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Abstract

Forster energy transfer is an important mechanism that enables spectral conversion materials to
use two types of luminescent centres: one optimized for strong absorption, and one efficiently emit-
ting the desired color of light. Additionally, it lies at the core of upconversion and downconversion
processes which are promising for increasing the efficiency of solar cells. Due to lack of a good
model, the optimum concentration of dopants for upconversion or downconversion materials is not
known. It can be desirable to have a high doping concentration of donor ions, because that leads to
strong light absorption. At such high doping concentrations donor-to-donor energy migration can
start to play a role, affecting the luminescence both in positive and negative ways. This process is
highly relevant in luminescent phosphors as well as in luminescent quantum dots and biomolecular
systems with dyes. The process is often poorly understood, demanding a thorough study using a
simple, well-defined system. Therefore, we quantified the effects of this migration on the lumines-
cence properties of the crystalline systems LaPQy: Ce?t, Nd*t and YPOy4: Gd3**, Er®t, where
Ce3T and Gd*t were used as donor ions and Nd®* and Er3t as acceptor ions. First, the life-
time of the donor ion luminescence and the donor-acceptor transfer strength were measured using
luminescence decay curves of samples with a low donor concentration. At low donor concentra-
tions, analytical fitting procedures which neglect migration can be used to obtain the lifetime and
donor-acceptor strength. The lifetimes of Ce?t and Gd3* were measured to be 16.66 ns and 4.454
ms, respectively. The donor-to-acceptor transfer strength, a constant which is independent of the
distance between the ions, was measured to be around 0.0025 ns~1AS for Ce?*—Nd3* transfer and
around 0.0022 ms~*A® for Gd3* Er3* transfer. Monte Carlo simulations which include migration
were then used to simulate luminescence decay in a crystal doped with luminescent ions, placing
these ions on random positions of the lattice and calculating the theoretical luminescence decay
curves, using the experimentally obtained lifetimes and donor-to-acceptor-strengths. The decay
was compared to experimental luminescence decay curves of samples with a high concentration of
donors. The donor-to-donor migration strength in the model was varied in order to obtain the
best possible agreement with the experimental data. We conclude that the Ce3*—Ce3* migration
strength is of the same order of magnitude as the Ce3*-Nd3T transfer rate, and that the Gd3*—
Gd?*t migration strength is one order of magnitude higher than the Gd*>*-Er3t strength. The
characteristic Forster radii, the distances at which energy migration is equally probable as the
radiative decay, were estimated to be 0.49 nm for Ce3T-Ce?t and 0.67 nm for Gd3*-Gd3*.
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Chapter 1

Introduction

Luminescent phosphors form an important class of materials that are widely used in fluorescent
light bulbs, as well as in television screens and fluorescent bio-imaging. The main mechanism that
is utilized for light conversion processes in these phosphors is Forster resonance energy transfer
(FRET). In the process, a luminescent center referred to as the “donor” is excited by incoming
light, after which energy transfer takes place to another luminescent center referred to as the
“acceptor”. The rate at which this process occurs is strongly dependent on the donor-acceptor
distance: the rate decays with the distance to the power of six. This distance dependence was
discovered in 1948 by Th. Forster [1], and is further discussed in the theory section (Chapter 2).

An exciting new discovery in the field of phosphors is the existence of upconverting and down-
converting phosphors [2] [3]. Upconversion denotes a process in which two or more lower-energy
photons are converted to one higher energy photon. Downconversion is the opposite process, in
which one higher-energy photon is converted to two or more lower-energy photons. FRET is one
of the mechanisms that is responsible for both up- and downconversion.

Upconversion and downconversion are processes that are promising for increasing the efficiency
of solar cells [4]. The solar spectrum consists of a broad band over a large wavelength range
(see Fig. 1.1) while the band gap of Si is located at about 1.11 eV. Photons with a lower energy
cannot be absorbed by Si while the excess energy of photons with a higher energy is lost following
absorption.

Upconversion and downconversion can help alleviate these losses by converting photons to the
desired energy of 1.11 eV. For these processes, a high concentration of dopants is often required to
increase absorption of incoming light [2]. At such high concentrations, migration of the excitation
energy among luminescent centers can occur, affecting the luminescence both in positive and
negative ways [6]. On one hand migration can lead to subsequent transfer to an acceptor center.
On the other hand, migration can also lead to subsequent transfer to a defect in the lattice after
which the excitation energy is lost non-radiatively [7]. These processes are depicted in figure 1.2.
It is clear that the migration process can affect the luminescence in different ways and that the
effect is by no means trivial.

Therefore, in the 60s and 70s some attempts were made to investigate this donor-to-donor mi-
gration by studying luminescence decay curves. For instance, in 1967 Yokota and Tanimoto tried
to approximate donor-to-donor migration by regarding it as a diffusion process [8]. In 1984, Bur-
shtein published a review paper considering different approaches to study energy transfer kinetics
in disordered systems [9]. However, all these approaches utilize a completely random distribution of
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Figure 1.1: The AM1.5D solar spectrum (yellow). The silicon band gap is located around 1130
nm; photons with a longer wavelength are not absorbed and photons with a shorter wavelength are
absorbed with loss of energy. The image shows that 49% of solar power can be directly absorbed
by Si (green), while 13% of solar power can be utilized through 2-to-1 upconversion (red) and 10%
of the spectrum by 1-to-2 downconversion (blue). Image taken from Ref. [5].

luminescent centers, where all donor-donor and donor-acceptor distances are possible. This might
be an acceptable approach to describe the behavior of luminescent biomolecules in solution, but
in a crystalline environment, where ions are arranged in a highly ordered microscopic structure,
this approach is doomed to fail. More recently, Carlsson tried a new approach to donor-to-donor
migration to study fluorescence depolarization of organic molecules [10]. This approach was later
used to design ‘photonic wires”: DNA strands with intercalated dye molecules which can migrate
excitation energy over very long distances [11] (see Fig. 1.3).

Monte Carlo simulations were used to randomly place dyes on discrete positions near the DNA
strands. This is an interesting approach because only discrete positions on the DNA strands are
allowed, a similar situation to luminescent ions in crystals. Moreover, this approach underlines the
high relevance of donor-to-donor migration in biomolecular systems, despite the fact that it is often
still poorly understood [6]. Because biomolecular systems are often complicated, using a simpler
and better defined system such as a crystal to study donor-to-donor migration is very promising.

The group of Condensed Matter and Interfaces in Utrecht is interested in luminescence of rare
earth ions, and investigates their luminescent behavior by synthesizing the luminescent materi-
als and performing luminescence measurements and computer simulations. Investigating up- and
downconversion and the fundamental processes that lie behind it is one of the aims of the group [2]
[3]. In the group, synthesis of nanocrystals doped with luminescent rare earth ions and measure-
ments on these materials is also performed [12]. Donor-to-donor migration can be very relevant in
these systems as well.

The aim of this work is to contribute to this research by studying the effect that the migra-
tion process has on luminescence properties. Two different systems were chosen to study energy
migration: LaPOy4: Ce?t, Nd3* and YPO4: Gd*t, Erdt.

The ultimate goal is to be able to predict the effect of energy migration for any model system,
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Figure 1.2: We have a crystal that is partially occupied with donor (red) and acceptor (yellow)
ions. The luminescent donors are excited using a laser pulse. a) Simple donor-to-acceptor transfer
from a donor to an acceptor b) Donor-to-donor migration with subsequent transfer to an acceptor
center and c¢) Donor-to-donor migration with subsequent transfer to a defect in the crystal after
which the excitation energy is lost non-radiatively.
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Figure 1.3: A DNA ’photonic wire’ in which a Pacific Blue dye molecule absorbs blue light. The
excitation energy travels via donor-to-donor migration over various oxazole yellow (YO) molecules,

after which an acceptor (Cytochrome dye molecule) that emits red light is reached. Image taken
from Ref. [11].

based on a few elementary parameters of the system (e.g. crystal structure and type of lumines-
cent ions). If this effect can be predicted, an optimum donor and acceptor concentration for the
application can be calculated.



Chapter 2

Theory

2.1 Lanthanides

Lanthanides form a group of elements with an atomic number increasing from 57 (lanthanum)
to 71 (lutetium). The most common valency among lanthanides is +3, resulting in an electron
configuration of [Xe]4f™. Extra electrons added to the 4f orbital are strongly shielded by the
5s and 5p orbitals and do not significantly affect the chemical environment. For this reason, the
lanthanides are chemically very similar.

Lanthanides are very useful in emerging new technologies due to their interesting optical and
magnetic properties. They are used in opto-electronic devices such as smart phones, tablets etc. as
well as in medical applications (MRI, PET scans). Although the lanthanides are chemically similar,
there are still some chemical differences. Going from lighter lanthanides to heavier lanthanides, the
radii of the trivalent lanthanide ions decrease; this is referred to as the lanthanide contraction [13].
Because there are extra protons present in the nucleus of heavier lanthanides, the effective charge
of the atom experienced by the outer shell electrons increases. This increased charge is poorly
shielded by the extra 4f electrons, resulting in the outer shell being drawn towards the nucleus.

The element yttrium (Y) is located above lanthanum in the periodic table and is therefore
chemically similar to lanthanum, with a most common oxidation state of +3. Due to the smaller
ion radius, it is most similar to the heavier lanthanides. The element yttrium is classified under
the rare earths (RE), a group of metals which consists of the fifteen lanthanides plus scandium
(Sc) and yttrium. Although the Y3* ion has no f-electrons and therefore less interesting optical
properties, it is often used in luminescent phosphors because it can provide a crystal lattice in
which other rare earth ions can be incorporated [14].

Despite the chemical similarity, optical properties of lanthanides can differ strongly. The n
electrons can be distributed in (17?) different ways over the 4f shell, which has seven different
orbitals. Not all of these configurations have the same energy. If there is more than one electron in
the 4 f shell, the electrons will experience a Coulombic electron-electron repulsion. This Coulombic
repulsion is not the same for each configuration because the 4f orbitals have different shapes.

