguide and the emission was
collected at the end of the waveguide. The collected emission spectrum is shown in Figure 7.4.
When the emission spectrum of the waveguide is compared with the emission spectrum of
LaF;:Nd nanoparticles in dichloromethane solution, we see that the emission peaks of the
4F3/2—>4IU/2 and 4F3/2—>419/2 transitions of Nd*"at 1060 and 1330 nm were observed in both
spectra. The emission peak at 880 nm of the 4F3/2—>4II3/2 transition was not observed in the
waveguide emission spectrum, because an isolator was used to filter out the pump light and this
isolator also filtered out the 880 nm emission. The ratio between the intensities of the other two
emission peaks was also different, because the isolator filtered out part of the 1060 nm emission.
A sharp decrease in the 1330 nm peak was observed above 1340 nm, because of the overtone
absorption of the CH bonds in the waveguide. The amplification was measured on the
waveguides with a setup as shown in Figure 7.5. In order to measure amplification of the signal

beam, the pump and signal light have to be combined before going into the waveguide. The
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pump and signal light were combined into a 9 um core single mode fiber using a WDM and butt-

end coupled into the waveguide.
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Figure 7.4: Emission spectrum of LaF3:Nd nanoparticles in solution and in the PMMA waveguide after
excitation at 578 nm.

1319 nm laser

l— Combiner Isolator
L1
Waveguides I—_
Detecior
Microscope
objective pump laser
Osciloscope

Figure 7.5: Setup for the measurement of optical amplification on the waveguides.
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The intensity of the 1319 nm signal laser was unstable, so the pump light was chopped in
order to measure the difference in signal intensity when the pump light was on and off. This
configuration is only possible when all of the pump light is filtered out before the detector,
because otherwise residual pump light will interfere with the amplified emission. The use of an
isolator was found sufficient to filter out all of the pump light. The pump beam was chopped at
80 Hz for the amplification measurements and combined with the signal light coupled into the
waveguide. The light coming out of the waveguide was collected using a multimode optical fiber
with a core diameter of 50 um and fed to a detector. The detector signal was shown on an
oscilloscope. At a pump power of 12 mW coupled into the device and a signal power of about 1
uW, a signal amplification of 0.3 dB was measured. The gain showed a dependence on the pump
wavelength between 570 and 590 nm, with the maximum gain corresponding to the absorption
peak of the Nd>* ion at 578 nm. This amplification is equal to a signal increase of 10 %, using
Equation 7.1 for calculation from mW to dB, Ii, is the signal intensity without pump light and Iy
the signal intensity with pumplight, both in mW.

dB=10x" log(ll"—u‘] (Eq. 7.1)

This signal increase measured with the detector could also be a result of spontaneous
emission of the Nd*" ions. This was studied by turning off the signal laser and measuring the
intensity differences using a chopped pump laser. The effect of the spontaneous emission on the
detector signal was approximately 1 % of the amplification signal, so the effect of spontaneous
emission could safely be ignored.

Considering the large coupling and propagation losses of the device, net gain will not be
possible in this waveguide. The coupling losses can be decreased using a device structure that
better fits the fiber light mode with the polymer waveguide mode and the propagation losses can
be lowered using other techniques to make the waveguide structures, instead of RIE. SU-8 was
used as another polymer that is structured more easily and shows good solubility properties with

the LaF; nanoparticles.

7.2.2 SU-8 waveguides

Low loss waveguides of SU-8 have been fabricated by Borreman ez al."> The nanoparticle-
doped SU-8 waveguides were made by mixing a LaF3;:Nd nanoparticle solution in y-
butyrolactone with a commercially available SU-8 solution in y-butyrolactone.'® SU-8 is a

negative photoresist that can be patterned by photolithography, thus without RIE. The structures
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of the molecules in this photoresist solution are shown in Figure 7.6. The monomer consists of a
bisphenol A epoxy resin that can be polymerized by acid catalysis. A sulfonium ion acts as the
photoinitiator for the polymerization, which generates protons upon UV irradiation. The solvent

used for the photoresist composition is y-butyrolactone, of which the structure is also shown in
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Figure 7.6.

Figure 7.6: Composition of a SU-8 negative photoresist solution.

Due to the high refractive index (1.59) of the polymer, glass can be used as the substrate.
The polymer shows good adhesion to glass, making it possible to dice the endfaces. Due to the
strong cross-linking of the polymer it is also possible to apply a cladding over the device,
without destroying the waveguide structures.

