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Abstract

In this thesis, three main chapters are discussed, including an Er*-doped Y203
system, a Yb3*-doped NaYF: nanoparticle system and a Yb(F-TPIP): co-
evaporated with a Zn(F-BTZ). organic system. The main discussion is about the
underlying physics of lanthanides, sensitisation of lanthanide ions by using the time
resolved spectroscopy method.

The up- and down-conversion processes between Er3* ion pairs in the Y203 system
was systematically investigated using the time resolved spectroscopy method
regarding different Er3* doping concentrations. The measured lifetime gives direct
evidence for differentiating the excited state absorption (ESA) and energy transfer
(ET) mechanisms during up-conversion processes. Also, the looping mechanism is
found by measuring the NIR luminescence lifetime. Most importantly, the red to
green emission ratio change during up-conversion processes with doping
concentration is explained by a combination of up-conwversion route change and
concentration quenching effect.

A novel sensitisation of Yb3*-doped NaYFs4 nanoparticles is demonstrated by
capping a 1,2,3,4,5,6,7-heptafluoro-8-hydroxyanthracene-9,10-dione (HL) ligand
to the nanoparticle surface. The HL ligand acts as an antenna which can absorb
visible light (400 nm to 600 nm) and then transfers the excited energy to Yb3* ions
encapsulated in the NaYFs host. Interestingly, the energy transfers from the HL
ligand to Yb3* ions near the surface and then migrates to the Yb3* ions inside the
core of nanoparticles and is proved by a systematic time resolved spectroscopy
study. The integrated organic chromophore based-excitation is almost 300 times
higher compared with the Yb3* intrinsic absorption band based-excitation.

The last main discussion is given to the sensitisation of Yb3* ions in a co-evaporated
organic system as the co-evaporated organic system is more optically desirable than
either the Y203 or the nanoparticle system. Compared with the intrinsic
sensitisation, two orders of magnitude times sensitisation of Yb3* ions is
demonstrated by co-evaporating Yb(F-TPIP)s and the Zn(F-BTZ). chromophore,
making it a suitable material for a waveguide amplifier.

In summary, an Er3*-doped Y203 system is investigated as the fundamental study
to understand the underlying physics, and then HL ligand and Zn(F-BTZ):
chromophore are investigated as potential sensitisers for Yb3*-doped nanopartic les
and organic systems separately. The study in this thesis should be useful not only
for fundamental physics but also as a reference for the applications of lanthanides.
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Chapter 1: Introduction

1.1. Backgroundand organisation

Wih the dewelopment of modem techniques, there has been a great demand and
development of uminescent materiels and optoekectronic devices, n which the brthanide
eements have plyed a vially mportant roke. Due to ther lbrge Stokes shifts and long
emision liletimes, lbnthanide ions have been widely used n products rekevant to our daily
ife, ncluding light emiting diodes (LED), tekvisions, computer dsplays, optical fbres,
optical armplifiers, bsers and medical diagnosis, and cell imaging [1]. Especilly, the use of
bnthanides in the field of doped-fiore anmplifiers and lasers. For exanple, Er¥*/Yb®*-doped
amplifiers are significant devices for tekcommunication applications [2, 3], and Nd®*-doped
yitrium aluminium gamet (Nd: YAG) & a commonly used as a bsing medium for solid-state

bsers [4].

Nowadays, lots of attention has been focused on several of the following potential
applications [1]: (1) the continuing use in the lighting industry, (2) functional
complexes for biological assays [5], medical imaging [6] and solar cell [7], (3)
electroluminescent materials for organic light emitting diode [8] and optical fibre
for telecommunications [2]. | have been motivated in understanding and developing

materials in the field of the second and third main applications.

As described above, the main applications of lanthanides are all relevant to light

emission, which is basically due to the electronic state transitions inside the 4f"
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energy manifolds of lanthanide ions. The doping concentration effect of the up- and
down-conversion processes of Er3* ions has been a common interest. In order to be
clear of the underlying physics, Er®*-doped with the Y203 system is analysed as
fundamental research using two important tools: time resolved spectroscopy and

lifetime measurements. Further details are given in chapter 3.

Then, it was found that the energy transfer between lanthanide ions is not efficient
even under the best doping conditions as the absorption cross section of lanthanide
is small. Take the Er®* ion for example, for the majority of the Er®* doped inorganic
and organic matrix, the absorption cross section is only 10-22to 1020 cn for a given
wavelength [9]. Therefore, it is expected that a new kind chromophore, which has
astrong and broad absorption during visible light region can be used as an ‘antenna’
to harvest energy and transfer it to the lanthanide ions. So, in the second step of the
research, organic ligand capped Yb3*-doped nanoparticles are studied for
applications like medical imaging. Details of the ligand capped nanoparticles are

given in chapter 4.

The last part of the research is focused on the field of co-evaporated organo-
lanthanide systems as a thermally deposited film, which is desirable for obtaining
optical qualty waveguide. In detail, by co-evaporating ytterbium(I11)
tetrakis(pentafluorophenyl) imidodiphosphinate, Yb(F-TPIP)s  with a
perfluorinated zinc-based organic chromophore, the zinc(ll) salt of 2-(3,4,5,6-
tetrafluoro-2-hydroxyphenyl)-4,5,6,7-tetrafluorobenzothiazole, Zn(F-BTZ)2, Yb3*
can be largely sensitised through Zn(F-BTZ). chromophore. Details of the co-

evaporated organo-lanthanide system can be found in chapter 5.
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1.2. Lanthanides

Lanthanides (Ln) are a group of elements in the periodic table from atomic number
57 to 71 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). It should
be noted, the chemically similar Yttrium (Z = 39) and Scandium (Z = 21) together
with the lanthanide ions are also known as rare earth (RE) ions. The neutral
lanthanide atom has a Xe core, with a number of 4f electrons varying from 0 (La)
to 14 (Lu) shielded by the outer 6s or 5d6s orbitals [10]. For La, Ce, Gd and Lu, the
outer shell is 5d6s; and for all the rest, the outer shell is 6s. All lanthanide elements
can form stable trivalent cations (Ln3*) by losing two 6s electrons and another f or
d electron. It should be mentioned that several lanthanide elements such as Ce, Sm,
Eu and Yb can form other oxidation states as well. However, in this thesis, all

discussions are about the trivalent lanthanide ions.

The chemical properties of lanthanide ions are similar, but, there are also some
variations due to the different ionic radius [11]. However, their optical properties
are quite different, and are mainly determined by the transitions within the 4f energy
manifolds. The 4f electrons are shielded by the outer orbitals, making the optical
properties almost independent of the host material and environment. The emission
of the trivalent lanthanides is normally discrete narrow bands [12], long lifetime

[13] due to the parity-forbidden 4f absorption coefficients.

It has been a challenge to rigorously describe the electronic configuration of a free

lanthanide ion due to a number of complicated interactions, including the nuclear
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attraction, inter-electronic  repulsion and weak spin-orbital coupling [14].
Therefore, a simple coupling scheme was proposed by Russell-Saunders
considering at the level of total angular momenta by using total spin quantum
number S, total orbital angular quantum number L and total angular momentum
number J. L can be the integer numbers 0, 1, 2, 3, 4, 5 and 6, which are represented
as letters S, P, D, F, G, H and I. The value of ] is determined and restricted to
[IL—S| <]J<|L+S|[15]. The energy level of the ground state of the trivalent
lanthanide ion can be described in atomic spectroscopic terms 2S*1L; [16], where
2S+1 is the multiplicity of the term. In the ground level, if the 4f orbital is less half
filled, ] = L —S, otherwise ] = L + S. Take the Er®* ion for example, according to
the Hund’s rule, S =3/2, L =6 (1), and J = 15/2, the symbol is *l15/2. Afull list of
the electronic configurations of trivalent lanthanide ions in their ground state is

given in table 1.1 below [16].
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Table 1.1. Electronic configuration of the trivalent lanthanide ions in their ground
states.

Number of 4f

lon electrons S L J=T+S
Lad* 0 0 0 0
Ced* 1 1/2 3 5/2
Pr3* 2 1 5 4
Nd3* 3 3/2 6 9/2
Pm3* 4 2 6 4
Smet 5 5/2 5 52
Eus* 6 3 3 0
Gd3* 7 712 0 712
Th3+ 8 3 3 6
Dy3* 9 5/2 5 15/2
Hos3* 10 2 6 8
Erd* 11 3/2 6 15/2
Tms+ 12 1 5 6
Yb3* 13 1/2 3 712
Lus* 14 0 0 0
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1.3. 4f-4f transitions

The absorption and emission spectral bands of the lanthanide ions are due to the
electronic transitions between two 2S*1L; energy manifolds. There are mainly three
kinds of excitation transitions of the lanthanide ions: 4f-5d transitions, charge-
transfer state transitions and 4f-4f transitions. In 4f-5d transitions, one of the 4f
electrons is excited to the 5d orbital, which is typically observed with the Ce3* ions.
In the charge-transfer state transitions, the sp electrons of the neighbouring anions
are transferred to the 4f orbital, which typically happens with the Eud* ions. [16] In
this thesis, all the transitions discussed later relating to the Er3* and Yb3* ions are
due to the third maain excitation transition: 4f-4f transitions, which involve the
movements of electrons between different energy levels of the 4f orbitals within the
same lanthanide ion. There are three main mechanisms of the 4f-4f transitions: (1)
the magnetic dipole transition; (2) induced electric dipole transition and (3) electric

quadrupole transition [17].

1.3.1. Magnetic dipole transition

The magnetic dipole transition is due to the interaction between the active ion
(lanthanide) and magnetic field component of the light through a magnetic dipole.
Intensity of the magnetic dipole transition is proportional to the square of the
transition dipole moment. Considering the small size of an ion, the curvature
displacement will be small, thus the intensity of magnetic dipole transition is
normally very weak for the most of lanthanide ions. However, it is of interest and

used as intensity standards for various doping hosts, because it is independent of
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the environment. Magnetic dipole can be considered as a rotational displacement of
charge: the sense of rotation cannot be reversed under point reversion, thus

magnetic dipole transition has even parity [17].

1.3.2. Induced electric dipole transition

The induced electric dipole transition is the main observed optical transition in
lanthanide ions, which is due to the interaction of the active lanthanide ion and the
electric field vector through an electric dipole. The electric dipole operator has odd
parity as it supposes a linear movement of charge. The intra-configurational electric
dipole transition is forbidden due to the Laporte parity rules. But in reality, weak
and narrow emissions are observed [18], which are mainly due to the mixing of the
4f wave functions with the opposite-parity wave functions of the crystal field such
as the 5d states, charge transfer states and so on [19]. Thus, they are often called

induced electric dipole transitions.

1.3.3. Electric quadrupole transition

The electric quadrupole transitions arise from a displacement of charge that has a
quadrupole nature. It can be considered as two electric dipoles aligned in different
directions. Electrical quadrupole transition is much weaker compared with the
magnetic dipole transition and induced electrical dipole transition. And it should be
mentioned that no experimental evidence exists for the occurrence of quadrupole

transition in lanthanide ions [17].
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1.4. The Dieke diagram

The Dieke diagram was firstly built by Dieke et al. in the 1960’s and was based on
the measurements of the lanthanide doped LaCls, after which it was extended by
Ogasawara [20, 21]. Since then, the Dieke diagram has been commonly used as a
reference for estimating the absorption and emission spectra of the trivalent
lanthanide ions embedded in any host matrix, as the optical characteristics are not
affected much by the crystal environment. A typical Dieke diagram is illustrated in

figure 1.1 below.
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Figure 1.1. The Dieke diagram: energy levels of the 25+1L; multiplet manifolds of
trivalent lanthanide ions. It is taken from the reference [20].
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1.5. Radiative and non-radiative decay

Once the lanthanide ions are excited, there will be luminescence, which corresponds
to the radiative decay from the excited states. And the energy of the emitted light is
equal to the energy gap between the excited and ground states. In addition to that,
there is a possibility of non-radiative decay, a process where the excited lanthanide
ion decays to the ground state without the emission of photons. Both the radiative

and non-radiative decay processes are illustrated in figure 1.2 below:
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Figure 1.2. Trivalent lanthanide de-excitation process: the green line represents
the radiative emission while the dashed red line represents the non-radiative
process.

