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Kurzfassung

Der Regenbogen besteht aus sieben Farben. Von Violett nach Rot, nimmt die
Photonenenergie des Lichts ab. Durch die Kombination der Energien von zwei roten Photonen
kann ein blaues Photon erzeugt werden. Ein solcher Prozess wird als Upconversion (UC)
bezeichnet. UC kann in organischen und anorganischen Systemen beobachtet werden. Zum
Beispiel ist die Kombination von zwei roten Photonen zur Erzeugung von blauem Licht in einem
organischen System mdglich, das aus Platin(ll)-Tetraphenyltetrabenzoporphyrin und Perylen
besteht. In anorganischen Systemen ist die Umwandlung von Nah-Infrarot (Photonen mit einer
Energie, die geringer ist als die der roten Photonen, mit Wellenlangen zwischen 780 und
2500 nm) in sichtbares Licht haufiger. Diese Energieumwandlung wird durch
Energielbertragung zwischen den leiterartigen, angeregten Energiezustdnden ermdglicht, die
in bestimmten Lanthanid-lonen existieren. Insbesondere das dreiwertige Erbium-lon (Er3*) ist
wegen der Positionen seiner héheren angeregten Energiezusténde, die bei Vielfachen tiefer
liegender angeregter Zustande liegen, hervorzuheben. Bei der Sensibilisierung mit einem
dreiwertigen Ytterbium-lon (Yb?3+), das effektiv nahinfrarotes Licht um 980 nm absorbieren und
die Energie auf ein Er3*-lon (bertragen kann, werden vom Er®*-lon verschiedene
Emissionslinien im Sichtbaren beobachtet, wobei die starksten im griinen und roten Bereich
liegen. Damit solche Energietbertragungen stattfinden kénnen, sollten diese lonen in einem
Kristallgitter eingebettet sein. Mehrere Faktoren beeinflussen die Effizienz der anorganischen
UC. Dazu gehdren die Konzentration der dotierten lonen, Kristallinitdt und Phononenenergie
des Gitters, und die Ortssymmetrie der lonen. Noch wichtiger ist, dass die Effizienz der UC
aufgrund ihrer nichtlinearen Natur stark von der Anregungsleistungsdichte (EPD von engl.
excitation-power-density) abhangt. Ein Ziel dieser Arbeit ist die Untersuchung der Photophysik
der UC, insbesondere der Vergleich verschiedener Materialien, die UC zeigen, basierend
darauf, wie sie abhangig von der EPD funktionieren. AuBerdem ist diejenige EPD zu
identifizieren, bei welcher die UC-Emission eines Materials am effizientesten ist. Die Kenntnis
dieser Untergrenze wirde bei der Kategorisierung der UC-Materialien fir verschiedene

Anwendungen helfen, die bei verschiedenen EPDs funktionieren.

Um die EPD-Abhéangigkeit der UC-Emission eines Materials genau zu untersuchen, missen
zunédchst die durch laserinduzierte Erwarmung verursachten Effekte korrigiert werden. Es
wurde festgestellt, dass mikrokristallines B-NaYFs, das mit 18% Yb®* und 2% Er3+ dotiert ist,

einen Temperaturanstieg von 60 K aufweist, wenn es mit 980 nm Laserstrahlung bei einer
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EPD von 240 W cm?2 angeregt wird. Dieser Effekt fuhrt zu einer Unterschatzung der
gemessenen UC-Intensitat, die ohne laserinduzierte Erwarmung 24% niedriger als die
tatséchliche UC-Intensitat ist. Der Effekt ist bei Materialien mit schlechter Warmeubertragung
starker ausgepragt. Im Rahmen dieser Arbeit wird eine Methode zur Korrektur der EPD-
Abhangigkeit der UC entwickelt, so dass ein effektiver Vergleich der EPD-Abhangigkeiten
ermoglicht wird.

Fir den Vergleich der EPD-Abhangigkeiten verschiedener UC-Materialien wird ein
analytisches Modell entwickelt, das als ,,Critical Power Density" (CPD)-Modell bezeichnet wird.
Durch Anpassung dieses Modells an die EPD-Abhangigkeiten einer UC-Emission kann eine
wichtige KenngréBe, die sogenannte CPD, extrahiert werden. Ein Material mit einem
niedrigeren CPD-Wert ist bei einem niedrigeren EPD-Wert ein besserer Upconverter. Dem
Modell zufolge ist der CPD-Wert bei einem Material mit langer Lebensdauer im
Zwischenstadium niedriger. Dartber hinaus bietet das CPD-Modell zwei verschiedene
Mdoglichkeiten zur Bestimmung der Séattigungs-PLQY der UC, ohne dass die UC durch
Anregung bei sehr hohen EPDs in die Sattigung getrieben werden muss, was eine
Probendegradation durch Erwarmung verhindert. Erstens betragt die Sattigungs-PLQY das
5,8-fache des Wertes, der am CPD gemessenen PLQY und zweitens betragt die Sattigungs-
PLQY die Halfte der PLQY, die durch direkte Anregung des Energiezustandes, dessen PLQY
gemessen werden soll, gemessen wird. Es wird festgestellt, dass die experimentell
gemessene Sattigungs-PLQY mit den Werten der Sattigungs-PLQY Ubereinstimmt, die mit
dem CPD-Modell ausgewertet wurden.

SchlieBlich werden die Anforderungen an eine UC-Anzeige diskutiert, nachdem Erkenntnisse
Uber die Funktion der verschiedenen UC-Mechanismen auf der Grundlage des CPD-Modells
bei Zwei-Wellenlangen-Anregung (980 nm und 1550 nm) gewonnen wurden. Unter
Beriicksichtigung der Anforderungen an ein solches Persistence-of-Vision (POV)-Display wird
ein Proof-of-Principle eines monochromen UC-Displays demonstriert. Durch Verwendung des
Materials B-NaYF4: 18% Yb3*, 2% Er3*, bei einer moderaten EPD von 100 W cm™, firr jede der
980 nm und 1550 nm Anregungen, konnte eine Leuchtdichte von 8x10®cd m 2 erreicht
werden. Diese Emission ware bei Umgebungslicht immer noch sichtbar, wenn eine
Reduzierung um finf GréBenordnungen durch das Scannen auf POV und die reduzierte
Absorption in einem diinnen Film beriicksichtigt wiirde. Im Material SrFz: 18% Yb3*, 2% Er®+,
konnte durch Wechsel zwischen den beiden verschiedenen Anregungswellenlangen und
durch gleichzeitige Anregung die Emissionsfarbe von Rot tber Gelb bis Griin variiert werden.
Diese Emission wére aufgrund ihrer geringeren Leuchtdichte, dann fir Anwendungen

geeignet, die eine Nicht-POV-Anzeige im Dunkeln erfordern.



Abstract

The rainbow has seven colours. As we move from violet to red, the energy of a photon of light
decreases. By combining the energies of two red photons, a blue photon can be made. Such
a process is called upconversion (UC). UC can be implemented in organic and inorganic
systems. For example, combining two red photons to generate blue light is possible in the
organic system consisting of platinum(ll) tetraphenyltetrabenzoporphyrin and perylene. In
inorganic systems, near-infrared (photons with energy less than that of red photons, with
wavelengths lying between 780 and 2500 nm) to visible light conversion is more common. This
energy conversion is made possible by energy transfer between the ladder-like excited energy
states present in certain lanthanide ions. In particular, the trivalent erbium ion (Er3*) is
noteworthy owing to the positions of its excited energy states, which are at multiples of energy
corresponding to the lower-lying excited states. When sensitized with the trivalent ytterbium
ion (Yb3+), which can effectively absorb near infrared light around 980 nm and transfer the
energy to the Erd* ion, multiple visible light emissions are observed from the Er3* ion, the
strongest being in the green and the red. These ions are usually embedded in a crystal lattice
so that these energy transfers can take place. Multiple factors affect the efficiency of inorganic
UC like the concentration of the doped ions, crystallinity and phonon energy of the lattice and
site symmetry of the ions. Due to its non-linear nature, the efficiency of UC is highly dependent
on the excitation-power-density (EPD). An objective of this thesis is to study the photophysics
of UC, particularly to compare different materials exhibiting UC based on how they perform as
a function of the EPD and to identify the EPD at which the UC emission from a material
becomes efficient. Knowing this lower limit, would help in categorizing the UC materials for
different applications, which work at different EPDs.

To study the EPD dependence of the UC emission of a material accurately, first the effects
caused by laser-induced heating need to be corrected. Microcrystalline B-NaYF4 doped with
18% Yb** and 2% Er®* is found to have a temperature rise of 60 K when excited with 980 nm
laser radiation at an EPD of 240 W cm™2. This effect leads to an underestimation of the
measured UC intensity, which was found to be 24% lower than the actual UC intensity if laser-
induced heating was absent. This problem is more pronounced in materials with poor thermal
transport. A method to correct for the EPD dependence of UC is developed in the course of
this work, so that effective comparison of the EPD dependences is made possible.
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For comparing the EPD dependences of different UC materials, an analytical model is
developed, called the “Critical Power Density” (CPD) model. By fitting this model to the EPD
dependence of a two-photon UC emission, an important figure-of-merit, called the CPD can
be extracted. A material with a lower value of CPD is a better upconverter at a lower EPD.
According to the model, the CPD is lower for a material with long intermediate-state lifetimes.
In addition, the CPD model offers two different ways of determining the saturation PLQY of UC
without having to drive the UC to saturation by exciting at very high EPDs, which prevents
misestimation due to heating. Firstly, the saturation PLQY is 5.8 times the value of the PLQY
measured at the CPD and, secondly, the saturation PLQY is half of the PLQY measured by
directly exciting the energy-state whose PLQY is to be measured. The accuracy of these novel
methods of estimating the saturation PLQY is evaluated and found to be good.

Finally, requirements for a UC display are discussed after gaining knowledge on how the
different UC mechanisms work based on the CPD model, upon dual-wavelength-excitation
(980 nm and 1550 nm). By considering the requirements of such a persistence-of-vision (POV)
display, a proof-of-principle of a monochrome UC display is demonstrated. By using the
material B-NaYF4: 18% Yb3*, 2% Er®*, at a moderate EPD of 100 W cm™, for each of 980 nm
and 1550 nm excitations, a luminance of 8x10° cd m could be achieved. This emission would
still be visible under ambient light, considering five orders of magnitude reduction due to
scanning for POV and reduced absorption in a thin film. In the material SrF2: 18% Yb®*,
2% Er®+, by alternating between the two different excitation wavelengths and by simultaneous
excitation, the emission colour could be varied from red to yellow to green. This emission would
then be suitable for applications, which require a non-POV display in the dark due to its lower

luminance.
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1. Introduction

Upconversion (UC) is a process by which low energy radiation is converted to higher energy.
Essentially the energies of two or more photons are combined to generate a higher energy
photon. It is distinct from two-photon-excited fluorescence in the sense that an actual
intermediate state is always present in the case of UC. Two-photon-excited fluorescence on
the other hand depends upon the process of two-photon absorption [1], wherein simultaneous
excitation of two photons via a virtual intermediate state populates the excited state from which
radiative emission takes place. Two-photon-excited fluorescence is generally an intra-
molecular process [2] with much lower efficiency [3], whereas UC can take place within a single
ion or when two ions interact with each other. Just as two-photon-excited fluorescence, UC is
observed in both organic and inorganic systems. The following sections briefly discuss the
working principle of UC and its applications.

1.1. Organic UC

In organic systems, the chief mechanism of UC is ftriplet-triplet annihilation (TTA). The
Jablonski diagram provided in Figure 1.1 gives an overview of the TTA UC process. Two
sensitizer molecules in their singlet ground states (So) absorb a photon each and move into
their first excited singlet states (S1). In other words, excitons (electron-hole pairs) are created
in the sensitizer molecules as the electron accepts the energy from the photon and moves into
the lowest unoccupied molecular orbital (LUMO), leaving a hole in the highest occupied
molecular orbital (HOMO). This electron retains the same direction of spin it had in the HOMO,
which is complementary to the spin of the other electron in the same orbital according to Pauli’s
exclusion principle [4]. Due to the presence of a heavy metal ion such a Pd(ll) or Pt(ll), the
electron undergoes intersystem crossing (ISC), thereby its direction of spin reverses, and the
molecule moves to a triplet state, T1[5,6]. The triplet sensitizer molecules transfer their
energies to the emitter molecules which get promoted directly from their singlet ground states
to their first triplet states, and as a result, the sensitizers return to the ground state. This energy
transfer is called triplet to triplet energy transfer (TTET). Two emitter triplets interact with each
other resulting in one emitter molecule being promoted to its first excited singlet state and the
other one moving back to the ground state. This singlet exciton of the emitter decays
eventually, resulting in a delayed fluorescence with lifetimes of the order of microseconds. The
lifetimes of this fluorescence are longer as compared to that of conventional fluorescence
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which has lifetimes of the order of nanoseconds. The emitted energy is higher than the
excitation-energy and the process is thus called TTA upconversion.

S, S,
S S
1 LI ROV A 1
*'..f TTAS v 4
TTET ':-: =TTET
So RN NN S
Sensitizer Emitter Emitter Sensitizer

Figure 1.1 Jablonski diagram showing the most common scheme of TTA UC

Classic sensitizers are heavy metal containing porphyrins [7,8], however colloidal nanocrystals
can be also used as sensitizers for upconversion from the near infrared (NIR) to visible
range [9,10]. Different pathways can also be implemented for TTA upconversion like
temperature activated delayed fluorescence (TADF) sensitizers with relatively high gains due
to lower energy loss in the ISC step and sensitizers with direct singlet to triplet (S-T) absorption
to completely bypass the inter system crossing (ISC) loss [11,12].

1.2. Inorganic UC

Inorganic UC is observed in host materials doped with ions of certain f-block and d-block
elements. It was first proposed by Bloembergen in 1959 for a solid-state infrared (IR) quantum
counter [13] (device for detecting and counting IR photons). It was first experimentally
observed by Auzel in 1966 [14]. He converted NIR light into visible green emission (using Yb3*-
Er3+ ion pair). In the same year, UC was observed by Ovsyankin and Feofilov by converting IR
light into visible blue emission (Yb3+-Tm3* ion pair) [15]. The basic working principle of inorganic
UC is that the f-block elements have well-defined ladder like excited energy states which
facilitate combination and radiative relaxation of energy. Through an initial photon-absorption,
some ions reach an intermediate excited state. The neighbouring ions transfer their energies
between each other through different processes and finally one ion reaches an excited meta-
stable state. Radiative relaxation from this state results in UC emission which has two, three,
or four times the energy of the absorbed photons based on the order of the UC process.
Though not common, UC emissions resulting from seven photons are also observed [16]. The
Dieke diagram (Figure 1.2) gives an overview of the excited energy states possible for trivalent
lanthanides [17,18]. Commonly observed radiatively emitting energy states are marked with a
filled semicircle under the representation for the state.
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Figure 1.2. Classic Dieke diagram showing the excited energy states of trivalent lanthanides [17]
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As UC is a multi-order process, the UC intensity has a non-linear behaviour with respect to the
excitation-power-density (EPD) of the incident radiation. Therefore, the intensity of UC
emission does not have a linear dependence to the excitation power density (EPD) throughout.
Non-linearity can be easily observed on the double logarithmic plot of the UC intensity vs EPD.
For a linear process, the slope of the dependence plot would remain 1 and the plot will be a
straight line. On the other hand, for a non-linear process, the slopes vary as the EPD changes
resulting in a curve instead of a straight line. Figure 1.3 presents an example of such a UC-
EPD dependence curve. The slopes of the double-logarithmic plot decrease from 2.5to 1 as
the EPD increases. The straight line drawn in blue is a guide to the eyes to show the deviation
from linearity. Section 2.1 in Chapter 2 is dedicated for explaining the working principle of

inorganic UC which includes more details about the non-linear behaviour.

UC density (a.u.)

0.1 1 10 100
Exc. Pow. density (W cm™)

Figure 1.3. Double-logarithmic plot of UC density vs EPD for the red emission from an erbium doped material
showing the non-linearity of the UC process. The blue line is a guide for the eyes with a slope of 1. The numbers in

red indicate the slopes at in the corresponding regions.

The main differences in the properties of lanthanide based inorganic UC and TTA based
organic UC are summarized in Table 1.1. TTA UC suffers from a lower value of anti-stokes
shift because, it essentially can combine only the energies of two photons, whereas lanthanide
based UC emissions can combine the energies of more than two photons based on the
lanthanide system used. Though the absorption cross-sections of TTA sensitizers in the visible
regime are very high, the triplet states are highly sensitive to oxygen and water content.
Molecular oxygen in its natural form is in the triplet state and presence of oxygen in a potential
TTA UC mixture will highly quench the triplet states formed leading to poor UC emission.
Lanthanide based UC on the other hand is not sensitive to oxygen. Organic dyes which can
effectively absorb an excitation-wavelength below 845 nm and sensitize TTA UC are yet to be
discovered, which limits the range of excitation-wavelengths for TTA-UC to the beginning or
the NIR regime, whereas lanthanide UC can benefit from much longer excitation-wavelengths
based on the excited energy states of the lanthanide involved [19,20]. Trivalent erbium based

4
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UC has an absorption peak around 1530 nm which opens possibilities for making use of
otherwise unused part of the solar spectrum for photovoltaic applications. Generally the overall
photoluminescent quantum yield (PLQY) is higher for TTA-UC as compared to lanthanide
based UC [19]. Researchers are now trying to develop hybrid upconversion systems which
would have increased efficiencies than TTA and lanthanide UC [21,22].

Table 1.1. Comparison of properties of TTA-UC and lanthanide based inorganic UC

Property TTA-UC Lanthanide UC
] . High (up to 7 photon UC
Anti-Stokes Shift Low (only two-photon UC) _
possible) [16]
Stability in oxygen and Low High
aqueous environments
Absorption bandwidth High Low
Visible light absorption High Low
Efficiency at low EPD High Low
NIR light absorption Only up to 845 nm [20] High

1.3. Applications of UC

Exceptional properties of UC like anti-Stokes emission, delayed fluorescence, and narrow
bandwidth make these materials ideal candidates for different applications such as lasers [23],
spectral conversion for photovoltaics [24], analytical sensors [25], security inks [26], plastic
recycling [27] and 3D volumetric displays [28]. For biological applications, UC is advantageous
because of the absence of auto-fluorescence, low cytotoxicity, ability to penetrate deeply in
tissues, and non-invasive property. Therefore UC is employed in phototherapy [29], biological
imaging and sensing [30,31], and luminescence thermometry [32].

Normal lasers emit at a wavelength which is longer than that of the pump wavelength. In case
of most UC lasers, the emitted wavelength is normally shorter than that of the pump light. So
such lasers can be used in place of frequency doubling devices [33]. Erbium based lasers
when excited around 980 nm emit green laser light [34], thulium based lasers emit blue light
upon excitation between 1120-1140 nm [35], and praseodymium/ytterbium-based lasers can
emit blue, green, orange or red colour when excited around 860 nm [36]. Most of these lasers
are constructed using fluorozirconate glass fibres (ZrFs —BaF> —LaFs —AlFs —NaF (ZBLAN)).
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Another class of UC based lasers, act similarly to normal lasers and emit light of lower
frequency than that of pump light. These make use of the radiative transitions from the excited
state to the intermediate states, and emit in the IR regime [23,37,38].

In spectral conversion applications, a UC layer is ideally attached to the rear-side of a bi-facial
solar cell [39]. Two or more photons are absorbed by the upconverting material to emit a
photon of higher energy that can be absorbed by the solar cell. For trivalent erbium based UC
layers, light is absorbed around 1500 nm and chiefly emitted in the near infrared (NIR) region
of the spectra, though a minute percentage of the emissions are in the blue, green, and red
regions. Under concentrated sunlight (94 suns), an additional photocurrent of 9.4 mA/cm? is
obtained for a solar cell fitted with a UC layer containing microcrystalline 3-NaYF4doped with
25 % Er® [24]. Though it provides an alternative way of overcoming the Shockley—Queisser
limit for single-bandgap solar cells, the efficiencies resulting from UC under normal sunlight is
strikingly low, underlining the need for further research [40].

Security marking and plastic recycling rely on the capability of different UC materials to emit
visible light of different wavelengths based on the composition of the materials [27]. The
security marking/QR codes or colour markers embedded in the polymer become visible only
under NIR illumination (~980 nm) and hence cannot be easily replicated as the composition of
the UC materials needs to be known [26].

There are three biological windows in which biological tissues are transparent to radiation. The
first biological window spans from 700 to 950 nm, the second biological window from 1000 to
1350 nm, and the third biological window from 1550 to 1870 nm [41]. By making use of the
biological windows, UC materials can be used for bio-imaging and phototherapy. The non-
linear nature of UC emissions ensures background-free and high-contrast images at lower
EPDs, enabling non-invasive deep tissue imaging which does not harm the living cells [42].
Most of the UC materials are also non-toxic, and can be safely used for therapeutic applications
which include drug-delivery [43,44], photodynamic therapy [30,45], and photothermal
therapy [46].

The idea of 3D display based on UC was proposed by Lewis et al. in 1971 [47] and such a
display based on excited state absorption (ESA) was developed by Downing et al. in 1996 [48].
These displays made use of two lasers with different excitation-wavelengths which were made
to intersect at an angle, where the UC material will emit to trace the required pattern/figure.
The advantage of such a volumetric display is that the medium can remain static, while the
image can be drawn by raster-scanning of the two excitation lasers [49]. Using 979 nm
excitation on trivalent erbium doped ZBLAN glass, Honda et al. demonstrated a 3D display
using only one excitation wavelength for the first time in 1998 [50]. Such a display makes use
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of the energy-transfer UC (ETU) process and is of higher efficiency than the ESA based
displays. A detailed explanation of the ESA and ETU processes is provided in section 2.1.5.
Different kinds of media are suggested for such volumetric displays which include index
matched polymers, colloids, single crystals, gases and optical gels [49,51,52]. In this work, a
proof-of-principle of a UC display based on erbium/ytterbium doped hexagonal NaYF4
microcrystals is demonstrated in chapter 6. The efficiency of UC in this case is much enhanced
due to the co-doping of the trivalent erbium ion with the trivalent ytterbium ion as compared to
the display proposed by Honda et al. Additionally hexagonal NaYF4 is a well-known host in
which the UC has very high PLQY [53,54].

1.4. Factors affecting Efficiency of UC

Different factors contribute to the efficiency of UC in inorganic hosts which include host
composition, optimization of the concentration of the dopants, co-doping with multiple ions,
different host architectures, and excitation with multiple wavelengths [55]. Understanding the
photophysics of UC is key to finding new materials of higher efficiency and new applications
for this technology. It is not yet clear to the scientific community if new hosts should be
discovered which would increase the efficiency of UC, or if more focus is to be provided in
improving the properties of the fluoride hosts, which seem to be the champions in case of UC.
Considering the maximum phonon energy alone, chlorides are supposed to be better hosts for
UC as compared to fluorides as they have generally lesser phonon energies, but experimental
results do not support this theory completely [39]. The site symmetry of the dopant ions is also
found to play a role in the PLQY of the UC, as the relative intensity-ratios between different
transitions are affected which in turn affects the PLQY and total energy yield [56]. The coupling
between electrons and phonons, the crystallinity of the host material, also its morphology and
size also affect the efficiency of UC [57,58]. Generally single-crystals and microcrystals have
higher PLQYs as compared to nanocrystals, but the crystal sizes limit the applicability for
specific purposes [59]. The inter-ionic distance (indirectly doping concentration) also plays a
major role in the transfer of energy between the different lanthanide molecules, but then the
UC is also limited by concentration quenching effects [60,61]. Laser-induced heating is also
found to adversely affect the PLQY, but in some cases it actually facilitates biological
applications like treatment of tumours [62—64].

Thus, a vast amount of research work has been performed on UC in the past few decades, but
still many questions remain unanswered. Proper characterization of UC materials is the first
step to effective comparison and analysis. In this work, therefore, a figure-of-merit is developed
to compare how UC materials perform as a function of excitation power density, specifically
looking at which excitation power density does the UC for a given material system becomes
efficient. Understanding this lower limit is important for applications that would benefit from UC

3
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at lower excitation power densities, including UC displays and the aforementioned solar

spectral conversion.

1.5. Outline

The thesis is structured into seven chapters. The second chapter provides the Background for
the results presented in this Thesis. In this chapter, the theory of inorganic UC is described in
detail and the state-of-the-art UC materials are presented with respect to their application in
UC displays. The reason for the presence of the ladder like energy states of the trivalent
lanthanides is explained from fundamental principles and the different mechanisms of UC are
elucidated. The third chapter presents the methods used in collection and analysis of the data
presented in this work. The experimental results are then systematically presented in chapters
4 to 6. In chapter 4, the effect of laser-induced heating on measurement of excitation-power-
density dependence of UC is discussed. The temperature of the material is estimated using
luminescence thermometry and a method to correct the dependence is developed. In chapter
5, an important figure-of-merit for comparison between UC materials called the critical power
density is estimated from the UC vs excitation-power-density curve for different UC materials.
The materials are then ranked based on the critical power density and the saturation
photoluminescent quantum yields of these materials are estimated with the help of the critical
power density model. In chapter 6, UC upon two-colour excitation is discussed and the proof-
of-concept of a monochrome display based on excitation with two different wavelengths is
demonstrated. Chapter 7 summarizes the work and discusses the future outlook of the work.
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This chapter provides the framework for understanding the experimental results in chapters 4
through 6. The first part deals specifically with the theory of inorganic UC and the second part
discusses the state-of-the-art materials used for UC displays. Section 2.1.1 deals with the
guantum mechanics of lanthanide ions and their energy states. Section 2.1.2 explains how the
energy states of an ion or atom can be determined. Section 2.1.3 explains the mechanism of
energy transfer between two ions. Section 2.1.4 presents the Judd-Ofelt theory, which is used
to calculate the intensities and probabilities of energy transfers between these energy states.
Sections 2.1.5 and 2.1.6 present the mechanisms driving UC and the mechanisms limiting UC,
respectively. Section 2.2 discusses the state-of-the-art of UC materials and explains the choice
of the materials used in this work. The requirements for a UC display to be visible under
ambient light are elucidated in Section 2.2.1 and the different colour tuning methods used UC
displays are explained in Section 2.2.2. Finally, Section 2.3 provides a brief summary.

2.1. Theory of Inorganic Upconversion
2.1.1. Coupling of Electronic Angular Momenta

To understand the basic principle of UC, we first need to understand how the electrons in an
atom/ion interact with each other forming quantized energy states. A set of four quantum
numbers describe the state of an electron in an atom, as predicted by the Schrédinger wave
equation [65]:

HY, = E,¥, . (2.1)

Here, H is the Hamiltonian operator which is the sum of the kinetic and potential energies of
a system. ¥, is the set of all the wavefunctions, the square of which called the probability
density (¥,,2), gives the probability of finding the particle it describes at a position marked by
the coordinates. The energies E,, gives the eigenvalues of ¥,,. The set of all the probabilities

for a particular ¥, is termed an orbital.

The four quantum numbers which define a wavefunction ¥ are the principal quantum number
(n), azimuthal quantum number (), magnetic quantum number (m;) and spin quantum number

(ms). The principal quantum number describes the electron shell or the energy level, the

5
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azimuthal quantum number or the orbital momentum quantum number gives the subshell or
shape of the orbital, the magnetic quantum number gives the projection of the orbital angular
momentum along a particular axis, and the spin quantum number gives the direction of the
spin. Table 2.1 gives a list of the possible quantum numbers that an electron in an atom can
take with the permissible range of values.

Table 2.1. Four quantum numbers describing the state of an electron in an atom

Name Symbol Range of Meaning
values
Principal quantum number n 1<n shell
Azimuthal quantum number f 0<f<n sub-shell
Magnetic quantum number m; I<m=<{ orientation of
sub-shell
Spin quantum number Ms -1/2 or1/2 direction of spin

For a multi-electron system in its ground state like that of an atom, the electrons occupy the
orbitals in the order of increasing energy (n+{) according to the well-known Aufbau principle.
For sub-shells with the same value of (n+{), the ones with lower n are filled first. Among the
many orbitals in the same sub-shell, the electron behaviour is according to the Hund’s rule and
Pauli’s exclusion principle. When an atom receives energy from a photon, which is more than
its work function, it becomes free of the attraction of the nucleus of the atom, as described by
the photoelectric effect. Then the atom becomes a positive ion. If this energy is not sufficient
for it to be released out of the atom, the electron moves into an excited state, but still remains
under the influence of the nucleus. These excited states are of well-defined energies and are
regulated by the interaction of the spin and orbital angular momenta. The spin and orbit of a
single particle can interact with each other, causing fine splitting of the energy levels of an
atom. When more than one electron is involved, the orbital angular momenta also interact with
each other due to Coulomb forces. Another possibility is the interaction of spins of two particles.
Therefore, for a multi-particle system, the possible excited energy states that can be assumed
by the electrons are a result of the combined effect of orbit-orbit, orbit-spin and spin-spin

interactions.

For light atoms (atomic number, Z<30), the spin-orbit coupling is negligible, so the spin angular
momentum generated by all intrinsic spins can be added together and considered with the total
orbital angular momentum to find out the net angular momentum of the system such that [66]:

S =zsi : (2.2)

i
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and L = Zi [i . (23)

Spectroscopic notation ascribes the letters S,P,D,F,G,H,I,K,L,...,Z for the total orbital angular
momentum for values of L=0,1,2,3,4,5,6,7,8,...,20 [67]. For values of L>20, letters are not
used. This representation of L is different from the conventional name for the orbital in which
the electron is existing and it is merely used to indicate the sum of the magnetic quantum
numbers of the occupied sub-orbitals. Then the total angular momentum J can be expressed

as:

J=L+S . (2.4)

The magnitude of J varies between L+S and |L-S| as L and S are vectors that do not always
point in the same direction as shown in Figure 2.1. When the total number of valence
electrons are such that the orbitals are less than half-filled, the ground state term will have a
J value of |L-S| and when the orbitals are more than half-filled, the ground state term will
have a J value of L+S. This coupling scheme is called Russel-Saunders coupling or LS
coupling [68].

According to this scheme, spin — spin coupling > orbit — orbit coupling > spin —

orbit coupling .

The total angular momentum J remains a constant according to the law of conservation of
angular momentum. For heavier elements (Z>40), this coupling scheme cannot be reliably
used, and another coupling scheme called JJ coupling is used [66]. In this case, the value of
the total angular momentum of each electron has to be individually determined and then added
together to yield the net angular momentum of the system. Then computational techniques are
used to find the excited energy states [69]. Still, it is common practice to determine the excited
energy levels of the lanthanides using LS coupling, though it could lead to some very minute
errors [70].