SU-8 layers doped with 20 % w/w of the LaF;:Nd nanoparticles were spin-coated on 10
cm borosilicate wafers. The processing of the doped SU-8 was similar to the processing of the

1015 Rirst of all, the

un-doped photoresist and only a few modifications were necessary.
temperatures at which the spin-coated layers were handled before the development had to be
lowered compared to the SU-8 without nanoparticle doping. Temperatures above 75 °C lead to
desorption of the ligand from the nanoparticle surface, which has a negative effect on the
solubility of the nanoparticles in organic solvents. When the doped layers were handled at
temperatures exceeding 75 °C, a thin layer of insoluble nanoparticles remained on the substrate
after development. For this reason the layers were heated at 65 °C for two hours after spin-
coating to remove the solvent. After the development the layers were hard-baked at the usual

temperature of 150 °C, because in the highly cross-linked polymer the nanoparticles will not

aggregate anymore. The doped SU-8 layers also needed a longer irradiation time compared to the
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SU-8 layers without nanoparticle doping. For the layers without nanoparticles, the irradiation
time was 10 seconds, but for the doped layers an irradiation time of 300 seconds was necessary.
There can be several reasons for this increase in irradiation time. A possible reason seems the
slight desorption of ligand from the nanoparticle surface in the softbake step. This ligand could
act as a base during the crosslinking of the polymer, slowing down the reaction rate. Another
possibility is that the photoinitiator is not randomly distributed in the polymer film. The ligand
monolayer around the nanoparticles creates a hydrophobic film, which could cause an
inhomogeneous distribution of the photoinitiator.

The waveguides were finished by spin-coating a layer of HEMA-styrene on top of the
device as a cladding, followed by dicing the endfaces. Optical microscope pictures of the
waveguides with the cladding on top are shown in Figure 7.7. The left picture shows a top view
of some channels covered with the cladding. The picture shows straight and smooth channels.
The right picture shows a cross-sectional view of a 5 by 10 um® channel. It can be seen that the
top of the channel is a bit wider than the bottom of the channel, which can be caused by the un-
optimized irradiation conditions. During the irradiation the top of the polymer slab can heat up
by the long wavelength components in the UV light source. Due to the higher temperature in the
top layer the reaction rate was increased causing the top of the channel to be wider. After dicing

the endfaces, the total length of the waveguide was 5.2 cm.

il

Figure 7.7: Waveguides of SU-8 doped with 20 % of LaF3:Nd, (left) top view of waveguide channels,

(right) cross-sectional view of a diced 5 x 10 um® channel.

Optical pumping at 578 nm was not successful for the SU-8 device, because the polymer
was not stable under high pump fluxes of this wavelength. Yellowing of the polymer at the high
temperatures of the hard bake step is probably the cause of this instability. The yellowing of the
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polymer is probably caused by the photoinitiator, leading to absorptions well into the visible part
of the spectrum, even at 578 nm.

Another possibility is to excite the Nd*™ ions at 795 nm. The absorption of this peak is
slightly weaker, but an advantage of this wavelength is that pump and signal wavelength are
closer together, making it easier to match the light mode of the pump and signal wavelength. For
this reason, Nd*"-doped fiber amplifiers are usually pumped at this wavelength and because a
large variety of cheap pump-lasers are available at this wavelength. It is unlikely that the
yellowing in the SU-8 polymer causes high absorption losses at this wavelength. The optical
fibers had to be connected to the device for the pumping at 795 nm, because the pump laser and
a good alignment setup were not available. Optical fibers (core diameter of 9 um) were
connected to a 10 by 10 pm? channel, using UV curable glue. The fibers were aligned using a
laser operating at 850 nm. With the glue between the fibers and the waveguide a minimum loss
of 7 dB over the 5.2 cm device was measured, including the coupling losses. The propagation
losses of this waveguide were in the order of 1 dB/cm or less, assuming coupling losses of 1-2
dB. These losses are very similar to a waveguide without nanoparticles, showing that the
nanoparticles are well dispersed in the polymer and that they do not contribute significantly to
scattering losses. The losses were increased to 12 dB at 850 nm after curing of the glue by UV
irradiation. This increase in the losses could be a result of stress in the glue resulting in an
inhomogeneous curing, or as a result of the instability of SU-8 towards UV light.

The chip losses of the waveguide were determined using a white light source and the loss

spectrum is shown in Figure 7.8.
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Figure 7.8: Chip losses of a 10 by 10 umz waveguide of SU-8/LaF3:Nd.
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The minimum loss of 8.5 dB over the entire device is around 1100 nm and at the signal
wavelength of 1319 nm, the loss is 11.5 dB. At 738, 798, and 863 the Nd* absorption lines are
observed originating from absorptions of the ground state level to the 4F7/2, 4F5/2, and the 4F3/2
levels respectively. Below 700 nm the losses of the device increase strongly due to yellowing of
the polymer. The overtone absorptions of the CH bonds between 1100-1250 nm and between
1350-1600 nm are observed with a minimal loss window between 1250 and 1350 nm. The high
losses around 1500 nm show that this polymer is unsuitable for waveguiding at this wavelength.
The emission spectrum of Nd** after pumping the waveguide at 795 nm with 50 mW of input
power and collecting the emission at the end of the waveguide structure is shown in Figure 7.9.
The ratio of the 1060 and the 1330 nm emission peaks is different from that in solution. This was
caused by the filters, the same as for the PMMA device. A small peak of the pump laser at 795
nm is still observed, but this small signal did not interfere with the amplification measurement.
Using the same setup as used for the PMMA device (Figure 7.5), amplification of the waveguide
was measured. The pump beam and signal beam were coupled in one 9 um fiber using a 2 x 2
splitter for the amplification measurement. Due to the high losses originating from the splitter,
only 5 mW of pump power could be coupled into the device. A signal amplification of 0.1 dB
could be measured on the 10 by 10 pm? channel of 5.2 cm length.
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Figure 7.9: Nd** emission spectrum measured at the end of the SU-8/LaFs:Nd waveguide after pumping
at 795 nm.
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7.2.3 Modeling of the amplification