In the simple two-level system of a trivalent lanthanide shown above, when the
electrons are de-excited from high-lying energy level Ez to energy level Ei by
spontaneous emission of photons and non-radiative processes, the differential

dynamic equation of the energy level E2’s population n, is given by:

19



% = —An,(t) = —(4, + A4,,)n,(t) (1.1)

where A is the total decay rate, which is a summary of the radiative decay rate (4,.)
and non-radiative decay rate (4,,,.). Similarly, the experimentally measured lifetime

7 is defined as the inverse of the decay rate A:

= (1.2)

M= L= —T— (13)

As can be seen from equation 1.3, the quantum efficiency cannot be 100% as a
result of the non-radiative processes, which are due to quenching by a variety of
processes such as hydroxyl, hydro-carbons and hydro-nitrates groups (An),
multiphonon relaxations (Awmp) and the interactions between the lanthanide ions
(Aet) [22-24]. In addition, the measured lifetime 7 of the organo-lanthanide
complex is extremely sensitive to the O—H and C—H bonds [25], which is due to the
small energy difference between the excited states of lanthanides and the vibrational
energy of the chemical bonds (see subsection 1.5.1). In chapter 5, there is a detailed
discussion about the lifetime of Yb3* complex regarding different synthesis

environments.
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1.5.1. Vibrational oscillator quenching

Lifetime of Er3* and Yb3*is sensitive to high energy vibrational oscillators, such as
O-Hand C-H chemical bonds. For example, the measured lifetimes of erbium and
ytterbium complexes are much shorter compared with their intrinsic lifetimes.
Figure 1.3 below shows the energy gaps of Er3*, Yb3* in comparison with the
vibrational chemical bonds such as O-H, C-H and C-F. The high energy O-H
(3450 cml) and C-H (2950 cml) bonds can effectively quench the NIR
luminescence of Er** (*l112) and Yb3* (*Fss2) ions. Yb3* is less sensitive to the
oscillators than Er3* as there is a bigger energy gap mismatch between 4Fs/2 and the
vibrational excited states of the chemical bonds. This does explain the high quantum
yield (79%) of Yb(F-TPIP)3 we get (details are given in chapter 5), while the
quantum vyield of Er(F-TPIP)s3 is less than 10% [2]. Interestingly, the vibrational
energy of C—F bond (1250 cm) is much lower than the C-H bond, which
suppresses the quenching process of lanthanide ions. Therefore, fluorination is our
strategy to reduce the vibrational oscillator quenching effect in our co-doped

organic lanthanide complexes.
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Figure 1.3. Energy gap of Er®*, Yb3* compared with the O-H, C-H and C-F
chemical bonds.

1.5.2. Multiphonon relaxation

Multiphonon relaxation is another important non-radiative process. It competes
with the radiative de-excitation by transferring the energy of the excited ions to the
lattice and then the energy is released by means of phonon emission. Multiphonon
relaxation rate Awmp varies exponentially with the decrease of the energy gap, and is

temperature dependent:

Ayp(T) = Ay p(0)e %4E (1.4)

Ayp(0) is the multiphonon relaxation rate at 7= 0 K, o is the host-dependent
positive constants, and AE is the energy gap between the excited energy level and

the next lying level.
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1.5.3. Concentration quenching

Emitted light intensity normally increases with the concentration of luminescent
centres to a critical concentration. Above this concentration, intensity starts to
decrease. This process is called concentration quenching. The origin of the
concentration quenching is due to the efficient energy transfer among the excited
lanthanide ions when the distance between them is small enough. The more efficient
the energy transfers, the higher the probability that energy can be quenched by
defect centres, therefore, there are more chances for the non-radiative processes
happen. Thus, the decay time of the emitting energy level is reduced consequently.
Experimentally, the easiest way to detect concentration quenching is to measure the
lifetime of the excited lanthanide ions as a function of concentration rather than

measuring the quantum efficiency [26].

s
e
-

(a) (b)

Figure 1.4 (a). Concentration quench due to the quenching traps. Circles represent
the donors and the black circle represents the quenching trap; (b). Cross relaxation
between pairs of lanthanide ions [26].
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Concentration quenching is one of the most important quenching pathways. It is
due to the interaction between a pair of lanthanide ions, therefore, the non-radiative
decay rate varies with the square of dopant concentration. The higher the dopant
concentration, the more probable it is that energy transfer can happen. There are
two kinds of main concentration quenching mechanisms. One is quenching traps:
the excitation energy can migrate among lots of ions (donors) until it reaches the
quenching traps (such as defects), as illustrated in figure 1.4 (a). And the other is
cross relaxation: part of the absorbed energy of one luminescent ion is transferred
to another identical ion by resonant energy transfer, as shown in figure 1.4 (b)

above. These two kinds of concentration quenching are discussed in chapter 3.

According to the Forster-Dexter theory [27, 28], the non-radiative decay rate (Az;)

due to concentration quench can be expressed as follows [29]:

S
R
Agr = A, Zs=6,8,10 [i] (1.5)

where 4, is the radiative decay rate, which can be predicted with the Judd-Ofelt

theory discussed in the subsection 1.6, Rjj is the inter-ionic separation, Ro is the

6 8
critical separation. Also of the note are the expressions: A, [g—"] A, [::—"] and
ij ij

10
A, L’:—"] , Which are the transition probabilities of dipole-dipole interactions,
i

dipole-quadrupole interactions, quadrupole-quadrupole interactions respectively.
Dipole-dipole transfers are the main operating mechanisms for concentration

guenching (metal to metal energy transfer processes). Therefore,
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Agr = A, _r (1.6)

1.6. Judd-Ofelt theory

The Judd-Ofelt theory was built independently by Judd and Ofelt in 1962 [30, 31].
The idea that an admixture of the opposite parity can relax the 4 dipole transitions
is the basis of the Judd-Ofelt theory. Judd-Ofelt has been commonly used to predict
the 4f-4f optical transition properties of the lanthanide ions within a crystal structure
for branching ratios, especially for the spontaneous radiative emission rates and

lifetimes.

The radiative decay rate Arof the electronic transition from an initial state 25*1Ly to

final state 2S*'L’p can be calculated according to the Judd-Ofelt theory as [26]:

8m2e? 8m2e?

A, = Agp + Ayp = W fep t fup (1.7)

mcA?
where the A, and A,,, are the spontaneous transition probability for electric
dipole (ED) transitions and magnetic dipole (MD) transitions, and are determined
by the oscillator strength f5, and f,,, separately, m is the mass of the electron, c is
the speed of light in vacuum, A is the average transition wavelength, e is electronic

charge.

It should be mentioned that the strength of the magnetic dipole transition (f,,p) is

only 10 of that of an electric dipole transition (f;p). Thus, fy,p is excluded from
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the discussion below. For the electric dipole transitions, fz,, is related to the dipole

strength D by

8m%mc
feo = 3127 (1.8)
And the dipole strength D is defined by
D = |(w; 6w, )| (1.9)

where ; and 1) are the initial and final wave functions, and 0 is the electric dipole

operator.

In order to compare the calculated dipole strength with the experimental one, the
correction factor for the dielectric medium and the degeneracy of the initial levels

have to be considered:

1

Dexp = mXEDD (110)

where 2] + 1 is the degeneracy, and for the medium with the refractive index n, the

correction factor y, is

n(n? + 2)2
Xep =— g (1.11)
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In summary, the spontaneous radiative decay rate A4, can be calculated using:

64m*

A=—
"7 3B + 1)

XED |<¢i|6|1/)f)|2 (1.12)

The radiative lifetime 7 of an emitting state 2$*!L’y is related to the spontaneous
emission probabilities of all transition from this state to the under-lying states 2S*1L

[13]:

_ 1
B Z]Ar(],_])

- (1.13)

1.7. Up-conversion (UC) mechanism

The history of up-conversion (UC) can be traced back to 1959. Bloemgergen
proposed an idea that infrared (IR) photons could be detected and counted through
sequential absorption (ESA) within the levels of a given ion [32]. But the role of
energy transfer in UC was first recognised by Auzel in 1966. And since the
discovery in the 1960s, lanthanide doped UC materials, which can convert infrared
radiation into visible luminescence via a variety of processes, including excited
state absorption (ESA) and energy transfer (ET) [18, 33], have been widely
investigated. Most of the UC work is based on the lanthanide doped halide [34-39],
oxide [40-43] and glasses [44-47]. And a few works have been done with the

organo-lanthanide materials [2, 48].
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This variety of UC works are mainly observed and investigated through lifetime,
excitation and emission spectra measurements [49]. Especially, time-resolved
spectroscopy plays an important role in understanding the dominant mechanisms of
the UC processes [13], and has been the main research tool used throughout the
PhD period. The time-resolved spectroscopy technique is described in detail in

chapter 2.

The main UC mechanisms are believed to be excited state absorption (ESA),
sensitised energy transfer (ETU), cooperative up-conversion and photon avalanche

[18, 49], all of which are explained in the subsections below (1.7.1 —1.7.4).

1.7.1. Excited state absorption (ESA)

In the simplest UC process of the Er3* ion doped matrix shown in figure 1.5,
absorbing one 980 nm photon by ground state absorption (GSA) populates the #l11»
state. Provided that the lifetime of the #1112 stateis long enough (in the order of ms),
there is a possibility of absorbing the second 980 nm photon. The successful
absorption of the second 980 nm photon further excites the Er* ion from the
intermediate “#l11/2 state to the high-lying #F7/ state (*l112+ hv — #F72),and the 490
nm photon emission from the exited high-lying “F7, state to the ground state (*Fzr

— “4l15/2) is called UC emission.
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Figure 1.5. ESA UC mechanism in the simplest Er3* system.

1.7.2. Sensitised energy transfer up-conversion (ETU)
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Figure 1.6. ETU mechanism in the Er3*-Yb3* system.
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Compared with ESA, ETU is at least two orders of magnitude more efficient [18],
and involves non-radiative energy transfer between two neighbouring ions. In the
commonly investigated Er*-Yb3* system illustrated above, Yb3* is called the
sensitiser and Er®* is called the activator. Usually, the sensitiser has a large
absorption cross section at a typical excitation wavelength. In this case, once Yb3*
is excited at a 980 nm wavelength, it passes the energy to the neighbouring Erd*
activator ion to promote it from the excited state “l11/2 to the upper state “F7/2 by
relaxing itself to a lower state 2F7/2 (ground state in figure 1.6). The ETU process
happens between neighbouring ions, thus it is concentration dependent, as

discussed abowve in the concentration quench section.

1.7.3. Cooperative luminescence and sensitisation up-conversion
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Figure 1.7 (a). Mechanism of the cooperative luminescence UC; (b). Mechanism
of the cooperative sensitisation UC.
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Cooperative UC is less efficient then ESA UC or ETU discussed above. There are
two kinds of cooperative UC: cooperative luminescence UC and cooperative
sensitisation UC. These two processes are quite similar, as shown in figure 1.7 (a)
and 1.7 (b) above. In the cooperative UC process, two excited ions decay
simultaneously to the ground state, with emission of a single phonon which
combines the energy of these two ions. The difference between cooperative
luminescence and cooperative sensitisation UC is that cooperative luminescence
comes from a virtual level, thus the emission probability is extremely low, while
the luminescence due to cooperative sensitisation is from the real high-lying energy

state E2 of a third ion.