To summarize, due to the orbit-orbit coupling, an orbital is split into different spectroscopic
terms which are further split into different spectroscopic levels/energy states due to the spin-
orbit coupling. Radiative transitions can take place between different spectroscopic levels,
whereas multi-phonon relaxation can occur between different microstates or spectroscopic
levels. Each spectroscopic level has 2J+1 degenerate micro-states and can be described using
the term symbol notation as 25*'L, in the LS coupling scheme.
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Figure 2.1. LS Coupling showing vector addition of orbital angular momentum L and spin angular momentum S
resulting in total angular momentum J. Adapted from Maschen [71]. CC-BY license

The total number of microstates in an orbital is given by the equation:

t!

no.of microstates = ————
f (t—n)!n!

(2.5)

where t is the maximum number of electrons the orbital can hold i.e., 2(2t +1) and n is the

number of valence electrons in the orbital.

2.1.2. Determination of Energy states

The trivalent ytterbium (Yb3*) ion is used herein to demonstrate how the energy states in the
lanthanides (Ln%*) are determined. For Yb3* ion, with the electronic configuration [Xe] 4f'3, the
total number of microstates in the f orbital is 14 as calculated using Equation 2.5 ast = 14 and
n = 13. The total spin is then calculated using Equation 2.2 as, S=7 X2+ 6 X -2 = 12. The
maximum possible angular momentum is obtained by adding the orbital angular momentum
(the magnetic quantum number for the orbital) for each electron as per Equation 2.3. L= 2§ =
3+2+1+0+-1+-2+-3+3+2+1+0+-1+-2=3 (corresponding to F, according to the
spectroscopic notation). As the orbital is more than half-filled (13 > 7), the value of J for the
ground state (level) is given by J = L+S = 3 + Y2 = 7/2. Therefore, the ground state of the Yb®*
ion is denoted with the term symbol 25+'L,; = 2F7, with (2J+1) = 8 degenerate microstates. The
first excited state of the Yb?* ion is then denoted with the term symbol 2Fs, with (2J+1) =6
degenerate microstates. More examples of determination of term symbols of spectroscopic
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levels with detailed step-by-step procedures are provided in the sections A.1-A.2 of the
Appendix.

The more orbitals in a subshell, the more excited energy states are possible due to orbit-orbit
and spin-orbit coupling effects. Therefore, elements/ions having electrons in the f-subshell
have more excited energy states. This work focuses exclusively on the combination of the two
trivalent lanthanides Er®* and Yb®". The combination of their orbit-orbit, and spin-orbit coupling
yields ladder-like excited energy states as shown in the Dieke diagram (Figure 1.2). The
original Dieke diagram was drawn by Gerhard Dieke in 1963, who systematically studied the
trivalent lanthanide ions in different crystal lattices (mostly using LaCls) and experimentally
observed their energy states. The excited energy states were identified according to the term
symbol notation and the radiative energy states were also marked in the Dieke diagram [17].
Later, a Dieke diagram was made for the trivalent lanthanides doped in the host LaF3 by Carnall
et al. in 1977 [72,73], and an extended version in the same host was made by Peijzel et al. in
2005 [74]. Figure 2.2 gives an energy level diagram showing the ladder-like excited energy
states of Er®* and Yb?*. The two lines at the bottom of the figure show the ground states of Er3*
and Yb®. The first excited state of Yb%*, namely 2Fs;, and *l112 second excited state of Er3*
have similar energies, which enable sensitizing Er®* with Yb®". These energy states lose their
degeneracy and undergo further splitting and displacement due to crystal field splitting, if the
species is embedded in a crystal lattice [70].

As an ion receives energy, it gets promoted to an excited energy state and the electron density
shifts accordingly. Depending on the lifetime of this metastable excited state, the extra energy
is released either radiatively or non-radiatively and the ion returns to its more stable ground
state. Radiative emission results if an ion is promoted to any of the radiatively decaying energy
levels shown in Fig 2.2, through any UC mechanism described in the following section or if the
ions are directly pumped using photons with the same energy the energy state.

Usually, an energy state is termed as a singlet, doublet, triplet, quartet, or quintet based on its
spin multiplicity [75]. The spin multiplicity is calculated with the expression:

spin multiplicity =25+1 , (2.6)

where S is calculated by adding the individual spins of the unpaired electrons according to
Equation 2.2.

When S=1 for a spectroscopic term, spin multiplicity = (2S+1) =3, — triplet. Similarly, when
S=1/2 for a spectroscopic term, spin multiplicity = (2S+1) =2, — doublet. Also, when S=0 for a

spectroscopic term, spin multiplicity = (25+1) =1, — singlet. For example, the ground state

9
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“l1s2 of Er®* has quartet spin multiplicity, which means that there are three more energy states

(*l1312, “l11/2 and “#lg2) which belong to the same spectroscopic term (value of L = |) as observed
in Figure 2.2.
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Figure 2.2. Energy level diagram of Er¥*and Yb®* along showing energy states from which radiative emissions are
commonly observed

2.1.3. Judd-Ofelt Theory

The Judd-Ofelt theory provides a mathematical model for describing the intensities of the 4f
transitions by making use of the crystal field theory [76]. It considers the spin-orbit coupling to
be in the frame of the intermediate coupling regime (total Hamiltonian operator is the sum of
only the electrostatic and spin-orbital hamiltonians). The dipole strength between two states ¥
and ¥’ in the units of 10% debye? is given by:

Dep=e? ) al(utw” @7)

1=2,4,6

where e is the charge of the electron, U# are the irreducible tensor forms of the electric-dipole
(ED) operator, and Q, are the Judd-Ofelt parameters, expressed in cm?. The Judd-Ofelt

parameters are calculated from the measured absorption spectrum &(v).

The experimental dipole strength in a solution or crystal is defined by the expression [77]:

4eym,c? x 101n(10)
e2N,

D(exp) = e(0)dv = 4.319 x 10‘9j5(5)d5 , (2.8)

10



2.1. Theory of Inorganic Upconversion

where £(v) is the molar extinction coefficient in units of mol* cm™, and v is the energy given in
units of cm™. The integral is determined by plotting the absorption spectrum &(v) over the
respective band as a function of v. The permittivity of vacuum is given by &,, mass of an

electron by m,,the speed of light by ¢, and the Avogadro constant by N,,.

Now, the Judd-Ofelt parameters are extracted using numerical techniques by minimizing the
relative root-mean-square differences between the experimentally determined and calculated

electric-dipole strengths from Equations 2.7 and 2.8:

2

n
1 D*® — pgat
RMSye = |—— pz< . e . ) : (2.9)

i=1 l

Once the Judd-Ofelt parameters Q, are known, several other parameters can be determined.
The rate of spontaneous decay for an electric-dipole transition Agp is given by the
equation [77]:

8mwhu3
App = 6—33150 ,

(2.10)

where Bgp is the Einstein coefficient calculated from the dipole strength Dgj, using the following
relation with the help of the Judd-Ofelt parameters Q; from the equation 2.7:

62

Bgp Dep - (2.11)

- 4hm,eqv

An electron in an excited state can radiatively decay to all the lower lying energy states. The
branching ratio 8 gives the relative contribution of a particular transition to the total decay from
that energy state. It is calculated by finding the ratio of the radiative decay-rate of a particular

transition to the sum of all the radiative decay-rates.

In addition to radiative decays, a particular energy state can have other depopulation channels,
like UC to higher excited states, cross relaxation, multiphonon relaxations, or energy transfer
to neighbouring ions which decrease the effective lifetime of an ion in that energy state. These
processes are discussed in the following sections.

2.1.4. Energy Transfer between lons

11
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Energy transfer between two ions can be broadly classified into the resonant type or the non-
resonant type. In resonant transfer, there are no energy losses incurred. In other words, the
acceptor ion gains the energy given by the sensitizer ion in its entirety. In non-resonant energy
transfer, some energy is lost to phonons or gained due to phonons of the host lattice in which
the ions are embedded. Resonant transfer can be again classified into radiative and non-
radiative type. In radiative type of energy transfer, the sensitizer emits a photon, and the
acceptor absorbs this photon. The efficiency of the energy transfer depends on the shape and
configuration of the sample. The efficiency of such radiative energy transfer also depends upon
how much the absorption spectrum of the acceptor overlaps with the emission spectrum of the
sensitizer. The emission spectra observed from the sensitizer will then depend on the
concentration of the acceptor ion. Probability of such a radiative transfer between two ions at
a distance R can be expressed with the equation [78]:

poa(R) = o [ gs@ga)dy . (212)

B S

TR? T,
The sensitizer lifetime is denoted by 7, the absorption cross-section is denoted by a4, and the
integral denotes the overlap of the emission spectrum of the sensitizer ion and the absorption
spectrum of the acceptor ion.

In the case of non-radiative energy transfer, the interaction between two ions are essentially
coulomb interactions of the van der Waals type. Lanthanide ions are capable of three different
types of electronic interactions. They are 4f-4f transitions, 4f-5d transitions and charge-transfer
transitions. The 4f-4f transitions result in sharp emission lines [65]. Laporte’s parity selection
rule says that for a centrosymmetric system, transitions are forbidden if the parity is conserved;
this excludes the possibility of transitions within the same orbital [79]. But when the lanthanide
ion is embedded in a crystal lattice, the crystal field disturbs the symmetry of the system, and
induced (forced) electric dipole transitions take place. These electric dipole-dipole transitions
are of the Dexter type (DET) [80] as they include transitions involving the same parity. Then
the energy transfer rate between the sensitizer and acceptor can then be written as:

—2R

kdexter = K]eT ’ (2'13)

where R is the distance between the sensitizer and acceptor ions, L is the sum of the van der

Waal’s radii of the two ions, K is a constant and J is the spectral overlap integral, such that:

1= [s@aawan . (2.14)
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2.1. Theory of Inorganic Upconversion

In case of DET, an actual exchange of electrons take place, so the wavefunctions of the orbitals
of acceptor ion and sensitizer ion should overlap. Also, DET can only take place at close range,
typically of the order of a few angstroms. Therefore, a sensitizer ion normally interacts with a
few neighbouring acceptor ions. In his original paper, Dexter postulates that a sensitizer can
sensitize up to 10* neighbouring lattice sites, though in some lattices, this could be much
lower [80]. The rate of the Dexter transfer depends on the sensitizer concentration and the rate
of diffusion in the crystal lattice. For very high concentrations of the sensitizer, the rate of
energy transfer become no longer limited by the diffusion of the sensitizer ions, but instead
becomes limited by the concentration of the activator ions. But for lower concentrations of the
sensitizer, the rate of energy transfer is limited by diffusion.

2.1.5. UC Mechanisms

When a material absorbs light, it moves to a higher energy state. This energy is released
either radiatively or non-radiatively in the form of phonons (thermal energy). The emitted
radiation normally has an energy lower than that of the absorbed energy. This phenomenon
is called Stokes shift [81]. However, some materials emit the radiation with an energy higher
than that of the absorbed energy, displaying an Anti-Stokes shift with the help of phonons in
the lattice which undergo thermal dissipation. This energy difference is generally of the order
of keT where kg is the Boltzmann constant and T is the absolute temperature in kelvin.
However, due to the presence of the excited energy states with relatively long lifetimes,
some materials can absorb multiple photons sequentially and emit upconverted light at much
higher energy than that of the absorbed photons (10-100 times kgT), contrary to the normal
range of Anti-Stokes emission [78]. The elements which are capable of UC are marked on
the periodic table by Song et al. is given in Figure 2.3 [82]. This is possible due to the ladder-
like energy state configurations of the lanthanides which are multiples of the energy of the
excitation photons. Although a few transition elements are capable of UC, the UC emissions
are generally observed at very low temperatures as opposed to the lanthanides which show
UC at room temperature [83]. Recent findings based on UC from the divalent manganese ion
sensitized with Yb3+ pave the way to room temperature UC from transition elements [84]. The
intensity of the UC emission from the highest emitting state is found to be proportional to the
n power of the EPD at lower EPDs and becomes proportional to the EPD as the UC
saturates, where n is the number of excitation photons required for populating the emitting
state [85]. The dominant mechanisms of UC are described in the following sub-section.
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Figure 2.3. Elements capable of UC are marked on the periodic table in green colour. Adapted with permission
from Song et al. [82]

2.1.5.1. Ground-State-Absorption/Excited-State Absorption

This first step is this type of mechanism is called ground state absorption (GSA), wherein an
ion in its ground state absorbs a photon and moves to an excited state. Before the ion in the
excited state decays back into its ground state, it absorbs another photon and moves to an
excited state of higher energy undergoing an excited state absorption (ESA). When the ion
radiatively relaxes back to its ground state a UC emission is obtained (Figure 2.4 (a)). ESA
has typical lower efficiencies of the order of 10° as the probability of the ion remaining long
enough in the first excited state to get the energy from a subsequent photon is quite low [3].
So higher EPDs are required for UC via ESA.

) © @
GSA/ESA ETU Cs CL

Figure 2.4. Dominant mechanisms of UC (a) ground state absorption/ excited state absorption, (b) energy transfer

(a) (

upconversion, (c) cooperative sensitization, and (d) cooperative luminescence

2.1.5.2. Energy Transfer UC
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2.1. Theory of Inorganic Upconversion

Energy transfer UC (ETU) is the most commonly used UC process due to its relatively high
efficiency (~103-10") [61,86]. The discovery of ETU is attributed to Auzel who gave it the
French name “addition de photon par transferts d’energie” (APTE) effect, though it is more
commonly called ETU [87]. Two sensitizer ions absorb a photon each and get promoted to
their excited states. One of the sensitizer ions transfers its energy to an emitter ion which then
gets promoted to its first excited state. The other sensitizer ion then transfers its energy to the
emitter ion, which gets promoted to its second excited state, from where it radiatively decays
producing photoluminescence. What distinguishes ETU from normal resonance energy
transfers is that the emitter ion in the excited state accepts energy from the sensitizer ion,
which makes multiple energy transfer steps possible [78]. In the Yb3+-Er* system, two-photon
and three-photon UC processes are therefore simultaneously observed. If the sensitizer ion
has a greater absorption cross-section as compared to the emitter ion, then the ETU process
becomes advantageous as compared to ESA. For the Yb*-Er®* system, Yb3* has a much
higher absorption cross-section around 980 nm as shown in Figure 2.5 which greatly aids ETU
yielding high efficiencies [88].

254 Yb : 6,

204

Cross section (107%cm®)

Ert :a,
L e

» L] L] T L] ol T T
b 915 50 75 10 1025 a5

Wavelengthinm)

Figure 2.5. Absorption and emission cross sections of Yb®* and Er®* around 980 nm. Reproduced from Huang et
al. [88], CC-BY license

Pollnau and colleagues provide an analysis of the slope dependence of UC via ETU and ESA
based on rate equation modelling [85]. The slope of the log-log plot of the UC intensity vs the
EPD gives the number of photons involved in the UC process, in the limit of low EPDs
(Figure 2.6). The slope of the UC emission from intermediate states can be used to distinguish
between ESA and ETU in the limit of high EPDs as shown in Table 2.2.
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Figure 2.6. Double logarithmic plot of the UC intensity vs excitation power at 1540 nm from different excited states
of Er3* observed in CsslLuzCla:1% Er’* (closed symbols) and CssEr2Cle (open symbols). The numbers denote the
slopes at the extremities. L2, L3 and L4 correspond to 2, 3 and 4-photon UC emissions. The slopes in the limit of

low pump power indicate the order of the UC process. Reproduced with permission from Pollnau et al. [85]

Table 2.2. Dependence of UC intensity on excitation power density (EPD) for excited state-absorption (ESA) and
energy transfer upconversion (ETU) processes. Adapted with permission from Pollnau et al [85]

Fraction
uc Predominant of Power From
Influence of .
uc mechanism decay route absorbed dependence level
pump
power
Small  ETUorEsa NeXtlowerstate smallor EPD' i=1,...n
or ground state large
next lower state small or EPD" i=1,...,n
large
ETU 12 .
Il EPD i=1,...,n-1
Ground state smat or
large EPD i=n
Large small EPD! i=1,...,n
next lower state ,
ESA large EPDim i=1,...,n
EPD®° i=1,...,n-1
Ground state small or
large EPD i=n

In the limit of high EPDs, the UC from the highest excited state to the ground state, shows a
linear dependence on the EPD in case of both ESA and ETU. On the other hand, the UC
intensity from the intermediate states to the ground state saturates and becomes independent
of the EPD in case of ESA, whereas it becomes proportional to the square root of the EPD in
case of ETU Therefore, by observing the dependence of the UC emissions from intermediate

states to the ground state, the mechanism of UC emission can be identified between ETU and
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2.1. Theory of Inorganic Upconversion

ESA. A simplified model of the ETU process developed in the course of this work to establish
a figure-of-merit for comparing the UC of different materials is provided in Chapter 5 with rate
equation modelling.

2.1.5.3. Cooperative Sensitization and Luminescence

In cooperative sensitization, two sensitizer ions cooperate and transfer their energy to an
emitter ion in the ground state, so that it can get promoted to its excited state from which UC
emission occurs. This is different from ETU in the sense that no metastable intermediate state
of the emitter ion is involved. The emitter ion may or may not be the same as the sensitizer
ion. In cooperative luminescence, two ions cooperate and combine the energy in their first
excited states to release a higher energy photon and relax back to their ground states. An
actually excited energy level is not required in this case [89]. The presence of a third ion is also
not necessary as in the case of the cooperative sensitization process. The cooperative UC
processes are 5-10 orders of magnitude lower than the ETU process [3,90], so they are seldom
used in real-life applications. One such application is as a probe of the existence of Yb3* ions
clusters in glasses [91].

2.1.6. Mechanisms limiting UC

About 85-95% of the absorbed photons are upconverted through two- or three-photon
processes based on the EPD [92]. As the EPD increases, more fraction of photons gets
upconverted. Different factors contribute to limiting the efficiency of UC. Any process which
decreases the concentration of ions in the excited states is detrimental to UC including various
radiative and non-radiative decays. At the same time, when the concentration of ions increase,
self-quenching also sets in, which decreases UC emissions. The major factors are briefly
discussed below:

2.1.6.1. Multiphonon relaxation (MPR)

When the ions capable of UC are embedded in a crystal lattice, the energy states undergo
splitting and some amount of energy shift due to crystal field effects. In addition, the crystal
lattice has a specific phonon density of states, which means that it can vibrate with certain
phonon energies. Figure 2.7. gives a compilation of the Raman Spectra measured for common
UC host lattices from different literature sources [93-97]. The peaks on the Raman spectra
indicate the phonon energies with which the lattice can vibrate. Note that the Fourier transform
infrared (FTIR) spectra also reveals additional phonon energy peaks which are not visible in
the Raman spectra. It is postulated that if the energy gap between two energy states is such
that it can be bridged by 5-6 phonons or less, nonradiative decay will dominate [98]. This
guideline is called the energy gap law [99,100]. Out of the five hosts studied in Figure 2.7, YCls
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emerges as the winner, as it has a maximum phonon energy peak less than 300 cm, thereby
reducing the probability of non-radiative decay. The total decay rate of any metastable emitting
state can be described as:

1
=+ W, . (2.15)

Trad

1
T

Here t1,,4 is the total radiative lifetime and W, is the non-radiative decay rate. The energy
gap law is defined for low temperatures as:

—aAE

Wy = —e hvm | (2.16)
To

Here 1, is the radiative lifetime at 0 K and «a is a pre-exponential constant which are determined
empirically and AE is the energy gap between the excited state and the next lower lying state.
For accuracy, this value is often taken as the difference between the lowest-lying crystal field
state of the excited level and the highest crystal field state of the lower-lying energy level [101].
The Planck’s constant is denoted by h and v, is the maximum phonon frequency of the host
lattice. The MPR rates increase as a function of the temperature. For a temperature T,
Equation 2.16 is modified to [99]:

AE
hvy  Thuy
1 e kT
W (T) = e T : (2.17)
ekl —1

If the value of % is less than 6, then MPR becomes the dominant decay channel [39],
M

especially at elevated temperature. Figure 2.8 gives a plot of the MPR rates vs the energy gap
between adjacent energy states in different host lattices illustrated by Shalav et al. [39], based
on measurements by Weber et al. [102]. The MPR rates decrease as the energy gap between
adjacent energy states increases.
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Figure 2.7. Raman spectra of selected crystal lattices. Adapted with permission from [93-97]

2.1.6.2. Radiative decay

A UC emission is normally from a higher energy excited state to the ground state. But if the
emission happens to a lower-lying intermediate state, the efficiency of the original UC emission
decreases. For example, in Figure 2.2 we see that there are two radiative emissions originating
in the “Ss/ state, one is green in colour and the other is near-infrared (NIR) ~840 nm. Similarly,
there can be radiative emissions to the other intermediate states which lie in between. All these
radiative emissions will adversely affect the efficiency of the green UC emission. Certain
applications of UC take advantage of these radiative transitions to the intermediate states, as
in the case of NIR lasers based on Er®+ [23,38]. Figure 2.9 gives the possible lasing transitions
based on Er®. Laser emission at 3500 nm and 4500 nm is obtained from Er®* doped in YCls
when pumped at 660 nm and 800 nm respectively [23], while NIR laser around 2900 nm is
obtained from the host LiYF4 when pumped at 970 nm [103].
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Figure 2.9. Possible lasing transitions at 3500 nm, 4500 nm and 2900 nm between intermediate states in Er3+

The branching ratios of an excited energy state can be calculated with the help of Judd-Ofelt
parameters as explained in Section 2.1.3. The branching ratio for a particular transition is the
ratio of the radiative decay-rate of that transition to the sum of all the radiative decay-rates of
all the transitions originating in that particular energy state. When the branching ratio (B) is
greater than 0.5 for a particular transition, it can be potentially employed for displays and lasing
applications [77].
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2.1.6.3. Cross relaxation

Cross relaxation is fundamentally energy transfer between two ions in a way that the ion in the
higher energy state moves down to a lower intermediate energy state and the ion in a lower
energy state gain this energy and moves up to an intermediate energy state. Cross-relaxation
often takes place between ions of the same type (quenching) or between a sensitizer and
acceptor (also called Back Energy Transfer). Usually, the final states are the same or have the
same energy. But the final states could also be different as illustrated in Figure 2.10. Here, an
Er3+ ion in the green-emitting energy state *Sz» undergoes a cross-relaxation with an Yb%* ion
in the ground state or another Er3* ion in the ground state. Similarly, an Er3* ion in the blue-
emitting energy state 2Hg» undergoes a cross-relaxation with an Yb®* ion in the ground state
or another Er3* ion in the ground state. Cross relaxation is sensitive to the concentration of the
ions. It is proportional to the concentration of ions when the energy transfer is not limited by
diffusion. Such a situation is observed in environments which exhibit weak quenching nature.
On the contrary in environments which exhibit a strong quenching nature which limits the
diffusion rates, the rate of cross relaxation is quadratically dependent on the concentration of
the ions [78].
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Figure 2.10. Possible cross-relaxation processes between Er’* jons and Yb%* ions, leading to depopulation of blue
and green emitting states. Here, the final states of the interacting ions are not the same as opposed to normally

observed cross-relaxation processes.

2.1.6.4. Energy transfer to Impurities/Quenching centres

Sometimes impurity ions could also be present in the host lattice. These impurities originate
either from starting materials which were not originally ultra-pure (>99.999%) or from
experimental errors during the synthesis. If energy transfer takes place between ions capable

of emission and other impurities, the efficiency of UC is adversely affected. This quenching is
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in the form of resonant energy transfer as in the case of DET or Férster resonant energy
Transfer (FRET) [104]. The DET mechanism is briefly explained in Section 2.3. In FRET, the
rate of energy transfer is proportional to 1/R® where, R is the distance between the two ions,
while in DET, the rate of energy transfer decreases exponentially according to Equation 2.13.
In FRET, no actual electron exchange takes place, which means that the wavefunctions of the
valence orbitals need not overlap with each other. However, the emission spectrum of the
donor ion and the excitation spectrum of the acceptor ion must have a spectral overlap for
FRET to take place. The impurity atom receives the energy from the lanthanide ion in its
excited state and gets promoted to a metastable higher excited state. Then it relaxes back to
the ground state through MPR or radiative relaxations. FRET typically takes place over a
distance of 10 nm. Therefore, UC materials should have the least number of impurities
possible. Therefore, the quality of the synthesis of the UC material is a definitive determinant
of the efficiency of UC [105]. Generally bulk UC materials are annealed at a temperature
greater than 500 °C to reduce the number of crystal defects [106]. On the other hand, certain
impurities enhance the UC emission and are therefore purposefully introduced to the host
lattice. For example, introduction of the Zn?* ion in BaTiOs doped with Yb®*-Er®* increased the
UC luminance upon 980 nm excitation because of a change in the local symmetry around the
Er3 ions [107].

In another perspective, ETU interaction with neighbouring ions, can also result in UC to higher
excited states, which would actually decrease the emission from the current state. For
example, the PLQY of two-photon UC from a particular excited energy state would decrease,
if this particular state acts as an intermediate step for a three-photon UC process. Though this
process is not really a mechanism limiting the UC, the PLQY of the two-photon UC emission
and the total PLQY of UC from two and three-photon UC will be affected, as the total number
of emitted photons decreases.

2.2. State-of-the-art of UC Materials and applications to UC Displays

As discussed in the two previous sub-sections, the efficiency of the UC emission depends on
the competition between mechanisms which populate the emitting state and the mechanisms
which tend to depopulate the emitting state. The material properties determine the prevalence
of one mechanism over another. These factors were briefly discussed in Section 1.4. Till date,
the best UC emitting material in terms of saturation PLQY upon 980 nm excitation is B-NaYFs:
Yo% Er®*, which was discovered in the early 1970s and still remains undisputedly one of the
champions [61]. The B phase has a hexagonal lattice as opposed to the more common a phase
which is cubic in nature. In this host, crystal field splitting enables efficient energy transfer
between the second crystal field level of the 2Fs» energy state of Yb®* and the “l11,» state of

Er3* [53]. In addition, on close examination, the rare-earth ions were found to form small
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2.2. State-of-the-art of UC Materials and applications to UC Displays

clusters in the NaYF4 crystal lattice which facilitated better interaction between the rare-earth
ions in the cluster leading to more energy transfers [108,109]. The maximum phonon energy
of the NaYF;4 lattice is also favourable (<500) as the probability of depopulation of radiative
excited states is less [93]. The phonon peaks observed on the Raman spectra decrease in
intensity upon annealing as the defects get healed, which is why the synthesis technique also
is important for high UC efficiency [106]. Microcrystals of B-NaYF.: Yb%* Er¥* can be easily
produced in bulk and is therefore available commercially.

For the experiments described in this work, B-NaYF4: 18% Yb3*, 2% Er3* is the most obvious
choice as it is a well-established benchmark material with the highest known PLQY (reaching
measured PLQYs of 11%, which when corrected for thermal effects is estimated to be 14% for
two-photon UC). [78]. For effective comparison, the same rare-earth system is used, namely
Yb3+-Er®, in the same concentration 18% Yb®+ and 2% Er®*, and a couple of other microcrystal
hosts are selected, namely orthorhombic YF3, monoclinic YCls, and trigonal La>-Os which span
a range of maximum phonon energies. The phase of NaYF. is specifically provided as
(hexagonal crystal system) in the course of this thesis to distinguish it from the a-phase (cubic
crystal system) which is stable only above 600 °C [110]. The synthesis of pure hexagonal
phase of NaYF4 was optimized by controlling the doping concentrations, phase purity, ratio of
sodium ions to rare-earth ions, preparation-temperature and annealing-time by Kramer et
al [54]. Table 2.3. lists the different parameters of the crystal lattices of these four hosts. These
four materials provide a wide range of variability in terms of these different properties and
hence are chosen for analysis in Chapter 5. The actual number of activator ions are calculated
using the molecular mass, density and doping concentration. Similarly, the effective activator
distance (r,) is calculated by considering the number of formula units in a unit cell (f), and the

volume of a unit cell (V) with the doping percentage (c) as:
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The statistical distance to the nearest sensitizer is calculated by considering sensitizers and

activators alike, so taking the total doping percentage of activators and sensitizers (c;):
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2. Background

For observing the effects of laser-induced heating in nanocrystals, as compared to
microcrystals, nanocrystals of the same composition as the microcrystal B-NaYFs: 18% Yb®,
2% Er®* are prepared in toluene. Such nanocrystals generally suffer from other issues like
surface passivation and solvent effects. In addition, the scalability of production is also an
issue. Nevertheless, B-NaYF4: Yb*,Er¥* core shell nanocrystals can demonstrate very high
PLQYs around 10%, based on the synthesis technique [86].

Table 2.3. Material properties of the four different UC materials chosen for analysis showing the wide variability of
the characteristics.

Actual Statistical
Max Unit Effective distance
. Molecular Formula no. of .
phonon Density cell . . activator to
Host 3 mass units activator .
energy (g cm>) (g mol) volume ercell  ions per distance  nearest
(cm™) 9 (A3) P g (A) sensitizer
cm . :
ion (A)
NaYF, 418 4.13 187.89 226.4 1.5 2.6x102! 18.57 8.62
La203 450 6.56 325.81 82.41 1 2.4x10%1 19.89 9.23
YF3 524 5.07 145.9 191.7 4 4.2x10% 16.60 7.71
YCl3 260 2.61 195.26 496.8 4 1.6x10% 22.80 10.58

For UC displays based on raster scanning, again B-NaYF.: 18% Yb®, 2% Er® is the obvious
choice due to its very high PLQY. The UC material SrF2: 18% Yb3*, 2% Er®* is also investigated
for display applications considering its wide-range colour tunability from green to red upon
changing excitation wavelength from 980 nm to 1550 nm. On the other hand, the colour
tunability of B-NaYF4: 18% Yb%, 2% Er3* is only from green to yellow upon changing the
excitation wavelength from 980 to 1550 nm. More details about the mechanisms causing this
difference in the UC emissions between these two hosts are provided in Section 6.1. SrF> has
also been tested for cytotoxicity and can be used in bio-imaging and bio-sensing
applications [111]. SrF. forms a cubic lattice with a maximum phonon energy of 366 cm™ [112].
Trivalent ions form clusters when doped in SrF> matrix, because of the charge imbalance
between the divalent Sr?* and trivalent lanthanides like Yb®* or Er®* [113]. The formation of
such clusters enhances the probability of energy transfer between the trivalent ions and tends
to improve the ETU UC efficiency as in the case of B-NaYF.. Commercially available
NaYF4:Yb®, Er¥* microcrystals having a PLQY of 10% at an EPD of 10 W cm2[59], and
SrF2:Yb* Er®* microcrystals having a PLQY of 2.8% at an EPD of 10 W cm (prepared using
the scalable synthesis method by calcination of the precipitate from aqueous solution) are
therefore ideal candidates for a UC display [114]. The following section describes the basic
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2.2. State-of-the-art of UC Materials and applications to UC Displays

requirements on the UC luminance such that a UC display can be used in a well-lit

environment.