There are several models for the calculation of the optical gain in Nd**-doped glass
fibers.'® The simplified model described in the appendix was used to calculate the optical gain
that can be reached in the polymer waveguides. This model does not take into account the losses
of the chip, the effect of excited state absorption (ESA), and amplified spontaneous emission
(ASE). ESA and ASE will deplete the excited state of the Nd** ion by the absorption of a signal
photon (ESA), or by amplification of light at another wavelength than the desired signal
wavelength (ASE). The occurrence of these processes would lower the actual population of the
excited state leading to an overestimation of the actual gain. The energy level scheme of Nd** is
a 4-level system (Figure 7.A., see Appendix), because the *I;3 level is not the ground state and
non-radiative decay from the 411 3 level to the 419/2 ground state is very fast. As a result, the 4113/2
is always empty and a population inversion is always present after photon absorption.
Amplification now only depends on the number of ions that are in the *Fs excited state. The
calculated amplification for the PMMA and SU-8 waveguide channels are shown in Figure 7.10,

for the pump powers of 12 mW and 5 mW, respectively, and for the channel sizes used in the

experiments.
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Figure 7.10: Amplification calculated for the PMMA 10 x 3.3 ymz waveguide with a pump power of 12 mW
at 578 nm (left) and the 10 x 10 ym2 SU-8 waveguide with a pump power of 5 mW at 795 nm
(right).

The PMMA device was only 3 cm long and at this length the maximum amplification is
not yet reached. The calculated value of 0.25 dB for a 3 cm chip is only slightly lower than the
measured value of 0.3 dB but this is probably within experimental error, considering the
approximations in the calculation. At a length of 5.2 cm in the SU-8 waveguide the maximum

gain is almost reached. In this case the measured gain of 0.1 dB is also somewhat higher than the
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calculated gain of 0.08 dB. The calculated values correspond very well with the measured values

indicating that the model gives an accurate description of the actual amplification.

7.3 Outlook: Optimization of the device structure

The optical gain measured in the polymer-based waveguide was limited compared to what
is reported for Nd**-doped glass fibers (0.3 dB for our polymer-based waveguide compared to 10
dB for glass fibers)."” However, these results cannot be compared directly, because the
experimental conditions that have an influence on the amplification were completely different.
The maximum gain of the Nd*“-doped fiber was measured at a wavelength of 1343 nm. At 1319
nm a maximum gain of 7 dB was measured, a lot lower as a result of ESA. The pump power and
the dimensions of the fiber were also completely different than the conditions we used in our
experiments. The Nd*"-doped fiber was excited with 100 mW of pump power with a fiber
diameter of 6.5 um. In our experiments the pump power was limited, because of the high losses
originating from the coupling and the combining of signal and pump laser. The theoretical model
described in the appendix allows for the calculation of the optical gain of the polymer waveguide
with varying pump powers and channel dimensions.

The calculated optical gain of an SU-8 waveguide channel, with dimensions of 10 by 10
um?’, as a function of the pump power is shown in Figure 7.11. The calculations clearly
demonstrate that the gain increases substantially when the pump power is increased from 5 mW

to 100 mW.
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Figure 7.11: Optical gain of a LaF3;:Nd-doped SU-8 waveguide as a function of pump power for a 10 x 10

um’? channel pumped at 795 nm.
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The length of the device, or the concentration of Nd** ions in the waveguide have to be
increased in order to measure the maximum obtainable gain at these higher pump powers.
Another large performance increase can be reached when the size of the channel is decreased as
shown in Figure 7.12. Decreasing the size of the channel increases the density of the pump
power, so the effect is similar to an increase in pump power. These calculations were done with a
pump power of 100 mW. The Nd**-doped fiber had a dimension of 6.5 pm'” and in a square
geometry this corresponds to a 5.7 by 5.7 um® waveguide channel. The calculated gain in a
waveguide of these dimensions is 5.1 dB for a 20 cm long device, close to the value measured in
the Nd*"-doped fiber of 7 dB. A further decrease of the channel dimensions would result in a
further increase of the amplification. Similar results were calculated for the Nd*"-doped fiber
amplifier.'” The length of the device and the concentration of Nd** in the waveguide both affect
the amplification of the waveguide. When the concentration of the lanthanide ion is doubled, the
length of the device can be halved to have the same amplification. This is of course different
when losses and the effect of concentration quenching are taken into account. In glass fibers the
losses are very low and concentration quenching lowers the luminescent lifetime of the ions even
at concentrations below 1 %. As a result, fiber amplifiers are very long, extending to several
meters. For integrated devices the length of the amplifier has to be reduced in order to fit the
amplifier on a small chip. As a consequence, the concentration of the lanthanide ion has to be
increased in order to have sufficient amplification. The optical losses are usually higher for
polymers compared to glass materials, making the requirement for a shorter device even more