Additionally, there is an interaction between the electrons due to coupling of the magnetic field
generated by their spin or orbital motion, which can also be different for each configuration. The
energy configurations are described by term symbols. In addition, these term symbols are further
split by the crystal field of the chemical environment. This effect is rather small for lanthanides
due to strong shielding of the 4 f orbitals and we will not consider it further.



2.1.1 Term symbols

The possible configurations in a 4f shell can be characterized as follows [13]. Firstly, we have to
know the quantum numbers of each different electron. There are four different quantum numbers:
the principal, azimuthal, magnetic and spin projection quantum numbers. Pauli’s exclusion prin-
ciple states that no two electrons may possess the same set of quantum numbers. The principle
quantum number n describes the electron shell and is the same (namely, 4) for all electrons in the
4f shell. The azimuthal quantum number [ describes the subshell and also gives the magnitude of
the orbital angular momentum. Additionally, it determines which values of the magnetic quantum
number m; are possible. If the azimuthal quantum number has a value of 1, the magnetic quan-
tum number has 2[ + 1 possible values: [, (I — 1),...0,...,—I. The 4f electrons in lanthanides have
l = 3 so that m; = —3,...0, ..., 3. Finally, we have the spin projection quantum number mg which
describes the spin of an electron within an orbital. Similarly to the magnetic quantum number, it
can assume values of s, (s—1),...,0..., —(s—1), where s is the spin quantum number. For electrons,
the spin quantum number s = 1/2, so that mg can assume values of +1/2.

Now we move on from a single electron to an ensemble of electrons. The resultant orbital
angular momentum L of a multi-electron species is related to the values of [ for the individual
electrons. Since the orbital angular momentum has magnitude and direction, vectorial summation
of individual [ values is necessary. The allowed values of L can be determined from [ for the
individual electrons in the multi-electron system. For two electrons with values of /1 and Is:

L:(l1+l2),(ll+l2—1), |l1—12| (2.1)

Energy states for which L = 0,1,2,3,4... are known as S, P, D, F, G... terms, respectively.

We can perform a similar procedure to obtain possible values for the resultant spin quantum
number S. For a system with n electrons, each having s = 1/2, possible values of S fall into two
series depending on the total number of electrons: for an odd number of electrons S can assume
values of 1/2, 3/2, 5/2, ... while for an even number of electrons it can assume values of 1, 2, 3, ...

To properly account for interaction between the total orbital angular momentum and total spin
angular momentum (spin-orbit coupling) we need to introduce another quantum number, J. This
quantum number also allows vector addition, so possible values are |L— S|, ...,|L+S|. For example,
in the ground state of the Ce3* ion, L = 3 and S = 1/2. J can therefore take the values of 5/2 and
7/a.

The energy levels are characterized by the term symbol >**t1L;, in which L is the sum of all
magnetic quantum numbers m; of the electrons and S is the sum of all spin quantum numbers m.
For example, the ion Ce** would have a ?F7 /5 and ?Fj 5 term in the 4f* configuration.

2.1.2 f — f transitions

In Fig. 2.1 the most common energy states present in trivalent lanthanide ions are listed. Tran-
sitions from the ground state to different electron configurations can take place, for example by
excitation due to incident light. Because these f — f transitions are parity forbidden, the absorp-
tion coefficient is usually low for these transitions (€max = 10-100 M1 cm_l) and luminescence
lifetimes of excited f states are usually long, on the order of a few ms. The emission and excita-
tion peaks are typically quite sharp, because the offset between the parabolas that describe the
4f states in a configurational coordinate diagram [15] is small. The crystal field splitting of the
excited f states is also small, which opens up the possibility to create a diagram of all possible
4f" levels, which is valid for Ln3T ions in any material. This was done by G.H. Dieke in 1968, and
the diagram is therefore referred to as the “Dicke diagram” [16].
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2.1.3 f —d transitions

For all lanthanide ions, 4f — 5d transitions can occur as well [17], in which an electron is excited
from the 4 f—shell to the 5d—shell of the electron cloud. These transitions are parity allowed, which
means that absorption is usually strong. A large amount of energy is required to bring the electron
into the d—shell, and therefore the absorption bands for these transitions usually lie in the UV
region. Because the d — f transitions are parity allowed as well, the lifetime of an excited 4"~ 1d"
state is typically short, on the order of a few hundred ns. Emission and excitation peaks are
typically quite broad. This broad spectral shape is caused by a large offset between the parabolas
that are used to describe the 4f and 5d in a configurational coordinate diagram [15]. The crystal
field splitting of 5d states is large, because there is a strong interaction between electrons in the
5d orbital and the surrounding ligands.

2.2 Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) describes a mechanism where two luminescent centers
are involved: a donor and an acceptor. If the donor is excited to a higher energy state by incoming
light, it can decay back to the ground state (non-radiatively or radiatively) or transfer its energy to
the acceptor. This energy transfer can occur via two main mechanisms: radiative and radiationless
transfer. Radiative transfer is a process in which the donor emits a photon and this photon is
consecutively absorbed by the acceptor. This radiative transfer always occurs, but non-radiative
transfer will dominate at short distances. The non-radiative process is known as FRET and involves
a virtual photon which is emitted by the donor and immediately absorbed by the acceptor. The
FRET process is only efficient at very short ranges: the rate of FRET decreases with the distance
between the donor and acceptor to the power of six. This can be seen in Eq. (2.2) in which ypreT
is the rate of the FRET. The sixth power appears due to the dipole-dipole interaction between
donor and acceptor. Cyon_sace is a constant which is dependent on the nature of the molecules or
ions involved but not on the distance between donor and acceptor. According to Henderson and
Imbusch this constant is dependent on the spectral overlap between donor and acceptor ions, as
well as the transition dipole moments of the transitions involved [6]. From now on we will refer to
this constant as the “donor-acceptor strength”.

C(don—>acc (2 2)

VYFRET = 5
r

FRET is mainly known for its use in biochemistry. Here, a donor and acceptor fluorophore are
attached to two different proteins. The sample with proteins and attached fluorophores is then
illuminated with short-wavelength (e.g. UV) light which directly excites the donor. If the proteins
are close to each other, emission from the acceptor can be detected. If this is not the case, only
emission from the donor can be observed.

FRET is not limited to biomolecules, however: it can also occur with transition metal or
lanthanide ions as donor and acceptor centers. An example is the spectral conversion of ultraviolet
(UV) light inside a fluorescent light bulb. Inside the bulb, UV light is produced by an electrical
arc through vaporized mercury. This light is then converted to visible light by three different
phosphors: one for blue, one for green and one for red light. An example is the phosphor LaPOy:
Ce3t, Tb3*t, which emits green light. FRET is the mechanism responsible for this transfer: the
UV light is absorbed by the Ce3* ion and the energy is subsequently transferred by FRET to the
Tb3* ion. The excited Th3T ion then decays to a lower energy state by emitting a green photon.



An advantage of the FRET mechanism is that two ions with different properties can be used.
In the previous example, the Ce3* ion has a high absorption for UV light due to the parity-allowed
nature of the 4f — 5d transition. The Tbh3* ion is an efficient emitter of light: even though the
green light emitting transition °D, —7 Fy is parity-forbidden, the ion eventually has to decay back
to the ground state. Non-radiative decay is unlikely due to the large difference in energy between
the two states. Therefore, only radiative decay occurs and the Tb3* ion efficiently emits green
light. If only Th3t was used in the phosphor, the light output would be low due to the weak
absorption.

2.2.1 The Forster radius

For FRET, an often used parameter is the so-called Forster radius (Rg). This is the distance
between two ions for which the rate of transfer is exactly the same as the radiative decay rate,
which describes simple decay from excited to ground state. This means that, upon excitation, the
ion is equally likely to undergo direct luminescence decay as transfer to the acceptor ion. A large
value of the Forster radius means that the transfer process is more efficient. If the radiative decay
rate of the donor and the transfer strength are known, the Foérster radius can be calculated by
equating the radiative decay rate with the FRET rate over a distance equal to the Forster radius:

Cdon acc
Y = YFRET|r=R, = Ri? (2.3)
0

RO _ 6/ Cdor;y—)acc (24)

The same procedure can be used for migration from a donor to another donor ion by means of
FRET.

After rearranging we obtain:

2.3 Luminescence decay curves

When studying luminescence processes, it is often useful to study how the luminescence intensity
develops after excitation of luminescent centers. This can be done by exciting these centers with a
laser pulse and monitoring the luminescence intensity over time. This causes the centers to enter
excited states from which luminescence takes place; a center in the ground state does not exhibit
luminescence. In general, the luminescence will decrease over time, because the population of the
emissive excited decreases as luminescent centers return to the ground state.

In this work, we neglect non-radiative decay (multi-phonon relaxation) because it only occurs
if the energy difference between excited state and ground state is small. As a rule of thumb, non-
radiative decay can be important if the energy difference AFE is less than five times the maximum
phonon energy. The maximum phonon energy for phosphates is around 1100 cm ™! [18], whereas
the Ce3t 5d' — 4f1! transition in LaPOQy is around 36500 cm ™! and the Gd3* 6P7/2 — 88 transition
is around 32000 cm™!.

Because the luminescence intensity is caused by an ensemble of ions in the excited state that
emit photons, the luminescence intensity will always be proportional to the total number of centers
in the excited state:

I(t) x n(t) (2.5)

10
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Figure 2.2: Mono-exponential decay, with radiative decay rate v = 3 s~! and n(0) = 1

How the number of luminescent centers develops over time depends on the nature of the centers
and on the chemical and physical environment. We will discuss three different scenarios below: an
ensemble of centers without other influences present, a low concentration of centers with acceptor
centers, and a high concentration of centers with acceptor centers.

