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Abstract

The energy level structure of Pr3t theoretically allows for an efficient blue-to-UV single-ion upconversion
process by means of sequential ground state absorption (GSA) and excited state absorption (ESA), finding pos-
sible applications in the development of high-power UV lasers. However, studies on the single-ion upconversion
of Pr®* involving the excited 4f'5d' configuration are only scarce, with so far limited applications. A recent
breakthrough was achieved with 8-Y2SisO7:Pr®T that showed a promising upconversion efficiency of around
0.75 - 1072% given the fact that bioorganisms are very sensitive to UVC radiation. In this thesis, the main goal
is a fundamental understanding of the impacts of the involved electronic levels on the upconversion efficiency
of Pr3F. For that purpose, Pr¥*-activated LaBOs, YPO,4 and LuzAlsO12 (LuAG) were chosen as phosphors.
Measurements on the intraconfigurational 4f2 4f%" luminescence in the Pr®*-activated compounds revealed
an efficient *Hy — 3Py GSA in agreement with predictions based on a Judd-Ofelt analysis. Moreover, all three
compounds have a sufficiently high phonon energy to favor a non-radiative relaxation to the metastable 1D
level of Pr3*, which has already been shown to be of critical importance for a more efficient ESA to the 4f'5d*
configuration. Decay measurements performed for the 4f?-based levels relevant for upconversion also indicated
a more metastable Dy level compared to the 3Py level. Upon 451 nm excitation low-intensity 4f'5d! — 4f up-
converted emission was observed for all three Pr¥*-activated compounds even with a pulsed optical parametric
oscillator (OPO) instead of a continuous wave laser. The dependence of the upconversion emission intensity on
the relative excitation power revealed a linear dependence in the high-power regime for all three compounds
indicating a saturation behavior. For LuAG:Pr3*, a quadratic dependence in the lower-power regime was ad-
ditionally observed in agreement with expectations based on the nature as a two-photon process. Based on
our observations, we develop a better understanding of the energy of the 4f'5d! configuration of Pr®* and the
maximum phonon energy of the host lattice, and are able to prescribe elements for a host lattice suitable for
achieving a more efficient upconversion emission. In addition to Pr®*, also Tm?t was proven to be an effi-
cient NIR-to-visible upconversion activator involving an electric dipole-allowed 4f'* — 4f'25d' ESA. In order
to investigate this alternative, it was attempted to investigate SrB;O7:Tm?", which was reported to readily
incorporate Tm?" even on air. This feature is far from trivial since it is otherwise chemically challenging to
reduce Tm3" even under inert conditions. Throughout this thesis, it was possible to successfully synthesize the
SrB4O7 host, whereas luminescence studies revealed the major presence of Tm>®*, however, and thus, avoided
a detailed study on the upconversion efficiency in this compound. Finally, also Sm®T was investigated as an
academic intermediate example for a red-to-red upconversion system including a 4f5("Fo) — 4f5(°Dy) GSA and
a 4f% — 4f°5d* ESA. For that purpose, a low-energy phonon host such as SrFCl would be useful. While the
synthesis of the host did work, it was not possible to reduce initially incorporated Sm3* in there. In contrast,
SrB4O7:Sm?** could be synthesized and exhibited intense deep red 4f6(5D0) — 4f8 (7FJ) luminescence. In agree-
ment to expectations according to the much higher phonon energy of this host material, no upconversion could
be observed in this compound even at 4.2 K. In summary, this thesis may provide some general insights in the
boundary conditions for efficient upconversion processes involving the less investigated 4f*~'5d' configuration
of lanthanide ions.
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1 Introduction

Upconversion (UC) is a special multi-phonon process within the field of luminescence, in which the absorption of
multiple low-energy photons results in the emission of a single high-energy photon. Given their rich 4f" energy
level landscape, lanthanide ions have long been subject to extensive research regarding upconversion luminescence.
Most studies regarding upconversion within lanthanide ions utilize an energy transfer between the 4f"-based energy
levels in different lanthanide ions. An illustrative example of this is the Yb3+ /Er®t couple, capable of achieving
efficient near-infrared (NIR) to visible upconversion when doped in 3-NaYF4.1'2 In addition to this energy transfer
upconversion (ETU), there is the possibility of single-ion upconversion within lanthandide ions, in which the UC
takes place by consecutive excitations of the same ion.

One lanthanide ion in particular, Pr3* (n = 2), displays enormous potential as a 4f% «+ 4f15d* single-ion upconvert-
ing agent, as its energy levels theoretically allow for a blue-to-UV upconversion process, finding possible applications
in the development of high-power UV lasers. However, the few studies that have been published on the 4f'5d!
— 4f2 UC emission report a similarly low quantum yield for this process, a phenomenon for which no conclusive
origin is hitherto known.®>® A recent breakthrough in this area was achieved by Cates et al., who reported the
most efficient 4f'5d'-related UV upconverted emission in Pr3*-activated 8-Y2SiO5 (YSO)®® and Y2SioO7 (YPS)?
observed so far. They also proposed that the unusual UC efficiency must be related to an efficient non-radiative
relaxation pathway to the metastable Dy 4f2-based level of Pr3* from which excited state absorption (ESA) to
the 4f'5d' configuration can occur. Interestingly, in contrast to the generally poorly efficient upconversion, Pr3+

has been shown to be an excellent downconverting, or quantum cutting, agent, both by itself'% ! and coupled with
Yb3+.12’ 13

Contrary to Pr3T, the involvement of the corresponding 4f" <+ 4f*~15d! of Tm?* (n = 13) in a potential UC process
has been studied to a somewhat higher degree, and is generally better understood. The first case of conventional
4f125d1 — 4f'? luminescence in Tm?* was reported back in 1994, with appreciably efficient upconversion per-
formances in Tm?*-doped materials being reported more recently.!® 18 In addition to Tm?*, Sm?* (n = 6) may
also serve as an upconverting agent from a fundamental point of view. Most typically, the very similar energy
of the 4f°5d! configuration compared to the excited 4f5(°Dj) levels of Sm?* make this ion an ideal candidate for
temperature and pressure sensing.'® ?* Due to this unique electronic situation, Sm?* may be suited as a test
example for a red-to-red upconversion involving the excited 4f°5d! configuration in the ESA. As such it represents
an intermediate case between the NIR-to-visible UC of Tm?* and blue-to-UV UC of Pr3*.

The goal of this thesis is a deeper insight into the conditions for an efficient upconversion of Pr3* involving the 4f'5d"
configuration. To that avail, three host lattices for Pr3* were selected: LaBO3s, YPO, and LuAG (LuAl5013). The
upconversion mechanism as well as the impact of the host material on the upconversion efficiency were carefully
investigated in order to allow for predictive guidelines. Additionally, decay kinetics of the relevant electronic energy
levels were investigated related to the underlying mechanism.

In addition to the selected Pr3*-activated compounds, the upconversion emission in Tm?t and Sm?* was attempted
to be investigated. For Tm?*, the SrB,O7 lattice was selected as a host, as it is one of the only compounds known
to stabilize Tm?* on air. Sm?* was also chosen to be incorporated into the SrB4O host, in addition to the SrFCl
host. The latter was selected based on the correspondingly higher energy of the 4f°5d' configuration in Sm?*
and the lower phonon energy compared to the SrB4O7 host. Based on the results presented within this thesis,
it is seeked for a deeper understanding of the mechanism of interconfigurational upconversion processes within
lanthanide ions in general.



2 Theoretical background

In this section, the theoretical backgrounds required for a better understanding of the results as well as their inter-
pretation are presented. It deals with a short, basic review of the terms lanthanides, photon upconversion and term
symbols, as well as several possible types of energy transfer. It will then proceed with an overview of upconversion
mechanisms, the characteristics of the transitions involved and the relevant energy level diagrams.

2.1 Lanthanides, photon upconversion and term symbols

Lanthanides (meaning ‘like Lanthanum’) is a collective term for the elements with atomic numbers ranging from 57
(Lanthanum) to 71 (Cerium). Occupying the first row of the f-block in the periodic table, they possess the electron
configuration [Xe|6s24f". In addition, La, Ce, Gd an Lu each have 1 electron occupying a 5d-orbital. It is this
partially filled 4f shell that is the basis of the characteristic optical properties most lanthanide ions display.

Photon upconversion (UC) is, in the broadest of senses, a photophysical phenomenon where a single high-energy
photon is emitted after the sequential absorption of multiple lower energetic photons. In most UC processes, two
photons are converted into a higher energetic photon, but UC processes with a conversion of more than two photons
do exist. They become, however, less probable. Since the energy of emitted photons is higher than that of absorbed
photons, upconversion processes are also denoted as anti-Stokes processes. UC was first proven experimentally by
Auzel et al.!” in 1966, and has developed enormously since then.

Term symbols are abbreviated quantum mechanical descriptions for the angular momentum quantum numbers
labelling a many-electron wave function of an atom or ion. Term symbols assume Russel-Saunders coupling (which
is also referred to LS coupling), which, in short, entails that spin-orbit coupling is weak enough that the total
orbital angular momentum L =}, [; and total spin angular momentum S = ), s; can still be considered good
quantum numbers, but already couple to to form a total angular momentum J = L + S.2° Since L and S are
well-defined quantum numbers, the atomic states are readily described by term symbols, which are denoted as
2541], ;. where 28 + 1 denotes the spin multiplicity. Within these term symbols, L is denoted in the spectroscopic
notation: L-values of 0, 1, 2, 3, 4...are indicated as S, P, D, F, G.... From F onward, the symbols proceed
alphabetically, with the exception of .J, which is reserved to represent the total angular momentum of a quantum
state. Hence, for example, a state with L = 6, J = 8 and S = 2 would be denoted as °Is.

2.2 Energy transfer

Energy transfer is a process in which the excitation energy is transferred from one entity to another either radiatively
or non-radiatively and thus, allows for an indirect excitation. In energy transfer, the ion that is directly being excited
by the light source and that transfers the energy, is known as the sensitizer or donor. The ion that receives the
energy is known as the activator. The sensitizer and the activator may be either identical or different ions.!” One
type of energy transfer is resonant radiative transfer: here, the sensitizer emits a real photon upon relaxation from
its excited state to the ground state, which is then absorbed by a distant activator ion within the photon travel
distance. A schematic representation of this transfer process may be found in Figure la. The probability of such

a transfer between two ions with inter-ionic distance R is found to bel7:26
OA
psalB) = 72— [ 0.()g ) ()

where o0 4 is the absorption cross-section, 75 is the average sensitizer decay time in absence of an acceptor, since the
photon will be emitted regardless of the presence of an activator ion within the photon travel length, the integral
represents the spectral overlap between the emission spectrum of the sensitizer and excitation spectrum of the
activator, both denoted by a line function g(v). As can be directly concluded from equation 1, energy transfer is
more effective at lower inter-ionic distances, resulting in a more efficient process for higher doping concentrations
of both sensitizer and activator.

In analogy to resonant radiative transfer, resonant non-radiative decay requires the sensitizer and activator to have
a nearly equal energy separation between their electronic ground state and respective excited state. Unlike the case
of radiative however, the excitation ‘jumps’ from sensitizer to activator directly via the Coulomb interaction in the
case of non-radiative transfer, a schematic representation thereof is given in Figure 1b. In the case of a Coulomb

interaction, the transfer probability follows the simple formula!”>27
Ro/R)"
psa(R) = % (2)

where n is a number dependent upon the type of interaction: it equals 6 for dipole-dipole interactions, 8 for dipole-
quadrupole interactions and 10 for quadrupole-quadrupole interactions, and Ry the critical transfer distance at
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Figure 1: Types of energy transfer between sensitizer (S) and activator (A) ions: (a) resonant radiative transfer,
(b) resonant non-radiative transfer, (c¢) phonon-assisted non-radiative transfer, where £ denotes the energy gap
between the two excited states, and (d) cross-relaxation, where sensitizer and activator are identical ions

which excitation transfer and spontaneous sensitizer emission have equal probabilities.!” Theoretically accurate
predictions of Ry are generally difficult, but became possible by the approaches of Kushida?® or Pouradier and
Auzel? in terms of Racah tensor algebra in analogy to Judd-Ofelt theory. From equation 2, it may be easily
concluded that resonant non-radiative energy transfer becomes dominant at small inter-ionic distances, and, as
such, high doping concentrations.

One requirement for both radiative and non-radiative resonant energy transfer is a match in the energy gap between
the ground state and excited state of both the sensitizer and the activator ion. If an energy mismatch is present
however, non-radiative transfer may still occur by a phonon-assisted process, due to a phonon-broadened overlap.
Grossly oversimplified, a phonon is a collective excitation of host lattice electrons to higher vibrational modes.
These phonons, or lattice vibrations, play a major role in many physical properties in condensed matter, and
hence, are among the most paramount of subjects regarding condensed matter studies. Thus, energy transfer can
still occur by incorporation of phonons into the mechanism, as depicted in Figure 1c.

A special case of non-radiative transfer is cross relaxation: it refers to all types of partial energy transfer cases
were sensitizer and activator are identical ions. A schematic representation of this process is displayed in Figure
1d. If the energy of the involved levels is identical, diffusion might take place, where the energy of the photon
ultimately emitted is unchanged with respect to the situation in which no cross-relaxation occurs. More relevant,
however, is the case were these energies are different: in that case, self-quenching may take place, which is naturally
detrimental to all other types of luminescence.