important.
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Figure 7.12: Optical gain of a LaF3;:Nd-doped SU-8 waveguide as a function of the dimensions of the
waveguide. All calculations were at a constant pump power of 100 mW.
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The luminescence lifetime is another important factor in the amplification scheme. It is a
measure for the amount of time an ion spends in the excited state and at a fixed pump power it
determines directly how much of the population is in the excited state. The emission cross-
section determines how much stimulated emission there will be. The higher the emission cross-
section the more stimulated emission and the more amplification of the signal. The emission
cross-section and the luminescence lifetime are related and this ratio will be the highest when the
quantum yield is unity. In order to show that the measured gain is a result of the increase in
luminescence lifetime of the Nd*™ ion in the nanoparticles, compared to organic complexes, the
calculated optical gain as a function of the luminescence lifetime is shown in Figure 7.13, for a
10 by 10 um* waveguide channel and a pump power of 100 mW.
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Figure 7.13: Optical gain calculated for different luminescence lifetimes. The pump power is 100 mW and

the channel dimensions are 10 by 10 ymz.

The amplification is limited to only 0.009 dB for a luminescence lifetime of 1 us, which is
generally observed for complexes with CH bonds close to the lanthanide ion. The highest
luminescence lifetime of Nd** observed in organic systems so far was 9 ps and for this
luminescence lifetime the optical gain is still limited to 0.08 dB. For a luminescence lifetime of
200 ps as observed in the LaF;:Nd nanoparticles the optical gain is already 1.7 dB for this device
configuration. In these calculations it is assumed that the absorption and emission cross-sections
of Nd*" is the same in the different materials. Small differences in these values may be observed
due to changes in symmetry, but these differences will not compensate for the large difference in
optical amplification that is observed. It is very clear that with the luminescence lifetimes
observed in organic complexes it will be difficult to realize net gain. The increase in

luminescence lifetime we obtained, by doping the Nd** ion in the LaF; nanoparticles is
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responsible for the fact that we were able to measure optical gain. The doping of Nd’* ions into
the LaF; nanoparticles leads to optical properties that allow amplification close to what is
observed in Nd**-doped glass fiber amplifiers.

Amplification with other ions should also be possible. The Er’" ion, which is commonly
used in optical fiber amplifiers, also shows emission in the LaF; nanoparticles, but for
amplification at 1530 nm other polymers have to be used to reduce the optical loss at the signal
wavelength. The organic ligand that is protecting the nanoparticles from aggregation also
contains a lot of CH bonds, but the total amount of ligand is low in the whole system and a proof
of principle should be possible for amplification by Er'" ions as well with this ligand and a
halogenated polymer. The same holds for the other two lanthanide ions, Pr’* and Ho’*, that show

emissions around 1450 nm.

7.4 Conclusions

Optical gain in a polymer-based waveguide doped with nanoparticles synthesized in this
thesis in the near-infrared was demonstrated. The pump power that could be coupled in the
waveguide was limited and therefore only a small signal gain was observed, but theoretical
calculations show that the optical gain could be close to what was observed in Nd**-doped glass

fibers, when the same experimental conditions are used.

7.5 Experimental section

General. Spin-coating of the polymer solutions was performed under standard cleanroom conditions. The
thicknesses of the polymer layers were measured using a Dektak surface profiler. Arch, 907/17 was used
as the positive photoresist and spin-coated at a speed of 4000 rpm for 20 s and a prebake temperature of
95 °C. The photoresist was developed in standard OPD developer for 50 s. Reactive ion etching was
performed using a Elektrotech PF340 etcher. The endfaces of the SU-8 waveguide were made by dicing
the substrate using a Disco DAD-321 Dicing Saw.

LaF;:Nd nanoparticles. LaF;:Nd nanoparticles were synthesized as described in chapter 3. PMMA
layers were spin-coated from chlorobenzene and ligand 2 of chapter 3 was used to make LaF;:Nd
nanoparticles that are soluble in chlorobenzene. SU-8 is a commercial product with y-butyrolactone as the
solvent. Nanoparticles synthesized with ligand 2 of chapter 4 are soluble in y-butyrolactone, but for
mixing with the SU-8 solution, a mixture of ligand 2 and 5 in the ratio 1:2 was found to give the best

solubility properties. The nanoparticle-doped solution was made by dissolving the nanoparticles in -
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butyrolactone and mixing this solution with commercially available SU-8 25 (solid content 63 %), to end

up with a solid content of 52 %.