2.3.1 Mono-exponential decay

We have a crystal in which we excite a certain number of donor ions. If a certain number n of
luminescent centers of the same type are excited, and only a radiative decay pathway is available,
we know that the luminescence is proportional to the number of centers in the excited state. We
also know that this luminescence is caused by a radiative decay process which subtracts from the
total number of excited states. Therefore we can write:

dn

_——_— = n 2.6
7 = (2.6)
Here, dn/dt is the change in number of excited states over time, n is the number of excited
states, and -~y is the radiative decay rate. From the differential equation it is possible to obtain an
expression for the number of excited states as a function of time. The solution of the differential
equation is:

n=n(0)xe 7" (2.7)

This equation is plotted in Fig. 2.2. The shape of the curve is the same as the shape of a
luminescence decay curve that is measured in practice. For clarity reasons, a log plot is usually
used. In a log plot, a single mono-exponential decay is a straight line; this makes it more convenient
to observe deviations from mono-exponential decay. n(0) is the number of centers that are in the
excited state at ¢ = 0. The constant v says something about how fast the population of excited
states decays: a higher value for v means a faster decay. The parameter v is also known as the

11



radiative decay rate. The inverse of this parameter is known as the lifetime of the decay; it is the
average time that one luminescent center takes to decay back to the ground state.

2.3.2 Decay with acceptors

If acceptors are present in the lattice, and we neglect non-radiative decay, there are two different
pathways for the donor to decay: radiative decay and energy transfer to the acceptor. Therefore
the decay rate I' is composed of two parts:

We also know that only the donors that decay radiatively contribute to the luminescence. From
this it seems easy to derive a new equation for the decay of the amount of donors in the excited
state. However, we have to take into account that not all donors have an equal distribution of
acceptors around them and therefore the g is different for all donors. This causes the decay to
be non-exponential because the expression for n(0) will be a sum of many different exponential
functions. The most convenient way to order these functions is to group cation sites in ’shells’. The
crystals neighbor list (n,r) gives for each shell ¢ the number of cation sites n; on distance r; from the
central donor. The environment of a single donor can then be completely described by an array m
giving for each shell ¢ the number m; of cation sites actually occupied by an acceptor. For a donor
with environment m each nearby acceptor adds Caon—sacc/ r8 (with r the donor-acceptor distance
and Cqon—sacc the ‘donor-acceptor strength’ which depends on the types of donor and acceptor
under consideration) to the FRET rate. The total decay rate of a donor with environment m is
then given by

shells

m;
F(m) =7+ Cdon—acc Z 7‘76 (29)

The probability to find an environment m can be calculated when considering two things: (i) the
acceptor occupations of shells ¢ and j # ¢ are not correlated, and (ii) for each shell ¢ the probability
to find m; is binomially distributed, depending on the number of cation sites n; and the ensemble
averaged fraction ¢ of cation sites occupied by an acceptor (the ‘acceptor concentration’).

shells
P(m) = [] p(m:);
i (2.10)

p(mi) = (:; ) P (1 — )i

i
Now we can write an expression for n(t) as a sum over the decays of excited donors of different
environments, with the appropriate weights.

n(t) = n(0) Z P(m)e Tt (2.11)

where the summation runs over the possible values of m; for all shells i. Filling in (2.9) and (2.10)
yields after some algebra that

shells n;

n(t) = n(0)e Yredt H Z p(mi)e_cd"“*mmit/r?. (2.12)

i m;=0
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Using (2.7) and the binomial theorem (4 + B)" =37, (})A¥B"~* we arrive at

shells
n(t) — n(o)e_’}"r-adt H (1 _ (b + ¢6_Cduu~>acct/7‘?)ni (213)

Each factor 4 in the product accounts for the effect of FRET to shell ¢ on the decay curve. Factor
i is approximately equal to unity if Cyon_sacct/r$ < 1, i.e. shells far away hardly affect the decay
curve (at least for times sufficiently short after the excitation pulse). This is a direct effect of the
short range of FRET. For the upper limit of the product in (2.10) one can choose some value N
for which 7N > Cyon—acct™ , where t* is e.g. the time after which the PL decay curve has reached
the background intensity or decayed over 3 orders of magnitude.

2.3.3 Decay with a high concentration of donors and acceptors

If there is a high concentration of donors and acceptors, the problem of finding an expression for
n(t) like in the previous section is generally too complex to be solved analytically. However, for two
limiting cases an exact solution can still be found: if the donor-donor migration very fast compared
to the donor-acceptor transfer rate, and if the donor-donor migration is very slow compared to the
donor-acceptor transfer rate.

If the donor-donor migration is vanishingly slow, it can be neglected and the expression for n(t)
becomes the same as (2.13). The high concentration of donors does not play a role here, because
there is no migration involved and neighboring donor ions act as inert ions.

If the donor-donor migration is very fast compared to donor-acceptor transfer, the excitation
travels over so many donor ions that it senses an average environment of acceptor ions. To calculate
the average transfer rate, we have to perform the following summation [6]:

shells

C. on—acclli
(yer) = ¢ Y~ (2.14)
i=1

L

where the sum runs over the rate to all lattice sites (Cdo"r+“")7 multiplied by ¢, the acceptor

concentration. Physically, the situation is that all donors have an equal probability of being excited.
The decay is now bi-exponential, with decay rate:

shells C n
don—acc’i
7+¢§:44;%4f (2.15)

i=1 "

In the intermediate region, in which the donor-donor migration strength is comparable to the donor-
acceptor strength, it is difficult to obtain a direct expression for n(t). In the 60s and 70s, several
attempts were made to approximate decay curves at high dopant concentrations by comparing
energy migration to other physical processes. In 1967, Yokota and Tanimoto treated the migration
of excitation among donors as a diffusion process [8]. However, this has a major drawback: in a
diffusion process, diffusion over very small distances is allowed. In reality, luminescent centers are
located at fixed positions in a crystal structure and only migration to ions at specific distances can
occur. A second approach is to treat the migration of excitation over donor ions as a random walk
process [19]. However, all distances between donor and acceptor ions were allowed here as well.

The use of a computer model, in which the donor-to-donor strength is optimized to yield the
best possible correspondence with the data, appears therefore very appropriate. In a computer
model, a crystal structure can be built in which the luminescent ions assume a fixed position. This
approach requires high computation powers, which were not available in the previous century.
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2.4 Monte Carlo simulations

Rapid advances in computing technology allow us to study the process of energy migration and
transfer using Monte Carlo simulations. The Monte Carlo method refers to a method that relies
on repeated random sampling to obtain numerical results. It is often used when it is not feasible
to obtain a closed-form expression.

It has proven difficult to obtain a closed-form expression for n(t) at high dopant concentrations,
and a donor-donor migration strength which is comparable to the donor-acceptor transfer strength.
Therefore it is logical to use the Monte Carlo method to try to obtain an expression for n(t) in
this situation. The approach here is to simulate a crystal with random distributions of dopant
ions. If the exact distribution is known, we know the distance between every donor-donor and
donor-acceptor pair. The problem can then be solved analytically to yield an expression for n(t).
This is however still a microscopic expression which describes a very small crystal. Repeating this
simulation a large number of times and averaging yields an expression for the macroscopic behavior
of n(t). The method used to derive this expression for n(t) was for the most part developed by
Freddy Rabouw and described in the next section.

2.4.1 Formulas

We simulate a crystal with donor and acceptor ions. An excitation laser pulse instantaneously
excites a subset of the donor ions. The approach here is to derive for each ion a differential
equation that describes its behavior over time. The population of donor ¢ evolves as

don acc
dni
pra + ZMiHj[(l —ng)n; —ni(1—n;)] — ZTinni
J#i k
don acc (216)
= =i+ Y Miojlng —ni) = > Tiorn
i ko

with n; the probability that donor ion ¢ is in the excited state, v the radiative decay rate of
the donor ions, M;.,; the donor-to-donor energy migration rate, and T;.,; the donor-to-acceptor
energy transfer rate. Note that M;.,; and T}, strongly depend on the distance between the ions
involved. The first term of the equation describes pure radiative decay; it is negative because
radiative decay always causes a decrease in the ion population. The second term in the equation
describes both energy migration from 7 to j and the reverse process of energy migration from j
to 4, for which we assume equal rates. It can be both positive or negative because a migration
from ion ¢ to j subtracts from the population of ion ¢ whereas a migration from ion j to 7 adds
to the population of ion ¢. The third term describes transfer to an acceptor center; it is always
negative because transfer from a donor to an acceptor always subtracts from the ion population.
Back-transfer from an acceptor to a donor is not taken into account because it can usually be
neglected.

The above equation is a linear set of (differential) equations, Whi;h can be rewritten in the

matrix form. Basically this means that we rewrite the equation as 7;n = An, in which n is a
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vector denoting every ion n; and A is a matrix. After rewriting we obtain

Ty Mg Moz -+ M
M1 —To Mays
A= |Mso1 Moy —I73 (2.17)
Mjei I

If we multiply this matrix with the vector n we obtain equation (2.8). The general solution of
this system of rate equations is

n(t)=>» civie (2.18)
i
where ~; and v; are the eigenvalues and corresponding eigenvectors of rate matrix A. The
coefficients {c¢;} are determined by the initial distribution of excitation energy n(0):

c =V 'n(0) (2.19)
with V = (v vo v3 ...). Hence, following the excitation of a single donor k the population evolution
is described by Eq. 5 with ¢; = cgk) = (V" Yki.