1.7.4. Avalanche up-conversion

Avalanche UC happens due to the multi-interactions between several absorption
and energy transfer processes [50]. A schematic diagram of avalanche UC is given
in figure 1.8. E:1 has to be populated with non-resonant GSA, while E: is populated
by the subsequent resonant ESA. And there must be a strong cross relaxation
process between the excited ion and the neighbouring ground state ion (see the
dashed red line). Thus, the population of Ezis initially through cross relaxation and
then ESA. It should be noted that there is a certain high threshold value for this kind

of avalanche UC, making it impractical for real applications.
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Figure 1.8. Mechanism of the avalanche UC in the simple three level system.

1.8. UC rate equations in a simplified Er3*-doped system

It is still hard to use the dynamic differential rate equations to accurately model the
UC processes in the practical systems. One reason is that there are too many
processes involved, including the GSA/ESA, energy transfer, radiative and non-
radiative decays, cross relaxation and concentration quenches. This will be
discussed in detail in chapter 3, regarding the Er3*-doped Y203 system. And the
other reason is that different dopants incorporated in the host lattice have different
energy levels, which makes the whole discussion more complicated. However,
according to the UC rate equations, lots of general conclusions can be made, with
the necessary assumptions and limitations [51, 52], that the ground state population
density n, is constant and the whole system is continuously pumped into the

intermediated state by GSA.
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Figure 1.9. The UC mechanism involves GSA, ESA and ETU processes in the
simplest single Er3*-doped system.

In the simplified single Er*-doped system (figure 1.9), the three levels considered
are “l1s2 (ground state), “l11/2 (intermediate state) and #F7/2 (up-conversion emitting
state) [53]. And it is assumed that all levels between the “l11/2 and #F7/2 states will
quickly non-radiatively decay to the #l11/2 state. n,, n, and n, are the population

densities of the ground state, “l11/> state and “F7/2 state, respectively. We have:

I gon = A, — T owin,? (1.14)

0'*0 1'%1 171 .
n, _ Any — 2+ Wyn,? (1.15)
dt Ty
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where A, and A, are the absorption of the pump rates in ground state and
intermediate state 4l11/2 respectively, 7,, and t,, are the radiative decay time of the
intermediate state “l11/2, and up-conversion emitting state *Fz;2 and W, is the energy

transfer up-conversion rate.

1.8.1. UC rate equation discussion when ETU is dominant

When the ETU is dominant during the UC process, A,n, part can be neglected.

Thus, the new UC rate equations are as follows:

I ping =~ 2w, (116)
dt Tpq
dn, n,
—_ ™ a2 117
dt T, 1M ( )

If *L « 2W,n,?, one gets n, < A, < p; otherwise, one gets n, « p2, where p is

Tr1

the pumping power.

1.8.2. UC rate equation discussion when ESA is dominant

When ESA is dominant during the UC process, W, n,? can be neglected. The new

UC rate equations become:
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e g, -2 (1.19)
de Ty

If An, < Tn—l then n, o p; otherwise, one gets n, « p?.
rl

1.9. Summary

In this introductory chapter, the general background of lanthanide ions, the potential
applications, and the research motivations are discussed in detail. In addition, the
detailed optical and physical properties of the lanthanide ions, including electronic
configuration, 4f-4f transitions, Dieke diagram and Judd-Ofelt theory, are
explained. Lastly, different types of UC processes are identified and general

dynamic equations are discussed within the simplest Er3*-doped three level system.

1.10. Aims of the research

The first goal of the PhD was to gain an in-depth understanding of the Up- and
Down-conversion mechanisms, which are commonly used in the applications
mentioned in chapter 1.1. In addition to the basic understanding, the second goal
was to demonstrate novel energy transfer within organic ligand capped Yb3*-doped

NaYF4 nanoparticles system, and co-evaporated organo-lanthanide system.
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Chapter 2: Experimentation and methodology

2.1. Introduction

This chapter will present in detail the following: the synthesis and characterisation
of Er**-doped Y203, the HL ligand capped Yb3*-doped NaYF4 nanoparticles, the
co-evaporation of Yb(F-TPIP)s and Zn(F-BTZ). thin films, experimental optical

instruments, measurements and set up.

Er3*-doped Y203 was synthesised through a conventional spray pyrolysis method,
which is shown in subsection 2.2. Ligand capped Yb3*-doped NaYF4 nanopartic les
were synthesised using a two-step method. Firstly, the NaYF4 nanoparticles were
produced through a commonly known hydrothermal method. Secondly, the ligand
capped NaYFs nanoparticles were prepared under a straight forward chemical
reaction using the synthesised nanoparticles and pre-prepared HL ligand. This is
shown in subsection 2.3. Yb(F-TPIP)s was chemically produced though
YbCk-6H20 and HF-TPIP. Then, it was co-evaporated with Zn(F-BTZ). in order

to get an efficient sensitization of Yb3* ions, as described in subsection 2.4.

Material characterisation techniques are described in subsection 2.5, including
structure characterisation which was performed using the X-ray diffraction (XRD)
method, doping concentration, which was confirmed with energy-dispersive X-ray
spectroscopy (EDS), and the nanoparticle size, which was confirmed with

transmission electron microscopy (TEM).
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The optical measurement instruments, including an optical parametric oscillator
(OPO), Apex Arc lamp, continuous wave (CW) Ilasers, spectrometer,
photomultiplier, oscilloscope, lock-in amplifier, U-3000 spectrophotometer are all

described in subsection 2.6, along with the experimental set up.

2.2. Synthesis of Er¥*-doped Y,03

Spray solution

Valve
N, flow
Glass /i i% Hotplate with
substrate i 1 stemperature controller

Figure 2.1. Simple diagram of Spray Pyrolysis system [1].

Er3*-doped Y203 was synthesised through a conventional spray pyrolysis
technique, which is an inexpensive, convenient and widely used technique for film
deposition [1]. The whole system is very simple, as illustrated in figure 2.1 above.
It includes a spraying system as well as a hotplate with temperature controller. The
vertical distance between the spray gun and the hotplate surface is around 40 cm,

which is a suitable distance to get fine solution drops. Typically, a mixture of
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Y(NO3)3-6H20 and Er(NO3)3-6H20 was dissolved in 50 ml de-ionised water. The
solution was sprayed, using a conventional spray gun, using N2 gas onto a piece of
cleaned Corning glass, which was pre-heated to 450 °C on the hotplate surface,
creating a uniformly distributed white powder film of Er¥*-doped Y20s. The
specific precursor concentration for making the series of Er®*-doped Y203 is given
in table 2.1 below. The spraying rate was controlled at 20 mi/min by adjusting the
N2 gas pressure to 4 mbar. During the spraying process, the spraying time was 10
seconds followed by a minute break in order to make good quality Y203 [2]. The
pause in the spraying is necessary to stop the spraying from cooling the glass
substrate. The hotplate surface temperature maintained 450 °C during the whole

spraying process. And the final yield of the Y203 is around 20%.

Table 2.1. Precursor solution concentrations for spray pyrolysis.

Doping concentration Y(NO3)3-6H20 Er(NOs)s-6H20
0.2% 1 ¢/50 ml 0.0024 ¢/ 50 mi
0.5% 1.g/50 mi 0.006 ¢/ 50 ml
1% 1.g/50 ml 0.012 ¢/ 50 ml
2% 1 g/50 mi 0.024 ¢/ 50 ml
5% 1 ¢/50 mi 0.06 g/ 50 ml
10% 1 ¢/50 ml 0.12 g/ 50 ml

After the spraying process, the white film powder was removed and annealed under

different temperatures (500 °C to 1000 °C) and time periods (2 hours to 24 hours)

43



in the ambient air. The details of the annealing conditions are described in chapter
3. All samples annealed at different temperatures were measured in order to get an

idea of the optimum annealing condition.

2.3. Synthesis of HL ligand capped sub 10 nm 10% Yb3*-doped

NaYF,nanoparticles

2.3.1. Synthesis of RE(CF3;COOQO);

Y(CF3COO)zand Yb(CF3COO)z are the raw materials for producing Yh3*-doped
NaYF4 nanoparticles in this experiment. They were prepared according to method
reported in the literature [3]. In detail, 2 mmol Y203/ Yb203 were dissolved in a
solvent containing 10 ml trifluoroacetic acid (TFA) and 20 ml deionised water. The
reaction was refluxed under 80 °C stirring for 24 hours until forming a completely
transparent solution. The resultant solution was then evaporated in a rotary
evaporator for 1 hour at 90 °C to get the dried Y(CFsCOO)3/ Yb(CFsCOO)swhite
powder. Y203, Yb203 and trifluoroacetic acid (TFA) precursors were all purchased

from Sigma-Aldrich without any further purification.

2.3.2. Synthesis of HL ligand capped 10% Yb3*-doped NaYF4 nanoparticles

The synthesis of sub 10 nm 10% Yb3*-doped NaYF: nanoparticles was done
according to a modified literature-based method [4]. The detailed synthesis
procedure can be described as follows. Firstly, 0.9 mmol Y(CF3COO)s, 0.1 mmol

Yb(CF3COO)3 and 2 mmol Na(CF3COO) together with 4 ml oleic acid, 4 ml
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oleyamine and 8 ml 1-octadecene were added to a dried round bottom flask and
well mixed. Secondly, the uniformly mixed product was heated under vacuum (10
2 mbar) at 130 °C for 45 minutes to form a transparent yellowish solution. Then the
flask was flushed with N2 slowly for 5 minutes and then in order to balance the
inner side pressure with the ambient air, a syringe needle was added to the top of
the flask. In the meantime, a salt bath (0.5 kg NaNOstogether with 0.5 kg KNO3)
was heated to 290 °C by a temperature controlled hotplate. After that, the reaction
flask was heated in the salt bath under stirring for 40 minutes and the temperature
of the reaction solution was set to 280 °C with a temperature feedback monitor to
the hotplate. During the whole process, slow N2 flow was used as a protective
atmosphere. The general experimental system setup is shown in figure 2.2 below.
1-Octadecene (ODE; technical grade, 90%), oleic acid (OA; technical grade, 90%),
Oleyamine (technical grade, 70%) and Na(CF3COO) were all purchased from

Sigma-Aldrich without further purification.
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Salt Bath
(KNO4/NaNO)

[ Temperature Controller ]

Figure 2.2. Experimental setup for Yb3+-doped NaYF4 nanoparticles.

When the reaction was finished, the solution was cooled under N2 flow to minimise
the effect of ambient air. The final products were isolated by adding ethanol and
using centrifugation. The centrifugation speed was set to 3800 r/min. After being
washed with ethanol and centrifuged two more times, the nanoparticles were

dispersed into chloroform solvent.

1,2,3,4,5,6,7-heptafluoro-8-hydroxyanthracene-9,10-dione (HL) ligand capped sub
10 nm Yb3*-doped NaYF4 nanoparticle was synthesised through a simple chemical
reaction. Firstly, 10 mg HL ligand was dissolved in 50 ml of chloroform to form a
uniform light yellowish solvent. Then, 1 ml HL ligand solution was added to a 0.5
ml Yb3*-doped NaYFs nanoparticle dispersed chloroform solution in which the
nanoparticle concentration is 10 mg/ ml. Immediately, the colour of the mixed
solution changed from yellowish to pink. For a comparison, dilution experiments

and different ligand to nanoparticle ratios were tried, as described in chapter 4. The
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chemical molecular of HL ligand is given in figure 2.3 below. Synthesis and

characteristics of HL ligand were fully described in Y. Peng’s paper [5].