Waveguide fabrication. The PMMA/ LaF;:Nd solution was spin-coated on a 3” silicon wafer covered
with 3.2 um SiO, (Plasma enhanced chemical vapor deposition, PECVD) on top. The solution consisted
of 900 mg PMMA and 100 mg of nanoparticles dissolved in 4 g of chlorobenzene. Spin-coating was
performed at 1250 rpm resulting in a layer thickness of 3.3 um. After spin-coating the wafer was dried at
95 °C followed by spin-coating a 1.2 um thick layer of positive photoresist on top. Patterns were made
with a mask having channels ranging in diameter from 2-10 um, using a radiation time of 3.7 s. The
photoresist was developed in standard OPD developer for 50 sec. After creation of the pattern in the
photoresist the polymer was etched using reactive ion etching (RIE). RIE was done for 8 min at a power
of 20 W with a pressure of 10 mTorr and 20 sccm O,, keeping the wafer at a temperature of 10 °C.
Excess photoresist was removed by irradiation and development, leaving ridges with a height of 1.45 pum.
The doped SU-8 layers were spin-coated on 10 cm borosilicate wafers that were previously cleaned in
fuming nitric acid for 8 minutes. The solid content of the solution of 52 % included the nanoparticles and
the composition of the SU-8 solution in a 1:4 weight ratio. Spin-coating was done at 1250 rpm for 30
seconds with an acceleration of 100 rpm/sec. The layers were dried at 65 °C for two hours, followed by
exposure for 300 seconds through a mask containing the waveguide structures. The film was postbaked at
65 °C for 2 min followed by development in RER 600 developer for 2 minutes. The structures were
washed with isopropanol to remove excess developer and dried with a nitrogen stream. Flood exposure
was done for 5 minutes, followed by a hard bake for 2 hours at 150 °C. A cladding of HEMA-styrene was
spin-coated on top of the device at a spin speed of 750 rpm.

Photophysical measurements. Measurements on the waveguides were performed using an Ar -pumped
dye laser as the pump laser at 578 nm and a Ti Sapphire laser was used for pumping at 795 nm. The
signal laser was a diode laser operating at 1319 nm. The laser light was coupled into a 9/125 pum single
mode fiber using a microscope objective and from the fiber into the waveguide. Alignment of the fibers
and chip were done using a butt-end coupling setup. Light coming from the waveguide was collected with

a single or multi-mode fiber and lead to a detector or a spectral analyzer for emission spectra.
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Appendix 7.A

7.A.1 Modeling of the Nd** optical amplification.

Theoretically, Nd** can be described as a four-level system as shown in Figure 7.A.1 for
pumping at 578 or 795 and optical gain at 1319 nm. This energy scheme is simplified, because in
the calculations the excited state absorption (ESA) and amplified spontaneous emission (ASE)

are not taken into account.
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Figure 7.A.1:  Simplified 4-level energy scheme of Nd** with the upper level *Gs,,.7 for pumping at 578

nm or the *Fs, level for 795 nm pumping.

The Nd** ion is excited from the 419/2 ground state to the 4G5/2 excited state for 578 nm
pumping and to the *Fs, excited state for 795 nm pumping followed by a fast decay to the *Fs
excited state. Emission at 1319 nm is a transition to the *I 3 level, which decays rapidly to the
“Io> ground state. Due to the fast decays 4—3 and 2—1, the levels 4 and 2 are considered empty

and the populations of the levels 3 and 1 can be determined using Equation 7.A.1.

dN
L=0=-W_,N, +(l+ WﬁjN3
dt T
dN
2 =0=+W_,N, —(l+ W, jN3 (Eq.7.4. 1)
dt T
N, +N; =N,

144



With N; the population of level 1, N3 the population of level 3, Ny the total population,
W4 the rate of absorption, W3, the rate of stimulated emission, and t the luminescence lifetime.
In the steady state these equations are equal to zero, but because the sum of both populations is

equal to the total population, it is a determined set of equations and thus simplify to

N = W, +1/7 N
lw, 4w, )

W,
N, =( 14 JN (Eq. 7.4.2)

W, +1/7+ W,

The absorption and emission rates W4 and Wj, are calculated from the following

equations.
W [ ;1 = i
T ho A
W, =0l ;I = b (Eq. 7.4.3)
32 ets 2 s hUSA q. /.A.

I, and I are the photon densities of the pump and signal source and o, the absorption cross
section and o, the stimulated emission cross section. The photon densities are calculated from
the pump and signal power P, and P, the light frequencies v, and v, Planck’s constant h and the
cross section of the waveguide A. It would be better to use the exact overlap of the pump and
signal modes for the cross section, because the overlap of the pump and signal beams will be
smaller than the cross-section. The use of the cross-section of the waveguide in these calculation
leads to an overestimation of the actual gain.

The power of the signal and pump along the waveguide is given by:

dI, = W,,N,dz

dl, =W, ,Ndz (Eq. 7.4.4)

These equations can be solved numerically using the values for the different parameters as
shown in Table 7.A.1. Different values for the PMMA and SU-8 device were used. The

absorption cross-section at 795 nm is about 0.6 of that at 578 nm and the emission cross-section
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is taken the same for both polymers, although there will be a small influence of the refractive
index on the emission cross-section. The concentration of the nanoparticles in the SU-8
waveguides is twice as high as in the PMMA waveguide, resulting in a double Nd*" ion
concentration. The dimensions of the SU-8 channel are also different. A luminescence lifetime of
200 ps was used for the Nd*" ions. In chapter 3 the luminescence decay curve of the LaFs:Nd
nanoparticles was found to be bi-exponential with values for the luminescence lifetime of 240

(77 %) and 40 (23 %) us were found. The average lifetime of these two is approximated to 200

ps.