For a particular excitation distribution n(0), the light intensity recorded after time ¢ is propor-
tional to the total population of excited donors:

don don

I(t) Z ni(t) =Y (ci Z v;je%t> (2.20)

i
If we assume that the excitation power is low and saturation of the acceptor centers is not a factor,

the experimental photoluminescence decay curve results from averaging (2.12) over all possible
single-donor excitations k:

don don don don
HOESIPMIHOEDS) (Zci’“ > v)
k j 3 ;

i

A don (2.21)
-3 (g(v%) (Zv>

where ngk) (t) denotes the probability that donor ion j is excited after time ¢ following initial

excitation in donor ion k. We see that the decay curve contains rate components {~; } with weights
d - d
() (S )

2.4.2 Periodic boundary conditions

If we model a crystal of finite size, ions at the surface will have fewer neighbors than others. Because
in reality we will deal with large, annealed crystals in which the surface area is low compared to
the volume, this is not a physically relevant situation. Therefore we will impose periodic boundary
conditions, which means that the same crystal is repeated several times in space. To simulate this
situation, we impose the condition that the box size length is subtracted from the distance between
two ions if their distance is larger than half the box size length. This procedure is followed for all
three unit cell dimensions.
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2.4.3 Modeled decay curves

To create modeled decay curves we first have to build a crystal lattice. This can be done by consid-
ering the crystal structure: monocline (monazite, LaPQO4) and tetragonal bipyramidal (xenotime,
YPO,). The unit cell distances and angles were obtained from literature [20]. Both monazite
and xenotime have four cation positions per unit cell. The distance between two cations can be
calculated by adding the distance between the unit cells to the distance between the positions of
the ions within the unit cell, taking into account the periodic boundary conditions. If we know the
distance between the ions, we can calculate all values of matrix (2.17). The migrations rates M
and the transfer rates T' are calculated using the following equations:

M5 = Caon-donTs;’ (2.22)

Tiek = C(don—accTi_k6 (2.23)

The constant Cqon-acc can be approximated by doing experiments on samples with low donor
concentration (see section 2.3.2). The constant Cgon-qon 18 an unknown fit parameter. It is one of
the main aims of this research to obtain the value of Cgon_qon for both model systems and compare
it to the value of Cyon-acc-

2.4.4 Number of simulations and box size

Two important parameters in the model are the box size and the number of simulations. If the
box size is too small, a small box of similarly located donor and acceptor ions is repeated infinitely
in each direction due to the periodic boundary conditions. This situation is unphysical, because
donor and acceptor ions are distributed randomly in a real crystal. However, if the box size is large
enough, the distribution will approximate a completely random distribution.

The number of simulations is an important parameter as well. In practice, we study lumines-
cence of a sample that contains on the order of N, (6.02 x 1023) atoms. If we were to simulate
a box size which contains this many atoms, it would take a huge amount of computing time and
power. However, we can also keep the box size smaller and repeat the simulation multiple times.
This is physically the same as exciting different parts of a large crystal with a laser pulse. By
carefully tuning the box size as well as number of simulations, we can model a physically relevant
situation while limiting computing time and power.

In this work, we will always work with a box size of 7x7x7 and a number of simulations of
1.000 unless otherwise noted. In the monazite and xenotime unit cell, each unit cell contains four
different Ln3" cations. This means that the box contains 7 x 7 * 7 * 4 = 1372 cations.

We can verify that the box size and number of simulations is sufficient by gradually increasing
the box size and number of simulations. At a certain point, the simulated decay curves will not
change significantly anymore and we have reached the point of convergence. If this point has been
reached before we reach a box size of 7x7x7 and a number of simulations of 1.000, we have verified
that the chosen parameters are sufficient. The influence of the box size can be seen in Fig. 2.3,
the influence of the number of simulations can be seen in Fig. 2.4. We see that indeed, the point
of convergence is reached after 1000 simulations and a box size of 7x7x7.
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Figure 2.3: Modeling the LaPOy4: Ce3", Nd3* system with different box sizes: a box size of 2
(blue), 3 (red), 4 (yellow), 5 (green), 6 (light blue), 7 (magenta) and 8 (orange). The functions
of 7 and 8 overlap almost completely. Other parameters are: number of simulations (1000), Ce3*
lifetime (16.66 ns), Ce3t-Nd?* transfer rate (0.0025 ns~1AS), Ce3t-Nd3+ migration rate (0.0025
ns—'AS), Ce?t concentration (5%) and Nd** concentration (5%)
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Figure 2.4: Modeling the LaPOy4: Ce?t, Nd?*+ system with different number of simulations: 1
simulation (blue), 5 (red), 25 (yellow), 125 (green), 625 (light blue) and 3125 simulations (magenta).
The functions of 625 and 3125 overlap almost completely. Other parameters are: box size (7), Ce3*
lifetime (16.66 ns), Ce3t-Nd?* transfer rate (0.0025 ns—1AS), Ce?t-Nd3+ migration rate (0.0025
ns~1AS), Cet concentration (5%) and Nd®* concentration (5%)

2.4.5 Influence of the crystal structure

In this work we study energy migration in two different crystal structures: monazite (LaPO,) and
xenotime (YPOy). The distances between ions in these two lattices is different and the transfer and
migration rates between ions will also differ. Consequently, the decay curves will have a different
shape for the two crystal structures. The analytical expression (neglecting donor-donor migration)
will differ because the two crystal structures have a different neighbor list (see section 2.3.2). The
decay curves created with Monte Carlo methods will differ as well because a different rate matrix
is created (see section 2.3.3).
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Figure 2.5: Modeling the Ce?* and Nd®* system within the monazite structure (blue) and the
xenotime structure (red). Pure radiative decay is indicated by the black line. The dashed gray
line represents an analytical expression neglecting donor-donor migration: there is no observable
difference between the analytical expressions for monazite and xenotime. Parameters are: Ce3*
lifetime (16.66 ns), Ce3T-Nd3* transfer rate (0.0025 ns~'A%), Ce3t-Ce®* migration rate (0.0025
ns~1AS), Ce3* concentration (5%) and Nd®* concentration (5%).

It is known that LaPO, crystallizes in the monazite structure whereas YPQO, crystallizes in
the xenotime structure. However, trying to model the luminescent decay with different crystal
structures can provide useful insights into the energy transfer dynamics.

In Fig. 2.5, the difference between the two crystal structures is shown for the ion pair Ce3*
and Nd3T. Only the blue line has physical relevance, because we know that LaPQy4: Ce3t, Nd?+
crystallizes in the monazite structure. It can be seen that the difference between the model at
different crystal structures is small. The predicted slightly faster decay for the xenotime can be
explained by the closer nearest-neighbor distance (0.38 nm vs 0.41 nm). It is interesting to note
that there is no observable difference if an analytical expression is used which neglects migration;
the difference in expressions is probably too small to be observed.

In figure 2.6, the same difference between the two crystal structures is shown for the ion pair
Gd3* and Er3*. Only the red line has physical relevance, because we know that YPO,: Gd3t,
Er?t crystallizes in the monazite structure. Similarly as for the Ce3t and Nd37 pair, the difference
between the crystal structures is small, but the decay is predicted to be faster if a xenotime structure
is used. The analytical expression also predicts a faster decay for the xenotime structure.
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Figure 2.6: Modeling the Gd®*T and Er®* system within the monazite structure (blue) and the
xenotime structure (red). Pure radiative decay is indicated by the black line. The dashed lines
represent analytical expressions neglecting donor-donor migration: monazite (blue) and xenotime
(red). Parameters are: Gd3* lifetime (4.454 ms), Gd*>T-Ert transfer rate (0.0026 ms—'AS),
Gd?*t-Gd>?* migration rate (0.0026 ms~'A%), Gd**+ concentration (5%) and Er®* concentration

(5%).

2.4.6 Adding a background signal

In order to properly compare the luminescence decay measurements with the modeled decay curves,
it is convenient to add a background to the modeled decay curves. We know from experience that
the intensity of this background is around 10™* of the peak signal. If we add this background
to the modeled decay function, a more reasonable comparison with the experimental data can be
made.
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Chapter 3

Experimental Section

3.1 Synthesis

Synthesis of the LaPQ,4: Ce?t, Nd3* model system was based on a synthesis developed by van
Schaik et al. [21]. This procedure was optimized for high crystallinity as judged from X-ray
diffraction (see measurements section). Appropriate amounts of rare earth oxides were mixed with
a stoichiometric amount of (NH,)oHPO, and crushed in a ball mill for 10 minutes, using acetone as
lubricant. After evaporation of the acetone, the samples were heated in a tubular oven to 1100°C
for 3 hours. The samples were then crushed in a ball mortar for 10 minutes and heated to 1400°C
for 3 hours in a tubular oven under Hy pressure. X-ray diffraction was used to confirm that the
samples were phase pure (see section 4.1).

The coprecipitation synthesis of the YPO4: Gd3*, Er3* model system was based on a synthesis
developed by Vergeer et al. [2] and a rare earth chloride synthesis by Meyer et al. [22]. Appropriate
amounts of rare earth oxides were mixed with a 15x excess of NH4Cl. Heating to 240°C for 10
hours converted the oxides to chlorides. The chlorides were subsequently dissolved in HoO and
a 110% excess of oxalic acid (aqueous solution) was added. Precipitation of rare earth oxalates
occurred instantaneously. The suspension was washed three times by centrifugation, removal of the
supernatant and addition of fresh water in order to remove excess chloride ions. The resulting rare
earth oxalates were dried and subsequently converted to oxides by heating to 1100°C for 3 hours.
Finally, the oxides were mixed with a stoichiometric amount of (NH4)2HPO,4 and heated to 1400°C
for 3 hours. An X-ray diffractogram of the samples was measured and the samples appeared to
be phase pure (see section 4.1). The YPO,: Gd**t, Er®* model system was also synthesized with
the solid state method; this was performed in the exact same way as for the LaPOy: Ce3t, Nd3+
model system.

3.2 Characterization

X-ray diffraction (XRD) patterns were recorded with a Philips PW1729 X-ray diffractometer using
CuKa radiation (A = 1.5418 nm).

Emission and excitation spectra were measured using an Edinburgh Instruments FL.S920 fluo-
rescence spectrometer equipped with a 450 W xenon lamp and double excitation monochromator
with a grating blazed at 300 nm for excitation of Ce3* ions. For lifetime measurements on LaPOy:
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Ce3t and LaPOy: Ce?t, Nd3*, excitation was carried out with a PicoQuant pulsed diode laser
(PDL 800-B and PLS 8-2-409) emitting at 270 nm (repetition rate 2.5 MHz). For UV /Vis detection
of the decay curves, a Hamamatsu H742202 photomultiplier tube was used. Analysis was carried
out using time-correlated single photon counting (TCSPC). For lifetime measurements on YPOy:
Gd*t and YPOy4: Gd3*, Er®* excitation was carried out using an Opolette HR 355 optometric
parametric oscillator (OPO). Detection was carried out using an Ekspla K928 photomultiplier tube
and analysis was carried out using a multi-channel scaling (MCS) method.
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Chapter 4

Results and Discussion

4.1 X-ray diffraction

The powders which were synthesized are mostly ordered (crystalline) but disordered (amorphous)
regions within the powders can exist as well. The relative amount of crystalline material within the
powder is referred to as the “crystallinity”. To measure the crystallinity of the synthesized powders,
X-ray diffraction was used. X-ray diffraction can determine the crystallinity of the synthesized
powders. Higher peaks in an X-ray diffractogram correspond with a higher degree of crystallinity,
because the reflection on the Bragg planes is stronger. It can also determine whether the powders
are single-phase (one crystal structure) or multi-phase (mixed crystal structures).