2.2.1 Luminance Requirements for Displays

The standard Red-Green-Blue (sRGB) spec required for a PC monitor is 80 cd m? as specified
by the International Electrotechnical Commission [115]. Therefore, a luminescence of about
100 cd m* would be sufficient for an indoor display, considering that the average luminance in
a typical office room is about 36 cd m2 [116]. In comparison, a high-end HDR-television has a
luminance of around 1000 cd m2. Commercially available head-up displays on the other hand
have a luminance of around 1.2 x 10* cd m™ to be able to be visible under sunlight [117]. The
sun has a luminance of 1.6 x 10° cd m2at noon [118]. A clear sky at noon has 10* cd m?
luminance and a cloudy sky at noon about 10° cd m* [119]. On the other hand, a cloudy sky
at sunset has only 10 cd m2 luminance [120]. If a display is to be used in outdoor conditions
during the day, then the luminance needs to be at least higher than 10* cd m2. The equation
for the luminance (L) of UC at a given EPD is expressed as follows:

Aoy hc 1
L =EPD Enabsnplqynffa 683.002 V(/DE . (2.20)

Here, 1., and 1., are the excitation- and emission-wavelengths, 1., the fraction of photons
absorbed, 7, the fraction of time the excitation laser illuminates a given spot during a sweep,

and V(1) the standard luminosity function. The number of excitation photons per unit energy
is given by %" and similarly the energy per emitted photon is given by f—c Multiplying with 683

x V(1) converts the power in watts to lumens and multiplying by %4m converts lumens to
candelas, assuming equal emission across all steradians. V(1) =1, at a wavelength of
545 nm, whereas due to the photopic vision of the human eye, it is only 0.1 at a wavelength of
650 nm [121,122]. Considering the weak absorption coefficients and the transparency needed

by the display, 1, is approximated to be 0.5.

Considering the requirements of persistence of vision and flicker fusion threshold of the eyes,
each pixel needs to be illuminated again within 1/30" of a second, if a static image is to be

seen after raster scan. A low cost galvanometric scanner is capable of covering 20 kilopoints

per second, which translates to around 600 points in 1/30" of a second (1;f =$=

1.66 x 1073). Then each pixel would be excited for 50 us. In such a pulsed regime, which is
shorter than the lifetime of the 2Fs. excited state of Yb*/(ranging from microseconds to
milliseconds based on the host material) [123], the PLQY is determined by the pulse energy
density [124]. Berry et al. have noted that the PLQY of the green emission from their
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2. Background

microcrystalline B-NaYF4:Yb3*, Er®* sample, reaches its maximum at about 3% for a pulse
energy density more than 25 mJ cm. If low-cost laser diodes having an EPD of 100 W cm?
are used for excitation, to reach a pulse energy density of 25 mJ cm2, a dwell time of 250 ps
would be needed, which would drastically reduce the number of traceable pixels to 130. Using
the same galvanometric scanner, only 5 mJ cm would be delivered in a pulse of width 50 ps.
Then the PLQY of their sample would drop to 1% [124]. But the microcrystalline -
NaYF4: 18% Yb3*, 2% Er®* sample used in this work has a green PLQY sat of 7% instead of 3%,
which would lead to a slightly increased luminance. Approximating the PLQY to 1% itself (
Npigy= 0.01) considering the short pulse-width, for 980 nm excitation at an EPD of 1 x 108 W mr
2 (or 100 W cm2, easily achievable by focusing a 10 mW laser to a spot of 100 pm diameter),
and emission at 545 nm, the luminance, L calculated is then 80 cd m? according to
Equation 2.20. Therefore, achieving required luminance in a room-lit environment for the UC
emission from the microcrystalline sample of B-NaYFa: 18% Yb3*, 2% Er3* is definitely
possible. If all the emitted photons were red, centred at 650 nm, then the luminance calculated
would be only 1/10™ of this value due to the lower value of the photopic luminosity function
V(A) at this wavelength. But in the absence of background lighting, even a luminescence of
1 cd m? is sufficient to be visible by the naked eye. On the other hand, a UC display cannot
be used in an outdoor environment during the day, as the luminance requirements cannot be

met.

2.2.2. UC Colour Tuning Methods for Display Applications

The colour of the UC emission can be changed using different techniques. Changing the EPD
of the incident radiation is the easiest way. But due to the non-linear nature of UC, changing
the EPD, would automatically change the intensity-ratios of different UC emissions. The green
UC emission from 2H11,2 and “Sg» states of Er®* doped in fluoride hosts, upon 980 nm excitation,
results from a two-photon process as explained in the previous chapter. But the red UC
emission results from a three-photon process. Therefore, as the EPD increases, the relative
contribution of the red emission keeps on increasing and that of the green emission keeps on
decreasing (Figure 2.11). As a result, when the EPD increases, the red-to-green (R/G) ratio of
the total UC emission increases along with the intensity of the emission. The R/G ratios of the
UC emissions calculated for NaYFa: 18% Yb®*, 2% Er®* and SrFz: 18% Yb®*, 2% Er®* upon
EPD sweeps of the 980 nm excitation are given in Figures 2.12-2.13. This technique is very
simple and easy to implement but the drawback is that the colour and the intensity cannot be
independently controlled.
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Figure 2.11. Relative growth of the red UC emission compared to the green UC emission in
NaYFa4: 18% Yb3*, 2% Er’+ for EPDs of 980 nm radiation from 3 Wcm? to 260 W cm?. Each spectrum is
normalized to the highest peak. Adapted from Joseph et al. [125].
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Figure 2.12. R/G ratio of UC emission increases as EPD of 980 nm radiation increases in
NaYFa4: 18% Yb3*, 2% Er’+. Adapted from Joseph et al. [125].
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Figure 2.13. R/G ratio of UC emission increases as EPD of 980 nm radiation increases in
SrF2: 18% Yb%*, 2% Er®*. Adapted from Joseph et al. [125].
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Another method for changing the emission colour is to synthesize different materials which
emit different colours at the same EPD. There is a huge volume of work in the literature, which
champion on changing the doping materials and their concentration in the well renowned host
NaYF. [53,108,126]. Different concentrations of dopants at different excitation wavelengths
were used by Chen et al. to obtain green (NaYFi: 10% Yb%*, 1% Er** @ 976 nm), red
(NaYF4: 39% Yb3*, 1% Er** @ 976 nm) and yellow (NaYF4: 10% Yb?*, 5% Er®* @ 1532 nm)
colour UC emission [127]. Yuan et al. added different concentrations of Mn?* (ranging from x
= 0 to 30 %) in NaYF4: 18% Yb®*, 2% Er®*, x% Mn?* for tuning the UC emission colour from
green to red upon 980 nm excitation [128]. In another approach, different multi-shell
nanocrystal structures can be incorporated, in which the energy migration can be controlled
leading to different colours of UC emission [129,130]. Using this technique only a pixelated
display can be realized, and the fabrication of such a display is complicated for each pixel is
to be made with a different phosphor, and further requirements for scanning and focusing the
laser increase the technical complexity.

A third technique involves manipulating the characteristics of the excitation like pulse-width,
pulse-period and wavelength. The pulse-width and the excitation wavelength were varied for
core-multi-shell nanocrystals by Liu and colleagues, to get blue, green and red UC
emission [131]. These nanocrystals had an Yb3* doped core with four concentric shells with
different doping concentrations of Nd3*, Tm3®, Ho® and Ce3*. Similar core-multi-shell
nanocrystals were used for obtaining different colours by changing the wavelength of steady-
state excitation [132]. Similarly Luo et al. obtained intensity tuneable blue, green, and red UC
emissions from a nanocrystals with a 4-shell architecture when excited with individually with
808 nm, 980 nm, and 1550 nm, respectively [133]. Their nanocrystals had a NaYbF. core
doped with 25% Er?*. By taking advantage of the cross-relaxations observed in the Yb3*-Er3*
system at high concentrations of the dopant ions, they obtained red emission for 980 nm
excitation and green emission from 1550 nm excitation [130,134,135]. Quite surprisingly, the
results presented in Chapter 6 show the exact opposite behaviour. Using
SrF2: 18% Yb®*+, 2% Er+ microcrystals, red UC emission is obtained for 1550 nm excitation
and green UC emission is obtained for 980 nm excitation as demonstrated later in Section 6.1.
Though the core-multi-shell nanocrystals offer the amazing capability of changing the colour
of the UC emission by only changing the excitation wavelength, scaling up their production is
a challenge. Moreover, the PLQY of most nanocrystals are very low (<1%), for EPDs up to 100
W cm2, though this situation might change in the future as the technology advances [86].
Another difficulty is in the controlling of the interfaces between different shells and the core,
such that the respective lanthanide ions are in the originally designed positions [130,136].

28



2.2. State-of-the-art of UC Materials and applications to UC Displays

Using the same approach as in the ESA-UC displays, if dual wavelength excitation can be
implemented in ETU systems, the intensity of the emission would be higher and hence suitable
for well-lit environments and the possibility of the colour tuning would be an added benefit. Luo
and co-workers have indeed demonstrated that such a UC display based on Y.0,S: Yb**, Er3*
microcrystalline powder is possible albeit on a microscopic scale, by scanning the 980 nm and
1510 nm excitation lasers [137]. . Recent work by Gao et al. demonstrated a 2D UC display
using B-NaYF4: Yb%, Tm3* which could be seen under room lighting with a frame rate of 29 Hz,
and a dwell-time of 20 ps [138]. The EPD in this case was three orders of magnitude higher
than what is used in this work due to higher laser power and tighter focusing of the excitation
beam, which makes the UC displays proposed in Chapter 6 more attractive.

2.3. Summary

“Lanthanons—These elements perplex us in our researches, baffle us in our speculations, and
haunt us in our very dreams. They stretch like an unknown sea before us; mocking, mystifying
and murmuring strange revelations and possibilities.” These were the words of Sir William
Crookes in an address to the Royal Society in the year 1887. True to his words, the chemistry
and physics of lanthanides are much intriguing. A humble attempt is made in this chapter to
summarize the most important principles that one should keep in mind when trying to
understand the photophysics of UC dealt with in this thesis. The basic requirements for an
indoor UC display and discussion on UC-colour tuning methods lay the foundation for the
results in Chapter 6, where a proof-of-principle of such a UC display is presented
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3. Methods

This chapter deals with the synthesis methods, measurement systems and characterization
techniques used in the course of this research work.

3.1. UC Material Synthesis

Five microcrystalline host systems doped with 18% Yb3* and 2% Er®* are used in the course
of this thesis. These five hosts are B-NaYF., YFs, La:Os, YCIs, and SrF2. Nanocrystals of -
NaYF. doped with the same concentration of Yb3+ and Er* are also used for comparison with
the B-NaYF4 microcrystals. The fluoride and chloride microcrystals doped with Yb* and Er3*
were synthesized by Damien Hudry and Daniel Biner at the University of Bern with the well-
established method developed by Karl Kramer. The La>Os microcrystals doped with Yb* and
Er3+ were prepared by Guojun Gao at the KIT. The nanocrystals were synthesized by Damien
Hudry at the KIT. The synthesis procedures of these UC materials are described in the

following subsections.

3.1.1. B-NaYF,: 18% Yb3+, 2% Er®+ Preparation

B-NaYF. is a highly efficient host material exhibiting highly efficient ETU with the Yb3+-Er3+
system, which serves as a benchmark material for UC. For the synthesis, the method
described by Kramer et al. is used with materials of 99.999% (5N) or 99.9999% (6N) purity [54].
First 0.8 M Y203, 0.02 M Er203 and 0.18 M Yb.Os are dissolved in a small quantity of 47% HBr
acid in a beaker made of Teflon, evaporated till they are dry, again dissolved in water and
precipitated as YFs, ErFz and YbF3 using 40% HF acid. This liquid is evaporated, and HF is
again added to it. Na:Os is taken in 2:1 ratio of Na:Y and dissolved in water in a beaker and
slowly added to the mixture. In this stage, CO- evolves as a byproduct of this reaction, so
special care is to be taken so that the mixture is not spilled. The products of this reaction are
further dried, and HF is again added. This process of drying and HF treatment is repeated at
least five times. The remaining dried up product is ground up in a mortar and heated to 550 °C
in a glassy carbon boat in HF/Ar gas stream for a period of 20 hours. After this heating step,
NaYF4 with excess NaF is formed. Further treatment with HF gas stream removes traces of O
and Br. The powder is again ground up and heated up to a temperature of 590 °C in Ar gas
stream for 20 hours to obtain the microcrystals with a very high UC efficiency. The powder is

then washed in de-ionized-water (DI-water) to remove the excess NaF and then heated up to
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100 °C to get the B-NaYFs: 18% Yb®, 2% Er®* microcrystals. Throughout the synthesis,
special HF resistant equipment is used considering the highly corrosive nature of HF.

X-ray powder diffraction (XPD) pattern of the B-NaYFi: 18% Yb3*, 2% Er®* microcrystals
obtained with an X-ray powder diffractometer (Bruker, D2 Phaser) using Cu Ka radiation
(1.5405 A) is provided in Figure 3.1. This XPD pattern is consistent with Joint Committee on
Powder Diffraction Standards (JCPDS) file No. 16-334 confirming the B phase of NaYF..
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Figure 3.1. XPD image of the synthesized microcrystals of B-NaYFa: 18% Yb%*, 2% Er®* (JCPDS No. 16-
0334) [139]

The scanning electron microscopy images of the same microcrystals obtained using a
scanning electron microscope (Zeiss, Supra 60 VP) are provided in Figure 3.2. The particles
are highly agglomerated as is evident from the images, but at 4000X, the hexagonal shape of
the crystals can be seen.

‘‘‘‘‘‘

Figure 3.2. SEM images at 500X (a), 2000X (b) and 4000X (c) showing highly agglomerated faceted particles with
either hexagonal or irregular shapes (1-5 um). Reproduced from Joseph et al. [139]

3.1.2. YF3: 18% Yb3*, 2% Er3* Preparation

The same procedure used for synthesizing B-NaYFi: 18% Yb®, 2% Er3* is used for
YFs: 18% Yb®, 2% Er® preparation, except that the steps starting from the addition of Na-COs
are not needed. The final powder mixture of YFs, ErFz and YbFs is heated to a temperature of
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3.1. UC Material Synthesis

450 °C under HF flow for about 24 hours. The resulting powder is allowed to cool and ground
thoroughly in a mortar to get the microcrystals of YF3: 18% Yb®*, 2% Er3*.

X-ray diffraction pattern of the YFs: 18% Yb?®*, 2% Er®* microcrystals obtained with an X-ray
powder diffractometer (Bruker, D2 Phaser) using Cu Ka radiation (1.5405 A) is provided in
Figure 3.3. This XPD pattern is consistent with Inorganic Crystal Structure Database (ICSD)
No: 26595 confirming the orthorhombic phase of YFs.
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Figure 3.3. XPD image of the synthesized microcrystals of YF3: 18% Yb%*, 2% Er3* (ICSD No: 26595) confirming
the orthorhombic phase of YF3

The scanning electron microscopy images of the same microcrystals obtained using a
scanning electron microscope (Zeiss, Supra 60 VP) are provided in Figure 3.4. The particles
are loosely bound together and form faceted microcrystals with well separated grain
boundaries as observed at higher magnifications of 5000X and 60000X.

Figure 3.4. SEM images of microcrystals of YF3: 18% Yb%*, 2% Er®* at 100X (a), 5000X (b) and 60000X (c)
showing faceted microcrystals (< 1 um) with well separated grain boundaries

3.1.3. La.0s: 18% Yb3*, 2% Er3* Preparation

The microcrystals of La,Os: 18% Yb®*, 2% Er3+ are prepared using a solid-state reaction as
described by Gao et al[97]. The starting materials La>Os (99.9% pure), Yb2Os3 (99.9% pure),
and Er203 (99.9% pure) were bought from ChemPur Feinchemikalien und Forschungsbedarf
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GmbH. They are measured in stoichiometric quantities, mixed, well ground and pre-sintered
at a temperature of 1300 °C for 4 hours in a drop-down furnace (Carbolite, BLF 1700). The
powders are again ground and sintered at 1300-1650 °C for 3-12 hours in air with two steps of
intermediate grinding to get the desired microcrystals of La-O3; doped with Yb3+ and Er®+.

X-ray diffraction pattern of the La-Os: 18% Yb®, 2% Er®* microcrystals obtained with an X-ray
powder diffractometer (Bruker, D2 Phaser) using Cu Ka radiation (1.5405 A), is provided in
Figure 3.5. This XPD pattern is consistent with ICSD no. 100204 confirming the trigonal phase
of La20s.
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Figure 3.5. XPD image of the synthesized microcrystals of La2Os (ICSD no. 100204) confirming the trigonal phase
of La203

The scanning electron microscopy images of the same microcrystals obtained using a
scanning electron microscope (Zeiss, Supra 60 VP) are provided in Figure 3.6. The particles

are highly agglomerated with irregular shapes and largely fused together to form huge clumps.

- 1

Figure 3.6. SEM images of microcrystals of Laz03: 18% Yb®*, 2% Er®* at 309X (a), 5000X (b) and 20000X (c) showing
highly agglomerated particles with irregular shapes which are largely fused together to form huge clumps (< 500 um).

3.1.4. YCl3: 18% Yb**, 2% Er** Preparation

High purity oxides (5N) of Y203, Yb2Os, and Er.O3 are treated with NH4Cl and HCI to get the
anhydrous ternary chlorides (NH4)sYCls, (NH4)sYbCls and (NH.)sErCls, respectively according
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to the procedure described by Meyer [140]. These salts are dried and decomposed in vacuum
to get YCIs, YbCls and ErCls. These chlorides are sublimed in vacuum at about 800 °C to make
them highly pure, absolutely dry and oxygen-free as starting materials for the next step. Then
0.8 M YCls, 0.02 M ErCls, and 0.18 M YbCls are mixed in a sealed silica ampoule. It is then
heated to a temperature of 880 °C to melt the salts. The melt is mixed well and allowed to cool
down overnight. Finally, the cooled-down product is ground thoroughly into microcrystals in a
mortar to get YCls: 18% Yb%, 2% Er®*. XPD pattern of the YCls: 18% Yb%, 2% Er®*
microcrystals obtained with an X-ray powder diffractometer (STOE) using Cu Ka radiation
(1.5405 A), is provided in Figure 3.7. This XPD pattern is consistent with ICSD no. 15684
confirming the monoclinic phase of YCls.
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Figure 3.7. XPD image of the synthesized microcrystals of YCls: 18% Yb%, 2% Er®* (ICSD no. 15684) confirming

the monoclinic phase of YCls
3.1.5. SrF2: 18% Yb3*, 2% Er3* Preparation

For the synthesis of SrF.: 18% Yb3%, 2% Er3+, first two separate stock solutions are made. The
first stock solution is made by a reaction of strontium carbonate (SrCOs) with nitric acid (HNOs)
water to obtain strontium nitrate Sr(NOs). which is then dissolved in de-ionized (DI) water. For
the second stock solution, Yb2Os and Er.Os are mixed in 65% nitric acid (HNOs). Then both
the stock solutions are mixed and precipitated with the help of 40% HF acid. The precipitate is
then dried, and the obtained solid is heated to a temperature of 700°C (for 24 hours) under
Ar/HF atmosphere to obtain the SrFz: 18% Yb3*, 2% Er®* microcrystals. XPD pattern of the
SrF2: 18% Yb*, 2% Er®* microcrystals obtained with an X-ray powder diffractometer (Bruker,
D2 Phaser) using Cu Ka radiation (1.5405 A), is provided in Figure 3.8. This XPD pattern is
consistent with ICSD no. 260881 confirming the cubic phase of SrF.
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Figure 3.8. XPD image of the synthesized microcrystals of SrFz: 18% Yb®*, 2% Er¥* (ICSD no. 260881) confirming
the cubic phase of SrF2

The scanning electron microscopy images of the same microcrystals obtained using a
scanning electron microscope (Zeiss, Supra 60 VP) are provided in Figure 3.9. The particles
are partially fused together though some grain boundaries can also be observed at higher

magnifications.

Figure 3.9. SEM images of microcrystals of SrFz: 18% Yb%*, 2% Er’* at 200X (a), 5000X (b) and 20000X (c)
showing faceted particles which are partially fused together.

3.1.6. B-NaYF,: 18% Yb3*, 2% Er®** nanocrystal preparation

The B-NaYF4: 18% Yb3*, 2% Er®* nanoparticles are synthesized using the same method
described by Hudry et al. for synthesizing NaGDF. core-nanocrystals [136]. Instead of
gadolinium acetate hydrate (Gd(OAc)s. xH20, 99.9%), yttrium acetate hydrate (Y(OAc)3.xH20,
99.9 %) is used to obtain B-NaYF4: 18% Yb3*, 2% Er®* core-nanocrystals. XPD pattern of the
synthesized nanocrystals obtained with an X-ray powder diffractometer (Bruker, D2 Phaser)
using Cu Ka radiation (1.5405 A) is provided in Figure 3.10. This XPD pattern is consistent
with JCPDS file No. 16-334 confirming the B phase of NaYF4. Anisotropic nano particles of
size 20x30 nm dispersed in toluene solution are obtained through this technique as revealed

from transmission electron microscopy measurements (Figure 3.11).

36



3.1. UC Material Synthesis

124
_ 101
=
S 8
2>
‘n 64
c
()
£ 4
i Wb o]
i
20 40 60 80
26

Figure 3.10. Measured XPD pattern of core-nanocrystals in conformance with JCPDS 16-0334 indicating B-NaYF4

Figure 3.11. Transmission electron micrograph of the B-NaYF4 core-nanocrystals

3.2. Steady-State Photoluminescence Spectroscopy

Spectroscopy is the study of the effect of electromagnetic radiation on matter as a function of
the wavelength or energy. Steady-state photoluminescence (PL) spectroscopy deals with
observing the emission and excitation spectra as continuous wave radiation excites the
samples. The trivalent lanthanide ions doped in appropriate host materials, absorb
electromagnetic radiation of particular frequencies. They then emit photons with energies
corresponding to the transitions between their ladder-like energy levels. By observing the
spectra of these transitions, we gain information about the photophysics of the energy
conversion process. For observing such UC emission, a spectrophotometer cannot be reliably
used as the in-built excitation is not always purely monochromatic and stray light often creates
errors in measurement. UC is non-linear in nature, which means that it is highly dependent on
the EPD [141], and the all-purpose illumination sources used in spectrophotometers do not
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necessarily meet the EPD requirements. Thus, laser diodes are used as excitation sources,
as they give monochromatic light at the required wavelength and power, typically 200 mW.
The EPD is then adjusted using a variable neutral density (ND) rotary filter and various optics
are used to focus the beam.

Figure 3.12 gives the scheme of the experimental set up used or steady-state PL
measurements. The laser source is usually 980 nm laser diode (Thorlabs, L980P200) which is
mounted on a temperature-controlled mount (Thorlabs, TCLDM?9) stabilized by a laser driver
controller (Thorlabs, ITC4001). For direct excitation of the green emitting states, another laser
diode (Roithner, LD-515-10MG) of 525 nm is used. An automated shutter with the help of a
shutter controller (Thorlabs, SC10) is used to turn the excitation on and off. An automated filter
wheel (Thorlabs, NDC-100C-2) of continuously variable ND (optical density 0 to 2) is used to
vary the power of incident beam with the help of a stepper motor. Then a plano-convex lens
(Thorlabs, LA1978) with a focal length of 750 mm is used to focus the beam to increase the
EPD. This lens can be replaced with another one of a lower focal length to further increase the
EPD, as the spot size decreases due to a tighter focus. The lens can be also removed for
obtaining much lower EPDs. A glass side is inserted at an angle in the beam line to measure
the power inline. The glass slide reflects ~8% of the incident beam at an angle equal to the
angle of incidence to the incident beam and this reflected beam is measured by a power meter
(Thorlabs, PM320E) with the help of a photodiode power sensor (Thorlabs, S121C), whose
reading is calibrated to the actual power at the sample position. The sample is kept inside an
integrating sphere of diameter 4 inches (Labsphere, 3P-LPM-060-SL). The integrating sphere
is not necessary for simple PL measurements, but is nevertheless used as the same system
is also calibrated for absolute PLQY measurements. The light coming out of the exit port of the
integrating sphere is passed through a 950 nm short pass filter (Semrock, FF01-950/SP-25)
to remove the component of the excitation laser and is coupled using an optical fibre (Thorlabs,
FP1000URT), with a charge-coupled devices (CCD) spectrometer having an integrated cooling
element (Avantes, AvaSpec-ULS2048x64TEC). The EPD is calculated by dividing the actual
power with the area of the excitation spot. The area of the spot is calculated by using the
formula for an ellipse from the 20 measurements of the semi-major and semi-minor axes using
by a beam profiler (Thorlabs, BP209-IR/M). The area of the ellipse is calculated as
4.6 x 1073 cm?. The whole system is intensity calibrated together with the integrating sphere
using a calibration lamp (Ocean Optics, HL-3plus). The whole measurement system is
automated with the help of a LabVIEW [142] virtual instrument, developed by Dmitry Busko.
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Figure 3.12. Scheme of the experimental set-up used for steady-state photoluminescence measurement

3.2.1. Emission Spectroscopy

For emission spectroscopy, the sample is kept at the centre of the integrating sphere in the
beam path. A scheme of the close up view of a micropowder sample is shown in Figure 3.13.
Such samples are housed in square capillaries of borosilicate glass with 1 mm x 1 mm cross-
section, and hermetically sealed to prevent any sample degradation. The sample is excited
with 980 nm at a fixed EPD and the resulting emission from the sample is measured with the
CCD fibre coupled spectrometer (Avantes, AvaSpec-ULS2048x64TEC) through a short pass
filter to filter out the excitation wavelength [143]. The excitation-spot on the sample is in the
shape of an ellipse. The UC emission from the sample is then analysed. The individual peaks
corresponding to the transitions from higher energy states of the trivalent lanthanides to lower
energy states are identified and analysed. The integrated area under the spectrum gives the
total number of photons emitted per second per unit area.
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Figure 3.13. Zoomed-in view of the sample showing the excitation spot (the excitation-laser beam is incident in the
direction perpendicular to the plane) and the dimensions of the square capillary in which the sample is housed.
Adapted with permission from Joseph et al. [144] Copyright 2019 American Chemical Society.

3.2.2. Intensity Dependence

For intensity dependence measurements, a series of UC emission spectra are captured while
changing the EPD gradually, by rotating the continuous variable ND filters from the highest
optical density to the lowest, using a stepper motor driven by an Arduino microcontroller. The
integration time required for the lowest optical density setting needs to be manually set by
observing the maximum intensity on the UC spectra. Thereafter, the integration time is
automatically reduced as the UC emission intensity increases as EPD increases, as the
LabVIEW programme is executed. However, there is a caveat in intensity dependence
measurements due to the effect caused by the laser-induced heating of the sample. For
samples with very small particle sizes (few micrometres), just switching off the excitation laser
for a few microseconds in between measurements is sufficient, but for samples with larger
particle sizes, this effect is more pronounced, and the intensity dependence measurements
need to be corrected. A method to correct the intensity dependence measurements is

described in Chapter 4.

3.2.3. PLQY Measurement

Absolute PLQY measurements are performed according to the 3M method in an integrating
sphere as described by de Mello et al. [145,146]. The absolute method for determining PLQYs
is superior to the relative method because it can be used in situations where relative methods
cannot be reliably used. Namely for: 1) samples that absorb/emit in regions where no reliable
standards are generally available, for e.g. IR emitters with A > 950 nm (Styryl-13 dye is an
exception), 2) materials that have a non-linear emission with respect to the EPD, like UC

40



3.2. Steady-State Photoluminescence Spectroscopy

materials, 3) solid samples or highly scattering samples like microcrystals [147]. The use of an
integrating sphere distinguishes the absolute method from the relative one. A scheme of the
integrating sphere and the sample position inside it is provided in Figure 3.14. An integrating
sphere collects all the light emitted/scattered by a sample across all solid angles as opposed
to a normal spectrometer that collects only from a specific solid angle. An integrating sphere
spatially integrates the radiant flux. The diameter of the integrating sphere, the size of the input
and exit ports and the reflectance of the sphere coating affect the total radiance from an
integrating sphere [148]. Integrating spheres from Labsphere are used, which are coated with
Spectralon© which has a reflectance of > 99% from 250 nm to 2500 nm. The radiance from

an integrating sphere is given by the formula:

b, y Po
T[AS 1- pw(1 - 2?:0 fz) - E?:o pifi
where ®@;is the input flux, Asthe area of the sphere, pythe initial reflectance for incident flux,

L= ) (3.1)

pw the reflectance of the sphere wall, p; the reflectance of the port opening and f; the fractional
area of the port opening. A baffle is used in the integrating sphere to block any direct reflections
from the excitation from reaching the exit port. Direct reflections would cause a false response,
as the integrating effect is attained after multiple reflections, driving the system to steady-state.

INTEGRATING
SPHERE

Excitation /SAMPLE

Light coming outlof sphere
(out of plane)

Figure 3.14. Image of the Integrating sphere showing sample placement

In the 3M method of measuring PLQY, first the spectrum is measured without the sample
inside the sphere. The integrated area of the laser in this case is named empty sphere (ES),
corresponding to a sphere with no sample. Then, the sample is placed inside the sphere in the
direct path of the excitation beam and the spectrum is measured. This spectrum has two
regions, one corresponding to the excitation laser, which has a lower peak as compared to the
empty sphere case, the integral of which is named laser direct (LD), and a second region
corresponding to the photoluminescence emission, the integral of which is named
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photoluminescence direct (PD). Now the sample is rotated and kept away from the direct path
of the excitation laser, so that only laser excitation reflected from the surface of the sphere
shines on the sample. The spectrum has two regions again, one corresponding to the
photoluminescence having a peak value less than that of PD and a second one corresponding
to the excitation laser having a peak value more than that of LD. The photoluminescence region
in this case is named photoluminescence indirect (Pl) and the excitation laser region is named
Laser Indirect (LI). With these three measurements we obtain the PLQY of the sample, hence
the method is named 3M method. Therefore, ES > LI > LD and PD > Pl as shown in Figure
3.15 and Figure 3.16. The peaks of the laser spectra are magnified in the inset figure of Figure
3.15 showing that ES is higher than LI. The difference between ES and LD is the total number
of photons absorbed by the sample, while the difference between LI and LD is the number of
photons absorbed in the first incidence of the laser excitation beam with the sample. The
difference between ES and LI is the number of photons absorbed due to the reflections
impinging on the sample from the walls of the integrating sphere.
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Figure 3.15. Spectra of the laser when a sample of B-NaYFu: 18% Yb3*, 2% Er3* micropowder is placed in the three
different positions as required by 3M method. The inset shows that the ES spectrum is slightly higher in intensity
than the LI spectrum.