Table 7.A.1: Parameters used in the optical gain calculation

Parameter Value 578 nm PMMA  Value 795 nm SU-8 Unit
waveguide waveguide
P, 12 5 mW
P 0.1 0.1 mW
G. 25107 1.510% cm’
e 5107 5107 cm’
Ap 1319 1319 nm
As 578 795 nm
T 200 200 s
Niot 1.410" 2.810" cm”
Height 33 10 pm
Width 10 10 pum

The absorption cross-section at 795 nm was taken from the literature for Nd**-doped in
LaF;." The absorpion cross-section at 578 nm was taken to be 1.7 times as high as the absorption
cross-section at 795 nm. The emission cross-section at 1319 nm was calculated from the
emission spectrum.” The Nd** concentration corresponds to a nanoparticle concentration of 10
and 20 % for the PMMA and SU-8, respectively, taking into account 15 % by weight of organic

ligand around the nanoparticles.
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Summary

The luminescence of lanthanide ions in organic environment is greatly reduced compared
to inorganic materials. This thesis describes the doping of the lanthanide ions in the core of
inorganic nanoparticles that are soluble in organic solvents as a way to shield the lanthanide ions
from the organic environment and thus to increase the luminescence properties.

The technological importance of lanthanide luminescence in optical amplifiers has been
outlined in chapter 1. The integration of optical components requires materials that can be
processed easily and at a low cost and polymers are materials that generally have these
properties. Optical amplifiers have to be developed for these polymer-based systems and the
luminescence of lanthanide ions in polymer environments has to be improved in order for these
ions to play a role.

In chapter 2 the luminescence of lanthanide ions in a variety of host materials is described.
It explains why lanthanide ions do not show efficient luminescence in organic materials, but are
efficient emitters in inorganic materials. The high-energy vibrations of the chemical bonds in
organic materials can take up the energy of an excited lanthanide ion very efficiently and thereby
quench the luminescence of the ions. In inorganic materials the vibrational energies are
substantially lower, making this process less efficient. Nanoparticles are materials with an
inorganic core that can be surrounded by organic ligands. These organic ligands can control the
growth of the nanoparticles during the synthesis and at the same time they can provide solubility
of the particles in organic solvents. Doping of lanthanide ions in the inorganic part of
nanoparticles would provide the lanthanide ion with an environment with low vibrational
energies, but the nanoparticles itself can be processed as organic materials.

The synthesis of these lanthanide-doped nanoparticles has been described in chapter 3.
Nanoparticles of LaF;, LaVOs, and LaPOy that are soluble in organic solvents were successfully
doped with luminescent lanthanide ions. The visible emitting Eu®* ion was used to characterize
the doping site of the lanthanide ion. The luminescence of the lanthanide ions indicates that the
ions are doped in the core of the nanoparticles and that the luminescence spectra are comparable
to the bulk materials. The shielding of the lanthanide ion from the organic environment is good,
because emissions of lanthanide ions are observed, that are usually quenched in organic
complexes. The luminescence decays of the ions are multi-exponential, so not all lanthanide ions
have the same probability of decay. The luminescence lifetimes indicate a high quantum yield

compared to organic complexes and bulk inorganic compounds. With the emissions of the NIR-
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emitting nanoparticles doped with Nd**, Er’*, Ho’", and Pr’" the entire telecommunications
window between 1300 and 1600 nm can be covered.

The luminescence decays of lanthanide ions doped in nanoparticles are not mono-
exponential. In chapter 4, several factors that are of influence on the decay time and the shape of
the decay curve have been identified. These factors include quenching by the solvent, the
refractive index of the solvent, and the concentration of the luminescent lanthanide ions. The
solvent is the most important source of quenching, causing the deviation from exponential
behavior. A model was developed for the fitting of the decay curves, taking into account both the
quenching from outside the nanoparticle and the distance of the luminescent ion to the surface of
the nanoparticle. The model gives a value for the luminescence lifetime without quenching from
outside the nanoparticles and a quenching constant determining the quenching strength of the
solvent or ligand. Using this model, concentration quenching and quenching from the solvent can
be described. In order to obtain more insight in the size-dependent luminescence properties,
nanoparticles with different sizes and with a narrow size distribution had to be prepared. The
sizes of the nanoparticles could be varied by changing the concentration of ligand used in the
synthesis or by size-selective precipitation. The luminescence lifetime of the lanthanide ions is
longer in the larger nanoparticles.

Chapter 5 describes methods to functionalize the surface of LaF; and LaPO4 nanoparticles
with different ligands. Functionalization has an important influence on the solubility of the
nanoparticles, which is important for the processability of the system. The synthesis of core-shell
nanoparticles for LaF; was successful, because the sizes of the nanoparticles are increased after
growing a shell of un-doped LaF; around the original core. The luminescence properties of the
lanthanide ions in the core-shell nanoparticles have been improved compared to nanoparticles
without a core-shell structure, as follows from the increase in quantum yield of LaF;:Ce, Tb
nanoparticles and the increase in luminescence lifetime of the emissive levels of the Eu’" ion.
The results show that it is possible to increase the distance between the quenchers coordinated to
the surface and the lanthanide ions by the growth of an inorganic shell around the luminescent
core.