Rare earth phosphates adopt two main crystal structures: monazite (monocline) and xenotime
(tetragonal bipyramidal). The fact that there are two different structures is caused by a difference
in ionic radius of the lanthanide ions. The lighter, larger lanthanides (La-Gd) usually adopt the
monazite structure whereas the heavier, smaller lanthanides (Gd-Lu) and yttrium (Y) usually
adopt the xenotime structure.

Three diffractograms of LaPOy4: 5% Ce3t, 5% Nd3t, LaPOy: 16.5% Ce3t, 5% Nd3t and
LaPOy: 0.1% Ce3*, 16.5% Nd3*are shown on the next page. The experimental measurements are
in red, references of the LaPO4 (PDF 01-083-0651) and YPO4 (PDF 11-254) crystal structures are
indicated by black bars. The samples were also used for luminescence decay curve analysis (see
section 4.3). An optimization procedure was carried out for LaPQOy to increase the crystallinity of
the powders as much as possible.

As can be seen, there is a good correspondence between the data and the references. Only a few
peaks appear that cannot be explained by the monazite and xenotime structure: at 20 = 44 and
63. These peaks are caused by diffractions on the aluminium sample holder. No evidence of second
phases, such as Ce (IV) compounds, can be observed in the diffractograms. The high crystallinity
and single-phase crystal structure is retained at high Ce3* and high Nd3* concentrations, as can
be seen in Fig. 4.2 and 4.3. Therefore it can be assumed that all synthesized LaPQ,4: Ce3t, Nd3+
powders adopt a single-phase monazite structure.

The synthesized YPO,: Gd3T, Er*t powders were measured with XRD as well. The results
are shown in Fig. 4.4 and 4.5. The XRD pattern show that all peaks of the xenotime structure
can be detected. However, the sample with high gadolinium content shows a significant decrease
in crystallinity (3000 vs. 5500 peak counts). It is possible that a higher Gd3* concentration causes
distortions in the crystal structure, lowering the crystallinity.
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Figure 4.1: XRD pattern of LaPOy: 5% Ce®*, 5% Nd3T (red) with reference (black)
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Figure 4.2: XRD pattern of LaPOy: 16.5% Ce3, 5% Nd3* (red) with reference (black)
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Figure 4.3: XRD pattern of LaPOg4: 0.1% Ce3t, 16.5% Nd>* (red) with reference (black)
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Figure 4.4: XRD pattern of YPOy: 0.1% Gd3*, 10% Er3* (red) with reference (black)

20 30 40 50 60 70 80
L L L L L L

10
3500
30007
25001
£2000]
c
3
8 15001

10004

500+ L
0 B W VRTINS T T
40 50 60

10 20 30 70 80

20

Figure 4.5: XRD pattern of YPOy4: 10% Gd3*, 5% Er3* (red) with reference (black)

4.2 Emission and excitation spectra

A useful tool to investigate the luminescence dynamics inside a phosphor is the recording of emission
and excitation spectra. To obtain an emission spectrum, the sample is irradiated with light of a
fixed wavelength. The amount of photons emitted from the sample is then recorded at different
wavelengths. To obtain an excitation spectrum, the reverse is done: the amount of photons emitted
is recorded at a fixed emission wavelength while the excitation wavelength is varied.

4.2.1 Emission and excitation of Ce**

An emission and excitation spectrum of LaPOy: 1% Ce?* is shown in Fig. 4.6. Both the excitation
and the emission spectrum show several broad bands. The spectra can be explained by considering
the different energy levels of the Ce3t ion: the bands in the excitation spectrum can be assigned
to 4f°5d' — 4f! transitions while the bands in the emission spectrum can be assigned to 4f! —
4f95d" transitions. The ground state of the Ce3t ion is 4f'. Because the electron is in the 4f shell
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Figure 4.6: Excitation spectrum (red) and emission spectrum (black) of LaPOy4: 1% Ce3*. Excita-
tion wavelength (270 nm) is marked with a black arrow, emission wavelength (340 nm) is marked
with a red arrow.

and is shielded from the chemical environment, there is to a good approximation no crystal field
splitting of this ground state. The 2F ground state can assume two different J values: J = 5/2
and J = 7/2, with the former having the lowest energy. The transitions that are related to the
bands shown in the spectrum involve excitation of the ion to the 5d excited state, which has a
term symbol of 2D. In contrast to the 4f shell, this state is strongly affected by the chemical
environment and is split by the crystal field. The monazite structure has a symmetry of Coy.
According to the character table of this point group, this splits the 2D excited state into five
different states: three 24, and two 2B, states. A global energy level diagram of all the different
energy levels can be seen in Figure 4.5. Excitation (red) and emission (green) lines are also shown.
Excitation of the Ce?* ion can only occur from the ground state. If excitation to the 5d orbital
occurs, the system rapidly relaxes to the lowest 5d level via non-radiative decay. Therefore only
emission from the lowest level of the 5d state occurs. For these reasons, we expect five different
peaks in the excitation spectrum and two different peaks in the emission spectrum. This is indeed
what is observed. Two bands can be seen in the emission spectrum with A = 315 and 335 nm. In
the excitation spectrum, three different bands can be observed at wavelengths of 240, 255 and 275
nm. According to literature [23], the wavelengths should be 206, 214, 239, 256 and 274 nm. This
is consistent with our three last observed wavelengths; the first two excitations are probably too
weak to be observed. The peaks in both the emission and the excitation spectrum are quite broad,
because there is a large interaction between the 5d state and the chemical environment.

It is interesting to note that there is a small overlap between the excitation and emission
spectrum. In order to achieve energy transfer from a donor to an acceptor, overlap between the
emission spectrum of the donor and the excitation spectrum of the acceptor is mandatory. In this
work we would like to study energy transfer from one Ce3* ion to another. The overlap between
the excitation and emission spectrum shows that this transfer is possible, although the relatively
small overlap will probably limit the rate at which this process occurs.

It is possible to study the decay of the Ce?* excited state by exciting and 270 nm and measuring
the luminescence decay at 340 nm. This is described in section 4.3.1.
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Figure 4.7: Global energy level diagram of the Ce3t ion (energy levels not to scale). Possible
excitations are indicated with red, possible emissions with green arrows.

4.2.2 Nd** emission

In this work we want to quantify the rate at which migration from Ce®*t ions to other Ce3* ions
occurs. In order to study this process we also have to add acceptor ions. If no acceptor ions are
added, migration from Ce®* to Ce3* ions does not significantly alter the luminescence properties
of the material; although the eventual quenching on defects or traps may increase, this effect is
difficult to quantify. In this work we have chosen the lanthanide Nd3* as an acceptor ion, using
the system LaPQy,: Ce?t, Nd3t. This is very similar to the system LaPQy: Ce3t, Th3*t which is
used in fluorescent light bulbs to convert UV to green light [24]. Although LaPQOy,: Ce3t, Nd3+
is not such a commonly used system, energy transfer from Ce3t, Nd3* has been reported before
in the literature [21]. The Nd** ion has the advantage of being more chemically similar to La3*t
and Ce?t, making incorporation into the crystal lattice more convenient and reducing the risk of
phase separation. This was confirmed by XRD measurements (see section 4.1): the crystallinity of
LaPOy: Ce®t, Nd3* was significantly higher than LaPO,: Ce3*, Th3* and phase separation did
not occur.

Some indication of energy transfer from Ce3T to Nd3T can be obtained by exciting Ce3* in
the UV region and measuring the emission of Nd?*. Although Nd?* can possibly also be directly
excited at 270 nm, the absorption of Ce3t ions is much stronger. Emission spectra of LaPOy:
0.1 % Ce3T with increasing concentration of Nd3* can be seen in Fig. 4.8. Several emissions are
visible, however, the emission peaks with A < 1000 nm are also present in the sample without
Nd?*t and are probably not caused by Nd3t emission. Emission from defects or trap is the most
likely explanation for these peaks. In contrast, the sharp peak around 1064 nm is not present in
the sample without Nd3T, and it can be assigned to the 4F3/2 — 4I11/2 transition on the Nd37 ion.
A weak emission can also be seen around 1319 nm, which can be assigned to the *Fj /2 = 44 /2
transition. These two emissions offer direct proof of energy transfer from Ce3* to Nd3*+. It can
be seen that the emission peak heights decrease at higher Nd3* concentration. This is probably
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Figure 4.8: Emission spectrum of LaPQOy: 0.1% Ce3* with increasing Nd3* concentration: 0%
(black), 2.5% (red) and 10 % (blue). Excitation was performed at 270 nm.

caused by quenching of these emissions at higher concentrations, decreasing the luminescence. In
conclusion, luminescence from Nd3* ions was detected while exciting in the UV region, and this
offers an indication that transfer from Ce3* to Nd3* can occur. More proof about this transfer is
apparent from the luminescence decay curves, see section 4.3.1.

4.2.3 Emission and excitation of Gd3*

A similar analysis as in 4.2.2 was carried out for the YPO,4: Gd3*, Er?t system. First, an emission
and excitation scan of YPOy: 0.1 % Gd3* was measured to see where the strongest emission and
excitation wavelength is located. The result can be seen in Fig. 4.9.
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Figure 4.9: Excitation spectrum (red) and emission spectrum (black) of YPOy,: 0.1% Gd3*+. Exci-
tation for the emission spectrum was performed at 273 nm, the excitation spectrum was measured
while detecting emission at 309 nm. The spectrum was not corrected for detector response.