In actual practice, the spectrometers have varying sensitivities in different wavelength regions
and the minimum integration times possible for the spectrometers limit the maximum intensity
that can be measured in a way that the individual photodiodes (pixels) of the CCDs are not
saturated. For PLQY measurement of UC, where the excitation and emission are entirely in
two different regions, two different spectrometers have to be used. For the laser readings,
namely ES, LD and LI, a small CCD spectrometer from Thorlabs is used (Thorlabs,
CCS200/M). This spectrometer from Thorlabs has a minimum integration time of 10 us while
the Avantes Spectrometer has a minimum integration time ~30 ms. The Avantes spectrometer
is used in combination with a 950 nm short pass filter (Semrock, FF01-950/SP-25) to block the

laser light for the photoluminescence measurements. This configuration requires actually five
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3.2. Steady-State Photoluminescence Spectroscopy

different measurements instead of three, though the sample is only held in three different
positions as required by the 3M method. This configuration helps in obtaining better data, as
the integration-times can be adjusted separately for the PL and excitation laser measurements.
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Figure 3.16. Spectra of the photoluminescence when a sample of 3-NaYFa4: 18% Yb%*, 2% Er¥* micropowder is

placed in the three different positions as required by 3M method.

Internal PLQY is defined as the ratio of number of photons emitted to the number of photons
absorbed, while external PLQY is the ratio of the number of photons emitted to the number of
photons incident on the sample. Assume A is the fraction of photons absorbed in the first

incidence of the excitation beam, such that:

A=1-— . 3.2
7 (3.2)

With the 3M method, when the sample is excited such that the excitation spot is smaller than
the sample size (all the photons impinge on the sample at least once, regardless of whether
they are absorbed or not), the photoluminescence measured when the sample is directly

excited is given by:

PD = ES X AX PLQY + (1 — A)(ES — LI) x PLQY . (3.3)
The photoluminescence when the sample is indirectly hit is given by:
PI = PLQY(ES —LI) . (3.4)
Then PLQY is calculated with the equation:
PD — (1 — A)PI
= 3.5
PLQY TXES (3.5)

3.3. Two-Colour Excitation

To facilitate simultaneous excitation of a UC sample with two different wavelengths, a separate
experimental setup is required. The scheme of this set up is given in Figure 3.17. Source 1 is
a wavelength tuneable CW laser (M Squared, SolsTiS) set at 980 nm and Source 2 is a diode
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laser (Thorlabs, FPL1055T) with a wavelength of 1550 nm. EPD of the excitation beams are
controlled using ND filters. The reflective ND filter kit from Thorlabs (Thorlabs, NDK01) is used
for this purpose. The two excitation beams are merged into one path by using a long-pass
dichroic mirror (Thorlabs, DMLP900) and a short-pass dichroic mirror (Thorlabs, DMSP1180).
By using a lens (Thorlabs, LA1027), the merged excitation beam is focussed onto the sample.
The UC emission is collected using the same lens and using the long-pass dichroic mirror and
another lens (Thorlabs, LA1131), the emission is fibre coupled (Thorlabs, FP1000URT) to a
spectrometer (Avantes, AvaSpec-ULS3648).

CAGED SYSTEM

DICHROIC DICHROIC

MIRROR MIRROR SAMPLE
S ILENS
ND FILTER LENS
LASER
SOURCE 1 ND FILTER FIBRE ADAPTER
980 nm
OPTICAL FIBRE

LASER

SOURCE 2

1550 nm SPECTROMETER

Figure 3.17. Scheme of experimental set-up for UC experiments with simultaneous excitation with two different
wavelengths

3.4. Time-Resolved Measurements

Time-resolved measurements give information about the changes occurring in the sample as
time proceeds. Lifetime measurements are important as they give an idea of the possible UC
mechanisms in a material and of it PLQY. When comparing between two different materials,
the PLQY of the UC emission from a higher energy state is dependent on the lifetime of the
first intermediate state, as explained later in Chapter 5. For a particular material, the PLQY
decreases as the non-radiative decay channels increase, leading to faster decays and
therefore shorter lifetimes.

3.4.1. Photoluminescence Decay with Photomultiplier Tube / Multichannel Scaling

Lifetime of an emitting species is the average time it remains in the excited state. The emission
can happen at random times, resulting in a range of lifetimes [149]. By time domain
measurements, it is possible to obtain a decay curve of the total emission. The decay curve
gives a statistical distribution of the emissions, from which the lifetime can be estimated when
the type of decay is known (for example, mono-exponential or bi-exponential). The lifetimes of
UC emissions are of the order of milliseconds or hundreds of microseconds [123]. The green

44



3.4. Time-Resolved Measurements

emitting state of B-NaYF.: 18% Yb®* Er3* has a lifetime of 200 us [144]. Therefore, multi-
channel scaling (MCS) electronics is used instead of time correlated single photon counting
(TCSPC) to have realistic acquisition times. For TCSPC, the detection rate should be as low
as one photon per 100 excitation pulses. However, for the case of MCS, an emission rate of
one photon per excitation pulse is enough, resulting in realistic acquisition times for UC
lifetimes. Figure 3.18 gives a schematic diagram of the PL decay measurement system.

LASER DIODE
DOUBLE MONOCHROMATOR CONTROLLER

GLASS SLIDE

PMT
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NIR DETECTOR
POWERMETER

iMCS CARD !
-
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Figure 3.18. Scheme of experimental setup for lifetime determination using MCS

The sample is excited using a diode laser of the required excitation wavelength and power.
The power is controlled using a variable ND filter wheel (Thorlabs, NDC-100C-2). The diode
laser is driven in quasi-CW mode using a laser diode controller (Thorlabs, 1TC4020). The
trigger output from the laser diode controller is provided to the multichannel scaling (MCS) card
(PicoQuant, TimeHarp 260 NANO) to synchronise it with the quasi-CW excitation. An
appropriate delay (~10us) is inserted into the sync line by using a microcontroller (Arduino,
UNO) based delay generator to account for electronic delays in the signal. The emission from
the sample is collected using a lens system consisting of two lenses and focussed into the
input slit of a double monochromator (Bentham, DTMS300). The monochromator isolates the
selected wavelength and passes it to one of the sensitive detectors. The double
monochromator is used to decrease stray light (re-entrant spectra) entering the detector. A
circular cage photomultiplier tube (PMT) (Hamamatsu, R928P) is used with a preamplifier
(PicoQuant, PAM-102P) as the detector in the visible range (185 to 900 nm) whereas another
single photon detector (ID Quantique, ID220) is used in the infrared range (900-1700 nm). The
signal from the detector is passed on to the MCS card connected to the PC. The Timeharp
260 NANO card has a dead time < 2 ns. After every detection event, a new detection can only
be registered after the dead time. Accordingly, the intensity of emission from the sample has
to be decreased such that all photons are counted. Using the Timeharp software [150], a
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histogram of the detection of the emitted photons is obtained from which lifetimes can be
estimated by fitting the decay curve with the suitable exponential decay function.

3.4.2. Evolution of UC Intensity with Time

Different factors contribute to a sudden change of the UC intensity upon sample excitation.
Materials that have a higher maximum phonon energy, for example will have more non-
radiative decay channels causing a sudden dip in the UC intensity as a result of laser-induced
heating. A detailed discussion of this phenomenon is provided in Chapter 4. A scheme of the
experimental setup used to investigate this phenomenon is given in Figure 3.19. A 980 nm
laser diode (Thorlabs, L980P200) mounted on a temperature-controlled mount (Thorlabs,
TCLDM9) and stabilized with a laser driver controller (Thorlabs, ITC4001) is used as the
excitation source. An automated shutter is used to turn the excitation on and off using a shutter
controller (Thorlabs, SC10). An automated filter wheel (Thorlabs, NDC-100C-2) of variable
neutral density can change the excitation power shining on the sample. A plano-convex lens
(Thorlabs, LA1978) of 750 mm focal length is used to focus the excitation beam on the sample.
A glass slide is inserted at an angle in the beam path for inline measurement of power. The
glass slide reflects a portion of the excitation beam, which corresponds to 8% of the power of
the beam at the sample position. The power of this beam is measured using a power meter
(Thorlabs, PM320E) in combination with a sensor (Thorlabs, S121C). The area of the beam is
calculated using a beam profiler (Thorlabs, BP209-IR/M). The emission from the sample is
isolated using a 950 nm short pass filter (Semrock, FF01-950/SP-25) and focussed to the
optical fibre (Thorlabs, FP1000URT) using a lens of 35 mm focal length (Thorlabs, LA1027).
The optical fibre is then connected to the spectrometer (Avantes, AvaSpec-ULS2048x64TEC).
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Figure 3.19. Scheme of experimental setup for observing instantaneous change in UC intensity after excitation
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The spectrometer is set to the least integration time possible (~30ms) for this measurement.
The laser diode is turned on early enough so that it is in steady-state. Before every
measurement, the filter wheel is adjusted so that the required power density would be shining
on the sample. Then acquisition of the spectrum is started on the spectrometer VI realised
through a LabVIEW® [142] virtual instrument. Finally, the shutter is turned on and the spectra
are continuously acquired until a set time is reached (60-120 s). By integrating over the range
of wavelengths corresponding to a certain peak, we are able to get the initial rise in the UC
signal and the change in the signal after the signal reaches its peak. The progress of individual
peaks can be analysed in the program, and this gives an idea of which states are more affected
by laser-induced heating. Such a curve obtained by integrating the spectra over the green peak
as a function of time is given in Figure 3.20.
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Figure 3.20. UC emission from 2H11/2 and 4Ssy2 states of Er®* doped in B-NaYF4 micropowder vs time. Adapted
from Joseph et al. [139].

3.5. Analysis of Spectroscopic Data

Spectroscopic data can give valuable information about the composition, physical and
chemical structure, temperature, size and speed of celestial objects etc. [151]. UC materials
when doped in other materials can serve as photonic markers based on lifetimes or
colours [27,152]. The spectroscopic analysis of these materials then gives information about
the material. Some materials exhibiting UC have thermally coupled energy states. The ratio of
the intensity of the peaks of two energy states (belonging to the same lanthanide or two
different lanthanides) is indicative of the temperature of the material. If such a material is doped
into biological tissue, using only the intensity-ratios of the peaks, the temperature of the tissue
can be detected [63]. Additional advantages like good signal stability, low scattering and
background noise make such detections accurate.
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3.5.1. Temperature Estimation from Ratio of UC Peaks

In a single lanthanide, thermally coupled energy states are usually separated by a small energy
gap. Then the population of the energy states can be described by the Boltzmann’s Law:

_Ei
n; = NeksT (3.6)
where n; is the population of the level i, E;is the energy of the level relative to the ground level,
N is the total number of electrons in the system, T is the absolute temperature in Kelvin, and

kg is the Boltzmann constant.

The integrated area under an emission peak gives the population of the level. The ratio of
intensities of two thermally coupled peaks is given by [153,154]:

—AE
[lpdd _ 2ok

[1,dA ’

where AE is the difference in energies between the energy levels and the constant C is

R(T) = (3.7)

dependent of the degeneracy of the level (g), spontaneous emission rate (v), and optical
absorption cross section (o) [155], such that,

g1v104
C =——
g2V20;

Figure 3.21 gives the changes in a UC spectrum as the temperature increases. Certain peaks

(3.8)

rise as temperature increases while other peaks decrease in magnitude. The two peaks
marked . and |1 are well known thermally coupled levels of Er3+.
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Figure 3.21. UC Emission from B-NaYF4:Er®*, Yb3* when excited with 980 nm at an EPD of 240 W cm at two

different temperatures

A calibration curve can be made of the logarithm of the intensity-ratios vs the inverse
temperature. The temperature can be read out of a calibration curve defined for a material in

a specific medium with constant properties like pressure, pH etc., if the intensity-ratio is
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determined. In this way, the UC material functions as a secondary thermometer, which means
that a calibration is required every time there is a change in the surrounding. The relative
sensitivity of such a thermometer is given by the expression:

. - 1 OR(T) AE
RTR() oT ~ kyT?
Secondary thermometers have the disadvantage that a recalibration needs to be done if the

(3.9)

experimental conditions change, as the value of ¢ changes. To circumvent this problem, an
expression of the temperature, which does not use the constant ¢, needs to be used. The
intensity-ratio R(T) increases linearly as the EPD increases such that a straight line can be
plotted with a y-axis intercept. The y-axis intercept gives the value of R, at which the pump
power is zero and T, gives the room temperature at which the pump power is zero, and
accordingly laser-induced heating is also zero (Figure 3.22). An equation for a primary
thermometer can then be made for the material, knowing the value of R, and T, [156]:

1 1 kg R(T)
T-T, 4E “9¢7R,
The temperature of the sample can then be estimated from this equation by knowing the value

(3.10)

of Ry, and the intensity-ratio of the peaks. Chapter 4 gives a detailed consideration of this
method and presents data from multiple samples.
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Figure 3.22. Plot of the intensity-ratios of the two thermally coupled peaks vs the EPD. The y-intercept gives the
limit at which EPD is zero.

3.5.2. Multivariate Curve resolution —Alternative Least Squares (MCR-ALS)

MCR-ALS stands for Multivariate Curve Resolution (MCR) using the Alternating Least Squares
(ALS) algorithm. MCR is a tool used for resolving pure response profiles when more than one
species is involved [157,158]. For a system having a known number of constituents, which
have distinct responses, when certain boundary conditions and initial conditions are known,

the individual responses and the initial spectra of each of the constituents can be extracted
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from the total response of the system using this technique. Two requirements need to be met:
1) the total response of the system can be expressed as a two-way data matrix or a multiset
structure and that 2) a bilinear model can describe this data with a limited number of
components. The total spectra matrix-Dis written as a product of two matrices plus a matrix of
residuals (E). The first one gives the pure spectra (ST) of individual elements and the second

one-C gives the concentration profiles, of these elements:

D=CST+E . (3.11)

The scheme of the algorithm is given in Figure 3.23. The developers of the method has
implemented the tool in MATLAB as a graphical user interface (GUI) [159]. In the investigation
of the photophysics of upconversion processes in Chapter 5, MCR-ALS is used to isolate two-
photon processes and three-photon processes of UC as the EPD increases. The matrix D will
be a matrix in which the spectra changes as the EPD increases. At each EPD, the UC intensity
at each wavelength is divided by the total area of the spectrum, which corresponds to the total
number of photons emitted. Therefore, the matrix D is a set of spectra normalized to the total
number of emitted photons at each EPD. By loading the matrix D onto the MCR-ALS GUI, we
expect to get the matrices ¢ and ST as result. First, an initial estimation of the number of
components is required. Assuming only two- and three-photon processes are present, we can
give the number of components as two. As the EPD increases, we know that the contribution
of two-photon processes decreases, while that of three-photon processes increase. The
concentration profiles of these two processes never become negative and they are unimodal,
meaning that they change only in one direction. That is, as the EPD increases, the contribution
from two-photon process will only decrease, but not decrease and later increase. This
knowledge can be applied to give row and column constraints to the matrices. Then the ALS
optimization is applied to the matrix along with the constraints yielding the matrices ¢ and ST.
The concentration matrix C will be a function of the contributions of the two pure spectra as the
EPD increases and the matrix ST gives the two pure UC spectra if only two-photon processes
were present or if only three-photon processes were present.
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Figure 3.23. Scheme of the MCR-ALS algorithm. MLPCA stands for Maximum Likelihood Principal Component
Analysis [160]. Adapted with permission from Tauler et. al. [159].

Figure 3.24 presents the results of MCR-ALS analysis on YCls: 18% Yb?**, 2% Er®* to resolve
the UC peaks from two- and three-photon processes upon 980 nm excitation as the EPD is
increased. The number of components can be set as two. Following an initial estimate by
MLPCA, the row constraints of non-negativity and unimodality is applied, knowing that the
contributions either decrease or increase in one direction. Similarly, the column constraint of
non-negativity can be applied as the UC peaks never become negative. Thereafter, the ALS
optimization yields the spectra of the two- and three-photon peaks separately as the matrix ST
and the relative contributions of these spectra as the matrix €. Some of the peaks can be
purely ascribed to two-photon processes, and some others to three-photon processes and
some peaks show contribution from both three-photon and two-photon processes. More results
of MCR-ALS analysis are presented in Chapter 5.
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Figure 3.24. Resolved concentration and spectra profiles of 2-photon and 3-photon processes from Eré+, Yo%+ UC
emission from YClz micropowder upon 980 nm excitation as the EPD is increased.

3.6. CIE Colour Coordinates and Luminance Determination

When a material emits radiation of different visible wavelengths at the same time, the human
eyes perceive it as a single colour (due to additive colour mixing). In bright and moderately
bright environments, this colour is based on the spectral sensitivities of the three kinds of cone
cells in the retina of the eye. The normalised spectral sensitivities of the three types of cone
cells are given in Figure 3.25. In low-light vision the rod cells of the eyes come into play as

they are better photo-receptors in low-light.
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Figure 3.25. Normalized spectral sensitivities of the three types of cone-cells in the human eye. S (420 nm —
440 nm), M (630 nm — 540 nm), and L (560 nm — 580 nm) correspond to the three wavelength regions in which the

cone cells are active.
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3.6. CIE Colour Coordinates and Luminance Determination

3.6.1. CIE Chromaticity diagram

The "Commission Internationale de I'éclairage" (CIE), known in English as the International
Commission on lllumination introduced the (red-green-blue) RGB and XYZ colour spaces to
map these colours based on a coordinate system in 1931 based on experimental data from
human observers. The CIE tristimulus values - X, Y and Z can be easily calculated by
integrating the product of the spectra with corresponding colour matching functions over the
wavelength range 380 nm to 780 nm. The RGB tristimulus values can also be calculated in the
same way. These colour matching functions are published by the CIE in the form of look up
tables but can also be approximated as a sum of gaussian functions [161]. Colour consists of
two aspects: brightness and chromaticity. For example, white and grey have the same
chromaticity but different brightness. The CIE Y value is designed to be an indicator of the
luminance of the colour. Three parameters (x,y,z) can be derived from the CIE tristimulus
values, out of which x and y give the chromaticity:

__ X (3.12)

*TXtv+z '

Y
- 3.13
YSX¥v+2z (3.13)
z

e ——— - ) 3.14
T Xtv+z Ty (3.14)

The CIE 1931 xy chromaticity diagram is a horse-shoe shaped region which shows the colours
that can be observable with the human eye. It is formed using the chromaticity values - x and
y and a spectral locus as shown in Figure 3.26. The spectral locus consists of the colours
observed with monochromatic light between 380 and 780 nm, as is indicated in the CIE 1931
diagram. The base of the horse-shoe region consists of a “line of purples” which do not

correspond to any monochromatic colour of the spectrum.

CIE 1931

0.8 4

>
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Figure 3.26. CIE 1931 xy chromaticity diagram, showing the positions of the three primary colours and the colour

white, along with the triangle representing the gamut of the RGB colour space.
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In the CIE xy chromaticity diagram, white colour is at the CIE coordinates (0.33, 0.33). Pure
green, red and blue are monochromatic and hence ascribed to the wavelengths 546.1 nm,
700 nm and 435.8 nm, respectively, which lie on the spectral locus of the CIE 1931 diagram.
Therefore, the RGB colour space can be drawn as a triangle inside the CIE 1931 xy
chromaticity diagram.

As lanthanide doped UC materials can emit radiations of multiple wavelengths, the colour
perceived by the eye needs to be known for display applications. For this purpose, the total
emission spectra in each case is integrated over wavelength with the CIE-XYZ colour matching
functions obtained as a table from the colour and vision research laboratory (CVRL) database,
which is part of the University College London. Thereafter, the chromaticity coordinates are
calculated and plotted on the CIE 1931 chromaticity diagram. These calculations are
performed using MATLAB.

3.6.2. Luminance calculation

Luminance is different from intensity in the sense that it gives the brightness perceived by the
eye. The human eye is not equally sensitive to all wavelengths in the visible spectrum. Vision
is divided into three categories based on the luminance levels. In normal daylight conditions
(10-108 cd m2), the cone cells on the retina are more sensitive and hence, we experience
photopic vision. On the other hand, the rod cells are more sensitive in the dark.(< 10 cd m?),
where the vision moves into the scotopic regime [162]. In a moderately bright environment,
(103-10 cd m?), a combination of both kinds of vision called the mesopic vison is observed.
Therefore, a separate unit called the “lumen” is defined for quantifying the brightness perceived
by the eyes, i.e., luminance. Luminance is defined based on the scotopic and photopic

luminous efficacy curves as shown in Figure 3.27.

The standard luminosity function is the normalized version of these luminous efficacy curves.
For photopic vision, the luminance L can be calculated from the emission intensity I in W m

sr' nm™ with the expression:
Im
L = 683.002 Wf IDFDdr (3.12)

where y(4) is the standard luminosity function for photopic vision and 4 is the wavelength. The

unit for luminance is then Im sr' m=2 which can also be called in Sl units as cd m=2.
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Figure 3.27. Luminous Efficacy for photopic and scotopic functions as a function of wavelength. The peaks of the
scotopic and photopic functions are at 507 nm a d 555 nm respectively, which correspond to luminous efficacies of
1700 and 683 lumen per watt. Reproduced from [163] Copyright 2007 Martin Dixon and Prismalence UK

For the luminance calculations used in this work, the photopic standard luminosity function
provided by the CIE consistent with the cone fundamentals defined by Sharpe et al. is used
[116]. The measured spectra in converted to absolute units of photons s-1 cm-2 nm-1 after
calibration. For ease of calculations, all the emitted photons are assumed to be at the peak of
the emission spectra (545 nm), for conversion into W m-2 by multiplying with the standard
luminosity function. For conversion into candelas, a solid angle of 41 sr is assumed. The

calculations are performed using a MATLAB code.
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4. Correcting the Effects of Laser-
Induced Heating iIn Upconversion
Measurements

This chapter deals with a common problem encountered in UC measurements, namely laser-
induced heating. It is based on the first first-author-publication “A method for correcting the
excitation power density dependence of upconversion emission due to laser-induced heating”,
Optical Materials, Vol. 82, 2018 [139]. The idea for the publication was conceived by the
author, lan A. Howard and Dmitry Busko. Dmitry Busko helped in setting up the measurement
system. The microcrystal sample was synthesized by Damien Hudry and Daniel Biner at the
University of Bern under the guidance of Karl Krdmer. The nanocrystals were synthesized by
Damien Hudry in house. The steady state and time resolved measurements were performed
by the author. Guojun Gao performed X-ray powder diffraction and scanning electron
microscopy experiments of the samples. Andrey Turshatov, lan A. Howard, Karl Krdmer and
Bryce S. Richards helped in interpreting the results and finalizing the draft.

4.1. Introduction

UC is a non-linear process. This means that the intensity of UC emission is not always
proportional to the excitation power density (EPD). The measurement of the log-log plot of the
UC intensity vs the EPD is an important characterization tool for UC. The slope of this curve
gives valuable information about the order of the UC process and its underlying mechanism
as tabulated in Table 2.2. For ETU processes, the slope of the log-log plot of the UC-EPD
dependence at very low EPDs is equal to the number of photons involved in the UC
process [85]. A two-photon process will have a slope of 2 at very low EPDs and a three-photon
process will have a slope of 3 and so on. To properly understand the behaviour of a UC
emission, the EPD must be swept for several orders of magnitude. Ideally in the limit of high
EPDs, the slope of the log-log plot should be unity, as the UC saturates as explained in Section
2.1.5.2. But often the slopes become sub-unity indicating a reduction in the total UC
intensity [164,165]. This drop in UC intensity is not theoretically explained, and not expected
from the mechanism of UC. As the PLQY of UC emission is proportional to the UC intensity
divided by the EPD, the slope of the PLQY vs EPD curve becomes 0 in the limit of high EPDs,
i.e. in the regime that UC saturates. The PLQY at saturation is an important figure-of-merit for

a UC material and is explained in detail in the subsequent Chapter. When the error introduced
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4. Correcting the Effects of Laser Induced Heating in Upconversion Measurements

by laser-induced heating is not corrected in the PLQY measurements, the PLQY decreases at
higher EPDs instead of remaining constant as fundamentally expected. This under-estimation
of the PLQY and the UC intensity, creates a roadblock to the development of applications for
UC, which requires precise identification of the regimes of EPD in which a UC material
operates. A method for correcting this unexplained change in UC intensity due to laser-induced
heating is developed and presented in this Chapter. Section 4.1 briefly gives the synthesis
techniques used for the samples analysed in this Chapter. Section 4.2 illustrates the intensity
dependence of UC on a microcrystal sample and the problem of underestimation. Section 4.3
explains how the inherent properties of the UC material are used for determining the
temperature of the sample and Section 4.4 explains the method proposed for correcting the
UC dependence. In Section 4.5 a nanocrystal sample is examined for laser-induced heating.
Finally, Section 4.6 summarizes the results presented in this chapter.

4.2. UC Intensity-EPD Dependence

Measurement of the EPD dependence of the UC intensity is an important characterization tool
for identifying the mechanism of the UC and to understand the order of the UC process. Fig
4.1 illustrates an EPD dependence curve plotted on a double-logarithmic scale. Here,
microcrystals of B-NaYFs: 18% Yb?*, 2% Er®*, hermetically sealed in a quartz cuvette of
1 mm x 1 mm cross-section are excited with a 980 nm laser, spanning EPDs ranging from
1-250 W cm™. Then, the integrated UC intensity under the emission spectra ranging from
400 -880 nm is plotted against the corresponding EPDs on a log-log scale. The slopes of the
curve at the two extremities are 1.5 and 0.9. A slope of 1.5 at low EPDs indicates a UC
constituting mainly of two-photon UC processes, as the slope is greater than 1. If the material
is excited at much lower EPDs, the slope would approach 2 as predicted by Pollnau et al. [85].
However, a slope of 0.9 is unwarranted for in the high EPD regime (grey rectangle), as a slope
of 1 is expected at such high EPDs, and corresponding PLQY would show a downward trend,
when it is expected to stabilize due to saturation [93,166]. Such behaviour indicates the
presence of a quenching mechanism, which decreases the UC intensity. This quenching
mechanism is due to laser-induced heating as elucidated in the sections which follow. A
method to correct the EPD dependence curve of UC is developed based on estimation of the
temperature of the material making use of the inherent thermally coupled states 2H11> and #Ss
of Er®+. The corrected curve is already provided with the measured curve in Figure 4.1, showing
that the slope of the curve becomes 1 at high EPDs after the correction. Note that the difference
between the two curves are already pronounced at EPDs around 50 W cm2. At an EPD of
240 W cm, the corrected integrated UC intensity is already 24% higher than the measured

value, which is really significant and shows the necessity of correcting for the effects of laser-
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4.2. UC Intensity-EPD Dependence

induced heating. The following section describes the method by which the temperature of the
UC material is measured.
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Figure 4.1. Double logarithmic plot of the Excitation Power Density (EPD) dependence of UC
(400-880 nm) of microcrystals of B-NaYF4: 18% Yb*, 2% Er** excited at 980 nm. The blue
squares show the measured data and the orange circles show the data corrected for laser-
induced heating. The shaded region shows the regime in which the dependence is expected
to be linear. The numbers at the extremities show the slopes of the plot in that region. Adapted
from Joseph et al. [139].

4.3. Temperature Determination

The 2H11,2 and *Sa2 states of Er+ are thermally coupled and used extensively in luminescence
thermometry [63,153]. The ratio of the UC emissions from these two states are related to the
temperature. Figure 4.2. shows the UC spectra observed from the microcrystal sample of 8-
NaYF4: 18% Yb%*, 2% Erd*, excited with 980 nm at an EPD of 240 W cm?, captured at
1 second after excitation and 60 seconds after excitation. For this measurement, the UC
spectra are continuously measured every 30 ms to accurately follow the change in the ratio of
the intensities of the two peaks. In comparison to the spectra at 1 second after excitation, only
the emission peak around 520 nm is seen to rise in intensity, while all the other peaks decrease
in intensity in the spectra at 60 s. This clearly indicates a rise in the temperature, as the ratio
of the intensities of the two peaks - A, is related to the temperature as per the Boltzmann
distribution [167]:

A= I—z = Kexp (_—AE) . (4.1)
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4. Correcting the Effects of Laser Induced Heating in Upconversion Measurements

where |1 (510-533 nm, 2H112 = *l152) and 12(530-570 nm, *Sz2 = “*l1s) are the integrated areas
under the two peaks, ks the Boltzmann constant, AE the energy difference between the two
levels in joules, and T the absolute temperature in kelvin. The pre-exponential constant K
depends on the degeneracies and radiative rates of the transitions from both energy states
and is evaluated through external calibration.
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Figure 4.2. UC spectra of B-NaYF.: 18% Yb%, 2% Er**, 1 s and 60 s after excitation with
980 nm radiation at an excitation power density of 240 W cm?. Adapted from Joseph et
al. [139].

Figure 4.3 gives the ratios of the intensities of the two peaks as a function of time for different
EPDs of 980 nm radiation in the same sample. A significant increase in the intensity-ratios is
observed for an EPD as low as 50 W cm™. The ratio of the intensities of the two peaks first
increases and reaches a steady-state value in each case. Knowing the intensity-ratios at each
EPD, the temperature can be estimated using the method proposed by Balabhadra et al. using
UC materials as primary thermometers without having to use another calibration using a

thermocouple [156]:

1 ks A (42
T, AE A, '

1
T
where, Ty is the room temperature when no excitation is provided (293 K) and A is the ratio of
I> to |1 graphically estimated in the limit of zero pump power as shown in Figure 4.4 [168]. To
estimate the value of Ao, first the steady-state value of the ratios of the intensities are plotted
with the corresponding EPDs. Then the y-intercept of the best linear fit gives the value of Ao.
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Figure 4.3. Intensity-ratios (l-/l;) of the two green emitting states ?H11»> and *Ss» as a function
of time at different excitation power densities of 980 nm radiation for B-NaYF,:Yb*/Er*
(18/2%) micropowder. Adapted from Joseph et al. [139].
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Figure 4.4. Calculation of Ao from the plot of steady-state intensity-ratios vs excitation power
density. Ao is graphically determined by finding out the y-intercept of the best linear fit to the
steady-state experimental values of I/l (P > 0.997). Adapted from Joseph et al. [139].