OH O F

F O F

Figure 2.3. Chemical molecular of HL ligand.

2.4. Synthesis of Yb(F-TPIP); and Zn(F-BTZ), co-evaporated film

2.4.1. Synthesis of Yb(F-TPIP); and Zn(F-BT2Z),

The Yb(F-TPIP)s was synthesised through a chemical reaction between the HF-
TPIP ligand and YbClz-6H20 (99.98%). The HF-TPIP ligand was supplied by Dr.
Z. Li from the School of Biological and Chemical Science, Queen Mary University
of London, and the YbClz-6H20 was purchased from Sigma-Aldrich without further
purification. Typically, 1 g HF-TPIP ligand and 167 mg YbCls-6H2O (HF-TPIP :
YbCl-6H20 = 3 : 1) were dissolved into 10 ml and 1 ml boiling ethanol solution
under stirring to form two separate transparent solutions. Then, the YbClz-6H20
solution was slowly added to the HF-TPIP ligand solution using a pipette. A large
amount of white precipitate was produced immediately. The mixture was refluxed
under boiling ethanol solvent for an hour. And then, once the precipitate had cooled

down to room temperature under ambient air, it was isolated by centrifugation ata
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rate of 4000 r/min and washed with methanol one more time. The final product was
dried under vacuum (10-2 mabr) at a temperature of 150 °C for 24 hours. The final

chemical yield was as high as 95%.

Even dried under vacuum for 24 hours, the material was still not ‘dry’ enough, as
the measured 980 nm emission lifetime was low compared to the calculated
ytterbium ions’ intrinsic lifetime (1.31 ms [6]). This is discussed in detail in chapter
5. Thus, sublimation (purification) is a crucial step in our strategy to get rid of the
potential impurities and molecules, such as unreacted ligand, ethanol, methanol or
water, which can act as trapping centres, for making moisture free Yb(F-TPIP)3
material. After sublimation, the 980 nm emission lifetime of the Yb(F-TPIP)3 can
be increased up to 1 ms, reaching 76% quantum yield. The Yb(F-TPIP)3 was
purified by using train sublimation in aglass tube under vacuum, asshown in figure

2.4 below.

Boa\

Outer Pyrex glass tube
\

/ - Materials
/
Llnner Pyrex glassy/

Fibre paper

Pump

O Carbolite furnace

Figure 2.4. Experimental setup for the sublimation of Yo(F-TPIP)3 and Zn(F-BTZ)z.
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The whole purification system is simply composed of a purification column, a
Carbolite furnace and a pump. The purification column includes a glass boat and a
set of outer and inner Pyrex glass tubes. Before the sublimation experiment, the
boat and Pyrex glass tubes were cleaned using the standard cleaning method [7].
For the sublimation, typically, 1 g dried Yb(F-TPIP)s material was placed inside
the glass boat and a piece of fibre paper was placed on top of the boat, which is
used to stop the powder spilling out of the end. The glass boat filled with materials,
together with the inner Pyrex tube, were put into the outer glass tube. The inner
Pyrex glass tube was used to collect the pure sublimated material. The outer Pyrex
glass tube was used as vacuum housing for the purification column. The closed end
of the purification column was inserted into the centre of the Carbolite furnace and
the open end was connected to a pump system containing a Turbotronik NT 10
turbo pump and a Trivac rotary pump. The vacuum of the system was below 10

mbar during the whole purification process.

In the first stage of purification, the Yb(F-TPIP)s material was heated to 120 °C at
arelatively fast rate of around 5 °C/min when the vacuum of the purification column
was below 10-¢ mbar. Then, in order to get rid of the potential impurity molecules,
as mentioned above, the system was left at the same temperature for 10 hours for
out gassing. Thereafter, the temperature was increased by 20 °C every 3 hours until
it reached 270 °C, which is the critical temperature for Yb(F-TPIP)3 sublimation.
Finally, the system was then left for several days for a complete sublimation. During
this process, the temperature could be increased 10 to 20 °C according to the

evaporation rate. When the sublimation was completely finished, there was a small
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quantity of black powder (impurities) left in the boat, and the pure sublimated Yb(F-
TPIP)3 material was uniformly distributed around the inner Pyrex glass tube. After
the sublimation process, the pure Yb(F-TPIP)3 material was moved and kept under

vacuum before film deposition.

Zn(F-BTZ). was again supplied by Dr. Z. Li. The synthesis, physical and optical
properties have been studied in the previous literature [8]. The chemical molecular
is given in figure 2.5. And the sublimation of Zn(F-BTZ). is also a crucial step for
the same reason that the existing chemical molecules (impurities) can be trapping
centres. The sublimation process of Zn(F-BTZ). is similar to that described above

for the Yb(F-TPIP)sz material, except that the critical temperature of Zn(F-BTZ)2

gy

Zn

ooy

Figure 2.5. Chemical molecular of Zn(F-BTZ)..

sublimation is 240 °C.
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2.4.2. Co-evaporation of Yb(F-TPIP); and Zn(F-BT2),

Before the co-evaporation of Yb(F-TPIP)s and Zn(F-BTZ)., these two materials

were transferred from the vacuum box into two organic crucibles separately inside

the evaporation system, as illustrated in figure 2.6 below. And 6 aluminium pellets

(0.5 g) were added to the metal crucibles in order to form a 100 nm thick aluminium

protective layer on top of the deposited organic film. It has to be noted here, even

small amounts of impurities, such as water, inside the bulk materials could have a

big effect in our lifetime measurement experiments. So, all the organic and metal

materials have to be baked for at least one hour, at a temperature of 100 °C under a

vacuum of 10-6 mbar, for out gassing.

Main Chamber

Load Lock

Transfer forks
Gate

- /
Crucibles

—
B

Cold Finger

™~ Mask Cassette

L Shutter

~Thickness
Monitor

Figure 2.6. Diagram of the co-evaporation system.
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The co-evaporation system includes two vacuum chambers, one is called the main
chamber and the other is called the load lock, and it is used to transfer the substrate
holder into the main chamber through a transfer fork. Both the load lock and main
chamber are connected to a scroll pump and a turbo-molecular pump, thus the

vacuum can normally go down to 10-6 mbar.

In a typical co-evaporation process, a piece of cleaned 2 cm? glass substrate was
pre-loaded onto the transfer fork inside the load lock. Once the vacuum of the load
lock was down to 10> mbar, the gate valve could be opened, allowing the substrate
to be transferred onto the mask cassette in the main chamber. The main chamber is
connected with the cold finger, which acts to freeze H>O and hydrocarbons to the
surface by adding liquid N2. By doing this, the vacuum of the main chamber can go
down to 5x10°7 mbar to minimise the amount of water or other organic impurity
molecules. In order to see the effect of the cold finger, a residual gas analyser
(RGA) is connected to the main chamber. The results are discussed in chapter 5. As
water molecules play a vital important role as the quenching traps, as discussed in
chapter 1, all the Yb(F-TPIP)s and Zn(F-BTZ)2 co-evaporation processes were done
under this 5x10" mbar vacuum condition in order to maximise the lifetime of Yb3*

ions.

During the deposition process, Zn(F-BTZ). and the Yb(F-TPIP)s materials were
heated slowly to a temperature of 140 °C and 170 °C respectively at the same time
by adjusting the power supplier. At this critical temperature, the deposition rate of

both the materials was 0.1 A/s. After that, the standard deposition rate was adjusted
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to be 1 A/s (the deposition rate can be adjusted according to the required doping
ratio). Then, the shutter was open and the deposition process began. The deposition
film thickness was monitored by a quartz crystal monitor. In order to calibrate the
deposition rate, the deposited film thickness was double confirmed with Dektak.
After calibration, the deposited film thickness has an averaged experimental

accuracy of 10 % compared to the thickness measured by Dektak.

After the deposition of the co-doped Zn(F-BTZ). and the Yb(F-TPIP)s film, an
extra layer of 100 nm aluminium film needed to be deposited onto the top of the
organic film to prevent possible degradation in the ambient air. During this process,
the vacuum of the main chamber was normally around 10-6 mbar due to the large
amount of heat released by the aluminium evaporation. Finally, the film was kept

in the load-lock under vacuum until it was taken for optical measurements.

2.5. Material characterisation techniques

2.5.1. X-ray diffraction

X-ray diffraction (XRD) is a commonly used technique for material structure
characterisation. The diffraction peak is uniqgue for each crystalline material
according to the Bragg Law [9] as the constructive interference of the radiation
occurs when the path phase difference is an integral number n of wavelength A, so

that;

2d sin 8 = nl (2.1)
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where d is the space of crystal planes and 6 is the angle of diffraction peaks. The
relative intensity of the different orders of diffraction is determined by the lattice

basis according to the structure factor F(hkl)[10]:

F(hkl) = zN f.exp[2mi(hx, + ky, + 1z,)] (2.2)

Where hkl are the Miller indices, f,, is the atomic scattering factor, and x,,, ¥,,, z,,

are the coordinates of the nt"atom in the unit cell containing N atoms.

In my experiments, the XRD patterns were recorded using Cu Ka radiation (A =
1.5418 A). And the collected XRD data was compared with the known

crystallographic information framework file.

2.5.2. Energy dispersive X-ray spectroscopy

As demonstrated in chapter 3, the doping concentration effect is discussed in detail.
Therefore, it is necessary to compare the real doping concentration with the
chemically prepared precursor doping concentrations. Energy-dispersive X-ray
spectroscopy (EDS) is a commonly used elemental analysis technique, which is
based on the principle that each atom has a unique set of peaks on its X-ray emission
spectrum [11]. In the EDS experiment, a high energy beam of electron (20 kV) was
used. And as the Er®*-doped Y203 is a poor conductor, a thin carbon film was
deposited under vacuum onto the top of the Y203 in order to get the emission from
the specimen. The doping ratio data was calculated for both the spot and large

sample areas.
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2.5.3. Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique used to form
an image from interactions of electrons passing through the specimen. The image

is then magnified and focused onto a CCD camera.

Preparation of the sample is as follows: chloroform solution containing Yb3*-doped
NaYF4 nanoparticles was diluted to a concentration of 0.1 mg/ml. And a drop of
this solution was coated onto a 200-mesh carbon copper grid using a pipette. When
the carbon copper was dried, the sample was moved in to the FEI Tecnai G2 T20
machine operated at 200 KeV. The images were randomly selected from TEM

micrographs.

2.6. Optical instruments and set up

Fluorescence measurements can be generally classified into two kinds of
measurements: steady-state measurements and time-resolved measurements.
Steady-state measurements is a relatively easy way, and is performed with a
continuous beam of light, with the intensity of the luminescence measured as a
function of wavelength A. [12] While time-resolved measurements are mainly used
for measuring the intensity decays as a function of time from nano-second to tens
of second region, it requires rather complicated and expensive instruments such as
high speed detection systems (the response time should be in the nano-second or
smaller region). However, the precise shape of the luminescence intensity decay

curve is very important as it contains all the information of rise time, radiative and
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non-radiative lifetimes by fitting the rise and decay intensity curve parts, which is
fundamental information for studying the energy transfer processes as well as the

quantum vyield.