2.2.1 Multi-phonon relaxation

In addition to radiative decay from an excited state, where the loss of energy by the electron upon relaxating from
a higher- energy state to a lower-energy state is manifested as the emission of a photon, there is also the possibility
of non-radiative multi-phonon relaxation. In this process, the energy loss by the electron is not transferred to a
photon, but is instead transferred to the host lattice to excite electrons in phonons. The more phonons the energy
difference between two states corresponds to, the smaller the probability of the non-radiative transfer process from
the higher to the lower of the two states. As a rule of thumb, if the energy difference between two states corresponds
to ~5 times the phonon energy or more, the probability of the multi-phonon relaxation from the higher to the
lower state can be considered negligible in comparison with the probability of radiative transfer. In return, if the
energy difference between two states corresponds to a much lower number of phonons, the probability of radiative
decay will be negligible when compared to the probability of multi-phonon relaxation.



2.3 Electronic transitions in lanthanide ions
2.3.1 Parity selection rule and Judd-Ofelt theory

Whether the wave function describing an electron in a free atom/ion has an odd or an even parity, is dictated by
its azimuthal quantum number : if [ is even (as is the case for s and d orbitals), the electron will possess an even
parity, whereas an odd [ (as is the case for p and f orbitals) dictates odd parity. According to Fermi’s golden rule,
the intensity of an electric dipole (ED) transition between an initial state ¢; and final state ¢ is proportional to

the absolute square of its matrix element'® 30

Iabs/em X | <7/}2|ﬁED|7/}f> ‘2 (3)

where jigp is the ED operator, which can be expressed as>’
fiep = —e Y 7 (4)
i

As the ED operator possesses odd parity, this matrix element is equal to zero if the initial state and the final state
posses the same parity, as is the case for the intraconfigurational 4{" <« 4f"" transitions within lanthanide ions.
These transitions however, are both magnetic dipole (MD) and electric quadruple (EQ) allowed, since both of the
operators associated with them posses even parity.>’ Consequently, MD and EQ transitions can be shown to be a
factor ~ (2a)72 ~ 10~° lower than the ED allowed transitions, where o denotes the electromagnetic fine structure

constant.30:31

Experimentally however, 4f" <« 4f"" transitions are well known occur within lanthanide ions with an intensity
far greater than can be explained by merely viewing them as MD or EQ transitions, which thus contradicts the
predictions made by conventional quantum mechanics.?>33 This contradiction resulted in the development of a
theory on forced electric dipole 4f" <« 4f"" transitions that was published independently by Brian R. Judd?* and
George S. Ofelt.3! The detailed mathematical derivation of Judd-Ofelt theory is far beyond the scope of this
section, so only a concise overview of the most important aspects of it’s derivation, assumptions and results will
be discussed.

The essence of Judd-Ofelt theory is that it considers admixtures of even parity orbitals (d or g orbitals) to the
otherwise purely odd parity 4f™ levels by odd contributions of a crystal field in a non-centrosymmetric environment.
Since this contribution differs between different 4f-based electronic levels, this allows for a partially ED allowed
character of the 4f" «» 4" transitions. Mathematically, the odd components of the crystal field is viewed as a first
order perturbation of the all-even parity 4f states, which is a good approximation since the crystal field only acts
weakly on the well-shielded 4f orbitals. These mixed parity states are thus formulated as follows: 8 3134

0 gl o) 5

ni)

where, |nl) denotes the even parity states, 1 the odd-parity unperturbed 4f" states, and V,qq the odd-parity crystal
field. For the same reasons regarding the odd parity of the operator and both unperturbed wave functions v; and ¢
possessing the same parity for an intraconfigurational transition, the matrix elements (;|Voaa|®s) and (nl|V,qq|ni)
must be equal to zero. Hence, the expression for the electric dipole matrix elements becomes!® 3134

(6)

WiliEplvs) = Z < (ti|pep|nl) (nl[Vodalts) " (Yrlpep|nl) <nl|Vodd|1/1i>)

2 E(y) - B(nl) B(:) — B(nl)
Next, Judd-Ofelt theory makes two assumptions in order to simplify this equation. The first one is that the even
parity states |nl) are assumed to be degenerate in J, and that they can be characterized by a barycenter energy
E(nl). The second assumption is that the energy differences between the 4f" states are much smaller than the
energy difference between any of the 4f" and the 4f"~15d' states, so that E(¢y) — E(nl) and E(y;) — E(nl)
can be considered equal. After employment of symmetry principles and tensor algebra involving the Wigner-
Eickart theorem, an expression for the line strength of the intraconfigurational transitions, denoted by Sgp, is
found:18:30,31,34
, 2
Spp=¢ Y QA’ <ZNSLJ7HU(*)HZN S’L’J’7’> ‘ (7)
A=2,4,6

Here, UM represent the irreducible unit tensor forms of rank A of the ED operator, with the whole term between
brackets denoting the reduced matrix element with the intermediate coupling scheme.'® These reduced matrix
elements (or, more precisely, their absolute squares) are characteristic for a specific 4" <> 4™ transition of the



free ion and only negligibly affected by the surrounding host. Values for these reduced matrix elements have been
tabulated extensively for a wide variety of transitions within different lanthanide ions. More recently, software
such as RELIC automatically implemented these matrix elements for additional processing.?®> The Judd-Ofelt
parameters €2, in the order of 1072° cm? on the other hand, are dependent on the host material a considered
lanthanide ion is incorporated in and typically considered as phenomenological parameters that are determined by
least-squares fits on the intensities of the experimental absorption spectra,3® and have been extensively tabulated
for a wide variety of host lattices.

The term intermediate coupling assumed in the calculation of the reduced matrix elements refers to the fact that
lanthanide ions are an intermediate case between Russell-Saunders coupling on one hand, and jj coupling, where
the spin-orbit coupling is so strong that each individual orbital angular momentum [/; and corresponding spin s;
couple to the total angular momentum of that electron j;, which in turn couple to the total angular momentum
J =37 = > ,(li+5:).3537 In the case of jj coupling, L and S as separate quantum numbers do not appropriately
describe eigenstates of the Hamiltonian anymore and thus lose their meaning in the extreme case of strong spin-
orbit coupling. In the end, Judd-Ofelt theory provides both a powerful tool to predict the line strengths of
intraconfigurational 4f™ < 4 transitions, and also a reasonable explanation for the observed higher intensities
than for MD or EQ transitions as would be predicted by conventional quantum mechanics.



2.3.2 4f* « 4f" transitions in lanthanide ions

As laid down in detail within the previous sub-section, the intraconfigurational 4f™ «» 4f"" in lanthanide ions are
parity-forbidden, yielding low line-strengths of this kind of transitions. Due to the relatively large energy separation
of the discrete 4f"-based electronic energy levels, intraconfigurational 4f" < 4f"" transitions within lanthanide ions
are characterized by narrow absorption and emission lines. Another characteristic of this type of transition is that
its energies are are relatively insensitive to the host lattices in which the lanthanide ion is incorporated. This
feature is easily explained by the fact that the 4f orbitals within the lanthanide ions are well-shielded by electron
in the 5s and 5p orbitals, which have a larger radial extent than the 4f orbitals.?® Finally, this shielding of the
4f orbitals results in the equilibrium bond lengths for the 4" ground state and 4" excited states to be virtually
unchanged in turn yields narrow absorption and emission lines for this type of transition, as depicted in Figure
2.

2.3.3 4f" + 4f"~15d! transitions in lanthanide ions

In contrast to the well-defined energy levels of 4f"-based electron configurations, the 4f"~'5d! configuration in
lanthanide ions consists of many closely lying energy levels, such that they may be represented as a quasi-continuous
energy band, resulting in characteristic broad emission and absorption bands for transitions involving the 4f*~15d!
configuration. Due to the larger radial extent of the 5d wavefunctions, the 4f*~15d' configuration is poorly shielded,
making the electrons occupying it susceptible to host lattices influences. Consequently, influence of the host lattice
via nephelauxetic effect (covalence of the lanthanide-ligand bond) or the stronger crystal field splitting (lifting of the
degeneracy of certain energy levels imposed by the lower symmetry of the lattice site compared to the spherically
symmetric free ion) of the 5d orbitals compared to that of the 4f orbitals plays a crucial role in determining the
energies at which this 4f"~!5d! band is located.

The poor shielding of the 5d orbitals also results in the 4f*~!5d! possessing shorter equilibrium bond lengths,*®
resulting in a larger Stokes shift compared to the 4f" <> 4f"" transitions, as depicted in Figure 3. Considering the
even azimuthal quantum number of the d orbitals (I = 2) and uneven azimuthal quantum number of { orbitals
(I = 3) and consequently even and odd parity of these orbitals respectively, the interconfigurational transitions
between 4f"-based and 4f"~15d!-based electronic levels are ED allowed, resulting in higher line strengths for this
type of transitions compared to the intraconfigurational 4" <> 4" transitions.
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Figure 2: Configuration coordination diagram Figure 3: Configuration coordination diagram
for 4f* « 4f" transitions within lanthanide for 4f* « 4f*~15d! transitions within lan-
ions. thanide ions.



2.3.4 Upconversion mechanisms

The conventional UC process this thesis evolves around involves an electronic transition from a 4f"-based ground
level to an excited 4f" -based state, known as ground state absorption (GSA). Following the 4f" « 4" GSA,
absorption of a second photon can excite electrons from this intermediate Af"" state to the 4f"—15d'-configuration
or a 4f"" -based level, a process known as excited state absorption (ESA). A schematic representation of this UC
process is depicted in Figure 4a. Within the context of this thesis, the potential of the 4" ¢ 4f"~15d1 ESA
will be emphasized. Due to the requirement of two subsequent absorption processes, UC is a nonlinear absorption
effect and as such less probable than GSA itself. Therefore, observation of UC typically requires high-intensity
excitation sources such as lasers and sufficiently slowly decaying intermediate electronic states to enhance the ESA
process. Considering the aforementioned influence of the host lattices on intensities of the 4f" to 4f"" transitions
by virtue of its Judd-Ofelt parameters, selecting the right host lattice is paramount for a successful upconversion
process.

Since the 4f"" «s 4f"~15d! transitions are ED allowed by virtue of the azimuthal quantum numbers of the orbitals
involved, the rate for the ESA is expected to be orders of magnitude higher than that for the GSA. This minimizes
the occupancy of the 47 state, and as such, the changes of competitive relaxation from this 4f"" state to lower
lying energy levels, or, in the worst case, the ground state. If the orders of magnitude of the rates for the GSA and
ESA are very different, the UC process may be regarded as two separate one-photon processes instead of a two-
photon process. In particular, a two-photon process obeys different selection rules by means of angular momentum
conservation and would thus require the orbital angular momentum quantum number ¢ to change by 42 for allowed
interconfigurational transitions. Thus, 4f* <+ 4f*~1°d! transitions would be ED forbidden in a strict two-photon
process.

Besides the previously presented example of sequential GSA and ESA, there are several other possible mechanisms
for upconversion. The most efficient of these is the so-called energy transfer upconversion (ETU), in which absorp-
tion of a photon yields excitation of an electron from the ground state to an excited state within a sensitizer ion.
Absorption of a second photon then results in the excitation of an electron from the ground state to an excited state
in an acceptor ion, either by direct excitation or via a transfer of energy from a second excited sensitize ion. This
activator ion may also be the same type of ion as the sensitizer, or a different type. The excited sensitizer ion then
then non-radiatively decays back to a lower excited state or ground state and transfers the energy to the activator
that is then excited to a yet higher excited state and can finally show UC from this state back to the ground state,
as depicted in Figure 4b. This type of process is experimentally known to be more efficient than ESA by a factor of
around 10%2.'7 As already laid down in section 1.2, the energy transfer probability rapidly decreases if the distance
between the sensitizer and acceptor, which makes this mechanism only effective if the doping concentration of the
acceptors is sufficiently high. In addition, other cooperative types of UC are known, and the interested reader is
referred to literature for additional information.'”

(@) 7y (b) -

Y Y

Figure 4: Schematic representation of upconversion mechanisms: (a) single-ion ground state and excited state
absorption and (b) energy transfer upconversion between multiple ions.



2.4 Energy level structure of lanthanide ions
2.4.1 Energy level structure of Tm?*

Tm?* possesses the [Xe]6s24f'3 electron configuration. The consequential single vacancy in the 4f orbitals within
Tm?* gives rise to a remarkably uncomplicated 4f'3 electronic energy level scheme, as depicted in Figure 5. Since
the stabilization of Tm?T on air imposes specific requirements on the host lattice to be used, the differences in the
position of the 4f'25d! electronic configuration in different host lattices known to stabilize Tm?™ is less pronounced
than for the other lanthanide ions, but present nonetheless. The lower edge of the 4f'25d! absorption band for
Tm?* is located at an energy of approximately 17,000 cm~! in the SrB*O; host,'*3° at approximately 19,000
cm™! in the SrCly host'®40 and at approximately 13,000 cm~! in both the CsCaBrs and CsCaCls hosts.*!4? For
the purpose of upconversion, the transition between the two 4f'3-based energy levels depicted in Figure 5 is to be
employed as the ground state absorption, with the 4f'3(?F 3 ) — 4f'25d! serving as the ESA process to achieve the

4f125d" — 4f'*(*Fz) UC emission.'®

2.4.2 Energy level structure of Sm?*

Sm?* possesses the [Xe]4f%6s? electron configuration, giving rise to a more complicated 4f®-based energy level
diagram compared to the 4f'3-based energy level diagram for Tm?*. This energy level diagram for the 4f5-based
electronic levels is depicted in Figure 6. To achieve the desired 4f°5d' — 4f%("F) UC emission, a "Fy — °Dgy GSA
and 4f%(°Dg) — 4f°5d! ESA are to be employed. As for Tm?*, the energy of the 4f°5d! configuration depends on
the selected host lattice, with a wider variety of host lattices available for Sm?* due it being less prone to oxidation
than Tm?*. In the selected SrB4O7 host, the lower edge of the 4f°5d! is located at an energy of approximately
17,000 cm !, consequently overlapping with the 4f5-based °Dy level.2":24 As will be discussed in more detail in a
section devoted to luminescent properties of Sm?*, this may lead to a hampering in the UC process in combination
with multi-phonon relaxation. The other host lattice investigated within the context of this thesis, the SrFCI
host, induces a higher-energy 4f°5d! configuration with a lower edge around 20,000 cm~!, allowing for a more
significant gain in photon energy compared to the SrB4O7 host.??23 In both hosts, however, the gain through the
UC process in Sm?* is low enough to make is obsolete in the light of potential applications. It would, however,
make for a compelling proof of principle and allow for meaningful comparison with UC processes in other lanthanide
ions.