Once the value of A is determined, using equation 4.2, the temperatures corresponding to
each EPD can be calculated. The temperatures are plotted as a function of time in Figure 4.5.
Just as in the case of the intensity-ratios, the temperatures rise sharply in the first couple of
milliseconds, and then reaches a steady-state value, as a balance is established between the
laser-induced heating and the thermal dissipation to the surroundings in the sample. The rise
in temperature is more significant for higher EPDs. For an EPD of 240 W cm, the temperature
rose by 60 K. UC-EPD measurements are normally automated and as the laser is always
shining on the sample, there is not enough time for the sample to cool down. The UC intensities

are then always measured at these elevated temperatures causing erroneous measurements.
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4. Correcting the Effects of Laser Induced Heating in Upconversion Measurements

The effect of these elevated temperatures on the total UC intensity and the physics behind it,
are discussed in the next section.
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Figure 4.5. Temperature of the sample as a function of time after excitation with 980 nm at
different excitation power densities. Adapted from Joseph et al. [139].

4.4. Intensity Correction

A plot of the total integrated UC intensity in the range 400-880 nm is given as a function of time
following excitation with 980 nm radiation at different EPDs in Figure 4.6. The spectra are
acquired every 30 ms, and then the total area under the spectra are calculated. For lower
EPDs, the UC intensity shows no change in time, but for higher EPDs (> 50 W cm), the total
integrated UC intensity starts to decrease non-trivially and approaches a steady-state value.
For an EPD of 240 W cm?, the total integrated UC intensity decreased by 22%, which leads
to a huge underestimation of the UC intensity and the PLQY.
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Figure 4.6. Variation in the total UC intensity in the first minute following 980 nm-excitation
due to laser-induced heating. Adapted from Joseph et al. [139]
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4.4. Intensity Correction

To correct the observed values of the total integrated UC intensity on the EPD dependence
curve, first correction factors were calculated at selected EPDs. The correction factor is the
ratio of the initial UC intensity (real value) to that of the steady-state UC intensity. When these
correction factors are plotted as a function of the EPD, a linear behaviour is observed. This
line correlates well with the plot of the calculated steady-state temperature vs EPD. Figure 4.7.
illustrates this correlation between the correction factors and the steady-state temperatures.
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Figure 4.7. Calculated temperatures at each excitation power density showing a linear
correlation with the correction factors required for correcting the total integrated UC emission.
Adapted from Joseph et al. [139]

It is a known fact that the rate of multiphonon relaxation (MPR) increases as the temperature
increases. When MPR increases, there is an increased probability of the excited energy states
getting depopulated via non-radiative channels. The equation developed by Riseberg and
Moos in the late 1960s, gives the expression for MPR rate, W(T) as a function of the

temperature T and the maximum phonon energy hv,, of the lattice [100]:

W(T) = W(0) (4.3)

where W(0) denotes the spontaneous transition rate at 0 K, AE the energy gap between an
excited energy state and the one immediately below it and v,,, the maximum frequency of lattice
vibrations that couple to the rare earth ion’s electronic transition. This equation has an
exponential dependence at temperatures below 300 K. But for higher temperatures, the
equation shows a linear behaviour explaining why such a linear behaviour is observed in the
plot of the dependence of correction factors on EPD [169]. Other factors like an increase in the
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4. Correcting the Effects of Laser Induced Heating in Upconversion Measurements

cross-relaxation rate or a reduction in the excitation cross-section at elevated temperatures
could also contribute to the observed reduction in the UC intensity [93,166]. However, laser-
induced heating is hypothesized to be the major factor affecting the UC intensity. To examine
this claim further, the sample is excited at 940 nm, at which the sample shows decreased
absorption. The diffuse reflectance spectrum of the sample is given in Figure 4.6. Clearly the
absorption of the sample is much less at 940 nm as compared to 980 nm (about 43% lesser).

Diffuse Reflectance (%)

400 600 800 1000 1200
Wavelength (nm)

Figure 4.8. Diffuse reflectance spectrum of the B-NaYF4: 18% Yb*, 2% Er** (18/2%).
Reproduced from Joseph et al. [139]

If laser-induced heating is indeed the culprit, the temperature curve observed at an EPD of
250 W cm of 940 nm excitation, should lie below the temperature curve for 980 nm excitation
at an EPD of 150 W cm™. True to this, when the calculated temperature for 250 W cm2 of
940 nm excitation is plotted along with the calculated temperature for 150 W cm of 980 nm
excitation from Fig 4.5, the same behaviour is observed (Figure 4.9). Note that the y-axis scale
in Figure 4.9. is shown only up to 350 K, as opposed to 400 K in Figure 4.5, which gives a false
impression that the time taken to reach steady-state is longer, but is in fact, the same. Though
the slight difference in the energy of excitation photons are neglected, the similar behaviour of
the observed temperature curves shows that the rise in temperature is due to the MPR of

absorbed photons, which were lesser in the case of 940 nm excitation.

To correct the EPD dependence of UC, the correction factors calculated at selected EPDs (as
shown in Figure 4.7.) are linearly interpolated and applied to the measured data in Figure 4.1.
The corrected data (orange circles) are plotted alongside the measured data. At an EPD of
240 W cm2, which was the highest EPD measured in this data-set, the corrected UC intensity
was 24% higher than that of the observed UC intensity. The corrected data has a slope of unity
in the limit of high EPDs, well in agreement with theoretical models developed for EPD
dependence of UC. These results illustrate that increased caution and care is to be taken when
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measuring the EPD dependence of the UC intensity or the EPD dependence of the PLQY of
samples which cannot efficiently dissipate heat, namely samples like powders or single
crystals.
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Figure 4.9. Calculated temperature as a function of time for 940nm and 980 nm excitation for
250 W cm* and 150 W cm respectively. Adapted from Joseph et al. [139]

4.5. Excitation-laser-induced heating in liquid samples

To examine if such laser-induced heating effects are observed in samples in the liquid state,
the EPD dependence of the UC of nanocrystals of the same material - B-
NaYFs: 18% Yb®, 2% Er3+, dispersed in toluene are measured. The ratios of the intensities
under the two thermally coupled peaks are provided in Figure 4.10. The intensity-ratios remain
constant as time progresses unlike the previous scenario. The intensity-ratios have an average
value of 0.18, which can then be used as Ao to estimate the temperature of the sample using
Equation 4.2. The estimated temperatures are plotted in Figure 4.11, as a function of the time
following excitation with 980 nm.

The temperature of the nanocrystals remains constant for EPDs up to 250 W cm™. Therefore,
effects of laser-induced heating are not observed in this regime, due to lesser absorption of
the nanopatrticles and increased heat transport to the solvent, in this case toluene. However,
it is not uncommon for nanocrystals to be excited at EPDs greater than 1000 W cm?2[170]. In
such cases, special care must be given so that laser-induced heating is accounted for, if at all
present.
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Figure 4.10. Ratio of the intensities of the two green emitting states ?Hy12 and *Ss», Io/l; as a

function of time for different excitation power densities for B-NaYFsYb*/Er* (18/2%)
nanocrystals in toluene solution. Adapted from Joseph et al. [139].
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Figure 4.11. Temperatures calculated using ratiometric luminescence thermometry using the

2H112 and *Sso states of Er** in for B-NaYF.: 18% Yb%, 2% Er** nanocrystals dispersed in
toluene. Adapted from Joseph et al. [139].

4.6. Outlook

The effect of laser-induced heating needs to be considered for applications of UC involving a
solid host and high EPDs. Certain UC displays make use of very high EPDs of the order of
MW cm [138]. Generally, such 3D displays make use of a polymer matrix in which the UC
materials are dispersed. The absorption of a UC material is much lower when embedded in a
polymer matrix, and correspondingly the UC emission and PLQY would also be lower. Laser-
induced heating would not be significant in such a scenario as the decreased absorption

compensates for the effect caused by the increased EPD. Furthermore, if the display is
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dynamic, scanning of the excitation laser to trace a POV picture decreases the exposure time
drastically (typically in the order of microseconds), causing negligible heating.

For a single crystal used in a volumetric 3D display, the effect of laser-induced heating is
negligible, as raster scanning results in very low exposure times of the order of microseconds.
In addition, the EPDs used need not be very high (< 200 W cm®) as demonstrated in Chapter
6. On the other hand, in a static UC display, where the excitation beam is not scanned, the
effect of laser-induced heating is non-trivial and leads to a lowering of the UC intensity. In
addition, if the UC material is doped in a thermally unstable polymer material, the heating may
itself cause breakdown of the display device in the long run. Therefore, static UC displays need
to be designed keeping in mind the effect of laser-induced heating also.

4.7. Summary

Laser-induced heating is found to cause unwanted underestimation of the UC intensity in EPD
dependence measurements. Using the inherent thermally coupled energy states 2Hi1,2 and
4Sg2 of Erd* present in microcrystals of B-NaYF4: 18% Yb®*", 2% Er®*, the rise in temperature is
estimated. For an EPD of 240 W cm of 980 nm excitation, a rise in temperature of 60 K is
observed under steady-state conditions. A method to correct for the reduction in UC intensity
in the EPD dependence curve using interpolated values of the fractions of the real and
observed UC intensities is proposed. Applying the correction on the EPD dependence curve,
the corrected UC intensity is found to be 24% more than the measured value of UC intensity
at an EPD of 240 W cm. This EPD dependence is then found to obey the theoretical models
describing UC behaviour and show a slope of unity in the range of high EPDs. At the same
time, in liquid samples, such a heating effect is not observed for similar EPDs. This work
highlights the need to be wary of the effects of laser-induced heating to correct the UC intensity
and PLQY accordingly for accurate measurements. It also highlights the importance of
considering the effect of laser-induced heating in the design of UC displays.
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5. Critical Power Density as a Figure-of-
Merit for Upconversion

This chapter is based on the second first-author- publication “Critical Power Density: A Metric
to Compare the Excitation Power Density Dependence of Photon Upconversion in Different
Inorganic Host Materials”, Journal of Physical Chemistry A, Vol. 123, 2019 [144]. The idea of
developing figures-of-merits for UC was conceived by the author, Bryce S Richards, and lan
A Howard. The halide microcrystals doped with 18% Yb%* and 2% Er** were prepared by
Damien Hudry and Daniel Biner at the University of Bern under the guidance of Karl Krdmer.
Microcrystals of La-O3 doped with the same concentration of Yb* and Er** were prepared by
Guojun Gao at the KIT. Dmitry Busko assisted in building up of the optical set-ups for
measurement and wrote the LabVIEW program used for data acquisition. The intensity-
dependent spectra and time-dependent spectra were acquired and analyzed by the author.
lan A Howard helped in separating the two-photon processes by using the MCR-ALS
algorithm. Andrey Turshatov, lan A. Howard, Karl Krdmer and Bryce S. Richards were involved
in interpreting the results and finalizing the dratft.

The Critical power density (CPD) model is an analytical model which describes the UC intensity
- EPD dependence of ETU with the help of a single parameter, namely the CPD and a scaling
constant. The CPD is defined exclusively for two-photon UC and can be extracted from the UC
intensity vs EPD curve for any particular material. In this chapter, the description of the CPD
model and analysis of the data from four material systems in the light of the CPD model are
presented. Section 5.1 explains the formulation and derivation of the CPD model and other
analytical models developed in the last five years, which are comparable with the CPD model
for describing the UC-EPD dependence. Then in Section 5.2, the synthesis procedures for the
four UC materials used for validation of the CPD model are presented. Thereafter in Section
5.3, the two-photon UC processes are isolated using MCR-ALS algorithm to obtain their UC
dependence and in Sections 5.4 and 5.5, the data is fitted with the CPD model as well as the
BPD model. A comparison of both the models is made based on residual analysis. The
extracted CPD values are then used to compare the materials. Sections 5.6 and 5.7 explain
how two different UC emission peaks share the same value of CPD based on their common
population mechanism and how larger intermediate-state lifetimes lead to lower CPDs. Section
5.8 explains how CPD can be used to determine the saturation PLQY (PLQYsa). Then the
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5. Critical Power Density as a Figure-of-Merit for Upconversion

value of PLQYsa evaluated with the help of the CPD model is compared with the experimentally
determined PLQYa values. Section 5.9 summarizes the results of the chapter.

5.1. The Critical Power Density Model

Being a non-linear process, UC has different efficiencies at different EPDs. Different research
groups report efficiencies in different ways, for example UC efficiency (output power/input
power) and UC power efficiency (output power/absorbed power), etc.[171,172]. One
commonly used way to describe the efficiency of UC is by using the saturation
photoluminescent quantum yield (PLQY) [173]. The internal PLQY is defined as the ratio of the
number of emitted photons to the number of absorbed photons. This PLQY is also called
internal PLQY as it gives the true response of the material, once it absorbs energy. Saturation
PLQY (PLQYsa) is the PLQY in the limit of high EPDs, where the PLQY does not increase
anymore but remains a constant with increasing EPD. External PLQY is on the other hand
defined as the ratio of the number of photons emitted to the number of photons incident on the
material. External PLQY is more relevant to devices, for which the efficiency needs to be
defined in terms of the input power. Note that PLQY is different from energy efficiency, as the
absorbed and emitted photons have different energies. For a material exhibiting both UC
emissions resulting from three-photon processes and two-photon processes, the number of
emitted photons from three-photon processes is less than the number of emitted photons from
two-photon processes as in the case of Er®*, the energy of a photon resulting from a three-
photon UC process is normally higher than that of a photon resulting from a two-photon UC
process, though there could be exceptions as in the case of the red emission from Er®* doped
in B-NaYF4 [124].

The measurement of the PLQYsa is not trivial, as saturation is observed at very high EPDs
which are associated with laser-induced heating as earlier explained in Chapter 4, besides
other detrimental effects are also observed. Some nanocrystals exhibiting UC do not reach
saturation at EPDs higher than 1000 W cm [174]. For display applications of UC based on
nanocrystals embedded in polymer films, EPDs of the order MW cm are used [138]. Making
use of the PLQYsa alone, to compare the efficiencies of different UC materials does not make
sense as saturation is achieved at different EPDs. Due to this limitation, another figure-of-merit
is required to describe a UC system fully in combination with the PLQYsa, and to compare the
EPD dependence of the UC intensities of different materials and to reveal the photophysics of
the UC process. This figure-of-merit is termed as critical power density (CPD) and is defined
exclusively for two-photon UC in the course of this research work. The ETU system can be
defined using a set of analytical equations, in terms of the CPD. This model is termed as the
CPD model.
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According to the CPD model, an ETU process can be understood in terms of a three-level
system as shown in Figure 5.1. The concentrations of the rare-earth ions capable of UC in the
ground state, intermediate state and excited state are denoted by A, A, and A,, respectively.
Each ETU process involves a sensitizer ion and an emitter ion. The excited state of the
sensitizer ion is assumed to be in resonance with that of the intermediate state of the emitter
ion such that the concentrations of sensitizer and emitter ions in the intermediate state can be
described with one single parameter -A; and G is the rate at which emitter ions get promoted
to their intermediate state, which includes the ground state absorption of the sensitizer ion to
its excited state and subsequent energy transfer to the emitter ion from its ground state. The
rate constant with which energy is transferred from a sensitizer ion in the excited state to an
emitter ion in the intermediate state is denoted by kgt,,. After this ETU step, one ion in the
intermediate state gets promoted to the second excited state and another ion moves down to
its ground state. The rate constant with which ions in the second excited state and the
intermediate state decay to the ground state are then denoted by k, and k;.

A, A A, '
| /\2
|

Kers2 :
A 4, : A4,
G | G
|
|
Y Y
Ay Ay

Figure 5.1. Three-level system describing two-photon UC. Reproduced with permission from Joseph et al. [144].

Copyright 2019 American Chemical Society

The concentrations of ions in the intermediate state and the second exciting state can be
expressed in the form of rate equations as described below:

dA

d_tl - G - ZAlzkEle - Alkl ,and (51)
dA,
dt

5.2)
= —Ayky + Ay *ker12 (

Then A,?kgr,, gives the rate at which ions in the intermediate state undergo ETU, A, k;is the

rate at which ions in intermediate state decays to the ground state and A, k,is the rate at
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which the ions in their second excited state decays to the ground state. These decay rates
include both the non-radiative and radiative decay rates.

If we consider that the system is in steady-state, the concentrations of ions in each state remain
constant. Then Equations 5.1 and 5.2 can be rewritten as:

G = ZAlzkEle + Alkl ,and (5.3)
k
4, = A2SETZ (5.4)
ka

Equation 5.3 can be reformulated as:

ZAIZkEle + Alkl - G = 0 . (55)

Equation 5.5 is in the form of a quadratic equation, and the value of A; can be found out from
the positive root of this equation:

(5.6)
_kli\/(klz + SGkEle)

4'kET12

5.7
ok 8GKer (57)
=4, = 1+———-1 .
4Kgr12 kq

Using Equations 5.4 and 5.7, we get an expression for the concentration of ions in the second

A1:

excited state:

2 (5.8)
ky?

Ay = ————
27 16kakeriy

1+ |1+

k,?
8kET12

If k,-qq is the radiative rate constant of the UC emission from the second excited state and
Konon—rad IS the non-radiative decay constant, such that k, = kyraqa + Kanon—rad, the intensity

of UC emission can be expressed by:
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z (5.9
koraaks® ( G \
UC = Aykyraq = #&;\—1 + |14 .

ky?
8KgT12

Then A,k,,.q is the rate of UC emission from the second excited state. The generation rate G
depends upon the absorption coefficient a, the energy of the excitation photon hv and the
EPD, I using the relation:

_a (5.10)

G = —
hv

Using this expression of G in Equation 5.9, we get the following expression for UC:

2 (5.11)
UC:kZLdk12 -1+ 1+;
16k, kgr12 CPD '
| 2 (5.12)
=>UC =C —1+ll+m ,

where C is a constant that can be empirically fitted and CPD is the critical power density which
has the unit W cm and can be expressed as:

ki*hv (5.13)

CPD =
8Kpr1200

The CPD is proportional to the square of the decay constant of the intermediate state, which
means that the CPD will be lower for a material whose intermediate state has longer lifetimes.
Also, the CPD will be lower for material with an increased energy transfer rate and increased
absorption. The UC becomes more efficient at a lower EPD, if the CPD is lower. In a way, CPD
gives the EPD at which the UC of a material turns on. When comparing materials exhibiting
two-photon UC, therefore, the one with lower CPD emerges as the better upconverter. By
fitting the UC vs EPD curve of material with Equation 5.12, we obtain the value of CPD for the
material. Experimental results of CPD obtained for different UC materials are provided and

discussed in the upcoming sections.

Two other models developed in the recent past also aim to describe UC-EPD dependence. A

short description of these two models is provided in the following sections for comparison with

73



5. Critical Power Density as a Figure-of-Merit for Upconversion

the CPD model. Though primarily developed for UC nanocrystals, these two models can also
be used for microcrystals exhibiting UC.

5.1.1. Balancing Power Density Model

The Balancing power density (BPD) model developed by Liu et al. in 2013 attempts to describe
the performance of UC materials using a parameter called the BPD in a way similar to the CPD
model. In the BPD model, the EPD at which the rate of the decay of the intermediate state to
the ground state becomes equal to the rate of ETU from the intermediate state to the second
excited state is called the BPD [175]. In other words, it is the EPD at which the loss of
concentration of ions in the intermediate state to both directions (the states above and below)
become equal. As discussed in Section 2.3, the slope of the log-log plot of two-photon UC
intensity vs EPD changes from 2 to 1 as the EPD increases. The BPD is defined as the EPD
at which the slope of the plot becomes equal to 1.5. In Figure 5.2, the UC intensity vs EPD
dependence for core (NaYF.Yb% Tm®) and core-shell NaYFs;Yb3 Tm**@NaYF,
nanocrystals are given. The region where the slope is 1.5 is identified and the EPD at the
centre of this region is defined as the BPD, in this case 1.3 W cm2 and 3.8 W cm, respectively
for core-shell and core nanocrystals. The BPD model has the following expression for the UC
PLQY:

I .14
nsE (5.14)
n= T

1+

where 7 is the PLQY, 7 is the PLQYsa;, I is the EPD and I, is the BPD. Then the expression
for UC intensity becomes:

Al? (5.15)

UC x nl =
A
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Figure 5.2. Determination of BPD from UC-EPD dependence. BPD is the EPD when slope of the double
logarithmic plot of the EPD dependence of UC is equal to 1.5. Reproduced with permission from Liu et al. [175].

A comparison of the BPD model and the CPD model on experimental data of UC intensity-
EPD dependence is provided in Section 5.4.

5.1.2. Saturation Intensity Model

The saturation intensity (Sl) model developed by Christiansen et al. is analogous to the CPD
model [176]. This model developed independently and at around the same time as the CPD
model introduced by the author in the year 2019, was defined exclusively for the 1500 nm to
980 nm UC in Er3+. They consider the similarity between ETU and organic TTA-UC and define
the Sl in a way analogous to the steady-state excitation threshold in TTA-UC. In TTA-UC the
steady-state excitation threshold is defined as the EPD at which the annihilation rate of the
triplets becomes dominant as compared to their monomolecular decay [177]. The SI model
describes the UC intensity using the expression:

; ; (5.16)

Here the UC material is assumed to be doped in a thin film of thickness d, with a concentration

of Er**ions N. I+ is a constant which depends on the absorption cross-section and decay

rates from the second excited state. Equation 5.16 is analogous to Equation 5.12, when the
square term in Equation 5.12 is expanded. So, the Sl is the same thing as the CPD, though
both models have been derived independently of each other.

5.2. Identifying Two-photon and Three-photon UC processes
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The UC intensity vs EPD curve is obtained by integrating a particular region of the observed
emission spectra as the EPD is increased in a step by step manner. For example, Figure 5.3
gives the UC intensity EPD dependence of the visible red emission from the four material
systems as they are excited with 980 nm radiation. The slopes of the log-log plots of these
curves in the limit of low UC intensities give the order of the ETU process. Except for the case
of the host La,Os (Figure 5.3(a)), all the other three hosts show a slope greater than 2,
indicating a three-photon ETU mechanism [85]. In the host La>Os, the slope of the red (630-
690 nm) UC emission indicates that its mechanism is exclusively two-photon ETU, making the
analysis of the red UC emission possible by the CPD model. For the other cases, the red
emission cannot be used for the CPD model. The green emission is normally assumed to result
from two-photon processes. However, multiple peaks are present in the green region of the
UC spectra. This necessitates the need to identify exactly which peaks are produced by the
radiative transitions possible from the energy states of Er®* and to correctly identify them.
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Figure 5.3. Log-log plot of the integrated UC spectra vs the excitation power density (of 980 nm radiation) of the
visible red emission (*Fgiz>*115:2, 630-690 nm) of Er¥* (2%) sensitized with Yb3* (18%) doped in four microcrystalline
hosts: (a) Laz0s, (b) B-NaYF4, (c) YCIs, and (d) YFs. The numbers indicate the slopes of the curves at their two
extremities. Adapted with permission from Joseph et al. [144] Copyright 2019 American Chemical Society.

The MCR-ALS technique is used for analyzing the set of UC emission spectra obtained by
increasing the EPD, and to identify the two-photon peaks and the three-photon peaks. The
EPD is not high enough to cause four-photon processes in the materials used in this work, so
any UC process in the observed spectra originates exclusively from either two-photon or three-
photon processes. It is evident that, the contribution in UC spectra from three-photon
processes increase as the EPD increases, whereas the contribution from two-photon
processes decreases. To make a quantitative comparison of the UC spectra obtained at
different EPDs, first the UC spectrum at each EPD needs to be normalized by dividing the UC
spectra with the total number of emitted photons. The total number of emitted photons at each
EPD is obtained by integrating the spectrum to obtain the total area under the spectrum. The

UC spectrum at each EPD is normalized by dividing it with the total number of emitted photons,
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and a matrix is made of these spectra that is then provided to the MCR-ALS graphical user
interface implemented in MATLAB, along with a matrix of the increasing EPDs. The algorithm
gives the two constituent spectra (two-photon UC processes and three-photon UC processes)
and their relative contributions as a function of the EPD, as the output. Each of the four hosts
is considered in a step by step manner as described in the following subsections.

5.2.1. B-NaYFs: 18% Yb3*, 2% Er®

Upon processing the 980 nm EPD dependent normalized UC spectra from [-
NaYF4: 18% Yb3, 2% Er®*, the MCR-ALS algorithm gives the resultant spectra as shown in
Figure 5.4. The resolved UC spectrum now has two components (Figure 5.4(a)), one shown
in green colour (ascribed to two-photon UC processes) and another one shown in blue colour
(ascribed to three-photon UC processes). The relative contribution of the blue spectra
increases as the EPD increases. However, the relative contribution of the green spectra
decreases as the EPD increases (Figure 5.4(b)).

A small UC peak originating from a three-photon process (?Hg2 = “l132), is at the tail end of
the green UC emission (510-570 nm), as can be seen in Figure 5.4(a). Care should be taken
to exclude this peak from the UC intensity-EPD dependence to exclusively obtain the pure two-
photon UC response of the system. Therefore, the regions 510-541 nm and 820-870 nm are
selected for analysis with the CPD model in B-NaYF4: 18% Yb3*, 2% Er®*. The energy level
diagram of the Yb3+-Er3+ system is given in Figure 5.5, showing the transitions leading to the
peaks marked in Figure 5.4(a). The regions of the UC spectra selected for analysis with the
CPD model are marked with a light green box in Figure 5.5.

The UC processes in B-NaYF4: 18% Yb?*, 2% Er®* system can be described as follows: the
Yb3+ ions gain energy from a 980 nm excitation photon by GSA. They transfer their energies
to Er* ions by ETU (dotted arrows). Two-photon ETU populates the *F7» state of Er3*, from
which the ions move down to the 2Hy1 and “Ss» states after MPR (curly lines in Figure 5.5).
These two states are thermally coupled, which means that the ratio of radiative emissions from
these two states depend upon the temperature of the system [153]. These two states also
radiatively relax to the penultimate state *l13 in addition to the ground state “lis» leading to
NIR emissions around 800 nm and 840 nm. Three-photon ETU populates the 2G-*K group of
energy states. After undergoing a series of MPR processes, the ions move to the ?Hg» state
from which blue, green and red emissions are observed as the ions radiatively relax to the
ground state *l1s2 and the two states *l132 and “li12 above the ground state. Surprisingly, a
back-energy transfer (BET) step transfers a portion of the energy obtained by the Er3* ion from
three-photon ETU back to the Yb®* ion. After this process, the Er®* ion moves into the red-

emitting state *Fgr. This means that red emission is a result of three-photon processes in B-
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NaYF.: 18% Yb®, 2% Er** and green emission is predominantly a result of two-photon
processes, even though the energy of a green photon is more than that of a red photon. These
results are in accordance with the observations made by Berry et al, who reported the three-
photon nature of the red emission in B-NaYF4: 18% Yb®%, 2% Er3+ [124,178]. We normalized
the original spectra by dividing it with the area in the region 510-542 nm which correspond
exclusively to two-photon green emission to reconfirm the nature of the peaks and get the
resultant spectra as shown in Figure 5.6.
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Figure 5.4. (a) Deconvoluted spectra of the total UC spectra of B-NaYF4:18% Yb®*, 2% Er* obtained using the
MCR-ALS algorithm. The blue and green colors are ascribed to three- and two-photon processes, respectively. (b)
Relative contributions from the two-component spectra as the excitation power density is increased. Reproduced
with permission from Joseph et al. [144] Copyright 2019 American Chemical Society.
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Figure 5.5. Energy level diagram of the B-NaYF1:18% Yb3*, 2% Er®*system showing the origin of the UC emissions.
Upward solid arrows show photon-absorption. The blue, green and red emissions are marked with solid arrows
pointing downwards with the respective colours. The NIR emissions are marked similarly with brown colour.
Multiphonon relaxation is indicated by curly lines. ETU and BET stand for energy transfer UC and back-energy
Transfer. The light green boxes mark exclusively two-photon UC processes.
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Figure 5.6. UC emission spectra normalized to the region 510-542 nm in B-NaYFa: 18% Yb%*, 2% Er’*. The spectra
obtained at different excitation power densities are overlaid. The colour of the plotted spectra changes from green
to red as the excitation power density of 980 nm radiation increases from 0.4 to 6.7 W cm™2. The shaded areas are
selected for integration for evaluating UC dependence from two-photon processes. Adapted with permission from
Joseph et al. [144] Copyright 2019 American Chemical Society.

The spectra for increasing EPDs from 0.4 to 6.7 W cm™ are colour coded from green to red.
When the spectra normalized in this way are overlaid, the peaks corresponding to the two-
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photon ETU processes remain unaltered as opposed to the three-photon peaks which grow in
size, with the 660 nm peak being the most notable. In addition, the both the small three-photon
peaks at 700 nm and 557 nm grow in intensity due to three-photon ETU. From these series of
spectra, the regions 510-542 nm and 820-870 nm are identified as portions of the UC emission
spectra exclusively from two-photon ETU. These regions are shaded on the graph with a light
blue colour. For fitting with the CPD model, the integrated area under the original UC spectra

in these regions are plotted as a function of the EPD.

5.2.2. YF3: 18% Yb3*, 2% Er®*

The UC emission from YFs: 18% Yb3*, 2% Er®* when excited with 980 nm is quite similar to
that from B-NaYF4: 18% Yb®*", 2% Er®* except for the fact that the intensity of the observed UC
emission is lower. The resolved spectra from MCR-ALS analysis is shown in Figure 5.7.
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Figure 5.7. (a) Deconvoluted spectra and (b) relative contributions on MCR-ALS analysis of YF3: 18% Yb%, 2%
Er®* upon increasing the EPD of 980 nm radiation from 0.3 to 4.5 W cm™2,

Here the EPD of 980 nm radiation is increased from 0.3 to 4.5 W cm™. The resolved two-
photon and three-photon peaks are similar to those observed in B-NaYF4: 18% Yb®*+, 2% Er3+.
The set of UC spectra normalized to the region under the two-photon portion of the green peak

is given in Figure 5.8. The relative growth of the red peaks at 660 m and 700 nm, and the small
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shoulder at 557 nm is observed similar to the case of B-NaYFi: 18% Yb®*", 2% Er®*. The
regions completely free of three-photon peaks are selected as 510-541 nm and 820-870 nm
as observed in Figure 5.7. The area under the original UC spectra for different EPDs in these
regions are integrated to obtain the UC-EPD dependence for analysis with CPD model.

YF,

Spectra normalized to green

L
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Figure 5.8. Overlaid UC spectra normalized to area under the green peak (510-541 nm) in YF3: 18% Yb%+, 2% Er®+.
The color changes from green to red as excitation power density increases from 0.3 W cm? to 4.5 W cm?. The
shaded areas are selected for integration for evaluating UC dependence from two-photon processes. Adapted with
permission from Joseph et al. [144] Copyright 2019 American Chemical Society.