In Chapter 6 the synthesis of lanthanide-doped semiconductor nanoparticles has been
described. Lanthanide-doped nanoparticles of TiO, show energy transfer from the semiconductor
host to the lanthanide ions, for lanthanide ions emitting in the visible and in the NIR. The
quantum yield of the nanoparticles is low, although the intrinsic quantum yield of the lanthanide

ion is high. A LED with the nanoparticles does show diode like behavior, but no lanthanide
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luminescence was observed, which is probably caused by the low quantum yield of the
nanoparticles.

Polymer waveguides doped with LaF;:Nd nanoparticles have been described in chapter 7.
The emission spectra of Nd** show that the nanoparticles are in the waveguides and the optical
losses of the waveguide indicate that the nanoparticles are not clustered and therefore have a
small contribution to scatter in the waveguide. For the PMMA waveguides an amplification of
0.3 dB at 1319 nm at a pump power of 12 mW was measured and for the SU-8 waveguides an
amplification of 0.1 dB at a pump power of only 5 mW was measured. Theoretical calculations
predict that increasing the confinement of the pump and signal beam and an increase in pump
power should lead to an amplification of 5.1 dB for a 5.7 by 5.7 pm® channel, which is very
close to the amplification that is obtained in glass fiber amplifiers doped with Nd** under similar
experimental conditions. It has been shown theoretically that this amplification is due to the
increase in luminescence lifetime compared to organic complexes and that amplification with the
luminescence lifetimes of organic complexes is very limited. The use of these organically
soluble nanoparticles is therefore a major breakthrough over the use of lanthanide complexes as

the gain material in polymer hosts.
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Samenvatting

De luminescentie van lanthanide-ionen in organische materialen is veel zwakker dan over
het algemeen in anorganische materialen wordt waargenomen. Dit wordt veroorzaakt door de
deactivering van het aangeslagen lanthanide-ion door hoog-energetische vibraties van de
chemische bindingen van organische moleculen. Dit proefschrift beschrijft het doteren van
lanthanide-ionen in de kern van anorganische nanodeeltjes als een manier om de lanthanide-
ionen af te schermen van de organische omgeving en op die manier de luminescentie-
eigenschappen van de ionen te verbeteren.

Het technologisch belang van lanthanide-ionen in optische versterkers staat beschreven in
hoofdstuk 1. Voor de integratie van optische componenten zijn materialen nodig die gemakkelijk
kunnen worden verwerkt en tegen lage kosten. Polymeren zijn materialen die deze
eigenschappen gewoonlijk bezitten. Optische versterkers zullen moeten worden ontwikkeld voor
polymeren om het mogelijk te maken deze geintegreerde optische systemen van polymeren te
maken. De luminescente-eigenschappen van lanthanide-ionen in polymeren zullen moeten
worden verbeterd om deze ionen in polymere versterkers te kunnen gebruiken.

In hoofdstuk 2 is de luminescenctie van lanthanide-ionen in verschillende materialen
besproken. Er is uitgelegd waarom lanthanide-ionen geen efficiente luminescentie vertonen in
organische materialen, maar wel in anorganische materialen. De hoog-energetische vibraties van
de chemische bindingen in organische materialen kunnen de energie van een geéxciteerd
lanthanide-ion efficient opnemen en op die manier de luminescentie uitdoven. In anorganische
materialen zijn deze vibratie-energién aanmerkelijk lager waardoor dit proces veel minder
efficient is. Nanodeeltjes zijn materialen met een anorganische kern die kunnen worden omringd
door organische liganden. Deze organische liganden kunnen de groei van de deeltjes reguleren
tijdens de synthese en op hetzelfde moment kunnen zij ervoor zorgen dat de deeltjes oplosbaar
worden in organische oplosmiddelen. Het doteren van lanthanide-ionen in de anorganische kern
van deze nanodeeltjes zorgt ervoor dat de lanthanide-ionen een omgeving hebben met lage
vibratie-energién, maar tegelijkertijd kunnen de nanodeeltjes worden verwerkt als organische
materialen.

De synthese van deze lanthanide-gedoteerde nanodeeltjes staat beschreven in hoofdstuk 3.
Nanodeeltjes van LaF;, LaVO,4 en LaPO4 die oplosbaar zijn in organische oplosmiddelen werden
succesvol gedoteerd met luminescente lanthanide-ionen. Het Eu’" ion dat emitteerd in het

zichtbare deel van het spectrum werd gebruikt om de omgeving van het gedoteerde ion te
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bestuderen. De luminescentie van dit ion leert ons dat het gedoteerde ion in de kern van het
nanodeeltje zit en dat de luminescentie spectra vergelijkbaar zijn met die van de bulk materialen.
Het afschermen van het lanthanide-ion is succesvol omdat emissies van lanthanide-ionen werden
geobserveerd die normaal gesproken worden uitgedoofd in organische complexen. De
levensduur van de luminescentie vertoond geen mono-exponentieel verval wat er op duidt dat
niet alle ionen dezelfde waarschijnlijkheid tot verval hebben. De luminescente levensduren laten
zien dat de lanthanide-ionen een hoge quantum opbrengst hebben in vergelijking met organische
complexen en bulk anorganische materialen. De emissies van de nabij-infrarood emitterende
Nd**, Er’', Ho®" en Pr’* gedoteerde nanodecltjes kan het hele telecommunicatie-gebied
bestrijken.