2.4.3 Energy level structure of Pri+t

Pr3+ possesses the [Xe|6s?4f2 electron configuration. This affords a total of 91 configurations for these two electrons
within the 7 4f orbitals since each orbital may be occupied by two electrons of opposite spin according to Pauli’s
exclusion principle. The 4f2-based energy levels in the range from 0 to 24,000 cm ™! are represented in Figure 7. In
addition to the 4f? electronic levels shown in this figure, Pr3* also features a 'Sy level with an approximate energy
of 47,000 cm~!, whose energy is high enough that it can be safely disregarded in the context of UC involving the
4f'5d! configuration within the context of this thesis. The energy of the 4f'5d! configuration depends on the host
compound Pr37 is incorporated into, but typically also lies in the UV energy range of the 4f2-based 'Sy level. For
a free ion, the bottom of this configuration lies at an energy of approximately 11,000 cm~! above the 'Sy level.*3
For Pr3* ions incorporated into a host lattice, this energy is significantly lowered due to the nephelauxetic effect
and crystal field splitting of the substituted site occupied by Pr®t. The exact position of the lower edge of the
4f'5d! band depends strongly on the nature of the host lattice, but may, for example, be as low as approximately
36,000 cm ™! in the case of the frequently used aluminum garnets host lattices.44

For the purposes of visible to ultraviolet (UV) photon upconversion, the energy levels mainly of interest are the 1Do
level and the 3P; levels. According the reduced matrix elements for forced electric dipole transitions (see equation
7), only the absorption from the *H, ground level to the ®P, excited level should have appreciable absorption
intensity for a host compound with a large Qg parameter (|[U(2)|? ~ 0; |U(4)|> = 0.036; [U(6)])?> = 0.1367), given
that Judd-Ofelt theory is still regarded as valid in the case of Pr®t. Upon excitation into this state, rapid non-
radiative relaxation to the 3Py state will occur due to the low energy separation. From here, non-radiative decay
to the Dy level is possible in hosts with high phonon energies (>1000 cm~!). Depending on this phonon energy
and the energy at which the lowest level in the 5d band is located is located, blue-to-UV upconverted 4f'5d! —
4f2(3Hy) emission may be excited from the 3Py and/or Dy level, respectively.® 45 A correct energy match between
the 4f and 5d levels for both types of upconversion additionally circumvents another possible problem: if the lowest
excited 4f'5d'-based level is at slightly higher energy than the 4f"-based 'Sy level, multi-phonon relaxation from
the 5d band to the 'Sy reduces the upconversion efficiency significantly by loss of the advantage of a strong ED
allowed UV 4f'5d! emission.
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3 Experimental techniques

This section covers the experimental techniques deployed within the context of this thesis. It will commence with
a concise overview of the general synthesis strategy. A more precise description of the methods employed for the
synthesis of the individual compounds in addition to a discussion on the viability of these methods and the quality
of the synthesized compounds is given in section 4.1. A general overview of the working of a spectrometer and its
vital components will be presented, as will the specifications of used equipment.

3.1 Synthetic procedures

Within the context of this thesis, all compounds investigated were prepared via a high-temperature solid-state syn-
thesis, with the exception of YPO,:Pr3T, which was prepared via a co-precipitation from solution, and LuAG:Pr3+,
which was present at the research group from prior experiments. A doping concentration of 0.5 mol% was employed
for the lanthanide ions relative to the ion to be substituted due to this doping concentration being considered high
enough for appreciable luminescence intensities, both low enough to minimize the effects of cross-relaxation. The
only exception was the already present LuAG:Pr3t, which possessed a Pr®t doping concentration of approximately
1 mol%. For all solid state synthesis performed within the context of this thesis, stoichiometric amounts of the
respective starting compounds were weighed on an analytical balance, and intimately grinded with a pestle and
mortar for approximately 10 minutes. Approximately 0.5 mol% of the dopant relative to the ion to be substituted
was added. All used chemicals had at least reagent grade quality. During grinding, a small amount of acetone was
added to allow a homogeneous mixing of the different compounds and avoid sample losses. Unless stated otherwise,
samples were then transferred to alumina boats or crucibles and heated using Carbolite tube furnaces with the
possibility of performing the reactions under either air, constant N gas flow or constant flow of a ~ 4:1 mixture of
N5 and Hy gas. Temperature ramp and dwell time are explicitly given in each respective section. The phase purity
of all synthesized samples was verified on a Philips PW1729 X-ray powder diffractometer employing Cu Kay 2
radiation. If not stated otherwise, the powder diffraction patterns were compared to simulated patterns from the
Inorganic Crystal Structure Database (ICSD) of the Fachinformationszentrum (FIZ) Karlsruhe, Germany.

3.2 Spectroscopic measurements

Spectroscopic measurements were performed on an Edinburgh Instruments F900 fluorospectrometer equipped with
a 450 W Xe lamp and double monochromator gratings blazed at 300 nm or 500 nm, respectively, in both the
excitation and emission compartments, allowing for optimal resolution in both compartments. Luminescence was
detected in a 90 °angle relative to the excitation light with a Hamamatsu R928 photomultiplier tube (PMT).
Upconversion spectra and luminescence decay curves were acquired upon excitation with an Opolette 355 optical
parametric oscillator (OPO) with a frequency-multiplied pump wavelength of 355 nm and tunable visible signal and
infrared idler wavelengths, allowing for tuned-wavelength, high intensity pulsed excitation. The pulse frequency
was 20 Hz and the maximum pulse energy at 410 nm was 9.14 mJ with a beam diameter of around 3 - 4 mm.

To acquire emission spectra, the excitation wavelength on either the Xenon lamp or the OPO was fixed, and the
emission intensity was recorded over a range of wavelengths. To eliminate the excitation wavelength or its higher
harmonics, originating from higher-order reflections within the monochromator compartment, a series of filters
was used, with the precise filter depending on the specific requirements of the desired spectrum to be measured.
Excitation spectra were acquired by varying the excitation wavelength by tuning the excitation monochromator
between Xenon lamp and sample, while detecting the emission intensity at a fixed wavelength as a function of this
excitation wavelength. Acquired emission spectra were corrected for the varying sensitivity of the PMT detector
at different detection wavelengths using a pre-existing calibration file. Acquired emission spectra obtained through
excitation through the Xenon lamp were corrected for the emission spectrum of the lamp by recording reference
data. Obtained data was processed and analyzed in Python.
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4 Results and discussion

In this section, the results acquired within the context of this thesis will be presented and discussed. It will start with
a detailed description of the various synthetic methods and a discussion on the quality of the synthesized compounds.
It will then proceed with the presentation and discussion of luminescent properties of the successfully synthesized
lanthanide-doped compounds. Of these luminescent properties, intraconfigurational 4{™ < 4f"" luminescence and
the 4f" <+ 4f"~15d! (UC) luminescence will be covered. Additionally, the decay kinetics of the relevant 4f2-based
levels in Pr37* in selected host compounds will be presented and discussed.

4.1 Synthetic methods
4.1.1 Synthesis of SrB,0;:Tm?" and SrB;07:Sm?*"

As mentioned previously, the SrB;O7 host lattice is experimentally found to be very reductive in nature. In
particular, it is one of the small-numbered host lattices that is reported to stabilize Tm in its divalent form on
air.39%6 To synthesize this compound, two distinct procedures were employed.

Procedure 1

SrB4O7 was prepared upon mixing stoichiometric amounts of SrCOj3 (Aldrich, 99.9%) and H3BO3 (Merck, 99.8%) as
starting compounds with TmyO3 (Heraeus, 99.999%) and SmyO3 (Schuchardt, 99.9%) as doping agents. In the first
procedure,?! a preheating step from room temperature to 300 °C with a ramp of 5 °C/min under Ny /Hj atmosphere
was employed since it was suggested that this step prevents an uncontrolled glass formation of BoOs. The sample
mixture was kept at that temperature for 7.5 h and naturally cooled to room temperature for additional grinding.
The mixture was then heated to 850 °C with 5 °C/min under N5 /Hs atmosphere, kept at the final temperature
for 8.5 h and naturally cooled down to room temperature again. Detection of a crude emission spectrum for both
samples indicated successful reduction of Sm3* to Sm?*, but an unsuccessful reduction of Tm3* to Tm?*. Based
on those findings, the previously described treatment at 850 °C was repeated for another time. A luminescent
check-up, however, indicated a yet unsuccessful reduction of Tm3* to Tm?*.

Upon heating the starting compounds SrCO3 and H3BOj3 separately from room temperature to 350 °C with a ramp
of 5 °C/min and a 1.5 hour dwell time, it was found that the H3BOj3 had formed into a glassy melt, rather than
the microcrystalline BoO3 powder. It was reported that this was a consequence the used ramp of 5 °C/min, and
an alternative procedure with a lower heating rate was proposed. In this procedure, the starting compounds were
again thoroughly mixed by grinding, and heated from room temperature to 350 °C for 7.5 h after a 1.5 °C/min
ramp Ny /Hy atmosphere. After intermediate grinding, the samples were heated to 850 °C for 8.5 h with a ramp of
1.5 °C/min and naturally cooled down under Ny/Hs atmosphere. This procedure was repeated three times with
intermediate grinding steps. The X-ray diffraction patterns of the resulting compounds are displayed together with
respective simulated ICSD patterns for both SrB4O7 and the alumina sample holder in Figure 8. Since all reflections
in the experimentally acquired spectra are attributable to either the SrB4O7 host or the Al sample holder, it may
be concluded that the pure compound had formed. It should be noted that the doping concentrations of only 0.5
mol% are below the detection limit of X-ray diffraction. However, spectroscopic measurements did indicate that
the reduction of Sm®t to Sm?* was only partially successful, whereas only minor indications of a reduction of
Tm3* to Tm?2" were observed.

Procedure 2

The second program, based on work by De Jong and Meijerink,*” involved a prefiring step in which the grinded
starting compounds were heated to 500 °C for 2 h with a ramp of 1.5 °C/min under Ny/Hy atmosphere. After
intermediate grinding, the compounds were heated to 850 °for 8 h with a ramp of 1.5 °C/min and naturally
cooled down under No/Hy atmosphere. The XRD patterns of the resulting compounds, along with corresponding
ICSD reference patterns, are depicted in Figure 9 and indicated formation of the mostly pure SrB4O7 phase,
although the XRD pattern of StB,O7:Tm?* in Figure 9b displays some low-intensity peaks for 26 values from 25
to 30 not attributable to either the SrB4O7 host or the Al sample holder, hence indicating a small, yet unknown
impurity.
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Figure 9: XRD patterns for (a) synthesized SrB;O7:Tm?*, (b) SrB4;O7:Sm?* using procedure 2, and (c) calculated
ICSD patterns for SrB4O7 (ICSD 27404)*8 and fcc Al (ICSD 182727).49
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After the purity of the formed tetraborate phases was confirmed, both samples were subjected to luminescence
measurements to indicate whether the reduction of Tm3* and Sm®** to Tm?* and Sm2* had been successful.
Emission spectra were acquired upon direct excitation into the 4f*~!5d! configuration, reported to be located at
480 nm for Tm?*-doped compound and at 500 nm for the Sm?*-doped compound at room temperature. For
Tm?*, the emission spectrum is expected to display a broad emission band centered around 600 nm, attributed
to the 4f125d! — 4f13 ("F) emission.’* For Sm?*, the emission spectrum is expected to display narrow emission
lines, which correspond to emissions from the Dg level to the “Fy (J = 0 - 6) arising from the 4f° configuration.
This expectation is based on the energy of the lowest state of the 4f°5d! configuration at around 18000 cm™!,
overlapping with the energy of the °Dy electronic level.’® The phonon energy in SrB4O7 of 1200 cm™! is high
enough for multi-phonon relaxation to bridge the energy gap between this 4f°5d! configuration and the °D; level
effectively.5! Therefore, the emission is assumed to have a maximum energy of approximately 18,000 cm~!.24

For the allegedly synthesized SrB;O7:Tm?*, the experimentally observed emission spectrum is displayed in Figure
10. In this spectrum, only a low intensity characteristic broad emission band around 600 nm is visible that could
be attributed to the 4f'25d! — 4f'3 emission in Tm?*. Additionally, the multiple narrow emission lines observed
between 550 nm and 750 nm cannot possibly be attributed to 4f" < 4f"" transitions in Tm?*+,'* but can be
attributed to the 3Fy (J = 2, 3) — 3Hy (J’ = 5, 6) transitions in Tm?3*+.39:52 Hence, the reduction of Tm3+
was unsuccessful even under reductive atmosphere, in contradiction of the reported triviality of the reduction
both on air3? and under reductive atmosphere.'* A possible explanation could be an insufficient temperature
insulation in the used furnace tube, resulting in an inhomogeneous temperature distribution along the center of
the tube in the furnace, which may thus cause a difference between set and actual temperature. In a final attempt
to achieve the desired reduction from Tm3*t to Tm?*, the previously established program was altered such that
the final step involved heating to 1100 °C with a ramp of 1.5 °C/min, both under the No/Hs atmosphere and
on air. These attempts, however, resulted in glassy melts unsuitable for both X-ray diffraction and luminescence
measurements.