The spectra are characterized by sharp excitation and emission lines, as can be expected for
f — f transitions on a trivalent lanthanide ion. Excitation peaks are located around 273 nm which
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can be assigned to various 8S — 6I; transitions. The main emission peak is located at 309 nm,
which can be assigned to a SP; /2 = 85 transition. Small side peaks in the emission spectrum
are caused by emission from the nearby 6P /2 level, as well as a small crystal field splitting. It is
possible to study the decay of the °P; /5 — ®S by exciting at 273 nm and measuring the emission
at 309 nm. This is described in section 4.3.2.

It should be noted that it is not possible to obtain a value for the spectral overlap from Figure
4.9. The relevant spectral overlap for Gd*t—Gd3* migration is the overlap between the 5 P; /2 = 88
emission and the 85 — 6P, /2 excitation, which is not visible in the graph and is also difficult to
detect experimentally.

4.2.4 Er3" emission

For the second system, Er3t was chosen as an acceptor ion. The reason for this is that this ion fits
within the xenotime structure of YPOy4 and that it has many energy levels with a similar energy
to the ®P; /5 level of Gd**. An attempt was made to incorporate ions such as Th*" and Dy**,
but luminescence decay curves for these samples were difficult to fit to an analytical function.

If energy transfer from Gd3* to Er3* occurs, it would be expected that emission from Er3+
ions can be detected, similarly to emission from Nd3* ions in section 4.2.2. Typical for Er3+t
luminescence is the green emission that arises from 453/2 — 4I15/2 and 2H11/2 — 4115/2 transitions
[25].

Contrary to expectations, it was not possible to detect any emission from Er3*, neither for
samples synthesized with the coprecipitation method nor for those prepared using the solid state
method. Neither was the Er3* emission detected while attempting to directly excite the Er3* ion
at lower energies. However, luminescence decay curves of YPQy: Gd3t, Er3* clearly indicate that
energy transfer from Gd3* to Er3* is taking place, and the incorporation of Er®*t in the samples
was evident from the pink color of samples containing Er3t. Therefore we hypothesize that the
Er3* emission is not visible due to rapid cross-relaxation.

Cross-relaxation is a process that is the inverse of an upconversion process: the excited state
of an ion (ion 1) falls back to an intermediate state while this energy is concomitantly transferred
to another nearby ion (ion 2) [26]. For the cross-relaxation process it is necessary that energy is
conserved, i.e. that the energy difference between excited state and intermediate state of ion 1 is
similar to the energy difference between the ground state and excited state of ion 2.

We can consider this process for an Er3* ion. If this ion is excited by a Gd3* ion via energy
transfer, the ion is most likely excited to the 2P; /2 level because this is most close in energy to the
6P7/2 excited state of the Gd®>* ion (see Dieke diagram, Fig. 2.1).

In Fig. 4.10 a possible cross-relaxation pathway can be seen. The 2P; /2 level has an energy
difference of around 31.5%103 cm ™! with the ground state, while the Fy /2 has an energy difference
of around 15.5%10% cm~! with the ground state; cross-relaxation appears to be possible considering
the energy conservation criterion.

Because the green emitting 4S5 2 and 2Hy4 /2 levels can no longer be reached after cross-
relaxation, the process could explain why green emission is not present. However, one would
still expect red emission from the 4 Fy /2 excited state which was not detected either. In addition,
it cannot explain why the emission was not detected when attempting to directly excite the Er3+
ions. Possibly, the existence of traps or defects in the lattice is an additional issue which causes
the excitation energy to be lost non-radiatively.
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Figure 4.10: Energy diagram with a possible cross-relaxation (c.r.) process of Er3T ions, one of
which is excited to the 2Ps /2 level via energy transfer from excited Gd37 ions. The cross-relaxation
process is the relaxation of the 2P; /2 level to the 4y /2 state on ion 1 (left) and concomitant
excitation from the ground state to the *Fy /2 state on ion 2 (right).

4.3 Luminescence decay curves

Luminescence decay curves were recorded using the time-correlated single photon counting (TC-
SPC) method for Ce®** emission and multi-channel scaling (MCS) for Gd®** emission. The equip-
ment used is described in the experimental section (3.2).

4.3.1 The LaPO,: Ce3", Nd*" model system

In the LaPO4: Ce?t, Nd3* system, Ce?*t is the donor and Nd37 is the acceptor. Although the
system is not commonly used for practical application, transfer from Ce3* to Nd3* has been
described before in the literature [21]. The aim of studying luminescence decay curves of this
system in this work is to study migration among Ce®* centers. However, in order to analyze the
decay curves in a quantitative manner, two other decay parameters should be studied first: the
pure radiative decay rate of Ce3™ and the transfer rate from Ce3* to Nd3*. In order to measure
the pure radiative decay rate of Ce3t, it is useful to study luminescence decay of Ce?t without
other influences present. The decay should then be mono-exponential and the radiative decay
rate can be determined by fitting the data to a mono-exponential function. The concentration of
Ce3* should be kept low in order to prevent migration over the ions and subsequent quenching on
traps. A luminescence decay curve of LaPOy: 0.1% Ce3t was recorded by exciting at 270 nm and
monitoring the luminescence intensity at 340 nm over time. The result can be seen in Fig. 4.11.
As can be seen, the data correspond well to a mono-exponential decay. The data were fitted using
the following mono-exponential function:

I(t) =1(0) xe " + b (4.1)

Where 1(0) is the intensity at ¢ = 0, b is the background intensity and ~y is the radiative decay
rate. The value for ~ that yielded the best possible fit was 0.06002 ns~!. The lifetime of the decay,
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Figure 4.11: Decay curve of LaPOy: 0.1% Ce3t, with mono-exponential fit (red). Excitation
wavelength was 270 nm, luminescence intensity was recorded at 340 nm.

defined as the inverse of the decay rate, is then 16.66 ns. The lifetime is short because the 5d — 4 f
transition is parity allowed, causing relatively fast decay.

The second step is to add Nd?t acceptors to the system in order to determine the rate of
energy transfer from Ce®* to Nd3*t. It is important to still keep the Ce3* concentration low (0.1
%) to avoid migration over the Ce3t ions for now. In order to obtain reliable results, samples
with several Nd3* concentrations were measured: 2.5%, 5%, 9% and 16.5% Nd®*. The results are
shown in Fig. 4.12. In order to make the comparison between the results more convenient, the
curves were normalized, meaning that all data points were divided by the intensity at the start
of the curve (I1(0)). A single mono-exponential function (pure radiative rate) is also shown. The
decay can never be slower than this mono-exponential function, because Ce3* ions in the excited
state always undergo radiative decay with decay rate ~.

We can see that at higher concentration of Nd3*, the luminescence decays faster and becomes
non-exponential. This is an expected result, because at higher acceptor concentration donor ions
have more acceptor ions around them to which they can transfer the excitation energy. The non-
exponential decay stems from the fact that ions are distributed randomly in the crystal and not all
ions have the same amount of acceptor ions around them. The summation of several exponential
functions with different decay rates results in a non-exponential decay.

In order to quantify the results and determine the rate of energy transfer from Ce3* to Nd3t,
we have to fit to the more complicated equation (4.2). The derivation of this equation can be found
in the Theory section.

shells
I(t) = 1(0) x e 7 T (1 — ¢ + ge Camacct/riyni 4 p (4.2)

K2

Here, v is the pure radiative decay rate, ¢ is the fraction of cation sites occupied with acceptor
ions, r; is distance from the central donor and n; is the amount of neighbors within the shell with
radius 7;. A so-called 'neighbor list’ has to be used with for each distance r; the corresponding n;.
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Figure 4.12: Decay curves of luminescence from LaPOy: 0.1 % Ce3t with varying Nd3* concen-
trations: 2.5% (blue), 5% (red), 9% (yellow) and 16.5% (green). Excitation wavelength was 270
nm, luminescence intensity was recorded at 340 nm. A black line for pure radiative decay without
background, with a decay rate of 0.06002 ns~! is also shown.
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Figure 4.13: The same decay curves as in Fig. 4.12, with four different fit functions and a line for
pure radiative decay without background, with a decay rate of 0.06 ns~*

Clon—sacc 18 a fitting parameter describing the strength strength between the donor and acceptor
pair. This parameter is the “donor-acceptor strength” which was also described in the Theory
section. It has dimensions of s~'m® The data were fitted to equation (4.2), using different
acceptor concentrations.

The result of the fitting procedure and calculated donor-acceptor strength values can be seen
in Table 4.1. In the fitting procedure, the pure radiative decay rate was fixed at the value which
was found with the LaPQOy: 0.1% Ce3t sample: 0.06002 ns—!, and the acceptor concentration was
fixed at the calculated molar fractions. The background, amplitude I(0) and the donor-acceptor
strength were the fitting parameters. As can be seen, the fits correspond well with the data points,
although the quality of the fits decreases with higher acceptor concentration. Therefore, for further
analysis the Ce?t-Nd3* strength was estimated to be the average between the value for the 2.5%
and 5% Nd3*: around 0.0025 ns~*AS. With this value and the value for the radiative rate, the
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Molar fraction N3+ [ Fit parameter Ce3t— Nd3T transfer strength (in ns~'AS)
2.5% 0.00257

5% 0.00237
9% 0.00102
16.5% 0.00046

Table 4.1: The obtained fit parameter Caon—sace for Ce3t— Nd3*t transfer, at different molar frac-
tions of Nd37 ions.

characteristic Forster distance for Ce3™-Nd3T can also be calculated, using equation (2.4). If we
fill in the values (Cyon—ace = 0.0025 ns~ A% and v = 0.06002 ns—') we obtain Ry = 0.59 A.

As a final step, the donor (Ce3t) concentration was increased to study donor-to-donor migra-
tion. If this process occurs, the luminescence should decay more quickly at higher donor concen-
trations. Samples with a high concentration of Ce3* were prepared and luminescence decay curves
were measured. The result can be seen in Fig. 4.14.
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Figure 4.14: Decay curves of luminescence from LaPOy4: 5% Nd?* with varying Ce3t concentra-
tions: 0.1% (black), 2.5% (blue), 5% (red), 9% (yellow) and 17% (green). A black line for pure
radiative decay without background, with a decay rate of 0.06002 ns~—! is also shown.