Het verval van de luminescentie van lanthanide ionen gedoteerd in de nanodeeltjes is niet
mono-exponentieel. In hoofdstuk 4 zijn verschillende factoren onderzocht die een invloed
hebben op het verval van de lanthanide-ionen. Deze factoren zijn bijvoorbeeld deactivering door
het oplosmiddel, de invloed van de brekingsindex van het oplosmiddel en de concentratie van het
luminescerende lanthanide-ion in het nanodeeltje. Van al deze factoren bleek de deactivering
door het oplosmiddel de grootste invloed te hebben op het exponentiéle verval van de
luminescentie. Er werd een model ontwikkeld waarmee de luminescentie-vervallen kunnen
worden gefit. Dit model houdt rekening met deactivering van het lanthanide-ion van buiten de
nanodeeltjes en met de afstand van het lanthanide-ion tot het oppervlak van het nanodeeltje. Het
model geeft een waarde voor de levensduur in afwezigheid van deactivering van buiten het
nanodeeltje en een deactiveringsconstante die de mate van deactivering van het lanthanide-ion
door organische groepen buiten het nanodeeltje weergeeft. Met dit model kunnen de deactivering
door het oplosmiddel en door de concentratie van lanthanide-ionen in het deeltje worden
beschreven. De afhankelijkheid van de luminescentie-eigenschappen van de deeltjesgrootte werd
bestudeerd door verschillende deeltjes groottes te synthetiseren. Er werd een duidelijke
athankelijkhied van de luminescente levensduur van de deeltjes grootte gevonden met de langste
levensduur voor de grootste deeltjes.

In hoofdstuk 5 staan verschillende methoden beschreven om het oppervlak van de LaF; en
LaPO4 nanodeeltjes te functionalizeren met verschillende liganden. Het oppervlak van de
nanodeeltjes bepaald de oplosbaarheid en controle over de oplosbaarheid is belangrijk voor de
verwerking van de nanodeeltjes. De synthese van kern-schil deeltjes is beschreven als een
manier om de interactie van lanthanide-ionen in het deeltje met deactiverende groepen buiten het
deeltje nog meer te verkleinen. De luminescente lanthanide-ionen werden alleen gedoteerd in de

kern en daaromheen werd een schil van niet gedoteerd anorganisch material gegroeid. Deze
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methode was succesvol want de grootte van de deeltjes nam toe na het groeien van de schil rond
de kern en de luminescente eigenschappen van de lanthanide-ionen in de kern verbeteren. De
quantum opbrengst van LaF;Ce,Tb nanodeeltjes werd verhoogd en de levensduren van de
emitterende niveau’s van Eu®" werden verlengd. Deze resultaten tonen aan dat de afstand tussen
het luminescerende lanthanide-ion en de deactiverende groepen die aan het oppervlak van de
deeltjes zijn gecoordineerd vergroot kan worden.

In hoofdstuk 6 staat de synthese van lanthanide-gedoteerde halfgeleidernanodeeltjes
beschreven. In TiO, nanodeeltjes werd energie overdracht van het halfgeleider material naar het
lanthanide-ion geobserveerd voor lanthanide-ionen emitterend in het zichtbare en in het nabij-
infrarood. De quantum opbrengst van deze nanodeeltjes is laag, hoewel de intrinsiecke quantum
opbrengst van het lanthanide-ion wel hoog is. Een licht-emitterende diode (LED) met deze
nanodeeltjes als luminescent material werd gemaakt en deze gedroeg zich als een diode als er
een voltage over werd gezet. Er werd echter geen lanthanide-luminescentie waargenomen,
waarschijnlijk door de lage quantum opbrengst van de nanodeeltjes.

Polymere golfgeleiders met LaF;:Nd nanodeeltjes staan beschreven in hoofdstuk 7. De
emissiespectra van de Nd** ionen laten zien dat de nanodeeltjes in de golfgeleider zitten en de
beperkte optische verliezen van de golfgeleider tonen aan dat de nanodeeltjes niet geclusterd zijn
en slechts een kleine bijdrage leveren aan lichtverstrooing in de golfgeleider. Met PMMA
golfgeleiders werd een versterking van 0.3 dB gemeten bij 1319 nm bij een pompvermogen van
12 mW en met SU-8 golfgeleiders werd een versterking van 0.1 dB gemeten bij een
pompvermogen van slechts 5 mW. Theoretische berekeningen tonen aan dat bij hogere
pompvermogens en kleinere golfgeleiders, een versterking van 5.1 dB in een 5.7 bij 5.7 pm?
golfgeleider mogelijk moet zijn. Dit is een bijna even grote versterking als gemeten voor een
glasvezel onder deze experimentele omstandigheden. Er werd bovendien aangetoond dat deze
versterking slechts mogelijk is gemaakt door de toename in de levensduur van het Nd** ion door
het in de nanodeeltjes te doteren. Het gebruik van deze nanodeeltjes geeft dus een belangrijk
voordeel boven het gebruik van organische complexen als versterkend medium in polymere

materialen.
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