The experimentally observed emission spectrum for the allegedly synthesized SrB,O7:Sm?* is displayed in Figure
11. The expected narrow line 4f°(5Dg) — 4f°("F;) emissions characteristic for Sm?* are observed, which indicates
a successful reduction of Sm3* to Sm2*. The intraconfigurational 4f5 < 415" transitions in Sm2*+ will be discussed
in more detail in section 4.2.1.
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Figure 10: Emission spectrum ()., = 480 nm) for the allegedly synthesized SrB4O7:Tm?*
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Figure 12: XRD patterns for (a) the synthesized STFCL:Sm?*53 and (b) calculated ICSD patterns for StFCI (ICSD
68373) and fcc Al (ICSD 182727).49

4.1.2 Synthesis of SrFCl:Sm?*

SrFCL:Sm?** was synthesized from SrFy (Merck, P.A.) and SrCly-6HaO (Merck, > 99%), with SmF3 (Chempur,
> 99.9%) being used as the Sm-dopant. After weighing and grinding, the mixture was heated to 300 °C for 5
h with a 1 °C/min heating ramp. Subsequently, the mixture was heated to 1050 °C for 20 h with a ramp of 1
°C/min without intermediate grinding step since the final temperature deployed is well above the required melting
temperature of the congruently melting mixture.?* To ensure optimal crystallinity of the final product, the cooling
rate was set to 0.25 °C/min down to a temperature 850 °C, and 1 °C/min afterwards. Heating was performed
in a carbon crucible under No/Hy atmosphere. The desired SrFCI host lattice was formed and is phase pure, as
judged by comparison between the experimentally acquired X-ray diffraction pattern and the ICSD patterns for
both SrFCI and the alumina sample holder, as depicted in Figure 12.

16



v/103cm™?!
19.0 18.0 17.0 16.0 15.0 14.0 13.0

o o =
o © o
| A !

normalized intensity
o
S
L

0.2 1

550 600 650 700 750 800
Aem / NM

Figure 13: Emission spectrum ()., = 500 nm) for the allegedly synthesized SrFCl:Sm?*

To verify the success of the reduction of Sm3* in the SrFCIl host, an emission spectrum upon excitation at 500
nm was measured in analogy to the SrB4O7 sample. The resulting spectrum is displayed in Figure 13. Especially,
the strong 4f°(°Dg) — 4f5("Fy) narrow line emission at around 684 nm characteristic for Sm?* is not observed.
In contrast, the slightly broadened emission peaks can be attributed to emission from various energy levels in
Sm3* .5 Accordingly, the highest-intensity peak at 752 nm is attributed to the 4Gg — 6H%e, emission.”? Hence,

the reduction of Sm3* to Sm?* was unsuccessful in the SrFCl host. This reduction is both theoretically expected
and experimentally observed to be more challenging than the same reduction in the SrB,O7 host, but is reported
to be possible on certain reductive conditions.???3 Since the synthesis of the host lattice itself was successful, the
lacking reduction was also attributed to temperature inhomogenieties along the center of the tube as previously
described for the attempted reduction of Tm?* in the SrB4O7 host. Future studies will be necessary, however, to
verify this hypothesis.
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4.1.3 Synthesis of LaBOj3:Pr3*

LaBO3:Pr®* was synthesized from LayO3 (Merck, P.A.) and H3BO3 (Merck, 99.8%), with Pr(CH3COOQ)3 - xH,0
(Alfa Aesar, > 99%) being used as Pr3* dopant source, in a manner similar to the SrB4O7 host lattice. Stoichio-
metric amounts of the starting materials together with 0.5 mol% of the Pr-dopant were thoroughly grinded and
then thermally treated. They were first heated to 300 °C for 2 h with a heating rate of 1.5 °C/min under Ny
atmosphere. After intermediate grinding back at room temperature, the mixture was fired at 850 °C for 8 h with
a heating rate of 1.5 °C/min. Finally, the sample was naturally cooled down and regrinded. The X-ray diffraction
analysis (see Figure 14) indicates the formation of phase pure microcrystalline LaBO3:Pr3+.
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Figure 14: XRD patterns for (a) the synthesized LaBO3:Pr3* and (b) calculated ICSD patterns for LaBO3 (ICSD
35535)% and fce Al (ICSD 182727).%°
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4.1.4 Synthesis of YPO :Pr3*

YPO,:Pr3+ was synthesized by a co-precipitation from Y(NO3)3-6Ha0 (Aldrich, 99.8%) and Pr(NO3)3-6H20 (Stem
Chemicals, 99.9%) as the Pr3* dopant and (NH4)2HPO, (Fluka, >90%) as a precipitating agent. For synthesis,
stoichiometric amounts of Y(NO3)3 and Pr(NO3)s to achieve the desired 0.5 mol% Pr3*+ doping concentration were
weighted and dissolved in deionized water. A stoichiometric excess of (NH4)oHPO, was dissolved in deionized
water separately. The pH of the phosphate solution was set to ~ 8.0 by addition of a few ul of 2M aqueous NaOH
solution. The phosphate solution was then added to the nitrate solution in 0.5 mL steps with 2 min. intervals under
magnetic stirring, upon which colourless precipitate formed. Afterwards, the precipitated phosphate was allowed
to sediment at the bottom and the solution carefully diluted with deionized water. After 2 hours the upper layer
of solution was decanted, after which the precipitate was washed with water three more times and the remaining
water was evaporated in a 150 °C oven on air. The X-ray diffraction pattern, in comparison to the simulated ICSD
pattern, is displayed in Figure 15 and indicates the formation of pure microcrystalline YPO4:Pr3+.
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Figure 15: XRD patterns for (a) the synthesized YPO4:Pr3* and (b) calculated ICSD patterns for YPO, (ICSD
79754)57 and fec Al (ICSD 182727).4°
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4.2 Luminescent features of SrB,O;:Sm?*

In the SrB4O7 host, the lowest edge of the 4f°5d! configuration in Sm?* is located at an energy of approximately
18,000 cm ™!, overlapping with the 4f°(°Dy) level.24:59 This feature, combined with the SrB;O7 host having a high
phonon energy of ~ 1200 cm~!,%! readily leads to multi-phonon relaxation into the °Dj states upon excitation
into the 4f°5d' configuration from the 4f2-based “F ground level or the Dy excited level. This poses a significant
challenge to any attempted observation of upconversion of Sm?* in this host compound, as multi-phonon relaxation
back to the ?Dg level would quench the upconversion. Therefore, it was first investigated whether emission from
the 5Dyg or the °D; levels in the Sm?* ions could be detected upon direct excitation into the 4f°5d! configuration.
Absence pf these emissions would indicate the quenching any potential UC luminescence by this multi-phonon
relaxation.

Additionally, the proximity of the ®Dj levels to the bottom of the 4f°5d' band would lead to a very small anti-Stokes
shift of the upconversion emission, as the emission from the °D; would only be around 1500 cm ™! higher in energy
than the excitation energy upon excitation into the 1500 cm~! lower lying Dy level.?324 Although this would not
provide any gain in a successful upconversion process, it may be an insightful example for the usage of 4f*~15d!
configurations in upconversion processes within lanthanide ions. Moreover, it allows for direct comparisons to
the mainly investigated Pr3* ion in the context of upconversion. Finally, it is also an excellent example of the
competitive energy transfer processes and its effect on the upconversion process.

4.2.1 4f5 < 4f5 luminescence

To characterize the intraconfigurational 4% « 45" luminescence in SrB4O7:Sm?*, an emission spectrum upon 500
nm 4f5("F) — 4f°5d! excitation, which is depicted in Figure 16. All observed peaks are attributed to emission
originating from the °Dg, with the highest-intensity emission peak attributed to the Dy — “F¢ emission. The
absence of emission from the 5Dy level is also expected, as this level overlaps with that of the 4f°5d! configuration.
Additionally, the absence of luminescent decay from the °D; indicates the prevalence of the multi-phonon relaxation
from this level to the 5Dyg state. This transition is highly forbidden to an extent to which emission originating from
the 5D level is typically observed in the iso-electric Eu+t.2%:2 However, the energy gap between °Dg and °D; levels
is somewhat lower for Sm?*, probably causing the yet efficient multi-phonon relaxation. Thus, the multi-phonon
relaxation in this host is already efficient enough to hamper upconversion processes at room temperature.

In addition to the previously presented narrow line emission spectrum upon 4f5("Fy) — 4f°5d' excitation, an
excitation spectrum upon detection of the 4f°(5Dg) — 4f°("Fg) emission at 684 nm was measured, which is depicted
in Figure 17. In contrast to the previously presented emission spectrum, the spectrum consists of three broad bands,
which can be attributed to excitations from the 4f% levels into the 4f°5d' configuration. Since the 4f°5d' band
covers a large energy range, assigning the bands to excitation from single states is only crudely possible, but allows
the conclusion that the absorption offset lowest excited 4f°5d! states are in fact positioned at around 18,000 cm !
above the "F ground level.
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Figure 16: Emission spectrum (e, = 500 nm) of SrB4O7:Sm?*
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Figure 18: Emission spectrum (Ae; = 500 nm) of StB4O7:Sm?*, measured at 4K

Since emission from neither the 4f°5d! configuration or the Dy and 5P; 4f%-based levels upon direct 4f5("Fg) —
4f°5d! excitation was observed due to multi-phonon relaxation at room temperature, luminescence measurements
on SrB,O7:Sm?* were repeated at 4K, since the relaxation rate of the forbidden °D; — ®Dg transition through
multi-phonon relaxation diminishes with lower temperature. Therefore, the required emission from the °D; level
might be observable at these cryogenic temperatures. An emission spectrum upon 500 nm excitation of Sm?* ions
is depicted in Figure 18. No emission from the electronic levels above the °Dg level is observed, indicating that
multi-phonon relaxation between the Dy and Dy levels is even sufficiently efficient at these low temperatures.
This clearly illustrates that SrB4O7 is not a suitable host for efficient red-to-red upconversion including an ESA to
the excited 4f°5d' configuration.

For the sake of completeness, an excitation spectrum of Sm?* in SrB4O7 monitoring the Dy — “F emission at
684 nm was also measured at 4K. This spectrum is displayed in Figure 19, and shows great resemblance to the
same excitation spectrum measured at room temperature. The 4K excitation spectrum does also displays two
broad 4f6(°F;) — 4f°5d! absorption bands at the same positions as the excitation bands in the spectrum measured
at room temperature. In addition, some low-intensity excitation lines are observed around Aex = 550 nm. These
transitions could possibly be related to the vibronic fine structure, which has frequently been observed in the SrB,O~
host doped with divalent lanthanide ions.'4 5839 Several excitation lines are also observed between 420 and 425
nm. As the energy associated with these wavelengths exceeds the energy of the highest-energy intraconfigurational
4 > 4f% transition and the 4f6 — 4f55d! transitions not displaying such narrow line transitions, these peaks
may be dismissed as artifacts arising from residual signals of the employed Xe lamp and an interpretation will be
disregarded here.
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Figure 19: Excitation spectrum (Aey = 684 nm) of SrB;O7:Sm?*, measured at 4K
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Figure 20: Anti-Stokes emission spectrum of SrB;O7:Sm?t (Ao, = 684 nm, OPO) measured at 4K.

4.2.2 Attempts at upconversion luminescence

Besides the previous discussion on an absence of 4f5(°Dy) — 4f5("F;) emission upon 4f%("Fy) — 4f°5d! excitation
at 4 K being an indication for efficient multi-phonon relaxation between the °D; and °Dy levels of Sm?T in SrB4O7,
a definite proof on a consequently lacking upconversion signal was attempted. A corresponding anti-Stokes emission
spectrum upon 4f5("Fg) — 4f5(°Dg) (Aex = 684 nm) excitation with an OPO, is depicted in Figure 20. As evident
from this Figure, no upconversion signal was detected, again illustrating that SrB4O7 is no suitable choice as a
host material for the upconversion with Sm?*.

22



4.3 Luminescent features of LaBO;:Pr3*

In LaBO3:Pr®t, the bottom of the 4f'5d! configuration is located approximately 42,500 cm™! above the 3Hy
ground level,® which would require the upconversion emission to be achieved via 4f5(3Hy) — 4f°(3P3) GSA
and a subsequent 4f°(3Py) — 4f'5d! ESA upon ~ 450 nm excitation. As the intraconfigurational 4f> 4%
luminescence is similar in all Pr3*-activated compounds, a discussion on the respective photoluminescence spectra
in this section will also serve as a foundation for the discussion on the other Pr3*-compounds in the context of this
thesis. Following the characterization of this 4f2 <> 4% luminescence, the results on the upconversion luminescence
will then be presented and discussed. Finally, decay kinetics of the relevant 4f2-based levels will be presented
discussed, which will also serve as a foundation for the discussion of decay kinetics of the other two Pr3T-doped
host lattices.