5.2.3. La20s: 18% Yb®*, 2% Er3*

The UC emission from La>Os: 18% Yb®, 2% Er®** under 980 nm excitation at low EPDs
(< 10 W cm™) is yellow in colour as opposed to the case of the fluorides where a green colour
is observed. The reason is that, the red UC emission is much intense in this host, as compared
to the green emission. The presence of both the green and red emissions result in a yellow
colour. This red emission cannot be of three-photon origin considering the contrast between
its intense nature and the low EPD applied in this case. Also La>Os is a host with higher phonon
modes compared to the fluorides, with phonon energies measured between 410 to 935 cm™’
in Raman spectroscopy and FTIR measurements [97,179,180]. Higher phonon energies lead
to increased MPR rates, leading to a lesser probability of the population of the higher energy
states responsible for three-photon ETU as compared to two-photon UC. Considering these
two facts, the UC emission spectra is normalized by dividing it with the area under the green
peak (515-550 nm) to observe the nature of the different peaks in the spectra for EPDs of
980 nm excitation ranging from 0.5 W cm? to 4.8 W cm™. The resulting normalized spectra is
provided in Figure 5.9.
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Figure 5.9. Overlay of UC emission spectra normalized by dividing with the area in the green region (510-550 nm)
in Laz03: 18% Yb3*, 2% Er®* measured at EPDs. The color changes from green to red as EPD increases from 0.5 W
cm? to 4.8 W cm. The inset graph shows zoomed-in view of the red peak at 671 nm. The shaded areas in pink
and light-blue are selected for analysis with CPD model. Adapted with permission from Joseph et al. [144] Copyright
2019 American Chemical Society.

In contrast to the two previous cases, the red peak is much higher in magnitude compared to
the green peak, moreover, a relative growth compared to the green peak is not observed,
which would have indicated a three-photon origin. On closer observation, the red peak
decreases in magnitude as compared to the green peak (inset figure in Figure 5.9). Therefore,
the red peak has a two-photon origin in this case, as the emitted photons have higher energies
than the 980 nm excitation-photons but have a different population channel than that of the
green emission peaks. The NIR emission in this case, is too small in magnitude to be analyzed
with the CPD model considering the poor signal-to-noise ratio. In a nutshell, two different
regions can now be identified in the UC spectra of La:Os: 18% Yb®*, 2% Er® which are
populated through two different ETU channels. These regions are marked with a light blue
(515-550 nm) and light pink shade (640-680 nm) on Fig 5.9. The possible mechanisms at work
in this material are illustrated in Figure 5.10. The green-emitting states 2Hi12 and *Sz. get
populated through the same ETU mechanism observed in the fluorides as described in the
previous two sub-sections. The red-emitting state “Fg» on the other hand, gets populated
through an ETU step from the penultimate state “l132. The Er®* ions move into this state as the
ions in the *l11,» state undergo radiative and non-radiative decays. It is also to be noted that
there exists an alternate pathway for the populating the red emitting state “Fg.. Considering
the higher phonon energies of the oxide lattice, the energy gap between the green-emitting
states and the red-emitting state can be bridged using MPR. At lower EPDs, this pathway
would not be dominant, but at higher EPDs, a significant contribution from this pathway is also
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to be expected. In the EPD regimes that are considered here, this pathway of populating the
“Fqr state is insignificant. The two-photon UC emissions, which are considered for CPD

analysis are marked in coloured boxes in this figure.
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Figure 5.10. Energy transfer UC (ETU) mechanisms leading to UC in La20s: 18% Yb?®*, 2% Er®* upon 980 nm
excitation. Upward-arrows indicate ETU and curly arrows indicate multi-phonon relaxations. The colored downward-
arrows indicate radiative transitions. The emissions in the colored boxes are purely of two-photon origin and hence
used for analysis with the CPD model. Reproduced with permission from Joseph et al. [144] Copyright 2019

American Chemical Society.

5.2.4. YCls: 18% Yb?**, 2% Er**

Chloride lattices generally have much lower maximum phonon energies (~260 cm™') compared
to fluorides and oxides [39,96,181,182]. Therefore, MPR is less prominent, and each
populated excited state prefers the radiative route for relaxation. The UC spectra observed
when excited with 980 nm radiation is again normalized by dividing it with the area under the
green region (510 to 550 nm) of the UC emission, which originates exclusively from two-photon
processes. The EPD is varied from 0.4 to 3.2 W cm™ and the corresponding normalized
spectra are provided in Figure 5.11. The spectra are colour coded in a way that the colour of
the lines on the graph changes from green to red as the EPD increases. As expected much
more pronounced peaks are seen as compared to the fluorides and oxides. The two-photon
peaks in the regions 510-550 nm and 840-880 nm behave in a similar way as in the fluorides.
The three-photon peaks are more intense and clearly show relative growth in comparison with
the two-photon peaks. The three-photon peaks from *Gq1. and “Fs. states of Er®* are also
visible at 456 and 510 nm, respectively. The emission at 490 nm from the *F7 state is also
visible in this case unlike in fluorides where it is normally not observed due to efficient non-
radiative decay to the lower-lying green-emitting states 2Hii> and “Ss.. The regions
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510-550 nm and 840-880 nm are shaded in a light-blue colour, to indicate that this portion of
the spectra is suitable for CPD analysis.

YCl,

Spectra normalized by green

400 600
Wavelength (nm)

Figure 5.11. Normalized UC spectra obtained by dividing the spectra with the integrated area in the region (510-
550 nm) in YCls: 18% Yb3+, 2% Er®+. The color is coded from green to red as the excitation power density increases
(0.4 Wem? to 3.2 Wcem?). The areas shaded in light blue and pink are analyzed with the CPD model. Adapted
with permission from Joseph et al. [144] Copyright 2019 American Chemical Society.

Surprisingly, an additional peak is observed at 810 nm (shaded in pink) corresponding to the
“l9r state, which decreases in intensity as the EPD increases. As the energy of the emitted
photon in this case is slightly more than that of the excitation photon, the process can only be
of two-photon origin. To understand the mechanisms of the UC peaks, first the lifetimes of the
4G state are measured. The lifetime data is given in Figure 5.12. The lifetimes of the “Ss.
state are detected from the NIR emissions at around 840 nm (*Ss»—>*l132) to avoid interference
of the green UC emission (510-560 nm, 2H11,2, *Ss2>*l1s2) with the excitation at 525 nm. The
EPD of the 525 nm excitation is set low (2.5 W cm?), and the laser is driven in quasi-
continuous wave (quasi-CW) mode with a pulse period of 40 ms and a pulse width of 20 ms.
As observed in Figure 5.12, Sy, state of Er®* in YCI; has longer lifetimes than B-NaYF4 (the
host with highest PLQYsa [53,86]). These longer lifetimes make the “Ss». state act as an
intermediate state for an additional ETU step which populates the 2G7p, 2Kisi2, 2Gg» states as
indicated in Figure 5.15. MPR easily bridges the energy gap between these three energy states
and the next lower lying state “Gi12. The *Gi12 state radiatively relaxes through two major
channels. The first channel is back-energy transfer (BET) to a Yb®* ion, leading to red emission
about 659 nm from “Fg, state of Er®*, similar to the mechanism proposed by Berry et al. for -
NaYFs [178]. The second channel is relaxation to the *l13» state of Er®* with emission around
507 nm. The relaxation probability to *l1s2, the ground state of Er®* is much less as explained
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5. Critical Power Density as a Figure-of-Merit for Upconversion

by Dieke in 1965 [183]. At lower EPDs, population of the immediately lower lying 2Hg. state
from the Gi1/. state is difficult to attain by non-radiative decay, due to larger energy gap. The
three-photon peaks from the 2Hg. state namely, blue (405 nm), green (560 nm) and red
(700 nm) emissions are but observed at higher EPDs indicating that the 2Hg. state is populated.
These radiative emissions correspond to the radiative relaxations to the ground state *l1s2, and
the two states above it (*l1s2and “l11,2) as indicated in Figure 5.13. The peak at 800 nm could
originate from an ETU between two ions in the *l13> state or from a cross-relaxation between
an Yb3* ion in the ground state and the Er3* ion in the 2Hg» state. More details about the peak
at 800 nm from the “lg> state is discussed in Section 5.5 as the relationship between CPD and
mechanism of UC is studied. This peak is also considered for CPD analysis owing to its two-
photon nature.
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Figure 5.12. 4Ss2 state lifetimes in the four hosts when excited at 525 nm with a laser in quasi-CW mode with a
pulse period of 40 ms and a pulse width of 20 ms, at an EPD of 5 W cm?, detected at 840 nm. The chloride host
emerges as a clear winner in comparison to the other three hosts with respect to lifetimes, but due to depopulation
to the higher excited states, the total PLQY from the chloride host is lesser compared to the fluorides. Reproduced
with permission from Joseph et al. [144] Copyright 2019 American Chemical Society.
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Figure 5.13. Mechanisms of UC in YCls: 18% Yb%*, 2% Er®* excited with 980 nm radiation. Black arrows pointing
upwards indicate energy-transfer UC (ETU). The curly arrows show non-radiative relaxations. The arrows pointing
downward indicate radiative transitions. BET stands for back-energy transfer (a type of cross relaxation between
the “Gi12 state of Er®* and the 2Fs.2 state of Yb®*). The emissions in the colored boxes are purely of two-photon
origin and hence used for analysis with our CPD model. Reproduced with permission from Joseph et al. [144]
Copyright 2019 American Chemical Society.

5.3. Fitting the UC-EPD dependence with the CPD model

The regions of the spectra identified as two-photon processes are analysed with the CPD
model. The integrated area under the spectra corresponding to the two-photon peaks are
plotted as a function of the increasing EPD in Figure 5.14. The data is fitted with the equation
for the CPD model (Equation 5.12). The fits are indicated with solid lines in the figure. The four
panels on the top show the data of UC-EPD dependence of Er®+-Yb®* and the CPD fits in the
hosts B-NaYF4, YFs, LaxOs, and YCIs, respectively. Green squares show the integrated area
of the UC from the 2H11,2 and “Ss» states to the ground state at each EPD. Similarly, red circles,
and brown diamonds indicate the integrated UC emission from *Fg. and “lg» to the ground
state. Grey triangles show the integrated UC from #Ss» to the “li3» state. The bottom panels
give the corresponding percentage residuals from the fit. The residuals for all the four materials
lie equally distributed on both sides of the zero axes, indicating that the model describes the

UC-EPD dependence quite well.
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Figure 5.14. Top panels: UC vs excitation power density for the four hosts doped with 18% Yb®* and 2% Er®* with
the fits according to the critical power density model: (a) B-NaYF4 (b) YF3 (c) La203 and (d) YCIs. Bottom panels:
percentage residuals from fitting with the model. Adapted with permission from Joseph et al. [144] Copyright 2019

American Chemical Society.

The values of CPD obtained for each of these materials systems by fitting their UC-EPD
dependences with the CPD model are tabulated in Table 5.1. CPDgyren refers to the CPD
extracted for the 2H112, “Sz2=> *l1s2 transition. Similarly, CPDnir1 and CPDnirz refers to the CPD
calculated for the NIR and NIR2 transitions. Here, NIR1 refers to the transition *Szo=> #ligp,
and NIR2 indicates the two-photon UC emission “ls>=> *l152 at around 810 nm observed only
in the YCl; host material. Finally, CPD,eq indicates the CPD for the transition *Fg2> *l1s5:2 in the
La>Os host which is of two-photon nature contrary to the red emissions in the other hosts. This
terminology is used in the rest of this chapter for further discussions to refer to the CPD of

specific transitions.

Table 5.1. Critical power density values in W cm? for the four hosts - B-NaYFa, YFs, Laz0s, and YCls doped with
18% Yb%* and 2% Er®*. Adapted with permission from Joseph et al. [144] Copyright 2019 American Chemical

Society.
Host CPDygreen CPDnir1 CPDnir2 CPDieq
B-NaYF, 0.7+0.1 0.7+0.1 — —
YF3 1.0+£0.2 1.0+£0.2 — —
YClI; 0.8+0.1 0.8+0.1 0.3+0.05 —
La0; 1.1£0.2 — — 0.9+0.2

88



5.4. Comparison with the Balancing Power Density Model

5.4. Comparison with Balancing Power Density model

Now, the same data used for fitting with the CPD model is used for fitting with the BPD model
for the sake of comparison. The fits and percentage residuals from the BPD model are provided

in Figure 5.15 in the same way as in Figure 5.14.

4 4
Fono—"l1s1

2 4 4
Hit2 Sz 451

4 4
lo,—"11512

4 4
Sso—"l13p

10°
" (@) p-NaYF, (b)  YF, (c) La,O, (d) YCl,
[7) 5
§ 10 "A‘ o
S p
s 10*
\8/ A & =
P S
S 10 238 a” ) g
) o = B 2PV
3 P g™
9 102 }#r 7.," ’Q’ .AA
3 = = e :Ae“‘{
c o o N 2
- 101 IIIIIII 1 L1111l IIlllII 1 L1 111l IIIIIIl [l L1 111l IIlllII 1 L1 111l
0
©
S5 15 |# 4 & — e —
% . B ‘Al . i% A .
) 24 5\ A 5 A ¥ 4
o 0 2 - s ‘&——i’w f "—.-LT
& A £e
E A Ag A ‘ &
m -15p — — — K
X
IIIIIII 1 L1 111l IIIIIII 1 L1 1111 IIIIIII L L1 1111 IIIIIII 1 L1 111l
05 1 5 05 1 5 05 1 5 05 1 5

Excitation-Power-Density (W cm2)

Figure 5.15. UC vs excitation power density for the four hosts doped with 18% Yb®* and 2% Er’* with the fits
according to the balancing power density model: (a) B-NaYF4 (b) YF3 (c) La2O3 and (d) YCls. Bottom panels:
percentage residuals from fitting with the model. Adapted with permission from Joseph et al. [144] Copyright 2019

American Chemical Society

The BPD model also gives an accurate description of the UC-EPD dependence of all of the
four material systems. The equal distribution of the percentage residuals on either side of the
zero axis also points out this fact. The CPD model has a slight advantage here as the CPD
model results in lower percentage residuals as compared to the BPD model. In the original
publication, in which the CPD model was introduced, the model was not in agreement with the
data at high EPDs [175]. The reason for this behaviour is laser-excited heating, whose effects
were not corrected in the UC measurements. If the UC intensities were corrected according to
the method described in Chapter 4, the model would agree with the measured data even at
higher EPDs. Therefore, both models reliably describe the UC-EPD dependence of a material.

Another difference between the two models is in the methodology. The CPD model needs just
fitting the UC -EPD dependence data with the equation, while the BPD model requires
pinpointing the EPD at which the slope of the log-log plot of the UC-EPD dependence becomes
1.5. Finding out the exact region on the curve where the slope is exactly 1.5 is slightly tricky
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and prone to experimental error as this region would span a region of measured EPD values.
The values of BPD extracted from the fitting with the BPD model is tabulated along with the
CPD values in Table 5.2. For all the emissions, the BPD values are roughly about 3 times the
value of the CPD, showing the similarity of the methods, though they are not mathematically
identical.

Table 5.2. Calculated critical power density and balancing power density values in W cm? extracted for the four
hosts B-NaYFa, YFs, Laz0s, and YCls doped with 18% Yb3 and 2% Er’*. Adapted with permission from Joseph et
al. [144] Copyright 2019 American Chemical Society

Host CPDgreen  BPDgreen  CPDnigri BPDnri | CPDnrz BPDnirz2 - CPDred . BPDred
B-NaYF;  0.7+0.1 2.2+0.1  0.7#0.1  2.3+0.1 — — — —
YFs 1.0+0.2 2.6+x0.2 1.0+0.2 2.7+0.2 — — — —

Laz0s 1.1+£0.2 3.1+0.5 — — — — 0.910.2 2.6x0.4

YCIs 0.8+0.1 22+0.2 0.8+0.1 2.1+0.2 0.3+0.05 1.1x0.1 — —

Both models have also been used for analysis with data obtained from literature and they have
successfully described the dependence in each of the cases while maintaining a ratio between
CPDs and BPDs at about 3. In the work by Liu et al. where they introduced the BPD concept,
the BPD of NaYF4:Yb®, Tm*@NaYF4 nanoparticles is calculated to be 1.3 W cm? [175]. When
the same data is fit with the CPD model, a CPD of 0.4 W cm™ is obtained, which is roughly a
third of the BPD value as expected. For NaYFs: 21.4% Yb%, 2.2% Er* commercial
micropowder with a similar PLQY as the B-NaYF4: 18% Yb®", 2% Er3+, a BPD of 1.2 W cm?is
observed by Kaiser et al., suggesting a CPD about 0.4 W cm2 [59]. The CPD for the B-NaYF4:
18% Yb?3*, 2% Er®* sample is 0.7 W cm which is in agreement with the CPD expected for the
commercial micropowder. Therefore, both approaches can be used for defining a figure-of-
merit for the UC-EPD dependence. But the CPD model has additional advantages as
explained in the following sections.

5.5. CPD and UC mechanisms

The CPD is also an indicator of the mechanism of UC. The emissions which have the same
population mechanisms have the same value of CPD. The CPDgeen and CPDnirs values are
equal in the hosts - B-NaYF4, YCls and YFs. The reason is that they have the same emissive
state “Ss» of Er®* as their origin. Therefore, if the CPD of the UC dependence of different two-
photon emissions are evaluated, correlations between them could shed light on their
mechanisms. In YCls, the CPDnir2 value is strikingly different from the CPDgreen and CPDnir1
values. The lower value of CPDnir2 suggests that the intermediate state involved in this case
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has a longer lifetime. The time-resolved fluorescence measurements of the different emissions
observed in YCls is provided in Figure 5.16. The lifetime of the NIR2 emission (800 nm,
41912 = *l1s12) is much higher than all the other emissions except for the 1530 nm (*l132 = *l1512)
emission. Then only the *l13» state has the capability of acting as an intermediate state for the
800 nm emission. Even though MPR rates are comparatively low in this material, the radiative
branching ratio from the *l112 state to the *l132 state obtained from Judd-Ofelt analysis is 20%,
which ensures the population of the *l132 state. Two ions in the *l132 could interact with each
other and undergo an ETU to populate the *lg,» state. Another possibility for the population of
the “*lg;2 state in YCls is through a cross-relaxation mechanism involving 2Hg. state of Er®* and
the ground state 2F;» of Yb%*. The lifetime data showing longer components attest the
involvement of the #l132 state, which supports the first mechanism suggested.
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Figure 5.16. Normalized lifetimes of the UC emissions from YCls: 18% Yb%, 2% Er3* when excited with 980 nm
radiation at an EPD of 5 W cm with a pulse width of 20 ms. The pulse period was set to 40 ms (or 120 ms for 800
and 1530 nm lifetimes). Reproduced with permission from Joseph et al. [144] Copyright 2019 American Chemical
Society

In the host La20s, the CPDyeq value is lower than the CPDgreen vValue. This lower value of CPDyeq
suggests that the intermediate-state involved has a longer lifetime. If the red-emitting state *lg2
is populated from the green-emitting states through MPR, the CPD,eq value would have been
the same as the CPDgyeen. Therefore, the population mechanism suggested by the CPD model
involves the “li3» state getting populated from the *l11. state through MPR or radiative
relaxations. In addition, direct excitation of the green-emitting states gives a much lower red to
green ratio as the one observed with 980 nm excitation, again supporting the mechanism
involving the *l13 state (Figure 5.25(d)). Both mechanisms are indicated in Figure 5.10. These
examples demonstrate how the CPD model helps in understanding the UC mechanisms when
the EPD dependence data of UC is carefully analyzed.
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5.6. CPD as an indicator of intermediate-state lifetimes

Equation 5.13 gives the expression for the CPD. According to this equation, the CPD is
proportional to the square of the decay constant from the intermediate state -ki. In other words,
the CPD is quadratically dependent on the inverse lifetime of the intermediate state. Therefore,
as the lifetime of the intermediate state increases, the value of CPD decreases, if the other
variables (rate-constant - ket of energy transfer between the intermediate state and the emitting
state, and the absorption coefficient - a) in Equation 5.13 remain constant. The intermediate
states in consideration for the UC processes discussed here are 2Fs;. of Yb** and #li32 of Er®+,
which have emission peaks around 970 nm and 1530 nm, respectively. Each of the four
samples is excited at 980 nm and the lifetime of the fluorescence at 990 nm and 1530 nm are
observed. The obtained lifetime data is provided in Figure 5.17.

Normalized counts at 990 nm
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Figure 5.17. Normalized time-resolved fluorescence detected at (a) 990 nm and (b) 1530 nm in 18% Yb%*, 2% Er’+
doped B-NaYF4, YFs, La20s, and YClIs when excited at 980 nm at an EPD of % W cm, for a pulse-width of 20 ms
and pulse-period of 40 ms (for 990 nm lifetimes) or 100 ms (for 1530 nm lifetimes). Adapted with permission from
Joseph et al. [144] Copyright 2019 American Chemical Society

The lifetimes are calculated using exponential fits on the time-resolved data. All the lifetimes
at 990 nm are obtained using single exponential fits owing to the nature of the time-resolved
fluorescence curve. The lifetimes of the “li32 state in La20s and YCls are found out using
double-exponential fits while in the other two hosts, single-exponential fit is sufficient to
describe the decay curve. The lifetimes obtained are tabulated in Table 5.3. The green, red
and NIR1 emissions originate in the same excited states, namely 2Hy1, and *Ss» and have the
same intermediate state 2Fs. of Yb3* for their ETU mechanisms. The measured intermediate
lifetimes increase as the CPD values decrease as expected from Equation 5.13. These results

are consistent with other results in the literature. Hossan et al. has demonstrated that the PLQY
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of B-NaYF4:Yb?**,Er3* nanocrystals increases as the intermediate-state lifetime increases [184].
Similarly, Warth et al. noted such a relationship between the UC PLQY and lifetime of the

intermediate-state in NaGdF4: 20% Yb®*, 2% Er3+ [185].

Table 5.3. Measured Intermediate-state lifetimes with corresponding CPDs. Adapted with permission from Joseph

et al. [144] Copyright 2019 American Chemical Society

Lifetime
Host of 990 nm

material emission CPDgreen  CPDnirs CPDreq

(ms)
B-NaYF, 2.5 0.7+0.1 0.7+0.1 —
YF; 1.6 1.0£0.2  1.0%0.2 —
La,0; 0.6 1.140.2 — 0.90.2
YCl; 1.6 0.820.1 0.820.1 —

* Single-exponentially fitted and not used here
# Double-exponentially fitted and average lifetime calculated

Lifetime
of 1530
nm CPDnigr2
emission
(ms)

12+0.5* —
10+0.5* —
9+0.5* —

15+1# 0.3+0.05

The tabulated results of the lifetimes of the intermediate-state are also graphically presented

in Figure 5.18. The general trend is that the CPD values decrease as the lifetime of the

intermediate-state increases. As explained in Section 5.8, the CPD is linked with the saturation

PLQY, so a material with a longer intermediate-state lifetime has a lower CPD and

consequently a higher PLQY at saturation as the EPD is increased. Therefore, maximizing

intermediate-state lifetimes are critical for obtaining highly efficient UC materials.
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Figure 5.18. CPD vs lifetime of intermediate-state in the four hosts B-NaYF4, YCls, YF3, and La20Os doped with 18%
Yb?, 2% Er** when excited at 980 nm. Reproduced with permission from Joseph et al. [144] Copyright 2019

American Chemical Society
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5.7. CPD and saturation Quantum Yield

PLQY can be calculated from the equation for the CPD model as:

, 2 (5.17)
pLQy=%=M -1+ 1+L
G~ 16k,kpr12G CPD '
2 (5.18)
—> proy = PPReraa [\ |y ]
- er = 21k, CPD '

When EPD equals the CPD, | = CPD, Equation 5.18 becomes,
PLQY pp = kzz%zd(—l + ﬁ)z G19
The PLQYsa is the PLQY in the limit of high EPDs. The slope of a log-log plot of the PLQY vs
EPD becomes zero at saturation. This saturation of the quantum yield is not effectuated by a
depletion of the ground state populations of the sensitizer and emitter ions, but due to a change
in the branching kinetics of the intermediate state. The dominant depopulation mechanism of
the intermediate state becomes UC and an increase in the EPD, will no longer increase the
fraction of photons emitted compared to the number of photons getting absorbed. The
expression for PLQYsa: can be obtained by evaluation of the limit of Equation 5.18 at an EPD

equal to infinity:

PLQYyge = limcppzraa(L L 1, 1 o
Q¥sar = [ k, \1 2cPD " (127 CPDx1
1koraa  PLQY(pp (5.21)

=> PLQY4 =

2 k2 (—1++v2)°

Equation 5.21 presents two different ways by which the saturation quantum yield can be
evaluated. These ways are:

1. The saturation quantum yield of UC from an excited state is equal to half of the quantum
yield of direct excitation of that state. The PLQY by its basic definition is the ratio of
emitted photons to the absorbed photons, or in other words, it is the ratio of the radiative
decay rate to the total decay rate from a level. As evident from the first part of the
equation, PLQY,; then corresponds to 50% of the PLQY when all the absorbed photons
directly reach the emitting state, i.e., when the emitting state is directly pumped using
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a laser. This method presents a very interesting way to determine the PLQY of the state
not having to worry about the very high EPDs required for saturation as described in
Section 2.4.1.

2. The saturation quantum yield is 5.8 times the PLQY at an EPD equal to the CPD. In
materials with poor thermal transport, laser-induced heating will significantly increase
the multiphonon relaxation (MPR) rates, which in turn causes a further reduction of the
PLQY. Normally when such materials are driven to saturation, the EPDs are sufficiently
high enough to cause these unwanted effects. Due to this, special precautions need to
be taken, or certain correction methods need to be implemented as described in
chapter 5 of this thesis. However, at the CPD, UC is just turned on only, meaning that
undesired heating effects are not observed at such low EPDs. Therefore, using this
method, PLQY;,; can be easily estimated by multiplying the observed PLQY with 5.8.

5.8. Calculating the saturation PLQY with CPD model

As explained in the previous section, the CPD model offers two different ways through which
the saturation PLQY (PLQYsa) can be determined. This feature of the CPD model is highly
advantageous as the CPD and the PLQY sz are the two most important figures-of-merit which
can describe the UC behaviour of a system. Often during measurements of PLQYsa the plot
of the PLQY is found to decrease instead of saturating after reaching a peak value [165]. The
theoretical models predict only a saturation of the UC PLQY. The very high EPDs at which a
UC material is driven to saturation is often accompanied by laser-induced heating effects,
which increase the temperature of the material, and thereby increase the rate of MPR
processes as explained in Section 2.1.6. Figure 5.21 presents such a measurement of the
PLQY of the total upconverted emission (500-880 nm) as a function of the EPD in the four
different material systems studied in this chapter. For the host La-Os, this effect is much
pronounced as evident from the graph, due to its higher phonon energies. However, the PLQY
values measured for the other three hosts are also not free of error as illustrated in Figure 5.22.
The integrated UC intensity exclusively under the green peak (2Hi1.2, *Sa2>*l1s) is calculated
from the UC spectra acquired continuously at the smallest time interval possible for the
spectrometer (30 us). The value of the integrated UC intensity at zero time is the original UC
intensity which is free of thermal effects. As the material gets heated up, the MPR rate
increases, and thereby the intensity of the radiative emissions decreases. Finally, a steady-
state is reached where the intensity is much less than the original intensity in the absence of
thermal effects. This statement is valid only for the fluorides and the oxide host under
consideration, as the steady-state-integrated UC intensity of the green emission in the YCls
host seems to increase. One possible reason could be the addition of the MPR assisted

radiative channels in this host.
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5. Critical Power Density as a Figure-of-Merit for Upconversion

Figure 5.21. UC-PLQY (400-880 nm) as a function of EPD of 980 nm radiation. Adapted with permission from

Figure 5.22. Integrated UC intensity of the green peak as a function of time at high excitation-power-densities.
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5.8. Calculating the saturation PLQY with CPD Model

5.8.1. Experimental Determination of PLQY and Correction for Thermal Effects

The PLQY of UC is first measured for each of the four microcrystalline hosts using the 3M
method (described in Section 3.2.3) as a function of the EPD (Figure 5.21). The PLQY at an
EPD of 250 W cm is taken as the PLQYsa, Wwhere saturation has set-in in all materials. The
measured values of PLQY g for the total UC emission in the range of 400-880 nm are corrected
for each of the four material systems using the method described in chapter 4 [139]. The UC

spectra at very high EPDs close to saturation is plotted in Figure 5. 23.
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Figure 5.23. UC-emission spectra in the four host materials at high EPDs (> 200 W cm?). Excitation wavelength:

980 nm. Adapted with permission from Joseph et al. [144] Copyright 2019 American Chemical Society

The ratio of the area under the total UC spectrum to the area under the green and NIR peaks
of the spectra are first calculated to estimate the fraction of the PLQY s originating from the
2Hy12 and “Sg. states. Then the corrected value of the PLQY .t from the total UC emission is
divided with this ratio to get the contribution in the PLQYsat from the 2H112 and #Sa. states. This

value then corresponds to the actual PLQY of the UC emissions from these states, i.e., green
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5. Critical Power Density as a Figure-of-Merit for Upconversion

and NIR UC emissions. The measured values and corrected values along with the PLQY sat
exclusively originating from the states 2Hi12 and *Ss2 are tabulated in Table 5.4.

Table 5.4. Calculation of actual PLQY due to green states. Adapted with permission from Joseph et al. [144]
Copyright 2019 American Chemical Society

Measured total Corrected total sfgj\ﬁ?g;
Host saturation UC- saturation UC- Areaiota/ Areagreen+Nir1 2H..» and S
PLQY (%) PLQY (%) 1s1/tzate (%) -
(]
B-NaYF, 11.6 14.4 2 72
YF 47 5.4 3 18
YCls 2.4 2.16 2.1 1.0
La.O3 2.8 5.2 4.7 11

5.8.2. Calculation from PLQY at CPD

According to Equation 5.21, the PLQY at saturation is 5.8 times the PLQY measured when the
EPD equals the CPD. For evaluating the PLQY at the CPD, first, the UC spectra for 980 nm
excitation at the CPD is acquired with the help of a spectrometer (Avantes, AvaSpec-
ULS2048x64TEC). The acquired spectra are provided in Figure 5.24. The red-to-green ratios
of the UC emissions observed at CPD for the hosts B-NaYF. (Figure 5.24(a)), YFs (Figure
5.24(b)), and YCIs (Figure 5.24(c)) are much lower as compared to the red-to-green ratios of
the UC emissions observed at EPDs close to saturation as seen in Figure 5.23 (a-c). However,
the red-to green ratios for the host La2O3 remain more or less the same in Figure 5.23 (d) and
Figure 5.24 (d). The reason is that three-photon UC processes are less prominent at lower
EPDs around the CPD.