The major part of the optical measurements in this thesis is about the time-resolved
spectroscopic measurements due to the benefits discussed above. For the time-
resolved spectroscopic measurements, a pulsed or modulated excitation light source
is used and the luminescence is monitored as a function of time following the pulse
emission. Tunable optical parametric oscillators (OPQ), electrically modulated CW
lasers (375 nm, 405 nm and 980 nm CW lasers), as well as the xenon lamp, were
used as excitation sources for time-resolved spectroscopic measurements
depending on the experimental requirements. The reason for using the OPO or CW
lasers is that they can be precisely modulated and they can provide enough power
density for luminescence measurements. For the xenon lamp, it has a full range of
light (350 nm to 1000 nm was used in the experiment) and is useful for low power
density measurements. A Hamamatsu R5509-72 nitrogen-cooled photomultiplier
tube (PMT), which has a short response time (less than 1 ns), is suitable and used

for transient luminescence detection together with an oscilloscope.

A typical experimental set up for the time-resolved spectroscopy measurements is
shown in figure 2.7 below. Figure 2.7 demonstrates a typical time-resolved
spectroscopy lifetime measurements set up with OPO excitations. The OPO
excitation light was shined onto the sample of interest. And the directly reflected
excitation light (black line) from the sample should be removed by turning the angle

of the sample holder. Only the scattered light (blue line) emitted from the sample
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was collected through the monochromator and detected by PMT. An oscilloscope,
which is connected to a computer, is used to record the emission intensity decay
curves as a function of time. It should be mentioned that suitable long-pass (for
Down-conversion measurements) or short-pass (for Up-conversion measureme nts)

filtters should be used in order to minimise the background during all measurements.
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Figure 2.7. Schematic of the standard time-resolved spectroscopy set up.

The OPO excitation source can also be replaced with the precisely electrically
modulated CW lasers or Xenon lamp, for lifetime measurements or excitation
measurements respectively. In addition, the oscilloscope can be replaced with a
lock-in amplifier for recording the emission or excitation spectra. The main optical

instruments, including the OPO, solid state lasers, Apex Arc lamp, spectrometer,
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PMT and oscilloscope, and spectrophotometer are described in detail in the

subsections below.

2.6.1. Tunable optical parametric oscillators

The tunable optical parametric oscillator (OPO) has a fast pulse (~ 7 ns, 10 Hz),
which is pumped by a third harmonic (A= 355 nm) of Q-switched YAG: Nd3*laser,
and the excitation wavelength is tunable from 410 nm to 1700 nm by converting
the YAG: Nd3* laser frequency into two output frequencies:

w, = Ws + w; (2.3)

where w,, is the frequency of the input YAG: Nd3* laser, w, is the frequency of the

output signal and w; is the frequency of the output idler.

2.6.2. Apex Arc lamp

The Apex Arc lamp, which has a stable Xenon lamp source of 150 W white light
output, was used in our excitation spectra measurements for the ligand capped
NaYF4 nano-particles as well as Yb(F-TPIP)s co-evaporated with Zn(F-BTZ). thin
films. The Xenon lamp is a gas discharged lamp, which generates light by passing
electricity through ionised xenon gas at high pressure. As far as the experimental
set up, the light from the Xenon lamp was passed through a spectrometer before

being used as the excitation source. Grating of the spectrometer is 1200 lines/mm.
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And the maximum wavelength region used was from 350 nm to 1000 nm in all

experiments.

2.6.3. Solid-state lasers: 375 nm, 405 nm and 978 nm

The 375 nm and 405 nm continuous wavelength (CW) lasers used in the optical
experiments were Stradus™ diode lasers. The maximum output power of the 378
nm and 405 nm CW lasers is 16 mW and 100 mW respectively. The output power
can be simply adjusted from 1 mW to the maximum using the user interface
software installed on the computer. And of course, the output power can be adjusted

down to YW region using the ND filters as well.

A MLR-111-978 nm infrared diode laser was also used for the up- and down-
conversion measurements. The maximum output power is 500 mW and the output

power can be adjusted through the power controller.

All these three lasers were modulated with a square wave within the frequency
range from 10 Hz to ~200 Hz using a function generator, which has arelatively fast

rise and fall time (25 ns).
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2.6.4. Spectrometer

E

Figure 2.8. Schematic of the spectrometer.

A spectrometer is used to disperse the luminescence. It consists of an entrance slit
(A), a collimator (B), the diffraction grating (C), focusing mirror (D) and an exit
slit (E), as illustrated in figure 2.8 above. Luminescence was focused on the
collimator (B) through the entrance slit (A) and then was reflected onto the
diffraction grating (C) in parallel. After the diffraction, the luminescence was
refocused by the collimator (D) to the exit slit (E). Due to the diffraction, the
luminescence of different wavelengths was separated. Thus, the intensity of the

luminescence spectra can be adjusted by rotating the grating.
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The Jobin Yvon Horiba Triax 550 spectrometer was used in the emission and time -
resolved spectroscopy measurements. There were two commonly used gratings
during the measurements. One grating is 600 lines per mm, which is blazed at 1 pm
wavelength. This is typically used for IR region measurements. The other grating
IS 1200 lines per mm, which is blazed at 550 nm wavelength. This is used for the

UV/Visible regions instead.

2.6.5. Photomultiplier Tubes

A photomultiplier is used to detect the dispersed luminescence in the ultra violet,
visible and near infrared regions by multiplying the electrical signals. It contains a
photocathode, several dynodes and an anode inside avacuum glass envelope. When
the photons strike the photocathode, electrons are generated as a sequence of
photoelectric effect and then accelerated by the electric fields between the dynodes

until they reach the anode.

The typical photomultiplier used in my experiment is a Hamamatsu R5509-72
nitrogen cooled detector. The working temperature is -80 °C and the detecting
signal range is from 350 to 1650 nm wavelength. The output resistance was set to
either 50Q or 1KQ depending on the measuring conditions. It should be mentioned,
another Hamamatsu 9113B PMT was used for spectral measurements of the visible

light (300-800 nm). The output resistance is 10MQ.
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2.6.6. Oscilloscope

The oscilloscope, shown in the figure 2.7, is for recording the time-resolved
spectroscopy. By using the “Trigger” function, the luminescent signal can be
observed and recorded onto the screen. The typical oscilloscope used is the LeCroy

Waverunner LT372 with a 500 MHz maximum frequency.

2.6.7. Lock-in amplifier

The multiplied electrical signal from the photomultiplier is measured by the lock-
in amplifier. A lock-in amplifier relies on the orthogonality of sinusoidal functions,
therefore, it can recover the signal from an extremely noisy background and
enhance the resolution of a clean signal with a known carrier wave frequency. In
essence, a lock-in amplifier takes the input signal, multiplies it by the external
reference signal, and integrates it over afew seconds. The resulting signal is the DC
signal, where any signal that is not the same frequency as the reference signal will
be decreased to zero by the low pass filter. This is also called the phase-sensitive
detection (PSD) technique. A typical lock-in amplifier diagram is shown in figure
2.9. There are two inputs: signal and reference, and there is a low pass filter after

the output from the PSD.

62



Input amplifier Band pass filter Low pass filter Out put

A O— -1 in

Signal input ‘

B —

Reference

Reference trigger  Phase shifter

Figure 2.9. Diagram of a typical lock-in amplifier.

Specifically, if the input signal is a sinusoidal function Vi;, sin(wg,t+ 6, )

sig
modulated by an external reference signal V., sin(w, t + 6,.;), the output of

the PSD is the product of input and reference signals:

\Y

sigvref t+ 0

sin(w, g

Mg )sin(w

ref

t+6.)

1
= E Vsig Viet COS[(ws sig

1
ig o )t + (Hsig - eref )] - Evsigvref COS[(CU T Wy )t + (esig + eref )](24)

where V;, and V,.. are the amplitudes, wg, and w,, are the frequencies, 0,
and 6, are the phases of the input and reference signals respectively. As can be

seen, when wg, is equal t0 w,.,, the output of the PSD is an AC signal
1 . . 1
ViigVrer c05(8515 — 0,0 ) Plus a high frequency signal —Vy, V.., cos[(wg +

wsig) t + (055 + 0,f)]. The high frequency signal will be filtered out by the low

pass filter, so only the DC signal can pass through.
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2.6.8. U-3000 spectrophotometer

The Hitachi U-3000 spectrophotometer, which is a quantitative measurement of
transmission of a material as a function of wawvelength (250 nm to 800 nm), was
used to do the absorption spectroscopy measurement. It is a single beam
spectrophotometer, which measures the relative intensity before and after the

sample.
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Chapter 3: Concentration dependence of the up- and
down-conversion emission colour of Er¥*-doped Y.0s; a

time-resolved spectroscopy analysis

3.1. Introduction

As discussed in chapter 1, one of the fundamental objectives of this thesis is to gain
a basic understanding of the interactions between lanthanide ions. Er3* is one of the
lanthanide ions that have been investigated for the underlying physics and various
potential applications [1]. Er3*-doped up-conversion (UC) materials, which can
convert the infrared light into visible Iluminescence via excited state absorption
(ESA) or energy transfer (ET), can be used for applications ranging from biology
to solar conversion. Forexample, the narrow visible emission excited by low energy
can be employed in biomedicine [2], solid state laser [3] and illumination [4].
Especially, the materials can be employed in afunctional phosphor layer to improve
the efficiency of solar cells by means of converting infrared light, which cannot be
absorbed by solar cell, into absorbable visible light [5, 6]. The commonly used host
systems are halides [2, 4, 5, 7-14], glasses [15-17] and oxides [6, 18-32]. During all
these research in the literature, B-NaYFasis one of the most studied host materials
[2, 4,5,7-11, 13, 14] as it yields one of the highest UC efficiencies [33], which is
due to the unique crystal structure and low phonon energy. However, it requires a
complicated synthesis method to make pure (thermally stable) B-NaYFs4, which

makes it less practical for industrial applications [26]. Onthe contrary, Y203 has an

66



excellent chemical stability [34] and the synthesis is simple. Furthermore, Y203 has
a low phonon energy (430-550 cmrl), which makes it a practical prototype UC
material [32]. Based on all the above considerations, Er3*-doped Y203 was chosen

as our starting system.

Er3*-doped Y203 systems have been previously investigated for potential UC
applications [19-21, 31]. These studies were underpinned by a two-fold objective:
to understand the UC mechanisms and the changes in light emission colour upon
changes in the erbium doping concentration (1% to 10%) or excitation wavelengths
(excited at 815 nm and 980 nm). Particularly, the UC emission colour (the ratio
between the different emission bands) as a function of composition is a
phenomenon of high interest, as it should allow the material to be used for
multicolour applications. There are two main kinds of UC routes (ESA and ETU)
for single Erd*-doped systems (see chapter 1). The UC route (ESA or ETU) depends
on the Er3* doping concentrations. J. A. Capobianco et al. reported that the green
(*Szrz > “*l1512) to red (*Foz — “*l1512) ratio decreases via UC at an excitation
wavelength of 815 nm with increasing erbium concentration in the Er3*-doped Y203
system [20]. The change was explained by the occurrence of cross relaxation (CR)
via: [*lor, #l1172] = [*113/2, *Far2] (CR1 in figure 3.1 below). However, the difference
of emission spectra under short excitation wavelength (488 nm) and UC pumping
(815 nm) cannot be explained by this mechanism only. The same group postulated
that the CR process: [*F7/2, *l11/2] = [*Forz, *For2] (CR2in figure 3.1 below) populates
the red-emitting state by depopulating the green one with UC pumping (980 nm)

causing a systematic difference of emission spectra under 488 nm and 980 nm
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excitations [31]. However, this CR process happens under both 488 nm and 980 nm
excitations, thus the theory is not good enough to explain the spectral differences.
The current understanding therefore still involves an ambiguous combination of CR
processes and UC routes. In order to differentiate the CR processes and UC routes,
it is necessary to know the population and de-population dynamics under certain

excitation wavelengths.
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Figure 3.1. Cross relaxation processes of [*lorz, #l11/2] = [*l1312, *Far2] and [*Fre,
41172] = [*Foerz, *Foai2] in single Er®*-doped systems.