4.3.1 4f2 < 42 luminescence

As stated previously, the 4f2-based electronic levels of particular interest for 4f'5d! — 4f2(*HJ) UC emission are the
D, and 3Pj levels. Comparing the reduced electric dipole matrix elements for the transition between these states
and the 3Hy ground state, the reduced matrix element for A = 6 is found the be especially large for the transition
between the >H, and 3P, levels. Combined with € being the largest of the Judd-Ofelt parameters of Pr3* in the
LaBO3 host, the 3Hy <+ 3P, transition is expected to have a high absorption cross section. To characterize the 4f2
+» 42" luminescence experimentally, several emission and excitation spectra were taken in the energy range of these
transitions. An emission spectrum upon excitation at A, = 446 nm, corresponding to the *Hy — 3P transition,®?
is depicted in Figure 21. Two distinct groups of emission peaks are observed, one at approximately Ae, = 480
nm and one at approximately e, = 600 nm, respectively. The former is attributed to the 3Py — 3H, emission,
considering the efficient 3Py — 3P multi-phonon relaxation due to their low energy separation, whereas the latter
is attributed to the Dy — 3H, emission. The relatively high intensity of the emission originating from the Do
level indicates an efficient population of this level through multi-phonon from the 3Pg level, readily explained by
the high maximum phonon energy (hw = 1300 cm~1)%! of the LaBOj3 host.

An emission spectrum upon 3Hy — Dy excitation of LaBO3:Pr3 (Aex = 580 nm) is depicted in Figure 22. Three
emission peaks, attributed to transitions originating from the Dy level, are observed. Compared to the emission
spectrum upon 3Hy — 3Py excitation (see Figure 21), the intensity of the emissions upon 3H; — Dy excitation
is significantly lower, as indicated by the lower signal-to-noise ratio. It is proposed that this is a consequence of
the 3H, — D4 excitation being considerably less efficient than the previously presented 3H, — 3P, excitation, in
agreement with the smaller reduced matrix elements for the former transition due to its spin-forbidden nature and
higher stability of the 1Dy level.
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Figure 21: Emission spectrum (Aex = 446 nm) of LaBOz:Pr3+
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Figure 22: Emission spectrum (Aex = 580 nm) of LaBOg3:Pr3*
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Figure 23: Excitation spectrum (Aey = 609 nm) of LaBO3:Pr3*

In addition to the previously presented emission spectra, an excitation spectrum upon monitoring the emission at
Aem = 609 nm, corresponding to the 'Dy — 3H, emission,?? is depicted in Figure 23. As mentioned in section 2.4.3,
a Judd-Ofelt analysis on LaBO3:Pr3T predicts a particularly high line strength for the 3H; — 3P absorption. The
excitation spectrum seems to strengthen this prediction since the 3H; — 3P excitation transition most efficiently
induces luminescence from the 'Dy level. For an experimental appreciation, however, absorption spectra would
be necessary to justify the predictions from Judd-Ofelt theory more quantitatively. Two lower-intensity excitation
peaks attributed to excitation into the 'Ig / 3P, and 3Py levels are also observed at excitation wavelengths of 473 nm
and 485 nm, respectively. Since the measurements were performed at room temperature, P, and I levels overlap
significantly due to additional Stark splitting in the crystalline environment together with vibronic broadening and
thus, hamper a high resolution at room temperature. Predictions on highest absorption intensities of the 4f2 «
4f2 transitions of Pr3*t in the LaBOjs host together with the matching energy of the lowest edge of the 4f'5d!
configuration, it was decided to investigate upconversion primarily through 451 nm excitation.
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4.3.2 Upconversion luminescence

As stated previously, both position of the energy of the 4f2(*H,) — 4f'5d' absorption transition at around 42,500
cm ™51 and favourable line strengths for the 3H, <> 3P, transition make LaBQO3:Pr3t a promising sample for an
efficient 4f'5d! — 4f2(3HJ) UC luminescence transition via ESA from the Py level. The UC was excited with a
(pulsed) OPO and the 4f2(3H,) — 4f2(3P3) transition located at 451 nm was used as a GSA.

The anti-Stokes emission spectra upon 451 nm OPO excitation for excitation powers ranging from 0.45 to 1.00
relative to the maximum excitation power for emission wavelengths from 234 nm to 250 nm are depicted Figure 24a.
A broad emission band centred around 240 nm is observed, corresponding to the 4f'5d! — 4f2(3Hj) upconverted
emission. The upconverted emission intensity as a function of the relative OPO excitation power is depicted in
Figure 24b. The errors reported are estimated are based on the estimated errors in assessing the set integration
boundaries of the emission band, as it was assumed the numerical error of the integration of the emission band
itself. The measuring error inherent to the used equipment measuring emission with a signal-to-noise ratio as low
as the signal-to-noise ratio observed for the UC emission is impossible to be quantitatively taken into account. This
does, however, significantly increase the error in the observed UC emission intensities. This is especially true for
the lower excitation powers, to a point where the UC emission intensity at excitation powers lower than 0.5 may
not be deemed physical altogether.

As expected, an increase in intensity is observed for the higher laser powers. At relative incident laser powers
larger than 0.70 of the maximum laser power, the intensities evolve into a linear behavior on a double-log scale
indicating a rational power dependence of the intensity. Linear regression on the power dependent intensities for
relative excitation powers from 0.75 to 1.00 resulted in a slope of 1.14 + 0.10, suggesting a saturation regime and
and to a large extent agreeing with the linear relation between power and UC intensity in the high-power limit.52
For lower indicent laser powers, a slope of 2 could be obtained through a similar regression, but considering the
gradually increasing slope for the lower laser powers, the value for this slope is greatly influenced by the selection of
data points used in the regression. Hence, these results should not be interpreted quantitatively and future studies
with continuous wave (CW) excitation will be necessary to address the UC performance more quantitatively. For
even lower laser powers, the slope far exceeds the theoretical slope of 2.00 for a two-photon process. This observed
deviation from theoretical predictions is attributed to the pulsed excitation nature of the OPO rather than a CW
laser source. At lower laser power, the UC process may be additionally hampered by the 10 ns pulse width of the
OPO. A second aspect to consider is the high background level. Several reasons may be related to this artifact. On
the one hand, the UC signal may be too weak due to the pulsed excitation nature of the OPO. Moreover, the OPO
beam was unfocused to avoid laser-induced overheating of the sample. On the other hand, the wavelength range
of the Pr®*-based 4f'5d! — 4f2(3Hj) UC emission was at the sensitivity edge of the employed PMT. A vacuum
UV-sensitive PMT might be more helpful in accurate detection of the corresponding UC emission intensity.
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Figure 24: (a) Anti-Stokes upconversion emission spectrum of LaBO3:Pr3* (Ao = 451 nm, OPO) between 234 nm
and 250 nm at various relative excitation powers and (b) UC emission intensity, obtained by numerical integration
of the spectra between Ao, = 235.25 nm and Ao, = 244.25 nm, as a function of relative OPO power, with the
linear regression over relative excitation powers from 0.75 to 1.00 (x2%,;, = 2.8 - 107%).
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In addition to the previous results, the anti-Stokes emission spectra in the range between 215 nm and 236 nm
acquired upon 451 nm OPO excitation for excitation powers ranging from 0.45 to 1.00 relative to the maximum
excitation power are depicted in Figure 25a. A broad emission band centered around Ae, = 224 nm is observed,
whose position does not match with the reported energy of the 4f°1d' — 4f2(*Hj) emission in Pr®*t-activated
LaB03.5%:63 Tt is assumed that this band is an artifact of the spectrometer that may be removed upon usage of a
bandpass filter. This was not attempted for this sample, as its energy is too high to interline with any potential
UC emission. It will be, however, considered for the YPO4:Pr3t sample, for which a similar feature was observed.
The intensity of this signal as a function of the relative OPO excitation power is displayed in Figure 25b. For
the higher laser powers, the increase of the UC intensity with laser power incident laser power appears to show
a linear correlation on a double logarithmic scale. Linear regression over the logarithm of the UC intensity as a
function of the logarithm of the relative laser power for laser powers from 0.75 to 1.00 results in a slope of 1.41
4+ 0.28, which is statistically significantly different from a slope of one within the given error margin. For lower
relative laser powers, a gradually decreasing slope for decreasing laser power in observed. The difference in power
dependency compared to the results depicted in Figure 24 may possibly be interpreted as indicative for an artifact
rather than a real emission originating from the LaBO3:Pr3* sample. However, this should be done with care, as
the low signal-to-noise ratio and correspondingly high unquantifiable error in the UC emission intensities result in
the values for the slopes being unreliable.
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Figure 25: (a) Anti-Stokes upconversion emission spectrum of LaBO3:Pr3t (Ao = 451 nm, OPO) between 234
nm and 250 nm at various relative laser powers and (b) anti-Stokes emission intensity, obtained by numerical
integration of the spectra between Aoy, = 218.50 nm and Aep, = 236.00 nm, as a function of relative OPO power,
with the linear regression over relative excitation powers from 0.75 to 1.00 (Xged =8.1-107%).

26



4.3.3 Decay analysis

To further elucidate on the UC mechanism, decay curves for the relevant 4f2-based
levels in Pr3t were measured. Decay curves for the 3Py — 3H, (Aem = 485 nm)
emission were measured upon 3Hy — 3Py (A = 451 nm) and *Hy — 3Py (\ep =
480 nm) excitation. For the Dy — 3Hy emission (), = 615 nm) decay curves were
measured using the two aforementioned excitation transitions into the 3P, and 3Py
4f2-based levels, in addition to direct *Hy — Dy (A = 580 nm) excitation.

The situation upon excitation into either the 3P, or 3P, levels, from which feeding
into the 3P level takes place, is depicted in Figure 26. Based on this scheme and
the assumed feeding ratios (;, the decay kinetics should be identical upon excitation
into the 3Py and 3P; states. For the case in which the 3Pg level is occupied, the
population dynamics of the 'Dy and 3Py levels, denoted as states |1) and |2), are
given by

dNy

o = BN =k = kg Ny + KL 1N (8) ky
dN * aos em
d7t2 = BoN* — kN + kg2 N1 — k5" g1 N2 )
Here, N* denoted the population of the P o states, k& and k2% denote the rate of L

non-radiative multi-phonon relaxation and absorption, respectively, between states
|1) and |2), k.1 and k.o denote the rate of radiative decay of states |1) and |2),
respectively, and g; and g, denote the degeneracy of states |1) and |2) respectively.
Normalizing equations 8 and 9 with respect to N* and re-writing in matrix form

yields
i1\ [~k — k20%gs k2 g1 n b1
<m)< ks =k — kg ) \na ) T\ (10) /H, =10

—1 52,64
)

Since the energy gap between states |1) and |2) is approximately 4000 cm Figure 26: Simplified decay
multi-phonon absorption in the LaBos host lattice with a phonon energy of around kinetics diagram for Pr3*
1300 cm ™! becomes negligibly small, such that the assumption k2% gy = 0 is feasible. upon excitation into the 3Pj
The simplification of this linear system of differential equations in equation 10 allows levels.

it to be analytically solved. Upon imposing the initial conditions n;(0) = 0 and

n2(0) = ngz, the final solution becomes

kg1 —kp t _ kg +kC T grt Bi o _ Pakuror
P Py mt g krg LT 91
(nl (t)> = "oz (krl _kTQ +k7€1,17{L91 (6 € ) —|— kﬁ‘l krl I(Bkrz _k'ww- gl) (11)

nz(t) e~ (kry kM g1t) e
T2 nr

Based on this solution, the 'Dy and 3Py levels are expected to respectively display bi-exponential and single-
exponential decay upon excitation into the Pj levels, respectively. Upon direct excitation into the Do, a single
exponential decay of the intensity of the 'Dy — 3Hy-based emission is expected considering the isolation of this
energy level and corresponding absence of competing decay processes. The decay curves presented in both this
section and the sections on decay analysis of the other Pr3* activated compounds are corrected for the purposes
of the decay analysis. The uncorrected decay curves may be found in appendix A.

The decay curves upon monitoring the Py — 3H, emission upon excitation into the 3Py and Py levels are depicted
in Figure 27. Both curves display a similar biexponential decay, in contradiction to the theoretical prediction of
equation 11. One possible explanation is cross-relaxation.’ However, no conclusive evidence supporting this
explanation was found. Although the relatively low doping concentration of 0.5 mol% was chosen to diminish such
a competitive process, Pr®t is known to be extremely susceptible to cross-relaxation,* which may be additionally
enhanced by clustering of Pr®* ions.? Regardless of the cause, the bi-exponential decay is expected to posses a
single-exponential component representing the 3Py — *H, emission. Hence, a bi-exponential function of the form
I = Ae ¥/ 4+ Be t/™ 4 C was fitted to the decay curves, represented by the red regression lines in Figure 27.
The decay components were found to be (5.47 £ 0.04) us and (36.9 + 0.4) us for 451 nm excitation, and (7.985 +
0.018) s and (35.1 + 0.8) ps for 480 nm excitation.
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Figure 27: Luminescence decay curves of the Pr®t 3Py, — 3H, emission (Aem = 485 nm) in the LaBos host upon
(a) 3Hy — 3Py (Aex = 451 nm) and (b) 3Hy — 3Py (Aex = 480 nm) excitation.