The PLQY of the UC emissions from the H112 and “Ss2 states at the CPD are calculated by
adding the PLQY of the green emission and the NIR1 emissions as these two emissions
originate from these two states. These PLQYs are calculated at an EPD equal to the CPD,
using the 3M method using an integrating sphere as described in chapter 3, in section 3.2.3.
Finally, the PLQY at saturation, PLQYsa is calculated by multiplying the total PLQY from the
Hy1,2 and *Sg. states with 5.8. The calculated values are tabulated in Table 5.5.
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Figure 5.24. UC spectra measured at CPD for the hosts (a) B-NaYF4, (b) YF3, (c) YCls, and (d) La203. Adapted
with permission from Joseph et al. [144] Copyright 2019 American Chemical Society

Table 5.5. Calculation of saturation UC-PLQY of green state from PLQY at CPD. Reproduced with permission from

Joseph et al. [144] Copyright 2019 American Chemical Society

Host

(W cm?) (%)

B-NaYF, 0.7 0.8
YFs 1 0.2
YCls 0.8 0.2
La;0s 1.1 0.2

5.8.3. Calculation of UC saturation PLQY from Direct Excitation

CPDgreen PLQYgreen

PLQYnNiRr1

(%)
0.4
0.1

0.01

0.04

Total PLQY from PLQYsafrom

?Hy1,2 and *S;)2 2Hy4,2 and 4Ssp2
states (%) states (%)
1.2 7.0
0.3 1.7
0.2 1.2
0.2 1.2

A 525 nm laser diode (Roithner, LD-515-10MG) at a very low EPD (~0.01 W cm) is used for

direct excitation of the 2H11,2 and *Ss. states. It is worth noting that it is difficult to separate the

laser excitation from the green emission of the ?Hi1,2 and *Ss. states as seen in Figure 5.25
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5. Critical Power Density as a Figure-of-Merit for Upconversion

(a-d). To work around this problem, the PLQY of other emissions originating from the 2H1,
4S3 states which are not green in colour (shaded in blue colour in Figure 5.25) and hence do
not overlap with the laser can be used. When the fraction between these emissions and the
green emissions are known, the total PLQY is calculated knowing the fractions. The PLQY of
these emissions are tabulated in Table 5.6. These fractions are evaluated from Figure 5.24 (a-
d), which give the UC spectra at CPD, when three-photon channels are less prominent similar

to the case of direct excitation with 525 nm.
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Figure 5.25. Emission spectra of 18% Yb®*, 2% Er’* for 525 nm excitation at an EPD of 0.01 W cm? in (a) B-NaYFa,
(b) YFs, (c) YClIs, and (d) Laz0s. Light blue shaded areas are integrated for evaluating the PLQY from the 2H11s,
4832 states. Reproduced with permission from Joseph et al. [144] Copyright 2019 American Chemical Society

When the 2H1152, *Sg)2 states of Er* in La,Oj3 are directly excited with 525 nm, the red emission
exclusively originates from the 2Hi12, *Ss. states after MPR, as the population channel
involving the “*l13 state is not possible due to the absence of 980 nm photons. The PLQY of
the red emission is thus used in the case of the host La2O3 for evaluating the PLQY of the

2H112, “Sa/2 states:

100



5.8. Calculating the saturation PLQY with CPD Model

Total PLQY from the green states (5.22)
= (1 + Ratio of the area under the peaks)
X PLQY from the NIR peak (or red peak)

1
Saturation UC PLQY of green states = > X Total PLQY from green states (5:23)

The PLQY estimated through this method for the host YCls is expected to be higher than the
actually observed PLQY. The intrinsic lifetimes of the *Sg» state in YCls is the highest among
all the four host materials as seen in Figure 5.14. In the presence of 980 nm photons, the Ss»
state can act as an intermediate state for the three-photon processes leading to the 2Gz2, 2Kisy,
2Ggy2 states. These processes act as a depopulation channel of the “Ss/» state which results in
lesser PLQY of the green UC emission. Therefore, the direct-excitation method for determining
the PLQYsa is not suitable for material systems in which the emitting level itself acts as an
intermediate-state for UC processes of a higher order.

Table 5.6 Calculation of saturation UC-PLQY from direct excitation. Adapted with permission from Joseph et
al. [144] Copyright 2019 American Chemical Society

Green to NIR1 PLQY from Total PLQY from Saturation UC-
Host (orred) peak NIR1 (orred) 2Hii2, *S32 states  PLQY of 2Hi12, *Sa2

ratio (%) (%) states (%)
B-NaYF, 25 4.0 14 7.0
YF3 2.0 1.2 3.6 1.8
YCls 6.8 1.9 14.8 7.4
La203 0.1 (to red) 2.5 (from red) 2.7 1.3

5.8.4. Comparison of PLQYsa estimated with the three methods

Finally, the PLQY of the two-photon UC emission at saturation from the 2Hi1, S states,
estimated through the three techniques described in Sections 5.9.1-5.9.3 are plotted together
for comparison. The PLQY . estimated for the hosts B-NaYF4, YF3, and La2Os agree well with
each other using all three techniques. As expected, the PLQYsa obtained for the host YCls
through direct excitation at 525 nm is highly overestimated, as the depopulation mechanism to
higher energy states are not considered in the CPD model. Still, the experimentally determined
PLQYsa agrees with the PLQYsa estimated by measurement at the CPD.
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Figure 5.26. Saturation photo luminescent quantum yields (PLQYsat) of the 2H11/2 and 4Sa2 states estimated through
three different techniques in four microcrystalline hosts doped with Yb3+, Er3* (18/2%). Adapted with permission
from Joseph et al. [144] Copyright 2019 American Chemical Society.

5.9. Summary and Implications for UC displays

To summarize the results presented in this chapter, the CPD model was developed to define
a figure-of-merit for comparing different UC materials. This figure-of-merit, the CPD along with
the other figure-of-merit, PLQYsa serves the purpose of effective comparison between the
efficiency of different UC materials, throwing light into the EPDs at which the UC starts
becoming efficient. This helps in identifying UC materials which are particularly suitable for low
EPD applications. The CPD model is able to accurately describe the UC-EPD dependence of
two-photon UC processes. The CPD model suggests that longer intermediate-state lifetimes
lead to lower CPDs, which means that the material would show UC emission at lower EPDs.
Selecting host materials with long intermediate-state lifetimes would help in identifying
materials with low CPDs. Also, the CPD model suggests two methods for accurately
determining the PLQYsa of an excited energy state populated by two-photon processes.
Multiplying the PLQY measured at the CPD by a factor of 5.8 correlates well with the
experimentally measured PLQYsa corrected for thermal effects. This value also correlates well
with half of the PLQY of the level upon direct excitation. The remarkable advantage is that the
CPD model presents a way of determining the PLQYsat without having to resort to high EPDs
where other detrimental effects set in.

Applying the CPD model to the UC-EPD dependence of a system also gives valuable insights
into the UC mechanisms. The UC mechanism observed in the oxide host is entirely different
from that of the fluoride hosts, which is again different from that in the chloride host. In La2Os,

a two-photon process involving ETU from the “li3» state leads to a population of the red-
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5.9. Summary and Implications for UC Displays

emitting *Fg2 state, along with a minor contribution from the “Ss. state after MPR. On the
contrary, in YCls, owing to its very low phonon energies, even the *lg. state is effectively
populated through ETU between ions in the *l13» state. However, in the fluorides and Laz0Os,
this state is immediately depopulated due to effective MPR to the immediately lower-lying *l11,2
state. Generally speaking, two-photon processes are responsible for populating the 2Hi1/, state
and “Sg» state in all the four material systems considered causing both green and NIR

emissions.

Considering the four microcrystalline hosts analysed in this chapter, B-NaYF4 appears as the
best material suitable for a POV UC display. The reason is its low CPD and high PLQYsat
compared to the other materials. When translated into a POV display application relying on
fast scanning of an excitation laser point, a high PLQYsa is important because it will mean that
sufficient emission intensity can be obtained from a single point during the short period of its
excitation that each pixel/voxel has the best possible luminance. As seen in the following
chapter, achieving sufficient luminance for a UC POV display to be visible under ambient
lighting conditions is not trivial. One might be tempted to think YCIs is a better choice owing to
its long lifetimes. Though it has longer lifetimes, this comes at the cost of overall brightness of
the display, which would again limit the use of such a display in ambient light. As explained
earlier, these long lifetimes support ETU to higher excited states, which causes a decrease in
the total PLQY of the emission, as compared to the situation without such a depopulation
mechanism. Therefore, the UC emissions from the Er3+,Yb3* pair in the host B-NaYF4 is brighter
and hence more suitable as compared to that in YCls. In addition, YCIs is highly hygroscopic
which would add more design challenges to a display based on YCIs [186]. For monochrome
display applications, the host La>Os looks attractive due to its nearly constant emission colour.
Though the PLQYsa is not as high as that of B-NaYFs, it suffers from increased MPR as
compared to the fluorides due to its higher phonon energies. This situation is also not optimal
for a UC display as the MPR causes heating of the material or polymer substrate on which it
is embedded. Clearly B-NaYFs trumps YFs due to its relatively high PLQYsa. Therefore, -
NaYF.: Yb3*,Er3* could potentially be used in a UC display. In the next chapter, we examine if
such a UC display would meet the requirements to be visible in a well-lit room. Also, we
propose a method to keep the emission colour constant, when the EPD is varied, to realise a
monochrome UC display.
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6. Colour Modification through Dual-
Wavelength Pumping

This chapter describes how the colour of UC emission can be controlled by simultaneous
excitation with two different wavelengths. It is based on the results included in the third first-
author-publication “Bright constant color upconversion based on dual 980 and 1550 nm
excitation of SrFz: 18% Yb%, 2% Er** and B-NaYF.s. 18% Yb*, 2% Er* micropowders;
considerations for persistence of vision displays”, Optical Materials, 2020 [125].The idea for a
UC display based on dual excitation was developed by the author, lan A: Howard and Bryce
S. Richards. Microcrystals of B-NaYF, and. SrF> were synthesized by Damien Hudry and
Daniel Biner using the technique devised by Karl Krdmer at the University of Bern. Dmitry
Busko helped in building the new optical set-up for two-colour excitation used in this work and
guided 3D printing of special sample holders. All the steady-state and time resolved optical
measurements, and photographs of the sample showing colour-control were made by the
author. The calculations for obtaining the CIE coordinates and the Luminances were performed
using a MATLAB code written by the author. The text of the publication was written by the
author and lan A Howard. Andrey Turshatov, Bryce S. Richards, Karl Krdmer and lan A.
Howard helped in the finalising the draft through engaging scientific discussions.

Among the many applications of UC, lighting and displays require precise control of the
emission colour and intensity. Here, colour tuning and intensity control is demonstrated using
two different microcrystalline UC materials, namely B-NaYFi: 18% Yb3, 2% Er®* and B-
SrF2: 18% Yb®*, 2% Er®*. In Sections 6.1 and 6.2, the colour obtained by excitation with either
980 nm or 1550 nm radiation or by simultaneous excitation with both 980 nm and 1550 nm
radiation in the two materials are demonstrated with the help of the Commission Internationale
de I'Eclairage (CIE 1931) chromaticity diagram. The implications on the UC intensity upon
incorporation in a transparent host and scanning is discussed in Section 6.3. Then colour
tuning from green to yellow to red is demonstrated in dark for SrF.: 18% Yb%, 2% Er3+
micropowder in Section 6.4. Furthermore Section 6.5 shows that, using dual excitation, the
colour of the UC emission can be kept constant while the intensity can be varied as per
requirement in both SrF.: 18% Yb®*, 2% Er®* and B-NaYF4: 18% Yb®**, 2% Er®* micropowders,
thereby demonstrating the proof-of-principle of a monochrome display. A dual-excitation based

monochrome display using B-NaYF.: 18% Yb®, 2% Er®* micropowders would be better than
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6. Colour Modification through Dual-Wavelength Pumping

one using SrF2: 18% Yb®, 2% Er®** owing to its higher PLQY. Finally, a summary of all the
results presented in the chapter and the implications of these results for UC displays are
provided in in Section 6.6.

6.1. UC Colour for Mono-excitation

The possible UC mechanisms for the observed UC emissions from SrFz: 18% Yb3*, 2% Er3*
and B-NaYF4: 18% Yb3*, 2% Er®* upon 980 nm and 1550 nm excitation are given in Figure 6.1.
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Figure 6.1. UC mechanisms to populate the Sz (green) and *Fg/2 (red) emission states upon 1550 nm and
980 nm excitations in a fluoride host.

The mechanisms of UC emissions resulting from 980 nm excitation in f-
NaYFi: 18% Yb®+, 2% Er®* were explained in Chapter 5. Similar mechanisms are observed in
SrF2: 18% Yb3*, 2% Er®* upon 980 nm excitation owing to the similarities in the fluoride host
lattices. In the case of 1550 nm excitation, a two-photon ETU process populates the “lg» state
of Er®*. An ion in the “lg> state can lose some of its energy through MPR and move into the
immediately lower lying *l11,> state. If this bridging to the *l11,» state is faster than the next ETU
step to the *Ss2 state, then the ETU from the “l112 state to the *Fey2 state occurs, which results
in more red UC emission. If this bridging between the “lg» state and the *l112 is not as efficient,
4Sg2 state gets populated leading to more green emission. For this reason, the UC emission
from SrF2: 18% Yb®*, 2% Er®* has a higher R/G ratio compared to B-NaYF4: 18% Yb®, 2% Er3+
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6.1. UC Colour for Mono-excitation

upon 1550 nm excitation, and upon increasing the EPD, the R/G ratio decreases in both hosts
as the *lgo>*Ss, ETU becomes more efficient than the MPR between “ls» and *l11,> (Figures
6.2 and 6.3).
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Figure 6.2. Change in the R/G ratio of UC emission as a function of the EPD of 1550 nm radiation in (3-
NaYFs: 18% Yb®, 2% Er+. Adapted from Joseph et al. [125]
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Figure 6.3. R/G ratio of UC emission decreases as a function of the EPD of 1550 nm radiation in

SrFz: 18% Yb3*, 2% Er®*. Adapted from Joseph et al. [125]

The R/G ratio in the host SrF. is 12, whereas it is only 3 in B-NaYF4 at an EPD of 10 W cm™ of
1550 nm excitation. As the EPD increases, the R/G ratio significantly decreases for the host
SrF> whereas it decreases slightly for the host B-NaYF4 and remains constant, showing the

effect of bridging between the *lg> and *l11,2 levels (Figures 6.2 and 6.3).

To examine the range of colour tuning possible with SrF.: 18% Yb%*, 2% Er’* and B-
NaYF4: 18% Yb®*, 2% Er®*, each of these materials are excited with either 980 nm or 1550 nm.
The UC emission spectra normalized to the highest emission peak of SrFz2: 18% Yb3*, 2% Er3+
and B-NaYF4: 18% Yb?*, 2% Er®** upon mono-excitation with 1550 nm and 980 nm at an EPD
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6. Colour Modification through Dual-Wavelength Pumping

of 10 W cm are provided in Figures 6.4 and 6.5, and the calculated CIE 1931 coordinates for
the corresponding spectra are provided in Figures 6.6 and 6.7. The CIE coordinates on the
chromaticity diagram illustrate that the host SrF: offers a wider range for colour tuning from red

to green compared to the host B-NaYFa.
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Figure 6.4. Normalized UC emission from SrFz: 18% Yb%*, 2% Er®*, upon 1550 nm and 980 nm excitations at
10 Wem2
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Figure 6.5. Normalized UC emission from B-NaYFa: 18% Yb%*, 2% Er®+, upon 1550 nm and 980 nm excitations at
10 Wem?
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Figure 6.6. CIE colour coordinates of the emission spectra from SrFz: 18% Yb%+, 2% Er®*, upon 1550 nm and
980 nm excitations at 10 W ecm?
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Figure 6.7. CIE colour coordinates of the emission spectra from and B-NaYF: 18% Yb%, 2% Er®*, upon 1550 nm
and 980 nm excitations at 10 W cm?

After examining the limits of colour tuning with mono-excitation with either 980 nm or 1550 nm
in this Section, the UC colour upon simultaneous excitation of both 980 nm and 1550 nm

radiations are examined in the next section.

6.2. UC Colour for Dual-excitation

The UC spectra, CIE 1931 colour coordinates and calculated luminances upon simultaneous
excitation of both the hosts with 980 nm and 1550 nm radiations are given in Figures 6.8 and
6.9. The UC spectra are absolutely calibrated in terms of photons cm2s'nm, by multiplying
the intensity calibrated spectra with a constant scaling factor which was determined by a
measurement at 100 W cm of 980 nm excitation inside an integrating sphere. The details of
this calibration are given in Section A.3 of the Appendix. The experimental details are provided
in Section 3.3. Even though the UC spectra provided in Figure 6.8(a)-(c) and 6.9(a)-(c) are

expressed in absolute units of photons cm?s'nm, the luminances and CIE coordinates are
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6. Colour Modification through Dual-Wavelength Pumping

calculated using W cm. Each of the three columns of these two figures, show the effects of a
fixed bias of 980 nm excitation at an EPD of 10, 50 or 100 W cm, respectively, when the
1550 nm excitation is swept through 10, 20, 30, 50, 70, 90 and 100 W cm™.

Looking at Figures 6.8 and 6.9, two general trends are observed. 1) The total number of
emitted photons increases dramatically as the EPD of 980 nm excitation increases. 2) The
change in the R/G ratio of the emission upon increasing the EPD of the 1550 nm excitation,
become less pronounced as the 980 nm bias increases. Or in other words, increased 980 nm
excitation decreases the tunability of the colour upon sweeping the EPD of 1550 nm radiation.
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Figure 6.8. UC spectra, CIE 1931 colour coordinates and calculated luminances of SrFz: 18% Yb3+, 2% Er’* upon
simultaneous excitation with 980 nm and 1550 nm. (a)-(c) UC emission spectra with a fixed bias of 980 nm
excitation as the EPD of 1550 nm radiation increases from 10 W cm? to 100 W cm®. (d)-(f) Corresponding CIE
coordinates on magnified section of the CIE diagram. The arrow gives direction of increasing EPD of 1550 nm
radiation. The brown circles show the CIE coordinate (0.39, 0.57) which is accessible in all three cases. (g)-(i)
Calculated luminances from the absolute calibration of the UC spectra. Reproduced with permission from Joseph
etal [125].

110



6.2 UC Colour for Dual-excitation

=

—
O

-~

(@) (b

Ng 20 bias: 980 nm @ 10 W cm™ Ng 150 bias: 980 nm @ 50 W cm™ NE L bias: 980 nm @ 100 W cm~
§ : :
< <> 100- ot
[72] (2] (%]
210 o @ 200-
o o o
IS] S 50- 2
= = =
QQ. [oN o
° = =
= 0- 2 o ' S o '
2 500 600 700 X 500 600 700 2 500 600 700
= Wavelength (nm) = Wavelength (nm) = Wavelength (nm)
(d) (e) (f)
0.8 ias: 980 nm @ 10 W cm™ = ias: 980 nm @ 50 W cm™ 081 s: 980 nm @ 100 W cm™
0.6 0.6 0.6-
> > >
0.4- 0.4- r 0.4
0.2 0.4 06 0.2 0.4 0.6 0.2 0.4 0.6
X X ) X
9) . (h) ] (i) ,
ST s m @ owem? | ~P 10 Toas sonm @sowom?| ~ X10 Toias: 80 vm @ 100 WEC =
S € €
ke o IE ke) I E E
k3 g ir| & L] e
3 3x10% x ox105| X 8 5x10% yu
o © ©
= s £ = £
E = 1S 1S
=) > >
- L 3 - -
0 ——TTrT 0 —TTT 0 ——T——T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
1550 nm Exc. (W cm™) 1550 nm Exc. (W cm?) 1550 nm Exc. (W cm?)

Figure 6.9. UC spectra, CIE 1931 colour coordinates and calculated luminances of B-NaYFu4: 18% Yb3*, 2% Erd+
upon simultaneous excitation with 980 nm and 1550 nm. (a)-(c) UC emission spectra with a fixed bias of 980 nm
excitation as the EPD of 1550 nm radiation increases from 10 W cm? to 100 W cm®. (d)-(f) Corresponding CIE
coordinates on magnified section of the CIE diagram. The arrow gives direction of increasing EPD of 1550 nm
radiation. The brown circles show the CIE coordinate (0.31, 0.66) which is accessible in all three cases. (9)-(i)
Calculated luminances from the absolute calibration of the UC spectra. Reproduced from Joseph et al. [125].

Figures 6.8(g)-(i) and 6.9(g)-(i) give plots of the calculated luminance as the EPD of the
1550 nm radiation is increased. The luminance at 100 Wcm? of 1550 nm excitation
(12x10%cd m?) is thrice that of the luminance at 10 Wcm? of 1550 nm excitation
(8.5x10% cd m) in the case of a 980 nm bias of 10 W cm in SrF.: 18% Yb?**, 2% Er3+. At the
same time in the more efficient B-NaYF4: 18% Yb®**, 2% Er®*, the increase in luminance is 7
times for the same excitation conditions (5.7x10*to 40x10* cd m®2). The luminance is much
higher in B-NaYFa4: 18% Yb®*, 2% Er?*, owing to its higher PLQY and due to the increased
contribution of the green emissions in the total UC emission, green being at the peak value of
the photopic luminosity function [187].
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6. Colour Modification through Dual-Wavelength Pumping

These measured values of the luminances can be compared with theoretically calculated ones
using equation 2.20. Here n,4,s~ 0.5, as the fraction of absorbed photons is high considering
the powder nature of our sample, 7,y ~ 0.001, considering the lower value of PLQY at such
low EPDs, and ns = 1, as the excitation laser is not scanned in this case. Considering the
R/G ratios from the experimental data, the theoretical luminance is calculated to be
2.8x10%3cdm2 under 10Wcm? of each 980nm and 1550 nm excitations in
SrF2: 18% Yb®+, 2% Er3+. The details of the calculations are provided in Section A.4 of the
Appendix. This theoretically calculated value agrees well with the experimentally determined
value of 3.5x10%cd m2. The experimentally determined value is slightly more than the
theoretical value as the synergistic effect due to dual excitation is not accounted in the
equation.

Keeping the 1550 nm EPD constant at 10 W cm®, when the bias of the 980 nm excitation is
increased to 50 and 100 W cm? in SrFa: 18% Yb®*', 2% Er®*, the luminances increase
dramatically by an order of magnitude to 10x10* cd m2 and 30x10* cd m2, respectively. These
values also agree well with theoretically obtained luminances using Equation 2.20, assuming
an nppgy ~ 0.01 (93x10% cd m* for 50 W cm® and 20x10* cd m? for 100 W cm* of 980 nm
excitation). B-NaYF4: 18% Yb?**, 2% Er®* in comparison, has much a brighter UC intensity and
experimentally determined luminance of 4.5x108 cd m?2 for 100 W cm2 of 980 nm and
10 W cm2 of 1550 nm radiation which is in well agreement with the theoretically predicted
luminance of 3.4x10°% cd m2. As previously described, the theoretical values provide a slight
underestimate as the synergetic effects of simultaneous excitation are not taken account of.
The details of these calculations are also provided in Section A.4 of the Appendix. In addition,
an estimation of the errors is provided in Section A.5 of the Appendix.

6.3. Limitations of Dynamic UC displays in a Transparent Medium

In these laboratory experiments with a stationary laser beam, the luminances are exceptionally
bright, but when doped in a transparent thin film with laser scanning, the values of n,,s and
ngr Will be much lower, and the 7,4y Will also be reduced due to reduction in pulse-width [49].
In an index-matched transparent polymer host, the value of n,;,s would become an order of
magnitude lower and 7 would become three orders of magnitude lower after scanning and
the value of np,oywould also be an order of magnitude lower. Then the observed luminance
would be decreased by five orders of magnitude when implemented in a thin film display with
a scanned excitation beam. Looking at the luminance values in Figure 6.8 and 6.9, the suitable
candidates are then only 50 Wcm? and 100 W cm? biases of 980 nm radiation in B-
NaYF.: 18% Yb®*, 2% Er®*, as the resulting luminances are comparable with 100 cd m? as
required for a display under room-light.
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6.3. Limitations of Dynamic UC displays in a Transparent Medium

The colour tuning possibility for these configurations are pretty limited as shown in Figure
6.8.(e)-(f). But the exceptional brightness paves the way for tuneable monochrome displays
(greyscale display). Then the colour can be maintained constant, but the intensity can be tuned
to show greyscale images. But this option cannot be implemented with mono-excitation as the
R/G ratio changes a lot when the EPD of 980 nm radiation is decreased (Figure 6.2 and Figure
6.3.). A solution to this problem is to use dual-excitation. By simultaneously manipulating the
EPDs of both 980 nm and 1550 nm radiations, the colour can be kept constant and the
luminance can be tuned. The point in the CIE diagram (0.39, 0.57) in the host SrF» and the
point (0.31, 0.66) in the host B-NaYF4, corresponding to the colour obtained at 100 W cm=
each of 1550 nm and 980 nm excitations, are also accessible with other biases of 980 nm
excitation. These points are marked with a brown circle and orange diamond in Figure 6.7(d)-
(f) and Figure 6.8(e)-(f), respectively. These colour coordinates offer the interesting option of

maintaining the colour constant and changing the luminance over two orders of magnitude.

6.4. Colour Tuning in the Dark

For a display to be viewed by the human eye in the dark, even a luminance of 1 cd m? is
sufficient. This means that even though the wide colour tuning possibility in the host SrF2
cannot be used for scanned displays in room-light, the material can be used in a relatively dark
environment for a UC display. Alternating the display colours between green, yellow and red
is possible by using 980 nm excitation alone, 980 nm excitation in combination with 1550 nm
and 1550 nm excitation alone, respectively, as shown in Figure 6.10(a)-(c). The figures are
still-frames captured from a video demonstrating the colour change shot with a smartphone
(P20 Lite, Huawei) with automatic gain control. The green emission in Figure 6.10(a) has a
luminance of 3x10% cd m resulting from 10 W cm? of 980 nm excitation, whereas the red
emission in Figure 6.10(c) has a luminance of 1x10%cd m? resulting from 70 W cm? of
1550 nm excitation. The yellow colour in Figure 6.10(b) has a luminance of 6x10° cd m2
resulting from simultaneous excitation with 10 W cm of 980 nm excitation and 70 W cm of
1550 nm excitation. In a scanned display, these luminesces would be reduced to 10, 30 and
60 mcdcm?, which have the same Iuminances of commercial glow-in-the-dark
phosphors [188]. In such a dark environment the vision of the eye changes to the mesopic
range as opposed to photopic range used for calculations in the previous Sections [189].
Nevertheless, the SrF2 host offers the possibility of a colour tuneable display in the dark.

113



6. Colour Modification through Dual-Wavelength Pumping

Figure 6.10. Green, yellow and red UC emission in SrFz: 18% Yb®*, 2% Er®* in a dark environment. Photographs of
UC emission upon (a) mono-excitation with 980 nm at 10 W cm™, (b) dual-excitation with 980 nm at 10 W cm? and
1550 nm at 70 W em?, and (c) mono-excitation with 1550 nm at 70 W cm. Reproduced from Joseph et al. [125]

6.5. Monochrome UC Display

Photographs of the two samples of in B-NaYF4 18% Yb%, 2% Er’**  and
SrF.: 18% Yb®+, 2% Er3+ are provided in Fig 6.11 and Figure 6.12, respectively. These
samples were excited with 100 W cm each of 980 nm and 1550 nm. The photographs were
captured with the focus of the smartphone-camera (P20Lite, Huawei) fixed on a white sheet of
paper kept behind the sample, to give an idea of the luminance. Note that the emission spots
are saturated in these photographs true to the impression one gets, on observation with the
naked eye. These UC emissions in these photographs correspond to the CIE colour
coordinates  (0.31,0.66) in B-NaYFi 18% Yb%, 2% Er¥*, and (0.39, 0.57) in
SrF2: 18% Yb®*, 2% Er3* which are accessible across two orders of magnitude of luminance
using simultaneous excitation with 980 nm and 1550 nm as noted in Section 6.3.

Figure 6.11. Photo of NaYF4: 18% Yb®*, 2% Er3* upon excitation with 100 W cm? each of 980 nm and 1550 nm
radiation having the CIE coordinates (0.31, 0.66) (the image observed with naked eye looks similar). Reproduced
from Joseph et al. [125].
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Figure 6.12. Photo of SrFz: 18% Yb%*, 2% Er®* upon excitation with 100 W cm? each of 980 nm and 1550 nm
radiation having the CIE coordinates (0.39, 0.57) (the image observed with naked eye looks similar). Reproduced
from Joseph et al. [125].

To determine the EPDs of 980 nm excitation and 1550 nm excitation required for constant-
colour luminance tuning, sweeps of the 1550 nm excitation were performed for different biases
of 980 nm radiation, the CIE colour coordinates for each of these emissions were calculated
and the combination that produced the CIE coordinates closest to the coordinates (0.31, 0.66)
in B-NaYF4: 18% Yb3*, 2% Er®*, and (0.39, 0.57) in SrF2: 18% Yb**, 2% Er** were noted along
with the corresponding luminances. Using this data, graphs of the luminances based on the
EPDs of 980 nm and 1550 nm excitation are plotted for SrF.: 18% Yb®, 2% Er®* in Figure
6.13(a) and for B-NaYF4: 18% Yb3*, 2% Er® in Figure 6.13(b). Though the EPDs of 980 nm and
1550 nm were varied to obtain the luminances, the graphs are plotted with luminance on the
x-axis, in order to obtain functions of the 980 nm and 1550 nm EPDs with the luminance as
the independent variable. These functions can then be used to figure out the EPDs required
for a particular luminance, which would enable greyscale imaging. The EPDs of 980 nm
excitation and 1550 nm excitation in Figure 6.13 can be fitted with a second order polynomial
of the form P = alL? + bL + c, in the range 10 W cm™ to 100 W cm2. The best fit parameters
(r?>0.99) a, b, and ¢ in SrFz: 18% Yb?**, 2% Er®* are: -5 x 107, 4 x 10* and 10 for 980 nm
excitation, and -1 x 10° 5 x 10% and 20 for 1550 nm excitation. In B-
NaYF4: 18% Yb%*, 2% Er®*, the best fit parameters (r? > 0.99) a, b, and ¢: -6 x 1073, 1 x 107,
and 5 for 980 nm excitation and -1 x 1072, 1 x 10°, and 65 for 1550 nm excitation. Using these
equations, we can calculate the combination of EPDs required for 980 nm and 1550 nm to
obtain monochrome UC emission with luminances ranging from 3.9x10%cd m? to
3.3x10°cd m2 for SrF.: 18% Yb®*, 2% Er®* and 3.4x10°cd m? to 8.5x10%cd m? for B-
NaYFs: 18% Yb%*, 2% Er3+.
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Figure 6.13. Monochrome tuning of UC upon simultaneous excitation with 980 nm and 1550 nm excitation in
SrFz: 18% Yb®*, 2% Er®* and B-NaYFa: 18% Yb3*, 2% Er’* (a) EPD of 980 nm radiation and 1550 nm radiation vs
luminance of UC emission at CIE coordinates (0.39, 0.57) for SrFz: 18% Yb%*, 2% Er®* (b) EPD of 980 nm radiation
and 1550 nm radiation vs Iluminance of UC emission at CIE coordinates (0.31, 0.66) for J-
NaYFs: 18% Yb%*, 2% Er®*. Reproduced from Joseph et al. [125].