The luminescence decays faster at higher Cet concentration, although the effect is not very
strong. The resulting decay curves were compared with a computer simulation (see section 4.4).
The synthesized samples showed a slight yellow coloration, indicating the possible presence of
Ce**. This coloration was also observed by van Schaik et al. [21]. They concluded that the Ce**
did not replace lattice sites in the monazite structure, but was instead present as a second phase.
This is in agreement with the results in Fig. 4.14. If Ce*" were present in the monazite lattice,
it would result in strong quenching of the luminescence, resulting in very fast decay. This is not
what is observed. Nevertheless, the presence of Ce** can still be a problem, because it can still be
present in the monazite lattice at low concentrations. Moreover, the exact concentration of Ce3*
is not known and likely to be somewhat lower than the value calculated from the amounts of rare
earth oxides that were added.
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4.3.2 The YPO,: Gd*", Er’t model system

Because LaPQy: Ce3T, Nd3+ possibly has the Ce*t problem, energy migration was studied in other
systems as well. Of these systems, the system YPO,: Gd3t, Er3* has shown the most reliable
results, and therefore we will show those here. In this system Gd®* is the donor and Er®* is the
acceptor. Although the system is not often used for practical application, transfer from Gd** to
Er3* has been shown to occur in the literature [27]. It has to be noted that transitions on the Gd3*
ion can have a strong magnetic transition dipole moment as well as an electric transition dipole
moment [28]. However, this is not expected to affect the luminescence dynamics, for the interaction
between two magnetic dipoles also decreases with the sixth power of the distance. Therefore the
procedure for studying energy migration was the same as for the previous system: first the radiative
decay rate of the donor ion was measured, then energy transfer from a donor to an acceptor was
studied by increasing the acceptor concentration gradually with a low concentration of donors, and
finally donor-donor migration was studied by increasing the donor concentration and keeping the
acceptor concentration constant.

The YPOy: Gd3*, Er®t system was synthesized in two different ways: by solid state methods
and by coprecipitation. Details can be found in the experimental section. In principle, coprecipi-
tation should lead to more accurate results due to exclusion of transition metal ions. The oxalates
of transition metal ions are much more soluble in water than the oxalates of lanthanide ions [29];
therefore only the lanthanide oxalates precipitate out of the solution while the transition metals
remain in solution (and are subsequently removed). Additionally, the coprecipitation method is
expected to yield more homogeneous samples because the precipitation of oxalates occurs in the
liquid state which allows free motion of lanthanide ions.

Firstly, the radiative decay rate of Gd®>* was measured in YPOy: 0.1% Gd3* synthesized with
the coprecipitation method. The Gd3* ions were excited with a 272 nm laser pulse to the SPj /2
level. Rapid non-radiative decay causes the system to fall back quickly to the lower 5P, /2 level.
The luminescence decay of the emission from this level to the ground state (®S) was then measured,
at a wavelength of 308 nm. The result can be seen in Fig. 4.15. The lifetime of the Gd®* emission
was measured to be 4.454 ms. The lifetime is relatively long because the f — f transition is parity
forbidden, making direct radiative decay less probable.
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Figure 4.15: Decay curve of YPO,: 0.1% Gd with mono-exponential fit (red). Excitation wave-
length was 272 nm, luminescence intensity was recorded at 308 nm.
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Figure 4.16: Decay curves of luminescence from YPOy: 0.1% Gd3* with increasing Er3* concentra-
tions: 5% (black), 10% (blue) and 20% (green). Synthesis was performed using the coprecipitation
method. Excitation wavelength was 272 nm, luminescence intensity was recorded at 308 nm. A

red line for pure radiative decay without background, with a decay rate of 0.2245 ms™! is also
shown.
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Figure 4.17: The same luminescence decay curves as in Fig. 4.16. An analytical expression (4.2)
was used to fit the data and shown as red lines. The obtained fit parameters can be seen in Table

4.2. A red line for pure radiative decay without background, with a decay rate of 0.2245 ms™—! is
also shown.

Next, the concentration of Er®t was increased. In Fig. 4.16 and 4.17 the results can be seen. As
expected, the luminescence decay accelerates at higher acceptor concentration. We can see in Table
4.2 that the Gd3t— Er3* strength is much lower than, for example, the Ce3t— Nd?* strength. The
difference can be explained by the parity-forbidden nature of both the f — f relaxation of Gd>*
and the f — f excitation of Er3T. In the event of a transfer between Ce3t and Nd3*, only the
f — f excitation of Nd3* is forbidden. Additionally, the spectral overlap between Gd3* excitation
and emission may play a role; this is hard to tell because this spectral overlap cannot be measured
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Molar fraction Er3+ [ Fit parameter Gd*>T— Er3* transfer strength (in ms=AS)
5% 0.00157
10% 0.00224
20% 0.00264

Table 4.2: The obtained fit parameter Cgon—sace for Gd3T— Er3t transfer, at different molar frac-
tions of Er®t ions.

directly.

The system was also synthesized with the solid state method. The result can be seen in
Fig. 4.18. The luminescence decay is much faster than for the samples synthesized with the
coprecipitation method, and barely accelerates at higher acceptor concentration. Possibly, the
existence of traps or impurities (e.g. transition metal ions) accelerates the decay. Because the
amount of traps or impurities is not constant in each sample, the results are not very reliable, as
opposed to the results from the co-precipitation method. Therefore a fitting procedure was only
attempted for the co-precipitation decay curves.
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Figure 4.18: Decay curves of luminescence from YPOy: 0.1% Gd3* with varying Er3* concentra-
tions: 2.5% (black), 5% (blue) and 10% (green). Synthesis was performed using the solid state
method. Excitation wavelength was 272 nm, luminescence intensity was recorded at 308 nm. A
line for pure radiative decay without background, with a decay rate of 0.2245 ms™! is also shown.

As previously described, the next step is to increase the donor (Gd3*t) concentration while

keeping the acceptor concentration constant. It is expected that the luminescence decays even
faster due to energy migration over donors and subsequent transfer to acceptors and traps.
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Figure 4.19: Decay curves of luminescence from YPO4: 5% Er with varying Gd3* concentra-
tions: 0.1% (black), 5% (green) and 10% (red). Synthesis was performed using the coprecipitation
method. Excitation wavelength was 272 nm, luminescence intensity was recorded at 308 nm. A
blue line for pure radiative decay without background, with a decay rate of 0.2245 ms™!' is also
shown.

The increase in donor concentration was attempted for both the solid state and coprecipitation
samples. The result for the co-precipitation samples can be seen in Fig. 4.19. As can be seen,
the luminescence decay accelerates rapidly at higher Gd®* concentration. The results will be
compared to a computer simulation (see section 4.4.2) but even qualitatively, the decay accelerates
much faster than would be expected. For instance, in the theory section Fig. 2.6 shows only a
small acceleration of the decay.

The increase in Gd3t was also attempted for the samples synthesized with the solid state
method. The result can be seen in Fig.4.20. As can be seen, the results are not very consistent: for
instance, the blue graph (5% Gd3T) already shows a faster decay than the red graph (10% Gd3*).
There is no reasonable explanation as to why this would occur. Possibly, there is a large amount
of traps or defects present in the lattice, which complicates the decay curve analysis. For instance,
if there is a large number of traps in a sample with low Gd®* concentration, luminescence may
actually decay faster than a sample with higher Gd3* concentration but lower trap concentration.

The decay at short delay times is also faster than would be expected. This seems to point
towards a fast-decaying component in the decay curve, which is consistent with the hypothesis that
the trap concentration is high for the solid state samples. This fast decay is not as pronounced in
the coprecipitation samples.

Overall, the data raises questions about the reproducibility of the measurements and synthesis,
especially for the solid state samples.
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Figure 4.20: Decay curves of luminescence from YPOy: 5% Er with varying Gd®* concentrations:
0.1% (black), 5% (blue), 10% (red) and 20% (green). Synthesis was performed using the solid state
method. Excitation wavelength was 272 nm, luminescence intensity was recorded at 308 nm. A
line for pure radiative decay without background, with a decay rate of 0.2245 ms™! is also shown.

4.4 Monte Carlo modeling and comparison with data

4.4.1 The LaPO,: Ce3"t, Nd*" model system

The LaPOy: Ce?t, Nd3* system was modeled using Monte Carlo simulations. Details about the
model can be found in section 2.4. The modeled decay curves can now be compared to the actual
data. Ideally, this would make it possible to estimate the donor-to-donor migration strength and
compare it to the donor-to-acceptor transfer strength. This comparison was only attempted for
relatively low Ce3t concentration: 5% Ce?t and 9% Ce3t. Luminescence decay curves of higher
concentrations are probably less accurate due to the presence of Ce?t.

In Fig. 4.21 a comparison between the model and the experimental data can be seen for 5%
Ce3t (left) and 9% Ce®* (right). We can see that the effect of migration is almost negligible for
5% Ce3* and more pronounced for 9% Ce3*. Considering both graphs, we estimate a low value for
the Ce3T-Ce3t strength: about 1/3 of the Ce®*~Nd37 strength. This corresponds to a strength of
0.0008 ns~'AS. According to equation (2.4), the characteristic Forster radius Ry for Ce?t-Ce3*
is then 0.49 nm. This seems to indicate that the Ce3t-Ce3* migration process is quite slow; the
reason could be that the spectral overlap between two Ce3t centers is small.

We can also see that the Monte Carlo simulation does not exactly match the experimental data.
The reason could be that the model assumes a completely random distribution of ions, whereas
this is not necessarily the situation for a real crystal. Although crystallinity was optimized and
the powders were mixed two times in a ball mill (see Experimental section), a completely random
distribution cannot be guaranteed. The fact that the reaction was performed in the solid state
(albeit at high temperatures) means that diffusion of ions during the reaction is slow. Therefore
it is possible that some ions of the same element cluster together during the synthesis. If similar
ions, e.g. Nd3* ions cluster together, this will slow down the decay because it will be more difficult
for the excitation energy to reach the Nd3* centers.
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Figure 4.21: Comparison between luminescence decay curves of LaPOy: 5% Ce®*, 5% Nd3* (left)
and LaPOg4: 9% Ce3*, 5% Nd3T (right) and Monte Carlo computer simulations (dashed lines).
For the simulations, four different Ce*-Ce* strengths were used: no migration (zero, black) one
third of the Ce3*—Nd?* strength (red), equal to the Ce3T-Nd3* strength (purple), and three times
as high as the Ce3t-Nd3* strength (blue).