The decay curves upon monitoring the 'Dy — 3H, emission upon excitation into the 3Ps, 3Py and 'Ds levels are
depicted in Figure 28. For excitation into the 3Py levels, bi-exponential decay is observed. However, equation 11
predicts a rise time caused by the feeding from the 3P level, which is not observed. This is attributed to the
energy of the 'Dy — 3H, emission being very similar to that of the 3Py — 3Hg, which may be competing upon
excitation into the 3Py levels due to the emission large slit width used. Hence, a bi-exponential function was fit to
the decay curves in Figures 28a and b. The decay components were found to be (2.669 + 0.008) us and (36.16 +
0.12) ps for 451 nm excitation, and (1.364 £ 0.004) us and (33.79 &+ 0.09) s for 480 nm excitation. For excitation
into the Dy level, the expected single-exponential decay is observed. From a single exponential function fitted
to the decay curve in Figure 28c¢, corresponding to the red regression line, a decay time of (28.32 4+ 0.10) us was
found.

Lifetimes of the ®Py level have been reported for a variety of hosts, and range from ~2 us for the Yi,SiO5 (YSO)
host,” to ~ 42 us for the ZBLAN glass®® and 55-60 us for the BaYoFg host.%6 One trend observed in every host,
however, is the shorter lifetime of the 3Py compared to the 'D,,? 566 caused by the spin-forbidden nature of
transitions originating from the latter.5”-5% Reported lifetimes of the 'Ds level are also greatly influenced by the
choice of host lattice, ranging from 1.6-56 us for the YSO host? to well over 500 us for the ZBLAN glass%® and
certain occupied hosts in the Y4Al,09 (YAM) host. Based on this observation and the decay times found upon
fitting the Dy decay curves, the shorter of the two found decay components upon monitoring the 485 nm emission
is attributed to the ®Pg lifetime. Hence, reported lifetimes of the Pq level are (5.47 4= 0.04) us and (7.985 +
0.018) us for 451 nm and 480 nm excitation respectively. Likewise, the longer of the two decay components upon
monitoring the 615 nm emission is attributed to the Dy lifetime. Hence, reported lifetimes of the Dy level are
(36.16 + 0.12) us, (33.79 &+ 0.09) us and (28.32 £ 0.10) us for 451 nm, 480 nm and 580 nm excitation, respectively.
A separation of the radiative and non-radiative contributions to the decay time (eq. 11) by means of fitting to the
data is not viable due to derivation of the observed decay curves from predictions based on equation 11.
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Figure 28: Luminescence decay curves of the Pr3* Dy — 3H, emission (Ao, = 615 nm) in the LaBO3 host upon
(a) 3Hy — 3Py (Aex = 451 nm), (b) 3Hy — 3Py (Aex = 480 nm) and (c) 3Hy — Dy (Aex = 580 nm) excitation.
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While the decay times found for the two 4f2-based electronic levels differ significantly based on the excitation
wavelengths, they are of the same order of magnitude as those reported in literature for a variety of host lattices,
with the 'Dy possessing a longer lifetime. Considering the 10 ns pulse width of the OPO, the lifetimes recorded
for the 3Pg level indicate that the two steps in the UC process, the GSA and the ESA, are required to occur
within a single excitation pulse, as the *Py level is not appreciably populated 50 us after excitation. However,
since the 3H, — 3Py GSA is quite inefficient, the UC process may be hampered by the pulse width. Based on this,
4f°5d! — 4f2(3Hy) UC emission may be most efficiently excited through 4f2(3H,) — 4f2(3P3) GSA, followed by
a non-radiative multi-phonon relaxation to the 'Dy 4f2-based level and finally, 4f?(*Dy) — 4f'5d! ESA. However,
as stated previously, the energy of a 451 nm photon is insufficient to bridge the energy gap between the Dy level
and the lower edge of the 4f°5d' configuration in the LaBQOs host. This may explain the relatively low intensity of
the UC emission observed in Figure 24. The found lifetimes of both the 4f? levels are several orders of magnitude
higher than the reported lifetime of 12.7 ns®® of the 4f'5d! levels of Pr®* in LaBO3 and similar lifetimes for other
Pr3* host lattices,%: %9 naturally explained by the parity-allowed nature of the 4f'5d! < 4f2 transitions.
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4.4 Luminescent features of YPO,:Pr3+

In the YPOy host, the lower edge of the 4f'5d! absorption band in Pr®* is located at a slighter higher energy
compared to the position in the LaBOj3 host, starting at approximately 44,000 cm~! above the 4f?(3Hy) level .59 70
This energy is a high-energy limiting case regarding the position of the 4f'5d' configuration for UC purposes, as
it is theoretically just low enough to allow for 4f2(3H,) — 4f2(3P3) GSA and sequential 4f2(3P;) — 4f'5d! ESA
to achieve the 4f'5d! — 4f2(3H;) UC emission. In analogy to LaBOs:Pr3*, the intraconfigurational 4f2 < 4%’
luminescence will be briefly discussed, followed by a more in-depth discussion on the UC luminescence and the
decay kinetics of the relevant 4f>-based levels.

4.4.1 4f2 & 42 luminescence

As previously stated, the chemical nature of the host lattice has a strong influence on the 5d wavefunctions, unlike
the well-shielded 4f wavefunctions. Since the effect of the change in 5d wavefunctions on the 4f wavefunctions is
negligible, the situation for Pr3* is assumed to be virtually identical between the LaBOs and YPO, hosts. An
emission spectrum upon 3Hy — 3Py excitation (Aex = 446 nm) is depicted in Figure 29. This spectrum displays
some resemblance to its analogy in LaBOs:Pr3* (see Figure 21), with groups of emission peaks attributed to
both the 3Pq — 3H, emission and *Dy — 3H, emission being observed with the former again possessing a higher
intensity, were the 3Py and 'Ds levels are both populated through efficient multi-phonon relaxation from the 3Py
level. One striking difference however, is the presence of a broad emission band centered around Ay, = 515 nm.
The broadness of this band cannot possibly be attributed to an intraconfigurational 42 < 4% transition, as those
are characterized by narrow emission and absorption lines. It is hence discarded as an artefact present despite the
heavy use of filters employed while acquiring this spectrum.

An emission spectrum upon *Hy; — 1Dy excitation (Aexy = 580 nm) is depicted in Figure 30. As expected, this
spectrum shows great resemblance to the analogous spectrum for LaBO3:Pr3*t (see Figure 22), displaying a low
signal-to-noise ratio spectrum with three emission peaks attributed to the low-intensity 'Dy — 2Hs, 'Dy — 3Hg
and 'Dy — 3F, emissions. In analogy to the LaBO4:Pr3* sample, this is assumed to be a consequence of the 3Hy
— 1Dy excitation being significantly more inefficient than the 3H,; — 3Py excitation by virtue of the respective
reduced matrix elements for both transitions and corresponding lower occupation of the Dy level.
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Figure 29: Emission spectrum (Aex = 446 nm) of YPO,:Pr3+
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Figure 30: Emission spectrum (Aex = 580 nm) of YPO,:Pr3+
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Figure 31: Excitation spectrum (Aem = 609 nm) of YPO,:Pr3+

An excitation spectrum upon monitoring the Dy — 3Hy emission (Aen = 609 nm) is displayed in Figure 31.
Similar to the excitation spectrum for LaBOs3:Pr3* in Figure 23, the highest-intensity excitation peak is attributed
to the Hy — 3P, excitation, conforming with the high line strength for the 3Hy — 3P, excitation at Aex = 451
nm predicted by the Judd-Ofelt parameters of Pr3*. Two additional excitation peaks are observed at excitation
wavelengths of 475 nm and 488 nm, attributed to the 3H; — 3P1/1IG and 3 — 3Py transitions, respectively. Based
on the intensities of these intraconfigurational 4f2 <+ 4f"" transitions, the feasibility of investigating the upconversion
process primarily through 4f2(3H,) — 4f2(3P3) GSA using 451 nm excitation was confirmed.
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4.4.2 Upconversion luminescence

The position of the lower edge of the 4f'5d! configuration absorption band theoretically allows for a 4f'5d! —
4f2(3H;) UC emission via sequential 4f?(3H,) — 4f>(3P3) GSA and 4f>(3Py) — 4f'5d! ESA under monochromatic
451 nm excitation. The anti-Stokes emission spectra upon 451 nm OPO excitation of YPO4:Pr3t with relative
excitation powers from 0.45 to 1.00 in the wavelength range between 215 and 240 nm, are depicted in Figure
32a. As was the case for LaBO3:Pr3*, a broad emission band centered around 224 nm is observed. Considering
this wavelength is nearly equal to half the excitation wavelength, it was proposed this peak may be an artifact
originating from the emission monochromator allowing the excitation radiation to pass through. In order to account
for this potential artefact, a band pass filter only allowing passage of radiation with the desired emission wavelength
(Aem ~ 210 — 250 nm) was placed between sample and emission monochromator. The placement of this filter did
not result in an appreciable drop in intensity of the emission peak. Unlike in LaBO3:Pr3* however, the emission
band in YPO,4:Pr?* displays an additional shoulder around an emission wavelength of 230 nm. Since the position
of this shoulder agrees with the reported position of the 4f'5d* — 4f2(*H,) emission in YPO4:Pr3+ %070 it was
proposed that the presence of this shoulder is attributable to the aforementioned UC emission overlapping with
the more intense emission band of unknown origin.

Due to the overlap of the UC emission signal with the emission peak of unknown origin, regression over the sole
UC signal was not possible. Hence, the power dependence was analyzed via integration of the whole emission
peak. The power dependence of this peak integral on a double logarithmic scale is depicted in Figure 32b. Like
for LaBO3:Pr?t, the low signal-to-noise ratio makes the UC intensities for the lowest relative excitation powers
more inaccurate. Similarly to LaBOs:Pr3T, a gradually decreasing slope for higher excitation powers is observed,
eventually saturating for relative excitation powers of 0.75 and higher. Linear regression on the logarithm of the
UC intensity as a function of the logarithm of the relative excitation power in the high-power limit yielded a slope
of 1.10 £+ 0.08. This agrees with the linear dependency predicted by the ESA process being more efficient than
the GSA process. Additionally, the theoretically predicted quadratic dependence for the low-power regime is not
observed, which may be attributed either to the overlap with another signal or, as proposed for LaBOs:Pr37, to
the OPO being a pulsed excitation source. It should however be noted, the observed power dependence behaviour
is not irrevocably attributable to the upconversion emission due to the overlap with the peak of unknown origin
and a similar power dependence behaviour being observed for a similar peak in the anti-Stokes emission spectra of
LaBO3:Pr3* without the overlapping UC emission signal (see Fig. 25).
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Figure 32: (a) Anti-Stokes upconversion emission spectrum of YPO4:Pr3* (Aex = 451 nm, OPO) between 215 nm
and 240 n at various relative excitation powers and (b) UC emission intensity, obtained by numerical integration
of the spectra between Aey, = 217.75 nm and Aoy, = 235.0 nm, as a function of relative OPO power, with linear
regression over relative excitation powers from 0.75 to 1.00 (x2,;, = 1.9-107%).
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4.4.3 Decay analysis

Since the situation regarding the 4f2-based energy levels of Pr®t is virtually identical between the LaBO3 and YPOy
hosts, the same mathematical description presented in equations 8 to 11 for the decay kinetics in LaBOgz:Pr3* is
valid for YPO4:Pr3*. Hence, bi-exponential and single-exponential decay behaviour are expected for the 'D, and
3Py levels respectively upon 3Hy — 3Pj (J = 0,2) excitation, and single exponential decay behaviour is expected
for the 'Dy level upon *Hy — Dy excitation.

The decay curves upon monitoring the 3Py — 3H, emission upon excitation into the 3Py and 3Pq levels are
depicted in Figure 33. As in LaBOgs, both decay curves display a pronounced bi-exponential decay behaviour,
in contradiction to the predicted single exponential decay according to equation 11. Since this bi-exponential
behaviour is expected to posses a single component representing the Py — 3H, emission, a bi-exponential function
was fitted to the decay curves, represented by the red regression lines in Figure 33. The decay components were
found to be (7.05 £ 0.03) us and (30.6 £ 0.4) us for 451 nm excitation, and (7.51 + 0.06) ps and (23.5 £ 0.5) us
for 480 nm excitation.
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Figure 33: Luminescence decay curves of the Pr3* 3Py — 3H, emission (Ao, = 485 nm) in the YPO,4 host upon
(a) 3Hy — 3Pa (Aex = 451 nm) and (b) 3Hy — 3Py (Aex = 480 nm) excitation.

The decay curves obtained upon monitoring the 'Dy — 3H, emission upon excitation into the 3Ps, 3Py and Dy
levels are depicted in Figure 34, respectively. Similar to the LaBOgs sample, bi-exponential decay is observed
for excitation into the 3Py levels, but the rise time predicted by equation 11 is absent. Like LaBQOs:Pr3t, the
observed bi-exponential decay is possible attributable to the 3Py — 3Hg emission, which possesses a similar energy
compared to the 'Dy — 3H, emission. Unlike the decay curves observed in LaBOs:Pr3* however, the decay
curves for YPO4:Pr3t display a significantly longer-lived component as the component with the shortest decay
time. Hence, the assumption that this decay component originates from an emission overlapping in energy with
the 1Dy — 3H, emission is not reasonable. It does, however, provide an argument for attributing the longer-lived
component to the Dy — 3H, emission, considering the expected similarity in decay times for the well-shielded
4f2-based levels in different hosts and the isolate nature of the ' Dy level. Bi-exponential functions were fitted to the
decay curves in Figures 34a and 34b, yielding decay components of (6.61 £ 0.04) us and (25.5 & 0.3) us for 451 nm
excitation, and (5.36 + 0.04) ps and (17.09 & 0.20) us for 480 nm excitation. Single-exponential decay behaviour
is observed for 580 nm excitation, in agreement with the predictions from equation 11. Fitting a single-exponential
function to the decay curve in Figure 34c, a decay time of (9.53 £ 0.14) us was found.
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Figure 34: Luminescence decay curves of the Pr*t D, — 3H, emission (Aem = 615 nm) in the YPO,4 host upon
(a) 3Hy — 3Py (Mex = 451 nm), (b) 2Hy — 3Py (Aex = 480 nm) and (c) 3Hy — 1Dy (Aex = 580 nm) excitation.