The photos of the intensity controlled monochrome UC emission are provided in Figure 6.14
(a)-(c) and (g)-(i). The yellowish spots correspond to emission from the host SrF2 and the
greenish spots correspond to the emission from the host 3-NaYF4. The photographs were
captured with the room-lights, but through a neutral density filter of optical density 3 to simulate
the loss in the intensity due to scanning. The camera was set to an ISO of 1600 for the host
SrF2 and an ISO of 100 for the host B-NaYF4 and exposure time of 1/30 s, and the white-
balance was set to fluorescent. The background appears dark due to the neutral density filter.
The luminance varies between each of the images, but the colour remains constant. The
greyscale images provided underneath each of the images are provided for easy
understanding of the changes in the luminance Figure 6.14 (d)-(f) and (j)-(l). These
photographs demonstrate that using dual-excitation, the UC emission colour can be kept

constant and luminance can be tuned such that a monochrome display can be realized. The
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6.4. Monochrome UC Display

UC material- B-NaYF4: 18% Yb®, 2% Er* is more suitable for this application owing to its high

luminance.

(100,100) (90,70) (70,50)
d

(100,100) (100,50) (90,20)

-

Figure 6.14. Photographs of monochrome UC emission on simultaneous excitation with 980 nm and 1550 nm at
different EPDs. CIE coordinates (0.39, 0.57) are maintained in SrFz2: 18% Yb®*, 2% Er’* for the luminances - (a)
3.3x10° cd m, (b) 1.6x10° cd m?, and (c) 1.1x10° cd m?. The EPDs of 1550 nm and 980 nm excitation in W cm?
are written below the pictures. (d)-(f) shows the greyscale images of the photographs above them. CIE coordinates
(0.31, 0.66) are maintained in B-NaYFs: 18% Yb%, 2% Er’* for the Iluminances - (g) 8.5x10°cd m?, (h)
2.9x10° cd m?, and (i) 1x10° cd m?. (j)-(I) shows the greyscale images of the same pictures. Reproduced from
Joseph et al. [125].

6.6. Summary

The results presented in this chapter propose two new possibilities for UC displays. The first
one is a UC display whose colour could be alternated from red to yellow to green in a dark
environment based on the material SrFz: 18% Yb%*, 2% Er®*. The second one is a
monochrome raster display which could be used for reproducing greyscale images.
Monochrome UC display based on B-NaYF.: 18% Yb®*, 2% Er3* is especially interesting as it
fulfils the requirements needed for an indoor display as explained in Section 2.2.1. Note that
in the dual-excitation experiments, a tuneable CW laser (M squared, SolsTiS) is used as the

980 nm source, instead of a laser diode to be able to span a large range of EPDs. The EPDs

117



6. Colour Modification through Dual-Wavelength Pumping

used in the experiments described in this chapter on the other hand, did not require higher
EPDs and are well within the power requirements of a general-purpose laser diode. The
conclusion is that using low-cost laser diodes and galvanometer scanners, dual-excitation
based monochrome UC displays with ETU mechanism can be easily built, and they are up to
par with the requirements for such an indoor display. This display could either be a 2D display
or a 3D volumetric display depending on the configuration of the projection medium. The
strategy of using dual-excitation helps to maintain the colour constant as the intensity of the

emission is varied.
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7. Conclusion

This thesis provides an insight into the photophysics of inorganic upconversion observed in
lanthanides doped in various crystal lattices. The Er¥*-Yb® system is extensively studied, and
the underlying mechanisms behind each emission peak are investigated. The following
sections provide a brief summary of the results presented in this thesis.

7.1. Effects of Laser-induced Heating in UC Measurements

Laser-induced heating is an often overlooked problem in UC measurements, particularly in the
measurement of the EPD dependence of UC and the measurement of the PLQY. In most of
the host materials, laser-induced heating causes an underestimation of the UC intensity and
thereby the PLQY. The evidence for the presence of such an underestimation is found when
the slope of the double-logarithmic plot of the EPD dependence of UC in the limit of high EPDs
become sub-unity, in disagreement with theoretical models depicting the same. The
temperature rise due to laser-induced heating is estimated by making use of the thermally
coupled 2H11,2 and #Ss2 states of Er®* and was observed to be about 60 K for a microcrystalline
sample of B-NaYFi: 18% Yb%, 2% Er®+ at an EPD of 240 W cm2. The temperature rises
instantaneously as the excitation laser is incident on the sample and then reaches a steady-
state value. The UC intensity on the other hand, decreases due to this effect and reaches a
steady-state value. In the case of nanocrystal samples of the same material, [3-
NaYF.: 18% Yb®, 2% Er®*, no laser-induced heating was observed owing to their better
thermal transport. The effect of laser-induced heating becomes prominent in microcrystals of
NaYF.: 18% Yb®, 2% Er3+ starting from EPDs of 50 W cm®2. By measuring the initial UC
intensity and the steady-state UC intensity at a couple of EPDs, the correction factors for
calculating the EPD dependence curve of the UC emission can be calculated, which can then
be interpolated to correct the entire EPD dependence curve. This method to correct the EPD
dependence of UC and the knowledge of the extent of laser-induced heating that can be
present in a material is particularly important to identify the suitability of UC materials for
different applications, and to compare between different UC materials. In addition, to extract
proper figures-of-merit for UC materials, having the corrected EPD dependence curve is of
prime importance. The corrected curves then agree with the theoretical models defined for UC

and allow extraction of valuable parameters.
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7.2. Figures-of-Merit for UC Materials

Comparison between different UC materials are challenging because of a lack of agreement
in the scientific community about specific figures-of-merits. A combination of two figures-of-
merit is proposed in this work, namely the CPD and the PLQYsa, which when defined together
give comprehensive information about the UC material and its efficiency. An analytical model
called the critical power density model is derived to describe the two-photon ETU. By fitting the
equation of the model to the corrected EPD dependence, the defining parameter - CPD, can
be extracted. The CPD represents the EPD at which UC starts to become efficient, thus a
material with a lower value of CPD will be a better two-photon upconverter. It is also of
importance in identifying materials which exhibit UC in the range of low EPDs. The CPD is an
interesting parameter which gives information about the intermediate-state lifetimes and the
mechanisms behind the emission peaks. A material with longer intermediate-state lifetimes will
have a lower value of CPD and so will be a better upconverter at a lower EPD. Also, UC
emissions which originate in the same excited states will have the same value of CPD, as in
the case of the green (510-560 nm) and NIR (820-860 nm) emissions from Er*. The CPD
model gives two alternate methods for determining the PLQYsa, without having to drive the
system to saturation using extreme EPDs. These techniques are important because, the
undesirable effects at high EPDs like laser-induced heating can be avoided in the process of
determining PLQYsa. The first method involves, measuring the PLQY at an EPD equal to the
CPD, and multiplying it with 5.8 to get the PLQYs. The second method involves, directly
exciting the state whose PLQY is to be determined and by dividing the measured PLQY by 2.
Using four different microcrystalline material systems, viz. B-NaYFi: 18% Yb®*, 2% Er3+,
YFs: 18% Yb®*, 2% Er3+, YCls: 18% Yb®*, 2% Er3*, and La>0s: 18% Yb®*, 2% Er3*, the value of
the CPD and the PLQYsa were determined, and the PLQY s values estimated with the CPD
model were found to agree with the experimentally determined PLQYsa values. The only
exception was when the emissive states had depopulation channels to higher excited states
contributing to three-photon UC. The most efficient UC material out of these four different hosts
(B-NaYF4: 18% Yb®+, 2% Er**) was found to be the one with the lowest value of CPD
(0.7 Wcm?2).

7.3. UC Displays

First the requirements for a UC display, in terms of luminances, scanning rates, efficiencies
and dwell-times are explained in Section 2.2.1. Then, two different types of UC displays are
proposed in this thesis. The first one involves changing the UC emission colour in the dark by
switching the excitation laser between two wavelengths - 980 nm and 1550 nm. Using the

microcrystalline powder SrFz2: 18% Yb3*, 2% Er®*, such a UC display can give red emission
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from the “Fgq. state, as a result of a three-photon ETU due to the easy bridging between the
“lo2 and *l11,2 states of Er®* in this material upon 1550 nm excitation. But when excited with
980 nm, the same material gives green UC emission from its 2H11,0 and “Sg/» states. When both
980 nm and 1550 nm excitation are incident on the material the resulting colour is yellow. The
obtained luminance values in this case are comparable that of the commercially available glow-
in-the-dark phosphors for mesopic vision applications. The second type involves a bright UC
display which can be intensity modulated while keeping the emission colour constant by
making use of simultaneous excitation with 980 nm and 1550 nm radiation. Combinations of
different EPDs of the 980 nm and 1550 nm excitations can yield the same UC emission colour
but different UC intensities. By plotting EPDs with respect to the luminance calculated
according to the photopic vision of the human eye, a second order polynomial can be found
out which gives the combination of EPDs of the two excitation-wavelengths for any required
luminance. Using this curve, greyscale imaging can be done, and initial lab scale
demonstration of such a greyscale display is made which also incorporates the loss due to
raster scanning by making use of a neutral density filter of optical density 3. Microcrystal
samples of SrFz: 18% Yb%, 2% Er3* and B-NaYF.: 18% Yb*', 2% Er®* are used for
demonstrating such a monochrome display which could be used indoors as a 2D display panel
or a volumetric 3D display. Owing to its excellent PLQY, the B-NaYF4 host emerges as a better
candidate for the monochrome display.

7.4. Future work

The formulation critical power density model is very simple, yet it is efficient in obtaining the
figures-of-merit for two-photon UC. Further development to the model to include three-photon
processes, would enable comparison of the total visible UC emission from a material, instead
of only the two-photon emissions. The direct excitation method for determining the PLQY sa: did
not work for the low phonon energy host YCls, because the green emitting states ?Hi1,2 and
4Ss2 act as intermediate states for three-photon ETU processes, owing to their large lifetimes.
Such an effect is not taken account for in the CPD model as it considers only two-photon ETU
processes. Though the direct excitation method is not suitable for materials which easily exhibit
three-photon UC, the CPD extracted is a true measure of the UC efficiency of the material.
The CPD model can be used to classify materials for applications in biomedicine, where a
particular two-photon transition is used for phototherapy or bioimaging.

The monochrome UC display could be implemented using a galvanometric scanner and a
single crystal of high PLQYsa, for a 3D volumetric display, which would give more points per
scanned line of the excitation beam. Such a UC display would benefit from the invisible nature
of the NIR beams, as any scattered light due to atmospheric particles like dust would not cause
disturbances in the field of vision, and a true 3D image can be formed. In terms of the EPDs
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required for normal 3D displays used indoors, the dual-excitation-based UC based displays
have an added advantage as lower EPDs are sufficient [138].

Colour tuning in the dark observed in the cytotoxic SrF2: 18% Yb3*, 2% Er®*, could be used for
bio-imaging for obtaining data at different depths of penetration [190]. The first biological
window extends from 700-950 nm , the second from 1000-1350 nm and the third from 1550-
1870 nm [41]. Therefore 1550 nm radiation would have a deeper penetration than 980 nm.
Imaging the UC emission from SrF2: 18% Yb%*, 2% Er®* doped in a biological tissue would
therefore give details at two different depths, in red and green colour, which when combined
would increase the Z-resolution of the data.

Though work on UC started in the early 1960s, a lot of its mechanisms are not yet understood.
The most efficient UC system remains still Yb3* and Er®* doped B-NaYF., though it was
discovered in 1972 by Menyuk [61]. Different studies based on phonon energies, site
symmetry of lanthanide ions, sensitizer-emitter distances, unit cell sizes and densities of the
crystal lattice, yielded no conclusive evidence till date on what makes a better upconverter.
Even the reason for the high PLQY of the B-NaYF4 host is attributed to different properties by
different groups [53,108,184]. It is high time that these mysteries are unravelled, so that UC
can be used in more challenging applications such as solar energy harvesting. The CPD
calculated for microcrystalline powders of B-NaYFa4: 18% Yb3*, 2% Er®* in this work was
0.7 W cm2, which is definitely in the right direction. Perhaps, a sensitizer for transferring the
energy to the *l13- state of Er®* is the answer. A little further and UC could be used effectively
for solar cells based on silicon, due to the *ls2 and *l112 levels which can effectively emit into
the band-gap of silicon [191].
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Appendix

A.1. Method to find the ground term

o Fully filled orbitals do not contribute to angular momentum coupling.
e Use Hund's rules:
a. The lowest energy term will be the one with the largest value of spin
multiplicity (2S+1)
b. If there are more than one term with same spin multiplicity, the lowest energy
term will be the one with the largest value of L
c. The lowest energy level will be the one with J = |L-S|, if the orbital is less than
half filled or J = (L+S), if the orbital is more than half filled

Two examples are provided below for finding the ground terms:
1. Sm3 - [Xe] 4f°
Fully filled orbitals do not take part in coupling as their momenta cancel out.
Maximum possible total intrinsic spin, S =5 X 12
Spin multiplicity = 25+1 =6
Maximum possible total orbital momentum, L =3+2+1+0-1=5(— H)
Therefore, ground term will be ®H with (2L+1)(2S+1) = 66 microstates

The orbital is less than half filled (5 < 7) — for the ground level, total angular
momentum J = |L-S| = |5-5/2 | = 5/2

Therefore, ground level will be ®Hs,» with (2J+1) = 6 degenerate microstates

2. Yb3 - [Xe] 4f'3
Fully filled orbitals do not take part in the angular momentum coupling.

Maximum possible intrinsic spin, S=7 X2+ 6 X -2 =12

Spin multiplicity = 2S +1 =2
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Maximum possible angular momentum,L=3+2+1+0+-1+-2+-3+3+2+1+0
+-1+-2=3(—F)

Therefore, ground term will be 2F with (2S+1)(2L+1) = 14 microstates

The orbital is more than half filled (13 > 7) — for the ground level, the total angular
momentum J = (L+S) = 7/2

Therefore, ground level will be 2F7, with (2J+1) = 8 degenerate microstates.

A.2. Microstate approach for finding all the energy levels of a configuration

1. Consider only the partially filled orbitals
Find the total number of microstates possible for the orbital
List all these microstates and find out the total intrinsic spin and total orbital spin
for each state

4. Form a table showing the frequencies of all obtained values of total intrinsic spin
and total orbital spin

5. To obtain different spectroscopic terms and corresponding levels, deduce smaller
arrays from this table till an array consisting of only '1's is obtained.

Examples for finding all energy states of a configuration of 4f orbitals
1) Yb3* - [Xe] 43
Total number of possible microstates = 14!/ (13! X (14-13)!) = 14

Table describing all possible 14 microstates:

No. m, Mi=Zm Ms=Zms
3 2 1 0 -1 -2 -3
1 Tl T Tl Tl Tl Tl T 3 Ve
2 Tl Tl Tl Tl Tl T Tl 2 V2
3 Tl Tl Tl Tl T Tl Tl 1 V2
4 Tl Tl Tl T Tl Tl Tl 0 V2
5 Tl Tl T Tl Tl Tl Tl -1 V2
6 Tl T Tl Tl Tl Tl Tl -2 V2
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10

11

12

13

14

Frequency table of Ms and M.:

Here, the array consists of only '1's.
Hence only one spectroscopic term exists.
M. varies from -3 to 3, indicatingL =3 — F

Ms varies from —'2to ¥, - S =12

2S+1 =2

Therefore, the spectroscopic term is 2F.

T

T

T

T

T

T
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Tl
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T

T
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T
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Vo

YA

By

By

o

o

Y

_1/2

J varies from |L-S| to L+S in steps of 1 — 5/2to 7/2 — 5/2 + 1 = 7/2 — only two levels
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So, the spectroscopic levels are 2Fs;» and 2F 7.

The microstates of 2Fs, are ones with m; values -5/2, -3/2, -1/2, 1/2, 3/2, 5/2 and the
microstates of 2F7;» are ones with m; values -7/2, -5/2, -3/2, -1/2, 1/2, 3/2, 5/2, 7/2 giving a
total of 14 microstates

The ground level will be then 2F7, according to Hund's rules.
2) Pr3+ - [Xe] 4f2
Total number of possible microstates = 14!/ (2! X (14-2)!) = 91

Table describing all possible 91 microstates:

m ML= Zm, Ms= Zms
No.
3 2 o 1 2 -3

1 T 6 0
2 v 5 1
3 1 t 4 1
4 1 i 3 1
5 1 1 > 1
6 1 1 1 1
[ f 0 1
8 ! T 5 0
9 T 4 0
10 root 3 1
11 1 1 2 1
12 1 1 1 1
13 f f 0 1
14 1 1 -1 1
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84 t

85 Lo
86 1 !
87 1 !
88 1 !
89 1 !
90 1 !
91 o

Frequency table of Ms and M.:

The largest variation in M. is from -6 to 6 indicating the presence of an L = 6 term.

In this case, Ms =0 — S =0, a singlet state (2S5+1 = 1)

Hence, we obtain the term 'l with (2S+1)(2L+1) = 13 microstates
J ranges from L+S to |[L-S| — 6

The term thus has a single level 'ls

The remaining frequency table is:

M.

6 5 4 3 2 1 0 -1 -2
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1 i1 2 2 3 3 3 2 2 1 1
Ms 0 1 2 3 4 5 6 5 4 3 2 1
-1 i1 2 2 3 3 3 2 2 1 1

Now, M. varies from -5 to 5 when Ms varies from -1 to 1
Hence,L=5and S =1 — 2S5+1 = 3, a triplet state
Spectroscopic term = 3H with (2S+1)(2L+1) = 33 microstates
J ranges from L+S to |[L-S| > J =6, 5, 4
Spectroscopic levels — 3Hs, *Hs, *Ha
The remaining frequency table:

M

6 5 4 3 2 1 0 1 2 -3 4 -5 -6

Ms 1 11 2 2 2 1 1
0 1 2 3 4 5 4 3 2 1
-1 11 2 2 2 1 1

Now, M, varies from -4 to 4 when Ms =0
Hence, L=4and S =0 — 2S+1 = 1, a singlet state
Spectroscopic term = 'G with (25+1)(2L+1) = 9 microstates
Jranges from L+Sto |[L-S| > J =4
Spectroscopic levels — 'Ga
The remaining frequency table:

M

6 5 4 3 2 1.0 1 -2 -3 4 -5 -6
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Ms 1 i1 2 2 2 1 1
0 1 2 3 4 3 2 1
-1 11 2 2 2 1 1

Now, M. varies from -3 to 3 when Ms varies from -1 to 1
Hence,L=3and S =1 — 2S5+1 = 3, a triplet state
Spectroscopic term = 3F with (25+1)(2L+1) = 21 microstates
J ranges from L+S to |[L-S| — J =4,3,2

Spectroscopic levels — 3F4, 3F3, 3F2

The remaining frequency table:

M.

6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6

Now, M. varies from -2 to 2 when Ms =0

Hence,L=2and S =0 — 2S5+1 =1, a singlet state
Spectroscopic term = 'D with (2S+1)(2L+1) = 5 microstates
J ranges from L+Sto |[L-S| > J =2

Spectroscopic level — D>
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The remaining frequency table:

M.

6 5 4 3 2 1 0 1 -2 -3 -4 -5 -6

Ms 1 1 1 1
0 1 2 1
-1 1 1 1

Now, M. varies from -1 to 1 when Ms varies from -1 to 1
Hence,L=1and S =1 — 2S+1 = 3, a triplet state
Spectroscopic term = 3P with (2S+1)(2L+1) = 9 microstates
J ranges from L+Sto |[L-S| - J=2,1,0

Spectroscopic levels — 3P», 3P, 3Py

The remaining frequency table:

M.

6 5 4 3 2 1 0 1 -2 -3 4 -5 -6

Now, an array with only '1' as an element is remaining.
This gives the last term with L=0and S = 0.
2S+1 =1, a singlet state — 'S.

J ranges from L+ Sto |[L-S| — J = 0.
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Spectroscopic level — 'Sy

Hence, the spectroscopic levels for Pr3+: 'Sy, 3Py, 3P4, 3Po, 'Da, 3F4, 3F3, 3F2, 'Ga, 3Hs, 3Hs,
3H4 and 1|6.

Using Hund's rule, the ground level can be predicted, but the order of excited states is
determined experimentally.

The ground level is the one with maximum multiplicity, L value and J = |L-S| (orbital less
than half filled) — 3Ha.

A.3. Calculation of Scaling Factor

The spectrometer gives a value of photon counts proportional to the actual number of
photons emitted. To convert this value of photon counts to the actual number of photons
emitted, the scaling factor needs to be determined. This scaling factor is dependent on the
measurement set-up and can be estimated from the number of emitted photons calculated
from the input power translated into the photon-flux and the PLQY.

A.3.1. Using SrF. spectra

21000 SrfF,, 980 nm @ 100 W cm?

F’
o

400 600 800
Wavelength (nm)

UC («cphotons cm™?s'nm

Figure A.1. UC spectra of SrF2:Yb%, Er’* (18%, 2%) at 100 W cm of 980 nm excitation. Reproduced from
Joseph et al [125]

P=100 W cm? = 493 x10'® photons s'cm™? = 4.93 x102?° photons s'cm
PLQY of SrF2 at 100 W cm? = 0.9% = 0.009

= Expected UC in photons s'cm? = 4.93 x10% * 0.009 = 4.4370 x10'8.

Expected UC _ 4.4370e x10'8
Area measured under UC spectra - 45165

= Scaling factor = =9.8 x10".
This scaling factor is used for all spectra for SrF»
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A.3. Calculation of Scaling Factor

A.3.2. Using NaYF, spectra

e Beam-line from M squared laser slightly changed as new shutter was included
e ND filter of OD 1 was placed before spectrometer

e UC Data corrected for the OD1 filter based on data from Thorlabs website'

L NaYF,,,980 nm @ 100 W cm*
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Figure A.2. UC spectra of NaYF4:Yb3, Er3* (18%, 2%) at 100 W cm? of 980 nm excitation. Reproduced from
Joseph et al [125]

P= 100 W cm? = 493 x10'® photons s'cm? = 4.93 x10?° photons s'cm
PLQY of SrF2 at 100 W cm? = 9% = 0.09

= Expected UC in photons s'cm? = 4.93 x10%° x 0.09 = 4.437 x10"

Expected UC 4.437x101°
Area measured under UC spectra T 1206168

= Scaling factor = =3.67 x10'

This scaling factor is used for all spectra for NaYF4

A.4. Comparison of Calculated and Measured Luminance

To check if the calculations of luminance from experimentally measured UC intensity agrees
with the calculations of theoretically calculated luminance using the following equation, certain

assumptions are made.

. he 1
L:Ph—cﬂabsﬂpl%ﬂﬁZV(1)683E (1)

"Thorlabs, Thorlabs - ND10A Reflective @25 mm ND Filter, SM1-Threaded Mount, Optical Density:
1.0. https://www.thorlabs.de/thorproduct.cfm?parthnumber=ND10A (accessed July 13, 2020).
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Assumptions:

All green photons are emitted at the green peak of the emission spectrum, namely at
545 nm.

All red photons are assumed to be emitted at the peak of the red emission at 660 nm.
ngr = 1 (the laser is not scanned)
Nabsogo=0.5, (powder sample has higher absorption)
=, Absorption coefficient of Yb3 at 980 nmis 1 x 102 cm?
~, Absorption coefficient Er3* at 1550 nm is 4 x 102" cm?

Nabsisso = 0.2 (as absorption is lesser at 1550 nm)

The values of the photopic luminosity function at 545 nm and 660 nm are:

A4

146

V(ADsas =1
V(Dsso = 0.1
.1.980 nm @ 10 W cm2 and 1550 nm @ 10 W cm2 in SrF:

Npigyeso = 0.001, both green and red peaks are having approximately the same area,

refer Figure 6.9(a).

Only red and green PLQYs contribute to luminance as NIR light is not visible.

So green PLQY =red PLQY = 0.0005

10x10%%x683 x980%0.5 [1x0.0005 0.1x0.0005 _
[ S0t 4 ]=2645cdm2

Logo =
980 pym

NMpiqy1550 = 0.001, (SaY)
R/G = 12, for SrF. excited with 1550 nm @ 10 W cm, refer to Figure 6.3,
green PLQY = 0.08 x 0.001,

red PLQY =0.92 x 0.001

10x10%x683x0.001 X1550%0.2 [1x0.08 . 0.1x0.92
Lisso =

+ ]= 482 cd m2

41 545 660

Calculated Ligtas =3127 cd m= = 3000 cd m™?

Measured total L = 3500 cd m™?



A.4. Comparison of Calculated and Measured Luminance

A.4.2.980 nm @ 100 W cm2 and 1550 nm @ 10 W cm2 in NaYF,

L NaYF,,,980 nm @ 100 W cm™
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Figure A.3. UC spectra of NaYF4:Yb%*, Er’* (18%, 2%) at 100 W cm? of 980 nm excitation with integrated areas
of red and green emission. Reproduced from Joseph et al [125]

Npigyoso = 0.09

For pure 980 nm exc. at 100 W cm,

Total area =1206168

Green area =621490 (fraction = 0.5) => green PLQY = 0.52 x 0.09 =0.047

Red area =369584 (fraction =0.3) => red PLQY = 0.3 x 0.09 =0.027

100x10%x683 X980X0.5 [1X0.047 ~ 0.1X0.027
Lago =

an 545 660 ] =24 x10°cd m*

For pure 1550 nm exc. at 10 W cm?,

R/G = 3, refer Figure 6.2.

Npigy1550 = 0.01 (@assuming to be an order low due to lower absorption),

red PLQY =0.75 x 0.01 =0.075,

green PLQY =0.25 x 0.01 =0.025

100X10*X683 X1550%0.2 [1><0.025 0.1x0.075
4t 545 660

Lisso = ]=9.6><1o5co|m-2

Calculated Liota = 3.4 x 108 cd m2

Measured total L = 4.5 x 106 cd m3

147



Appendix

A.4.3.980 nm @ 50 W cm2 and 1550 nm @ 10 W cm2 in SrF»

— _ 2
= 400- SrF, -980 nm @ 50W cm™,
= 1550 nm @ 10 W cm’?
4}
£ M
o
[}
£ 200
°
=
o
2
S o
= e
400 600 800

Wavelength (nm)

Figure A.4. UC spectra of SrF2:Yb%*, Er¥+ (18%, 2%) at 50 W cm™ of 980 nm excitation and 10 W cm? of 1550 nm
excitation. Reproduced from Joseph et al [125]

Assuming 7,,4y980 = 0.01, at such a low EPD
Green fraction = 4916/15021 = 0.3273

Red fraction = 7640/15021 = 0.508

50%x10%%x683 X980x0.5x0.01 [1X0.3273 0.1x0.508 ~
[ + ]=902x1mcdm2
41T 545 660

L980 =
Npigy1s50 = 0.001 (assuming to be an order low due to lower absorption)

R/G = 12 for SrF2 excited with 1550 nm @ 10 W cm?, (refer to Figure 6.3),

green PLQY = 0.08 x 0.001, red PLQY =0.92 x 0.001

50X10%Xx683x0.001 X1550%0.2 [1><0.08 0.1x0.92
545 660

]=2.4><103co|m-2

L1550 = e

Calculated Ligta = 9.3 x 10* cd m2

Measured total L =1 x 10° cd m=
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A.4. Comparison of Calculated and Measured Luminance

A.4.4.980 nm @ 100 W cm2 and 1550 nm @ 10 W cm™2 in SrF-

21000+ SrF,, 980 nm @ 100 W cm?

?’
L JLJ

400 600 800
Wavelength (nm)

UC («cphotons cm™?s'nm

Figure A.5. UC spectra of SrF2:Yb%, Er3* (18%, 2%) at 100 W cm? of 980 nm. Reproduced from Joseph et
al [125]

Npigyoso = 0.01 (measured value)
Green fraction = 14247/45165 = 0.3154

Red fraction = 22608/45165 = 0.5006

100x10*x683 X980x0.5%0.01 [1><0.3154 + 0.1x0.5006
545 660

]=1.7x105cdm-2

Logo =
980 .

Npigy1sso = 0.001 (assuming to be an order lower than PLQY at 980 nm due to lower

absorption)
R/G = 12 for SrF. excited with 1550 nm @ 10 W cm, (refer to Figure 6.3)
green PLQY = 0.08 x 0.001

red PLQY =0.92 x 0.001

100X10*x683%0.001 X1550%0.2 [1X0.08 0.1x0.92

_ 3 -2
- —r o~ ]_ 4.8 x 103 cd m

Lisso =

Calculated Ligtas = 1.75 x 10° cd m2 =2 x 10° cd m2

Measured total L = 2.9 x 105 cd m3
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A.5. Estimation of errors

Measured power

Excitation power density = T

= Relative error in excitation power density = relative error in measured power + relative

error in measured area

Relative error in measured power of 980 nm beam = + 1/30 = £ 3.33 %
Relative error in area of 980 nm beam = £ 1/300 = + 0.33 %

= Relative error in 980 nm excitation power density = + 3.66 %

Relative error in measured power of 1550 nm beam =+1/25=+4 %
Relative error in area of 1550 nm beam =+ 1/250 = £ 0.4 %

= Relative error in 1550 nm excitation power density = + 4.4 %
Luminance is calculated with the equation,

A, hc 1
L= Ph_c - E V(1)683 E

Assuming 1% relative error in each of 14, and 1,4y

Relative error in V(1) is assumed to be 1% when we consider all green photons to be

emitted at 545 nm and red photons to be emitted at 650 nm.
Relative error in excitation power density = + 4 % (taking highest error)
= Relative error in Luminance = sum of relative errors of each term in the equation
=t (4% +1%+1%+1%)

=*7%

150