It is also worth noting that despite the great activity and interest in co-doped systems
with ytterbium as the sensitiser and erbium as the emitter, the green to red ratio

changes observed with varying erbium and ytterbium concentrations are still the
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subject of major revisions: there was no clear explanation given for the ratio change
with doping concentration in Mai’s paper [12]. Recently, R. B. Anderson et al.
reported that the red emission is due to a three photon process in the Yb/Er co-
doped B-NaYF4 system under 943 nm excitation, involving CR within Er3* ions
from higher-lying *Gui1/2, 2K1s/2 states [13]. The need for accounting for all the
processes and the existing non-definition of those that are important is in part due
to the lack of dynamic data and the difficulty in modelling so many states and ions.
We believe these incomplete models need further testing, -clarification and

refinement.

In order to fully understand the UC mechanism and emission colour change with
doping concentrations, and give some fundamental information for Yb/Er co-doped
systems, we have performed a study of the Er3*-doped Y203 system using the time
resolved spectroscopy method, which is used to understand the character of the
emitting states by recording each emitting state’s time decay profile. The time decay
profile of the emitting states offers the possibility of quantifying not only the
probability of radiative processes but, importantly, that for non-radiative processes
such as CR, which are critical to determine the dynamical processes and colour
properties of optical materials. Moreover, information can be obtained on the
populating mechanisms by measuring the rise time. To the best of our knowledge,
there has been no such systematic study of the #1112 and #1132 state lifetimes in Y203
under both 488 nm and 980 nm excitations, which are vital to understanding UC

processes in this material and in co-doped systems. Therefore, we would expect our
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work in the simple Er®*-doped Y203 system to contribute to an understanding of

more practical systems, such as the Yb/Er co-doped system.

3.2. Experimental and material characterisation

3.2.1. Synthesis of Er®*-doped Y,Os3 materials

Details of the synthesis of Er3*-doped Y203 powders are given in chapter 2. As the
Y203 powder was made with water solvent, there is a possibility that Y203 still
contains some water molecules even under 450 °C high synthesis temperature. In
order to reduce the water molecules, annealing at higher temperature was used.
Given the fact that the near-infrared (NIR) luminescence lifetime of Erd* is very
sensitive to the O-H chemical bond, as discussed in chapter 1, lifetime
measurement was chosen as a way to determine whether the material is water
molecule free under a different annealing temperature and time. Lifetime
measurements of #1132 (1535 nm), *111/2 (980 nm), #Fa/2 (660 nm) and #Sa/2 (560 nm)
states under 488 nm OPO excitation were done for the 5% Er3*-doped Y203 powder
sample. A systematic down-conversion (DC) lifetime study under different
annealing temperatures and time is given in figure 3.2. It shows that 2 hours
annealing at 1000 °C is the optimum annealing condition (longest lifetime), which
was used in this work. It should be noted that the lifetime used in this work is based
on the double exponential fitting of the decay curves. The details of the lifetime

fitting is given in subsection 3.3.
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Figure 3.2 (a). Measured DC lifetimes of #1132, #l11/2, *Fa2 and Sz states of 5%
Erd*-doped Y20z annealed for 24 hours at different temperatures with 488 nm OPO
laser; (b). Measured DC lifetimes of “l13s, *l11/2, *Foro and #Sz/2 states of 5% Er3*-
doped Y203 annealed at 1000 °C for different times with 488 nm OPO laser (power
density is 3x106 Wem-2).

3.2.2. Instrumentation

Powder X-ray diffraction (XRD) patterns of the dried Er*-doped Y203 were
recorded using Cu Ka radiation (A = 1.5418A). The erbium doping concentration
was confirmed by energy dispersive X-ray spectroscopy (EDX) at an accelerating

voltage of 20 kV.

For the down-conversion (DC) lifetime and spectral measurements, a Continuum
Panther optical parametric oscillator (OPO) was used to provide ~7 ns pulse with a
typical power density of 3x108 Wcnr? at a wavelength of 488 nm. Also, a 385 nm
and 405 nm CW laser with a typical power density of 16 Wcm2, which were
modulated by a digital pulse wave generator, were used to investigate the effect of

pulse length and the excitation energy level. The fluorescence was dispersed in a
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Triax 550 spectrometer (gratings: 1200 and 600 lines per mm) and detected by a

Hamamatsu R5509-72 photomultiplier.

For the UC lifetime and spectra measurements, a 980 nm CW diode laser with a
maximum power density of 50 Wcm2 was used, which is modulated by a digital
square wave generator at a frequency of 11 Hz. The excitation laser was removed
from the fluorescence using a short pass fitter (LOSWF-950-B) that was dispersed

and collected using the same system as for the DC measurements.

3.2.3. Structural characterisation

The synthesised Er®*-doped Y203 is a pure single cubic phase [29]. The XRD data
of all Er**-doped Y203 materials are shown in figure 3.3, which confirms the cubic

structure of the Y203 material.
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Figure 3.3. Powder XRD patterns of Er3*-doped Y-Os with various doping
concentrations (0.2% to 10%) after annealing at 1000 °C for 2 hours.

EDX spectra were taken for three selected samples (0.2%, 5% and 10% Er3*-doped
Y203) and the concentrations of erbium and yttrium were measured to be those of
the nominal values as shown in figure 3.4, below. EDX spectra is a measureme nt
of the number and energy of electrons released by the specimen after the interaction
with high energy electrons by an energy-dispersive spectrometer. The released
energy of electrons is the difference in energy between two shells of the atomic
structure, which is unique for a certain element. EDX spectra shows that the
composition of the material is oxygen, erbium and yttrium, and the ratio of erbium

to yttrium can be calculated afterwards (see figure 3.4 (b)).

73



(a) 2

Er
Er Er Er Er

2 4 53 g 10 12
Full Scale 635 ctz Curzor; 12407 (2 ct=) ke
(b) 0.2% Er3*:Y,0, | 5% Er3*:Y,0, | 10% Er3+*:Y,0,
Er/Y 0.243% 5.97% 9.94%

Figure 3.4 (a). Energy dispersed X-ray spectroscopy of the 5% Er3*-doped Y-Os;
(b). Measured elemental ratio of Er/Y of the selected 0.2%, 5% and 10% Er3+-
doped Y203 samples.

3.3. Lifetime difference between UC and DC processes

3.3.1. Lifetime measurements

As we have stated in the introduction, spectral information is not, by itself,
sufficient to understand the difference between UC and DC processes, as it only
provides a partial picture. In order to fully understand the occurring processes, it is
necessary to obtain the details of the decay curves of all intervening states, showing
how each state is populated and depopulated. To quantify the decay constants, all

the decay curves, I(t), were fitted with a double exponential equation,
_ _ _t
I(t) = Ay +A; * exp( ) + A, * exp( T2) 3.1

t
T
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Where I(t) is the time decay intensity at the maximum of the emission band, A, is
the background, A,, A, are the exponential pre-factors and t, and T, are the fitted
decay times. This model is usually employed to account for the decay of erbium
jons in an inhomogeneous environment, for example where ions are either in the
bulk or near the surface (see the example of Yb3*-doped NaYFs nanoparticles in
chapter 5) and undergoing different quenching or energy transfer routes, or when a
population of the ions is close to the presence of impurities. Hence, it is widely
phenomenologically employed without associated hypotheses on the nature of the

parameters. The average decay time constant T, can be determined using [12],

AT+ AT?
av At + AT,

T 3.2

When the decay curve is well fitted (and thus all processes are correctly
phenomenologically accounted for), this is equivalent to taking a non-fitted average
decay constant, calculated directly from the time dependence of the decaying

intensity [35],

J L t(Ddt

T = 3.3
R NS (1

3.3.2. Lifetime summary during UC and DC processes

Er3*-doped Y203 powder yields a wide range of light emission, as shown in figure

3.5 below, with discrete bands ranging from the visible (~520 nm) to the infrared
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(~1535 nm), following excitation at 488 nm at room temperature. In addition,
continuous wavelength diode laser illumination at 980 nm is able to excite the
visible bands (~520 nm and ~660 nm) through UC processes as shown in figure 3.6
below. The bands, as shown in figure 3.5 and 3.6 for 0.2% Er®*-doped Y203, can
be assigned to the corresponding emissions from the 4Ss/2, “Foy2, *l112 and #1132 states

to the ground “l1s/2 state of the Er3* ion.
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Figure 3.5. Spectra of 0.2% Er®*-doped Y203 under 488 nm OPO excitation.
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Figure 3.6. Emission Spectrum of 0.2% Er*+-doped Y-Os under modulated 980 nm
CW excitation.

Figure 3.7 below shows the recorded intensity decay curves and corresponding fits
of the #Sz/2 (green), *For2 (red), 41112 (980 nm) and #113/2 (1535nm) states for the 0.2%
Er3*-doped Y203 sample under 488 nm OPO excitation (DC process). The “4Sap
(green) and “#Fo2 (red) emitting states show short average DC lifetimes, 7, < 120
us, while the IR emitting states, “l11/2and #l13/, present lifetimes more than ten times
longer, in the order of milliseconds. These long-lived “l112and #1132 states can, in
principle, act as intermediate states for further excitation under modulated 980 nm
excitation or participate in energy transfer processes between close erbium ions,
causing the visible UC, as shown in figure 3.6 above. Figure 3.8 below shows the
recorded intensity decay curves and corresponding fits of the 4Sz/2 (green), 4Foy2 (red)

states for the 0.2% Er3*-doped Y203 sample under modulated 980 nm CW
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excitation (UC). Interestingly, the fitted lifetime of the excited 4Ss/2 (green), “For
(red) states during the UC process is similar to that under the DC process. However,
given the fact that the UC process is based on the long-lived “4l112and #l13/ states,
the lifetime of the excited #Say2 (green), #For2 (red) states during the UC process could
be much longer compared with that under the DC process. One possible reason for
the similar lifetime under both UC and DC processes is that the long-lived #1112 and
411312 states do not participate in the energy transfer process but just act as

intermediate states for the excited state up-conversion process.
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Figure 3.7. I(t) decay curves of all emitting states of 0.2% Er®*-doped Y203 under
488 nm OPO excitation.
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Figure 3.8. I(t) decay curves of all visible emitting states of 0.2% Er3*-doped Y203
under modulated 980 nm CW excitation.