In analogy to the LaBOs:Pr3t sample, the shorter-lived component of the bi-exponential decay behaviour observed
for the 3Py level is attributed to the 3Py — H, emission. Hence, reported lifetimes of this emission are (7.05 £+
0.03) ps and (7.51 £ 0.06) ps for 451 nm and 480 nm excitation, respectively. While the difference between these
reported decay times is significant, they are of the same order of magnitude as both the previously discussed decay
times reported for the 3P level in literature and the decay times found for this level in LaBO3:Pr3t. Likewise,
the longer-lived decay component of the bi-exponential decay behaviour observed for the 'Dy upon excitation
into the Py levels is attributed to the 'D, — 2Hy emission. Consequently, reported lifetimes for this particular
emission are (25.5 + 0.3) s, (17.09 £+ 0.20) ps and (9.53 £ 0.14) ps for 451 nm, 480 nm and 580 nm excitation,
respectively.

The differences between the observed decay times are significant, even more so than for both the decay times
reported for LaBOs:Pr3* and the 3Pg level in YPO4:Pr3t. Despite the different values, the lifetimes found for the
Dy — 3H, emission upon excitation into the 3P; levels do conform with the order of magnitude of the lifetime
of this emission reported in literature and in LaBOs:Pr®t within the context of this thesis. The much shorter
decay time found upon direct excitation into the Dy level, however, does not conform to previously established
lifetimes, and also deviates significantly from the shorter-lived decay components found for the Dy level upon
excitation into the 3Pj levels. The cause for this was not decisively established, but might be attributable to a
deficit in the used equipment. Another possibility may be one related to the sample itself: the reflections in the
XRD pattern of the synthesized YPOy, (see Figure 15) displays somewhat broad reflection peaks. Combined with
the drying performed at 150 °C, the possible presence of residual water on the surface and consequent quenching
of luminescence is considered. Like in LaBO3:Pr3t, the employed pumping wavelength of 451 nm upon inclusion
of a non-radiative relaxation process to the 'Dy level is actually too high to support an efficient ESA to the even
higher energetic 4f'5d" levels in YPOy4:Pr3* compared to LaBO3:Pr3*. Thus, it may already be concluded that
YPO,:Pr?t is not a convenient choice for an efficient red-to-UV upconversion material.
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4.5 Luminescent features of LuUAG:Pr3t

The lowest energy level of the 4f'd! configuration in LuAG:Pr3* is located at approximately 36,000 cm™! above
the 4f2(3Hy) level, based on its UV excitation maxima reported in literature.5%>7! This results in LuAG:Pr®* being
a potential candidate for a 4f'5d! — 4f2(3H;) UC emission via 4f2(3Hy) — 4f2(3P2) GSA and 4f*('Dy) — 4f'5d!
ESA. In addition, the highest phonon on energy of approximately 750 cm™! is considerably lower than the highest
phonon energy of the LaBO3 and YPO, hosts.” For the LuAG:Pr®+ compound, both the intraconfigurational 4f>
¢ 42" luminescence and the interconfigurational 4f? <+ 4f'5d! will be briefly characterized. UC emission will be
investigated in more detail, as will the decay kinetics of the relevant 4f>-based levels.

4.5.1 4f2 < 42 luminescence

An emission spectrum upon the 3H; — 3Py (Aox = 451 nm) excitation of LuAG:Pr3* is depicted in Figure 35.
Similar the LaBO3:Pr®* and YPO4:Pr?®t samples, the highest-intensity peak is assigned the 3Py — 3Hy emission,
with a slightly less intense 'Dy — 3H, emission being observed, by which the 3Py and 'Ds levels are populated
through multi-phonon relaxation from the 3P5 levels. The high intensity of the 1Dy — 3H, is somewhat unexpected,
as the maximum phonon energy in LuAG (fiw ~ 750 cm~!) compared to the LaBO3 and YPO4 hosts would lead
to the prediction that the 3Py — D, multi-phonon relaxation is less efficient, decreasing the population of the 1Dy
level. While unexpected, the relatively high intensity of this emission is promising in the light of the upconversion
process, as, apparently, the 1D, level is efficiently populated, leading to the possibility of performing ESA from this
level. In addition to these two well-understood emission peaks, several lower-intensity peaks absent in the emission
spectra for the other two Pr3T-activated compounds are observed, a cause for which is not known. In addition, an
emission spectrum upon the Hs — Dy (Aox = 580 nm) excitation is depicted in Figure 36. In this spectrum, the
same emission peaks with low signal-to-noise ratio attributed to inefficient transitions as observed and discussed
for the other two Pr3*-activated compounds.
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Figure 35: Emission spectrum (Aex = 451 nm) for LuAG:Pr3+
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Figure 36: Emission spectrum (Aex = 580 nm) for LuAG:Pr3+
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Figure 37: Excitation spectrum (Aey = 609 nm) for LuAG:Pr3+

In addition to the previously presented emission spectra, an excitation spectrum upon monitoring the 'Dy — 3Hy
emission (Aex = 609 nm) is depicted in Figure 37. The same three excitation peaks observed in the excitation
spectra, for the other two Pr3t-activated compounds are present, again conforming the similarity. As for the other
Pr3*-activated compounds, resolving of the 3P; and ‘I levels at room temperature is impossible due to Stark
splitting of these levels. A fourth excitation peak centered around Aj; = 460 nm is observed. Since its position does
not fit to an excitation originating from the 4f2(*Hy) level even when considering Stark splitting, this is likely an
artifact. The high intensity of the emission upon 3H, — 3P, excitation is again in agreement with the high line
strength for the 3H, — 3P, absorption. It was therefore decided to investigate the UC process primarily upon 451
nm excitation of the LuAG:Pr3* compound.
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4.5.2 4f%2 & 4f'5d' luminescence

Since the lowest levels of the 4f'5d! configuration are considerably lower in energy in LuAG:Pr3* compared to both
LaBOs:Pr® and YPO,:Pr?t, the spectroscopic equipment employed within this thesis was suitable for studying
luminescence upon direct 4f%(3Hy) — 4f15d! excitation LuAG:Pr3T. That circumstance allowed for an examination
of the position of the emission and excitation bands, and for a meaningful comparison with the position of this
band reported in literature. An excitation spectrum in the UV range upon detection of the 4f2(1Dy) — 3H,
emission (Aem = 615 nm) is displayed in Figure 38. Two broad excitation bands characteristic for the 4f2(*H,) —
4f'5d! transition are observed, centered at around 245 nm and 280 nm in accordance with the positions reported
in literature.5% 7" The energy of the latter confirms the possibility of 1Dy — 4f'5d! ESA using 451 nm excitation
(the wavelength used for the 4f2(3Hy) — 4f2(3P3) GSA) to achieve the desired 4f'5d! — 4f2(3H;) UC emission.
In addition, an emission spectrum upon direct 245 nm excitation into the 4f'5d! configuration for LuAG:Pr37 is
depicted in Figure 38. Two broad emission bands characteristic for 4f'5d* — 4f? emission centered around 311 nm
and 373 nm are observed in accordance with the positions of these emission bands reported in literature.5 7!
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Figure 38: Excitation spectrum (Aey, = 615 nm, in red)and emission spectrum (Aex = 245 nm, in black) of
LuAG:Pr3*
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4.5.3 Upconversion luminescence

The anti-Stokes emission spectra upon 451 nm excitation with the OPO for relative excitation powers from 0.60
to 1.00 are displayed in Figure 39. Two broad UC emission peaks are observed, corresponding to the 4f'5d*
— 4f2(3H,4) and 4f'5d' — 4f2(*H;) emissions, respectively, which are observed upon direct GSA into the 4f'5d!
configuration. Additionally, the signal-to-noise ratio observed for these emission peaks is very small, even more than
is the case for the UC emission in the other Pr3*-activated compounds investigated within this thesis. A possible
explanation for this low intensity may be inherent to the proposed UC upconversion mechanism: the energy of the
4f15d -related UC emission in LuAG:Pr3T necessitates a multi-phonon relaxation from the 3Pg level to the 1Dy
level, which are separated by approximately 3500 cm~'.>2 Considering the highest phonon energy in the LuAG
host is approximately 750 cm™!,”? more than 4 phonons are required to bridge this gap. This circumstance makes
the corresponding non-radiative transition from the !Dy less probable and as such may hamper the UC process.
In addition, the excitation source pulse width of 10 ns is to be considered in combination with the repetition
rate. As for the two other Pr3t-activated compounds investigated within this thesis, the level from which the
ESA presumably takes place, does not posses appreciable population 50 ms after the excitation pulse due to the
reported decay times of this level all being lower than 100 us. Hence, GSA and ESA are to occur within a single
10 ns excitation pulse, potentially hampering the UC emission intensity. In addition, the 3Py — 'Ds multi-phonon
relaxation necessary to facilitate the 4f2(1Dgy) — 4f'5d! ESA also must occur within this narrow excitation pulse,
potentially further hampering the UC emission intensity.

The relation between the UC emission intensity and the relative excitation power for both emission peaks in Figure
39 are depicted in Figure 40. Unlike the two previously presented compounds, a clear distinction between two
regions with a different order dependence between them is observed for both of these peaks. Linear regression on
the logarithm of the UC emission intensity of the peak centered around 310 nm, obtained by numerical integration
from Mgy, = 288 nm to ey = 344 nm as a function of the logarithm of the relative laser power (see Figure 40a),
yields a slope of 2.48 + 0.30 for relative excitation powers from 0.65 to 0.80, and a slope of 1.45 4 0.08 for relative
excitation powers from 0.80 to 1.00. The two-slope character agrees with the dependency of the UC emission
intensity on the expected decrease of the UC emission intensity for higher pump powers due to the more efficient
4f2 —5 4f'5d! ESA compared to the 4f2 — 4f2° GSA process. However, the slopes for this particular UC emission
band found within the context of this thesis deviate significantly from the theoretical slopes of 2.00 and 1.00 for the
low- and high-power limits respectively.’? This may be readily explained by the extremely low signal-to-noise ratio
observed in the UC emission spectrum, resulting in a large, yet unquantifiable error in the UC intensity.

Linear regression on the logarithm of the UC emission intensity of the peak centered around 380 nm, obtained by
numerical integration from Ay = 344 nm to Aeyy = 409 nm as a function of the logarithm of the relative laser
power (see Figure 40b) yields a slope of 2.29 4 0.29 for relative excitation powers from 0.65 to 0.80, and a slope of
1.12 £ 0.09 for relative excitation powers from 0.80 to 1.00. Within the error margins, this conforms very well with
the expected quadratic dependence of the UC emission intensity as a function of excitation power based on the fact
that the GSA/ESA process is a two-photon process. At higher excitation powers, the dependency becomes linear
due to the greater efficiency of the ESA compared to the GSA.% 62 This aspect additionally confirms the influence
of the non-systematic error resulting from the low signal-to-noise ratio, as the two UC emission bands are expected
to display the same power dependence behaviour.
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Figure 39: Anti-Stokes upconversion emission of LuAG:Pr3T (Aex = 451 nm, OPO) from 280 nm to 430 nm at
various relative excitation powers
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Figure 40: UC emission intensity in LuAG:Pr3* upon 451 nm OPO excitation for (a) the emission band centered
around 310 nm, obtained by numerical integration of the emission spectra from Agy = 288 nm and Aep, = 344 nm
with regression lines for excitation powers from 0.65 to 0.80 (in red, X72“ed =7.3-107%) and 0.80 to 1.00 (in green,
X%.q = 7.3-1075), and (b) the emission band centered around 380 nm, obtained by numerical integration of the
emission spectra from Aep, = 344 nm and Ao, = 409 nm, as a function of relative laser power with regression lines
for excitation powers from 0.65 to 0.80 (in red, x?,; = 1.4 - 10~%) and 0.80 to 1.00 (in green, x2., = 7.6 - 107°).
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4.5.4 Decay analysis

Since the situation regrading the 4f2-based levels in LuAG:Pr3* is virtually identical to that in the the LaBOs:Pr3+
and YPO4:Pr3*, the same mathematical description of the decay kinetics (see equations 8 to 11) applies, which
predicts bi-exponential and single-exponential decay of the 'Ds and 3Py levels, respectively upon *H,; — 3Pj
(J = 0,2) excitation. In addition, the D5 level is expected to display a single exponential decay upon monitoring
the ' Dy — 3H, emission.