Finally, the presence of Ce** (indicated by the yellow sample coloration) could be a factor in
the disagreement between the model and the data. The presence of Ce?* could have two effects:
a faster quenching of the luminescence and a lower actual Ce3* concentration. If the actual Ce3*
concentration is lower, for instance due to the formation of Ce?* in a second phase, the effect of
donor-to-donor migration is decreased because less Ce3t centers are available for this process. This
could cause a slower decay and thus an underestimation of the donor-to-donor migration strength.

4.4.2 The YPO,: Gd*", Er’t model system

Considering the problems described in the last paragraph, and the possible presence of Ce* we also
attempted the study energy migration in another system: YPO4: Gd3T, Er3*. This system has
the advantage that both Gd3* and Er3* are very stable towards oxidation or reduction. Moreover,
a coprecipitation synthesis can be used, which should lead to more homogeneous samples and the
exclusion of possible transition metal ions.

We only compared Monte Carlo simulations with luminescence decay curves from coprecipita-
tion samples, because these results were more consistent. In Fig. 4.22, the comparison with Monte
Carlo simulations can be seen for the YPOy: 5% Gd3T, 5% Er3* sample (left) and for the YPOy:
10% Gd**, 5% Er3T sample (right).

It can be seen that the model does not reproduce the experimental data well; especially for the
YPO,: 10% Gd3*t, 5% Er3* there is a large discrepancy. The experimental data show a fast decay
at the start of the curves that is not predicted by the model. Therefore it is questionable if this
experimental curve is reliable.

For the YPOy: 5% Gd3*, 5% Er3* it can be seen that the model corresponds best to the data
if a Gd3*-Er®t strength of around 33x the strength of Gd3*-Er®* transfer is used; if the fast
decaying component at the start of the curve is neglected, it reproduces the shape of the decay
curve quite well. This corresponds to a strength of 0.08 ms~ 'A% for Gd3T-Gd3*t. According to
equation (2.4) this corresponds with a Férster radius Ry = 0.67 nm for Gd3t-Gd3T migration.
This means that the migration to a nearby Gd®* ion is much more probable than transfer to an
Er3t ion at the same distance. A possible reason is that the spectral overlap of excitation and
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Figure 4.22: Comparison between luminescence decay curves of LaPOy: 5% Gd3*, 5% Er3* (left)
and LaPOy: 10% Gd3*, 5% Er3* (right) and Monte Carlo computer simulations (dashed lines).
For the simulations, four different Gd®>+-Gd?3* strengths were used: no migration (zero, black), ten
times the Gd3T-Er3* strength (red), 33 times the Gd*>*-Er3* strength (purple), and 100 times
the Gd**—Er®* strength (blue).

emission spectra between two Gd3*t centers could be very high.

A problem is that the model never corresponds completely with the data. At the start of the
curves a faster component can be observed, which is not predicted by the model.

For the YPOy4: 10% Gd3*, 5% Er3* the correspondence of the data with the model is very
weak; in the data a very fast decay is observed which is not predicted by the model.

There can be several reasons for the deviation between the model and the experimental data.
Firstly, there could be traps or defects in the lattice that cause a faster quenching of the lumi-
nescence to take place. Secondly, other ions could be present that exhibit luminescence around
the same wavelengths but decay with a faster rate; especially the presence of Ce3*, which absorbs
and emits around the same wavelengths, could be problematic. Thirdly, it is still possible that the
samples are insufficiently homogeneous and clustering takes place; this could especially cause faster
decay if Gd37 ions cluster and the migration speed is fast. Lastly, the model assumes dipole-dipole
interaction for the transfer and migration, leading to the sixth power distance dependence of the
migration rates. This is not necessarily the case as quadrupole-dipole (eighth power dependence)
or quadrupole-quadrupole (tenth power dependence) can also occur. According to Henderson and
Imbusch [6] these processes can be important especially if the electric dipole moments are weak.
The dipole moment of the Gd3* emission transition is quite weak, considering the long lifetime of
4.45 ms; therefore these quadrupolar energy transfer processes could be a factor.
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Chapter 5

Conclusion

In this research, the influence of donor-to-donor migration on luminescence was investigated, using
lanthanide crystals doped with both donor and acceptor ions. Bulk powders of the materials
LaPOy: Ce3t, Nd** and YPO,: Gd3T, Er3T were synthesized using both a solid state (LaPOy
and YPO,) and coprecipitation method (YPO,). X-ray diffraction was used to confirm the crystal
structure of the compounds and to optimize the crystallinity. Luminescence properties of the
materials was studied using emission and excitation spectra, and luminescence decay curves were
measured using the TCSPC method.

Luminescence decay curves of samples with a low donor concentration were used to determine
two essential parameters of the system: the radiative decay rate of the donor emission v and the
donor-acceptor transfer strength Cyon—sace. For LaPQOy: Ce3t, Nd3* these values were measured to
be 0.06002 ns~* for the radiative rate of Ce?* and 0.0025 ns ~'AS for the Ce3t— Nd** transfer. For
YPO,: Gd3t, Er3* the radiative rate of Gd®t was found to be 0.2245 ms—! and the Gd3t-Er3*t
strength was found to be 0.00244 ms~'AS,

Subsequently, luminescence decay curves of samples with a higher donor concentration were
measured. A Monte Carlo simulation, based on differential equations describing the decay of a
donor ion, was used to simulate decay curves of samples with a high donor concentration. A
monazite (LaPOy4) or xenotime (YPOy,) crystal consisting of 1372 ions, with periodic boundary
conditions, was simulated and donor and acceptor ions were placed randomly on the lattice. The
rates of transfer and migrations between all ions were determined by using the obtained parameters
for v (radiative rate)and Cqon—acc (transfer strength) and the distances between the ions involved.
The parameter Cyon—don (migration strength) was varied to obtain the best possible agreement
with the experimental data.

The parameter Cion—sdon Was estimated to be 0.0008 ns tA® for Ce3t-Ce3+t migration and
0.02 ms~1AS for GA3+-Gd3*. The characteristic Forster radii were estimated to be Ry = 0.49 nm
for Ce3T-Ce3t and Ry = 0.67 nm for Gd3T-Gd3*. The result for Ce?t-Ce3* is by far the most
reliable. Some problems affecting the accuracy of the measurements were encountered for both
systems; the LaPO4: Ce®t, Nd3t system showed some evidence of the presence of Ce?t albeit
probably in a second phase. The YPO,: Gd3t, Er®t showed poor agreement with the Monte
Carlo at high Gd3* concentrations, possibly due to distortions in the crystal lattice indicated by
lower crystallinity. Clearly, more research is needed on possible improvements of the synthesis to
obtain more reliable experimental results. However, this work provides a well working Monte Carlo
model which can be used to make a useful comparison with the experimental data.
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Chapter 6

Outlook

Based on the results obtained in this thesis, ideas for further research are:

e Improving the synthesis of luminescent phosphors. Although the phosphors described in
this work have shown incorporation of the desired ions and good crystallinity, luminescent
properties were sometimes lacking. In particular, the YPO,: Gd?t+, Er?t system lacked the
expected Er3* emission and the decay curves of the Gd3* emission showed fast decay at the
start of the curves. If the reason for this is the quenching of luminescence on traps or defects,
this problem can possibly be alleviated, although traps can never be completely removed in
a crystalline material [30]. The co-precipitation synthesis showed the best results, so it seems
most logical to try to optimize this method. It is possible to try more heating stages, heat
to higher temperature or add a flux to the reaction mixture. Progress could be measured by
measuring the peak counts in the XRD spectrum. Additionally, it would be interesting to
obtain more insight in the chemical and physical properties of the synthesized powders, for
instance by measuring particle size with TEM or elemental composition with EDX.

e Making the fitting process more quantitative. In this work, only a qualitative attempt was
made to fit the modeled decay curves to experimental data. This was in part because the
experimental data are not completely reliable and obtaining a quantitative fit would not add
much to the accuracy of the obtained migration strength. If the experimental data are made
more reliable and reproducible, a quantitative fitting procedure could be constructed. The
error between the modeled decay curve and the experimental data could be minimized using
the migration strength Cgopn_sdon as the fit parameter. The migration strength could then be
calculated with high accuracy.

e Extending the Monte Carlo model for upconversion and downconversion processes. If this
can be done, an optimum concentration for an up- or downconverting phosphor can be
calculated. Of the two, downconversion is by far the easiest to model. Recent attempts
to model downconversion which takes place with the cooperative mechanism have shown
promising results [31].

e Studying donor-to-donor migration in materials that are more relevant for up- or downconver-
sion. An example of a system that has recently gained attention as downconversion material
is YPO,: Tb3*, Yb3*+ [2] [31]. Examples of materials that are interesting for upconversion
processes are systems including Yb3* and Er3* ions [32] [33] [25]. This work has provided a
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solid theoretical framework with which the influence of the migration process at high dopant
concentrations can be estimated.

Extending the work of this thesis by considering nanoparticles. The small size of nanocrystals
can give rise to very interesting changes in properties such as different color, melting point,
catalytic activity and so on [34]. Doped rare earth luminescent nanocrystals with a composi-
tion similar to the powders described in this work have been made recently [35]. The influence
of simple energy transfer for these crystals has already been studied [12] [36]; extending this
with donor-to-donor migration may be very interesting. For this purpose, the luminescence
decay in a finite-sized nanocrystal could be modeled using a Monte Carlo simulation, and
the resulting dynamics could be compared to experimental decay curves. However, surface
defects are a well-known problem for nanocrystals [37] and this may complicate the analysis.
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