Under the given excitation conditions (power density is 3x10% Wcm-2), 0.2% Er3*-
doped Y203 shows the longest DC lifetimes along the Y2-xErxOs series for all the
emitting states (shown in figure 3.9 below); this is caused by the reduced non-
radiative mechanisms for this dilution [12] and particularly the small contribution
of concentration-derived quenching such as CR [12, 36]. The fact that the average
UC decay time (~ 150 us in figure 3.8) is similar to the DC average lifetime (~ 120
us in figure 3.7) is due to very restricted energy transfer UC, as the averaged
distance between erbium ions is the largest in the most diluted sample (0.2% Er3*-
doped Y203). In the general case, if the UC process involves ET through the long-
lived 411172 0r #1132 energy states, the lifetime of the UC visible states (*Sar or *Fop)

will have a much longer lifetime than the intrinsic lifetime. But, if the UC is only

79



due to ESA, the *F72 emitting level is populated through the energy resonant #liip
+ hv - 4F72 process and the subsequent rapid relaxation to the green emitting
levels (?Hi1/2 and #Sap); therefore, the emission processes (lifetimes of the excited
states) are exactly the same as under direct 488 nm excitation [26]. Figure 3.9 below
summarises the average lifetimes for the Er3*-doped Y203 series when varying the
doping concentration from 0.2,to 10 % for both the UC (excitation at 980 nm) and
DC (pulsed excitation at 488 nm). It shows a much more significant difference
between UC and DC average decay times for Er3* concentrations higher than 0.2%.
This result does confirm that the lifetime difference between up- and down-
conversion processes is concentration dependent, and UC lifetime is relevant to the
long-lived “l11/2 or #1132 energy states for high Er®* doping concentration samples.
The corresponding lifetime fittings of the Y2-xErxOgs series during both UC and DC
processes are given in figure 3.10 (a) to 3.10 (f), figure 3.11(a) to 3.11 (f) separately,

and t,, numbers are summarised in table 3.1.
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Figure 3.9. Average decay lifetime of all emitting states of the Er3*-doped Y203
studied samples for DC and UC processes (see text for excitation conditions). Up-
triangles: UC, down-triangles: DC, cyan symbols: emission from “li3/2, violet
symbols: emission from #l11/2, red colour symbols: emission from #Fgy2, green colour
symbols: emission from thermalized *Sz/2.

For all these concentrations, the average lifetimes of Sz and #Fe/2 emitting states
under 980 nm excitation are in the order of hundreds of microseconds, while the
DC lifetimes are considerably shorter (figure 3.9). These much higher values and
differences constitute a direct evidence that the dominant UC mechanism under 980
nm excitation for high erbium concentrations is ETU involving the long-lived #l11p
and/or 4113/ states as excitation reservoirs. ETU processes imply a modulation of
the emission lifetime by the long-lived states acting as a reservoir, as will be
discussed in detail in the subsection 3.3.5. Importantly, the occurrence of ETU

means that erbium-erbium interactions are present even at 0.5% Er3* content.

81



3 g i
19E6 1E5 164 1E-3 001 0.11E-6 1E-5 1E-4 1E-3 001 0.1
Time(s) Time(s)

Figure 3.10 Intensity decay curves of all emitting states of different concentration
doped Er3*-doped Y203 under 488 nm OPO laser: (a). 0.2%, (b). 0.5%, (c). 1%,
(d). 2%, (e). 5%, (f). 10% (power density is 3x10° Wcm-2).
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Figure 3.11 Intensity decay curves of all emitting states of different concentration
doped Er®*-doped Y20z under modulated 980 nm CW laser: (a). 0.2%, (b). 0.5%,
(c). 1%, (d). 2%, (e). 5%, (f). 10% (power density is 50 Wcm-2).
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Table3.1. Average decay times of the emitting states of the studied Er3*-doped Y.Os3
samples under 488 nm OPO (power density is 3x108 Wem-2) and 980 nm (power
density is 50 Wem-2) UC excitation conditions. Numbers (in seconds) correspond
to solid symbols in figure 3.9. The numbers in the bracket are the fitting parameters.

Emission 0.2% Er3*-doping 0.5% Er3*-doping
Wa‘(’r?r'ﬁ)”gth 488 nm OPO | 980 nm UC | 488 nm OPO | 980 nm UC
10.1 x 103 9.32 x 103
(A1: 0.579 (A1: 0.575
1535 1,:10.1x10°3 T,:9.32%103
A2:0.579 A2: 0.575
1,:10.1x10°3) 1,:9.32x10°3)
2.09 x 103 1.95 x 103
(Ar: 0.69 (A1: 0.555
980 T,: 2.42%103 T,:2.39%103
A2:0.509 A2: 0.625
T,:0.96x103) T,:0.85%103)
118 x 10 148 x 106 103 x 106 1.59 x 103
(Ar: 0471 |(Ar: 0.235  |(A1: 0.083 (As: 0.302
660  |t,:118%10° |tr,:139%x10° |r,:182%10®  |t,:1.82x103
A2:0.471 A2:0.014 A: 0.527 A2: 0.466
T,: 118x10F) |t,: 270%10°°) |t,: 71.9%10°%) |1,:0.19%103)
118 x 106 140 x 106 98.4 x 10 0.75 x 103
(A1: 0716 |(A1: 0536  |(A1: 0.275 (Ar: 0.459
560  |t,:121x10° |t;:134x10°% |t,:28.8%x10° |t;:0.13x10°3
A2:0.14 A2:0.023 Az: 0.6067 A2:0.177
1,1 23.7x10°%)[t,: 240x10°6) |t,, 107x106) |t,: 0.96x10°3)
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Emission 1% Er3*-doping 2% Er3+-doping
Wa‘(’rfr'ﬁ)”gth 488 nm OPO | 980 nm UC | 488 nm OPO | 980 nm UC
9.52 x 103 7.42 x 103
(A1: 0.58 (A1: 0.557
1535 T,:9.52%103 T,:7.42%1073
A2:0.58 Az: 0.557
T,:9.52x1073) T,: 7.42x1073)
2.12 x 103 2.01 x 103
(A1: 0.644 A1:0.454
980  |t,:2.45%103 1,:0.52x103
A2:0.496 A2:0.585
T,:0.76x103) T,: 2.27x103
79.4 x 10°© 1.91 x 103 51.6 x 106 2.12 x 103
(A1:0.738  |(A1:0.585  |(A1:0.74 (A1: 0.204
660  |t,:60.2x106 |t,:1.97x10° |t,:38.8x106 |r,:0.38x1073
A2:0.061 A2:0.281 A2:0.045 A2:0.739
T,: 165%10) |t,:0.17x103) |t,: 120%10C) |t,:2.2x103)
79 x 106 1.01 x 103 44.6 x 106 1.17 x 103
(A1: 0598  |(A1:0.396  |(A1: 0.47 (A1: 0.362
560  |t,:86.7x10° |t,:1.17x103 |t,, 52.8x10¢ |r,:0.17x10°3
A2:0.3519 A2:0.603 A2:0.51 A2:0.571
1,:18.6x10) |1, 0.14x103) |1,:12.9x106) |r,: 1.2x10°3)
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Emission 5% Er3*-doping 10% Er3*-doping
Wavelength
488 nm OPO| 980nm UC| 488 nm OPO| 980 nm UC
(nm)
4.4 x 103 1.42 x 103
(A1: 0.51 (A1: 0.487
1535  |t,:4.4x103 1,: 1.73x103
A2:0.51 A2:0.516
T,: 4.4%x1073) T,: 0.73%x103)
1.9 x 103 0.98 x 103
(A1: 0.419 (A1: 0.581
980  |t,:0.60x1073 1,:1.13x103
A2:0.54 A2:0.468
T,: 2.13%x103) T,:0.32x103)
41.6 x 106 |1.52 x 103 75.1x10% | 0.69 x 103
(A1: 1.616  |(Aw: 0.41 (A: 1.604  |(A1: 0.41
660  |t,:27.8x10° |t,:0.69%x103 |t,:23.1x10C |r,:0.24x10°3
A2:0.016 A2:0.58 A2:0.011 Az:0.568
1,:220x10%) |1, 1.75x103) |t,: 410x10°6) |t,:0.77x1073)
11.4 x 106 1.13 x 103 3.07 x 106 0.63 x 103
(A1: 0272 [(A1: 0.31 (A1: 1.32 (A1: 0.487
560  |t,:14.5%10° |t,:0.31x103 |t,:2.46x10C |r,:0.85%x1073
A2:0.513 A2:0.643 A2:0.011 Az: 0.562
T,:4.12x10%) |t,: 1.2%x103) |t,: 15.1x10%) |t,: 0.43x1073)
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3.3.3. Laser pulse length effect on lifetime

Before discussing in detail the average UC and DC lifetime dependence of the
emissions with the Er3* concentration, we must note here that the DC and UC time-
resolved I(t) decay curves were measured with different excitation lasers: a 7 ns
pulsed 488 nm laser allowing for the measurement of the intrinsic population and
depopulation for DC and a 980 nm CW laser, needed to achieve detectable UC,
respectively. The reason for using the 980 nm CW laser is that the 980 nm OPO
pulse is too weak to achieve the detectable UC fluorescence. It is known that
different absorbed powers can potentially cause a completely different distribution
of the population of the excited states. Thus, it is a vital step in making sure that the
lifetime difference between UC and DC processes is not due to the excitation pulse

length or excitation power density.

In order to understand whether the effect of the excitation pulse length plays an
important role between DC and UC dynamics, we measured the I(t) decay curves
for the DC with different excitation pulse lengths by employing a digitally
modulated 405 nm CW laser for the most diluted and concentrated samples. The
average decay times measured with 50 us and 50 ms, 405 nm excitation pulses of
0.2% and 10% Er3*-doped Y203z and the numerical values are given in table 3.2. It
should be noted, the I(t) decay curve of #Fg/2 state (red) of the 0.2% Er®*-doped Y203

was too weak to be measured.
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Table 3.2. Average decay times of the emitting states of the 0.2% and 10% Er3+-
doped Y203 samples under 405 nm excitation for the corresponding laser pulse
durations (power density is 16 Wcm-2). The numbers in the bracket are the fitting

parameters.

Emission 0.2% Er*-doping 10% Er3*-doping
Wa\(’r?r's)ngth 50 us 50 ms 50 us 50 ms
9.57 x 103 10.2 x 103 1.44x 103 1.57 x 103
(A1: 0.61 (A1: 0.27 (A1: 0.59 (A1: 0.43
1535  [11:9.57x10% |1,:65x10% |1,;:1.6x10%  |t:1.91x10°3
A2:0.61 A2:0.75 A2:0.31 A2:0.49
T,: 9.57x1073) |t,: 10.9%x1073) | T,: 0.79%1073) | t,: 1.02x103)
2.12x103 2.35x103 0.91x 103 1.14 x 103
(A1: 0.49 (A1: 0.34 (A1: 0.51 (A1: 0.61
080 T,:2.87x103 |t,:0.92x103 |t,:1.08x103 |t,:1.27x1073
A2:0.97 Az2: 0.67 A2:0.50 A2:0.31
T,: 1.22x1073) |T,: 2.61x107%) | T,: 0.33%103%) | T,: 0.49%103)
26.2x 106 448 x 106
(A1: 0.38 (A1: 0.25
660 1,:26.2x10°6 |11 502x10°
A2:0.38 A2:0.61
1,1 26.2x10°9) | T,: 27.7x106)
124 x 106 132 x 106 14.9 x 106 180 x 106
(A1:0.034  [(A1:0.011  |(A::0.83 (A1: 0.79
560 |Tii241x106 |1,;:575x10C |t,:2.81x10° |t,:3.17x10°C
A2 1.75 A2:1.09 A2:0.035 A2:0.09
T,: 119%10°) |t,: 112%10°) | T,: 36.9%x10°%)| T,: 203%10°)
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Figures 3.12 and 3.13 below show the corresponding decay curves and emission
spectra of the most diluted and concentrated samples excited with the modulated
405 nm CW laser. In figure 3.12 it can be seen that, for all DC emission energy
states, the average lifetimes of the 0.2% Er3*-doped Y203 are independent of the
laser pulse length. This is also evidence of the absence of energy transfer between
Er3* ions, as will be discussed later. The lifetimes of the longer-lived IR emissions
also show no dependence with the excitation pulse length in the case of the 10%
Er3*-doped Y203, as shown in figure 3.13. The 4S3 state (green), however, shows
an increased average lifetime for the 405 nm, 50 ps excitation pulses (13 ps), which
is almost an order of magnitude higher with respect to the 488 nm, 7 ns excitation
(3 us), and reaches up to two orders of magnitude higher value (176 ps) for the 405
nm, 50 ms pulse excitation. The #Fgy. state (red) shows a decrease in the lifetime of
the 50 us long pulse excitation (27 us), approximating the green emission lifetime,
but experiences an increase for the 50 ms pulse excitation (449 us), taking almost
the same value as for UC (692 ps). Interestingly, the lifetime of the 4Fg/2 (red) state
under 405 nm, 100 pus excitation pulse increases to 40 us and it reaches 76 s under
405 nm, 500 pus excitation pulse, which is almost the same as under 488 nm OPO