The decay curves obtained by monitoring the Py — 3H, emission upon excitation into the 3P, and 3P, are
depicted in Figure 41. Similar to the 3Pg level in LaBOs3:Pr3* and YPO,:Pr?t, bi-expontential decay is observed,
again contradicting the predictions based on equation 11. Cross relaxation may be a possible reason here due to
the higher Pr3* doping concentration of 1% in this compound. A bi-exponential function, expected to exhibit a
single-exponential component representing the 3Py — 3H, emission timescale, was fitted to both decay curves. The
decay components were found to be (10.86 £ 0.05) us and (25.2 + 0.8) us for 451 nm excitation, and (8.41 £ 0.08)
ps and (15.3 £ 0.03) ps for 480 nm excitation.

The decay curves upon monitoring the Dy — 3G, emission upon excitation into the 3Ps, 3Py and 'Ds levels are
depicted in Figure 42. For excitation into the 3P; levels, bi-exponential decay is observed. However, as for the
other two two compounds investigated, the rise time predicted by the results in equation 11 are absent, possibly
attributable to the aforementioned overlap in energy with the 3Py — 3Hg emission. However, unlike the other
Pr3*-doped compounds, the 'Dy level in the investigated LuAG:Pr3* sample also displays bi-exponential decay
upon excitation into the same level. Since this decay cannot be explained by the overlapping energy of the 3Py —
3Hg emission, this behaviour is attributed to cross-relaxation related to the higher Pr3* doping concentration of 1
mol%, compared to the 0.5 mol% in the other two Pr3+t-activated compounds. Hence, bi-exponential functions were
fitted to the three 'Dy decay curves, represented by the red regression lines in Figure 42. The decay components
were found to be 10.005 & 0.010 us and 68.4 + 0.6 us for 451 nm excitation, 9.049 £ 0.019 us and 56.6 £+ 0.6 us for
480 nm excitation, and 10.94 4+ 0.16 us and 71.7 £ 0.6 us for 580 nm excitation. In addition, a single-exponential
function was fitted to the Dy decay curve upon 580 nm excitation over the data interval where the decay displayed
single-exponential character, as is represented by the green regression line in Figure 42c. The decay time in this
regression was found to be (64.6 £ 0.6) us.
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Figure 41: Luminescence decay curves of the Pr3* 3Py — 3H, emission (Ao = 485 nm) in the LuAG host upon
(a) 3Hy — 3P2 (Aex = 451 nm) and (b) 3Hy — 3Py (Aex = 480 nm) excitation.
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Figure 42: Luminescence decay curves of the Pr3* 1Dy — ®H, emission (Ae, = 615 nm) in the LuAG host upon
(a) 3Hy — 3Py (Mex = 451 nm), (b) 2Hy — 3Py (Aex = 480 nm) and (c) 3Hy — 1Dy (Aex = 580 nm) excitation.

Considering the spin-allowed character of the 3Py — 3H, emission for the lighter Pr3>* ions and the spin-forbidden
character of the 'Dy — %H, emission,’"-%8 the shorter-lived component of the bi-exponential decay behaviour
observed for the 3Pg level is attributed to the 3Py — 3H, emission. Hence, reported lifetimes for this particular
emission the LuAG:Pr3+:Pr3* are (10.85 + 0.05) us upon 451 nm excitation and (8.41 + 0.08) us upon 480 nm
excitation. Likewise, the longer-lived component of the bi-exponential decay behaviour observed for the 'Dy level
is attributed to the 'Dy — Hy emission. Hence, the reported lifetimes of this emission are (68.4 & 0.6) us, (56.6
+ 0.6) us and (71.7 £ 0.6) s for 451 nm, 480 nm and 580 nm excitation respectively. The lifetime of (64.6 +
0.6) us for 580 nm excitation obtained from the single-exponential fit is similar to these decay components, and is
hence also attributed to the Dy — 3H, emission.

As observed for the other Pr3*-doped compounds, the emission lifetimes of both the 3Py — 3H, emission and Dy
— 3H, emission significantly differ based on the excitation wavelengths. The agreement in the orders of magnitudes
confirms that the 3H; — 3P, GSA and 'D, ESA occur within a single excitation pulse. In addition, it indicates
that the UC emission may best be achieved via ESA from the D, due to the longer decay time of that energy
level. The lifetimes of intraconfigurational emission between the 4f>-based levels reported both within the context
of this thesis and in literature are several order of magnitude higher than the 4f'5d! — 4f? emission lifetime of 17
ns,5% ™3 again explained by the parity-allowed character of this emission.
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5 Conclusions and Perspectives

The SrB4O7 host lattice was successfully synthesized. However, the reduction of Tm3* to Tm?* within this
host compound was unsuccessful. It was proposed that this possibly resulted from an inadequacy of the used
lab equipment such as an unstable furnace temperature or insufficient insulation. Since the 4f'3-based energy
levels in Tm?* combined with the position of the lowest level in the 4f'25d! configuration theoretically allow for
UC emission, optimization of this synthesis may be considered for future research. A new vacuum oven within
the research group, having become available at the end of this thesis, could be potentially useful in achieving a
well-insulated environment with homogeneous temperature distribution, which may prove useful in achieving the
desired reduction of Tm3* to Tm?*.

The reduction of Sm3* to Sm?* in the SrB,O7 host was successful. However, the 4{55d! — 4f5("F;) UC emission
of Sm?* within this host was hampered by a combination of a too high phonon energy and the low energy of the
4f55d" configuration. Hence, the SrB4O7 host was proven to be unsuitable for achieving upconversion in Sm?*. To
successfully achieve the desired UC emission, the StFCl host was proposed as a promising alternative, as the strong
ionicity of fluoride ions result in a higher-energetic 4f°5d' configuration, and the chloride ions result in a lower
maximum phonon energy due to their higher mass. This SrFCI host lattice was successfully synthesized. However,
the reduction of Sm3* to Sm?* in this host was unsuccessful, possibly caused by an insufficient insulation of the
reaction. Considering the potential of this sample, repeating the synthesis with better-insulated equipment, e.g. in
the newly installed vacuum oven, should be considered for future studies. If the synthesis SrFCl and the reduction
of Sm3* to Sm2* both prove successful, the UC process upon 684 nm excitation may be investigated, allowing for
a meaningful comparison with the UC process in Pr3*.

The synthesis of both LaBOs3:Pr3* via solid-state synthesis and YPO,:Pr3* via precipitation from solution with a
doping concentration of 0.5 mol% were successful. Together with the previously available LuAG:Pr3+ sample with
a doping concentration of 1 mol%, these were studied in terms of their luminescent properties. Xe lamp excited
intraconfigurational 42 < 4f2" luminescence confirmed the high line strength for the 3H, <« 3P, transition as
predicted by Judd-Ofelt analysis. Hence, the excitation wavelength for the GSA in the UC process was established
at 451 nm, corresponding to the 3H,; — 3P, excitation. With an OPO excitation of this particular excitation
wavelength, a UC emission signal was observed for all three Pr3* samples. In LaBOs:Pr3* and YPO,:Pr3*, an
additional emission band of unknown origin centered around A = 224 nm was observed, significantly overlapping
with the UC emission in YPO,:Pr3+.

The expected linear dependency of the UC emission intensity on the relative excitation pump power in the high-
power limit due to saturation was observed in both LaBOs:Pr3* and YPO,:Pr37, in agreement with the prediction
that the ESA process involving the 4f'5d! configuration is more efficient than the 4f2 — 4f2° GSA process upon
consideration of the respective parity-allowed and parity-forbidden natures of these transitions. However, the
expected quadratic dependency for the lower excitation powers was not observed. Instead, the order of dependency
gradually increases for lower laser powers. This phenomenon is possibly attributable to the narrow 10 ns excitation
pulse width together with the repetition rate of 20 Hz, by which the UC process may be additionally hampered.
3Py decay times in the order of 1-10 us reported in literature suggest that the 3H; — 3Py GSA and 3Py — 4f'5d!
ESA must occur within a single excitation pulse, as there is no appreciable population of the 3Py level 50 ms after
the excitation This was confirmed by the decay times found for the P level, which were between 5 and 8 us.
Hence, the UC process may be additionally hampered by this narrow pulse width, as 10 ns may be too short to
achieve an appreciable 3P; population for lower excitation powers.

The UC emission intensity of the two emission peaks in LuAG:Pr3* as a function of relative excitation power,
however, do display a distinct two-slope character on a double-logarithmic scale. The slopes of 1.45 4+ 0.08 and
2.48 £ 0.30 for the higher and lower excitation powers, respectively, observed for the emission peak centered around
Aem = 311 nm deviate significantly from the predicted 1.00 and 2.00, explained by the large unquantifiable error
introduced by the exceptionally low signal-to-noise ration. The power dependence of the UC emission peak centered
around Aey, = 380 nm, however, agrees with the expected slopes within the error margins. Decay times for the
D, level reported in literature are in the order of 10-100 us for a variety of host lattices. The decay times for the
1D, level in LuAG:Pr3* found within the context of this thesis vary from 56.6 to 71.7 us and thus agree well with
the reported lifetimes of this level. Based on those lifetimes, it was proposed that the 4f2(°Hy) — 4f2(*P3) GSA
and 4f2(1Dy) — 4f'5d} ESA occur within the same excitation pulse. Hence, since multi-phonon relaxation from
the 3Py to 'Ds level is supposed to occur within this excitation pulse as well, the UC process may be hampered
by the narrow pulse width, even more so than for Pr®*-doped LaBO3; and YPOy,.

The decay times reported for the 3Py and Dy levels in all three Pr®*-doped host lattices suggest achieving the UC
emission though ESA from the 'Dy is more efficient. Hence, the ideal material for pulsed excitation upconversion
would possess a 4f15d! configuration with an absorption band maximum with an energy of 39,000 cm™! (Aox =
256 nm) to facilitate an ideal *Dy — 4f'5d! ESA after pumping with a wavelength of around 445 nm to efficiently
excite Pr®* into the 3P? level. Additionally, this ideal host should exhibit a higher maximum phonon energy than
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LuAG (hw = 750 cm~1), such that the energy gap between the 3Py and Do may be more effectively bridged by the
multi-phonon relaxation, and allows for a more appreciable population of the 'D, level between excitation pulses.
The magnitude of this maximum phonon energy, however, does have an upper limit, as extremely high phonon
energies can result in efficient multi-phonon relaxation from the 'Dj to the !G4 level and hamper the UC process.
Consequently, an ideal phonon energy would be approximately 1500 cm™'. Additionally, this ideal host lattice
would feature a high-valued Qg for the intraconfigurational >H, <> 3P, 4f2 transition as to achieve the highest
possible line strength for the 3H; — 3Py, GSA process.

For future research, the upconversion process in Pr3t may also be investigated upon continuous wave laser excita-
tion. At the final stage of this thesis, a 450 nm continuous wave diode laser arrived, which would be ideal to study
the UC via the 4f2(3H,) — 4f2(3P3) GSA. Studying the UC efficiency for this continuous wave laser excitation
should be promising, as the UC is not hampered by the excitation pulse width in that case. A second aspect
that should be verified, is a comparison of the power dependence of a continuous wave excitation with the power
dependence obtained for a pulsed excitation to elucidate the expected quadratic UC emission intensity dependence
on the pump power in the low-power regime. The requirements for an ideal host lattice for continuous wave laser
excited UC emission via the 'Dy — 4f'5d" ESA are identical to the ones proposed for UC emission via pulsed
excitation. In addition, a host lattice optimized for achieving the UC emission via the 3Py — 4f'5d' ESA may
be investigated under continuous excitation, and compared to the UC emission in compounds relying on achieving
UC emission via the 4f2(1Dgy) — 4f'5d!. Requirements for this host lattice include a 4f'5d' excitation maximum
with an energy of 42,500 cm~! (Aox = 236 nm) and the lowest possible maximum phonon energy to decrease the
efficiency of the 3Py — 'Dy multi-phonon relaxation.
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Appendix A - Uncorrected luminescence decay curves
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Figure A.1: Uncorrected luminescence decay curves of the Pr3* 3Py — 3H, emission (Aem = 485 nm) in the LaBOg3
host upon (a) 3Hy — 3Py (Aex = 451 nm) and (b) 3Hy — 3P (Aex = 480 nm) excitation.
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Figure A.2: Uncorrected luminescence decay curves of the Pr3* 1Dy — 3Hy emission (Aep, = 615 nm) in the LaBO3
host upon (a) 3Hy — 3Py (Aex = 451 nm), (b) *Hy — 3P (Aex = 480 nm) and (c) *Hy — Dy (Aex = 580 nm)
excitation.
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Figure A.3: Uncorrected luminescence decay curves of the Pr3t 3Py — 3H, emission (Aem = 485 nm) in the YPOy
host upon (a) 3Hy — 3Py (Aex = 451 nm) and (b) 3Hy — 3P (Aex = 480 nm) excitation.
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Figure A.4: Uncorrected luminescence decay curves of the Pr3* 1D, — 3H, emission (Aem = 615 nm) in the YPOy

host upon (a) *Hy — 3Py (Aex = 451 nm), (b) 3Hy — 3Py (Aex = 480 nm) and (c) 3Hy — Dy (Aex = 580 nm)
excitation.
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Figure A.5: Uncorrected luminescence decay curves of the Pr3* 3Py — 3H, emission (Aey = 485 nm) in the LuAG
host upon (a) 3Hy — 3Py (Aex = 451 nm) and (b) 3Hy — 3P (Aex = 480 nm) excitation.
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Figure A.6: Uncorrected luminescence decay curves of the Pr3* D, — 3H, emission (Aem = 615 nm) in the LuAG
host upon (a) 3Hy — 3Py (Aex = 451 nm), (b) 3Hy — 3Py (Aex = 480 nm) and (c) *Hy — 'Da (Aex = 580 nm)
excitation.
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