excitation. The corresponding decay curves and fittings are shown in figure 3.14.
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Figure 3.12 (a). Intensity decay curves of 4l13s2, #1112, “Fa2 and #Sz/2 states of 0.2%
Erd*-doped Y203 with 405 nm CW laser modulated at 50 us pulse length; (b).
Emission spectrum of 0.2% Er3*-doped Y203 with 405 CW laser modulated at 50us
pulse length; (c). Intensity decay curves of #1312, *l11/2, *Fa2 and #Ss2 states of 0.2%
Er3*-doped Y203 with 405 CW laser modulated at 50 ms pulse length; (d). Emission
spectrum of 0.2% Er3*-doped Y203 with 405 CW laser modulated at 50 ms pulse
length (power density is 16 Wecm-2).
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Figure 3.13 (a). Intensity decay curves of 41132, 4l11/2, “Fo/2 and #Sz2 states of 10%
Er3*-doped Y203 with 405 CW laser modulated at 50us pulse length; (b). Emission
spectrum of 10% Er3*-doped Y-0s with 405 CW laser modulated at 50 us pulse
length; (c). Intensity decay curves of #l1312, #l11/2, *Fer2 and #Szy2 states of 10% Er3+-
doped Y203 with 405 CW laser modulated at 50 ms pulse length; (d). Emission
spectrum of 10% Er3*-doped Y20z with 405 CW laser modulated at 50 ms pulse
length; It is worth noting here the long lifetime of “Fe/2 and #Sz/» states in Figure
3.13.(C) is due to the CR process (power density is 16 Wcm-2),
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Figure 3.14. The lifetime of *Foy. state of 10% Er3*+-doped Y20z under different 405
nm CW laser pulse lengths (power density is 16 Wem-2). The numbers in the bracket
are the fitting parameters.

Therefore, it can be concluded that only the #Sas state (green) and “Foy2 state (red)
DC lifetimes of the high Er** doping concentration samples depend on the
excitation pulse length. In detail, the lifetime of the #Sa/. state (green) and #Fo/2 state
(red) increases with increasing the excitation pulse length. The “Fgy state (red) DC
lifetime of the 10% Er3*-doped Y203 under 405 nm, 50 ms excitation pulse is
approximately the same as the UC lifetime. It suggests that the CR or ET
mechanisms could happen in high Er3* doping concentration samples if the
excitation pulse time is long enough. And the longer DC lifetime further proves that
the longer-lived IR states such as*l11/2and #1132 areinvolved during this mechanism.
However, the intensity decay shape shown in figure 3.13 (c) is completely differe nt
from the UC decay curves shown in figure 3.11 (f). The long average lifetime under
along excitation pulse length is actually determined by the long lifetime component
(the long tail). Thus, it can concluded that the long UC lifetime is not solely due to
the different excitation pulse lengths, especially for the lower Er3* doping

concentration samples, such as the 2% Er3* doping concentration (there is an
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obvious difference between UC and DC lifetimes, while the CR process should be

less likely to happen at low doping concentrations).

3.3.4. Laser power density effecton lifetime

As discussed above, another possible important effect on lifetime is the excitation
power density. So, we measured the DC I(t) decay curves by using the 488 nm OPO
laser with different excitation power density for the most diluted and most

concentrated samples as well.

Interestingly, a similar lifetime dependence with the laser power density has been
observed upon varying the energy density of the 488 nm OPO laser pulse. The
typical decay curves of the “Fop state (red) of the 10% Er*-doped Y20z under
different excitation power densities are given in figure 3.15, and a summary of the
numerical values is given in table 3.3 below. The lifetime increases from 23 ps to
52 us when the excitation power density increases from 1.5x10°%Wcnr? to 3x106

Wcm2,
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Figure 3.15. The lifetime of 4Fo state (red) of the 10% Er3*-doped Y203 under
different laser power.
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Table 3.3. Average decay time (in seconds) of the 10% Er3*+-doped Y-Os3 “Fgy2 state
(red) emission under variable excitation powers (OPO excitation at 488 nm). The
numbers in the bracket are the fitting parameters.

488 nm OPO laser excitation power/ puJ | Average decay time at 660 nm of 10%

approx. power density, cnr r°*-dope 203/s
( density/ Wen?) Er’*-doped Y203/
23.2 X 10°
(A: 0.69
50 (1.5x105) 1, 23.2x10°
A,: 0.69

1,1 23.2x10%)

23.0x 10®
(A:0.72
100 (3x10°) 70 23.1x10°
A, 0.72
1,1 23.1x10°)

35.6 x 10°®
(A;:1.65

500 (1.5x106) T;: 21.5%10°
A,:0.016

T,: 196x10°)

51.6 x 106
(A;:1.61
1000 (3x10°%) T,: 22.5%x10°®
A,:0.015
T,: 293%10°%)

65.0 x 10-°
(A, 1.604
1200 (3.6 x10°) T, 23.1x10°
A;:0.011
T,: 410%10°)
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Obviously, the average lifetime is longer under higher excitation power density.
But, again it should be noted that the time decay shape in figure 3.15 is completely
different from that in figure 3.11 (f). And the DC lifetime under high power density
is still much shorter than the UC lifetime even for the highest doping concentration

sample.

In conclusion, the lifetime of the “Fo state (red) of the 10% Er®*-doped Y203
increases with increasing the excitation power density, which actually explains the
reason why the #Fo lifetime under 405nm CW laser is shorter than that under 488
nm OPO excitations: the power density of 488 nm OPO excitation is much higher
than that of the 405 nm CW laser. Also, it explains the DC red lifetime increase
from 5% to 10% Er*-doped Y203 samples: the CR and ET processes are more

likely to happen with high Er3* doping concentrations.

3.3.5. Lifetime discussion regarding different Er3* concentrations

The effect of laser pulse length and power density for both the lowest and highest
doping concentration samples has been discussed in detail in sections 3.3.3 and
3.3.4. Both factors have an effect on the lifetime, especially for the high Er3* doping
concentration samples (10%). However, neither is actually the main reason for the
difference between the DC and UC lifetimes or spectra difference (see figure 3.12).
In the meantime, it does suggest the long-lived energy states are involved during
the long pulse and high energy density excitations during the DC process. The

systematic explanation based on the long-lived energy states is discussed below.
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Figure 3.9 above shows that the average DC lifetimes of the *l13;2 — *l152 and*l11p
— 41152 transitions  experience a monotonous lifetime decrease with increased Er3*
concentration, which can be explained in terms of concentration dependent non-
radiative theory. Concentration dependent non-radiative decays occur due to the
enhancement of energy transfer processes, which include excitation hopping (and
may lead the excitation to non-radiative traps) and CR mechanisms involving the
emitting levels, both becoming more likely as the average distance between Er3*
ions is reduced. The long lifetime component of 4Ss/2 (green) and “Foy2 (red) states
of the high doping concentration sample (10%) shown in figure 3.13 (c) actually
proves the concentration dependent non-radiative mechanism which involves the
long lived “#l132 = *l1s2and #l11/2 = 411572 transitions. Some of the CR mechanisms
(which may be resonant or vibrationally assisted) include the cooperative non-
radiative decays [*l11/2, *l112] = [*F712, *l152], [*l13r2, l112] = [*Forz, *l1s2], [*l11r,
4N1312] = [*Foarz, *l1s2] and [*liar2, *l13r] = [*lor, *lis2] (and maybe [*lo2, 4l11/2] =
[*11312, #*For2] [14,21] and [*F7s2, 4l11/2] = [*Fer2, “For2] [31]) as represented in figure
3.16 (ETU1, ETU2, CR7(2), CR8(3), CR6(LD) and CR1, respectively). In fact, the
first two of these processes contribute directly to the ETU and thus are labelled

correspondingly.
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Figure 3.16. Simplified energy level diagram and most relevant radiative and
energy transfer mechanisms in Er*-doped Y203. Ground state absorption (GSA),
excited state absorption (ESA), green, red and IR luminescence, and energy
transfer UC (ETU) as well as cross relaxations (CR) are presented.

Figure 3.9 also shows that under 980 nm excitation (UC regime), the lifetimes of
the #Ss2 (green) and “For (red) emitting states show a similar trend. They both
increase as the Er* doping concentration increases from 0.2% to 2%. At higher
doping concentrations there is a subsequent decrease in the UC lifetime. This
variation emphasises that the dynamics of the reservoir and transfer govern the
decay of the UC emission [20, 26]. Interestingly, the UC lifetime of the *Fg/2 (red)
emitting state in the intermediate concentration regime 0.5-5% is considerably
longer (approximately twice as long) than that of the #Ssi2 (green) emitting state.
However, the DC lifetime measured under 488 nm pulse excitation is almost the
same in the case of erbium dilutions below 2%. Therefore, it can be concluded that

there are different energy transfer processes populating the #Ssi2 (green) and “For
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(red) emitting states respectively during the UC processes. According to established
understanding the longer average lifetime for the red emission suggests that the
states feeding “For are correspondingly longer-lived than those for the green
emission [26], implying that the energy transfer, [*l13r2,*l112] = [*Forz, *l15/2] (ETU2)
or the reciprocal, [*l11/2, *11312] = [*For2, *1152] (CR7(:2) are relevant in ETU in the
concentrated systems of the studied series [15, 18] (a detailed discussion regarding

the dynamic equations is given in subsection 3.3.6).

Moreover, the concentration enhanced incidence of these CR routes in the re-
population of the #Fg/2 (red), even in the DC regime (together with the other looping
CR mechanism [*l1312, *1132] = [*lor2, *l1512] (CR8(-3) for #lg/2 as given in figure 3.16)
[11, 16, 18, 37]), which repopulate the red emitting state and the “lo/2 reservoir,
respectively, via long-lived #l13/ state, explains the increase of the red DC emission
lifetime observed in the high concentration Er3*-doped Y203 when the population
of the #1112 and #1132 states is large (figure 3.9). This model has implications in the
changes of the red to green emission colour ratios as a function of power,
concentration and excitation wavelength (DC or UC). Importantly, both the
indistinguishable (in the excitation conditions) ETU2/CR7(-2 and CRS8(3) looping
require a population of the lowest lying states via multiphonon, radiative or other

CR decays.

The lifetime study can be summarised as follows: (1), the IR emitting states *li1p
and “l132 experience a systematic lifetime decrease with increasing doping
concentration, which we assign to conventional concentration quenching (i.e.

hopping and CR). This quenching gets more severe as the concentration increases
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and has important implications in the visible photoluminescence, asthese levels act
as excitation reservoirs due to their long lifetime, in the order of milliseconds. (2),
under 980 nm excitation, the lifetime increases from 0.2% to 2% and then decreases
from 2% to 10%. The first increase is due to the UC route change, from a situation
in which ESA is the main mechanism, to a prevalence of ETU involving the well-
known [*l1172,%l112] = [*F7r2, *l152] (ETUL) and, since the lifetime of the red
emission is approximately double that of the green emission, ETU2 ([*l132, *111r]
> [*Forz, *1152])/CR7(2) [*l1112, *l1312] = [*Forz, *l1512] [15, 20]. The subsequent
decrease with increasing erbium concentration is predominantly caused by the
severe concentration quenching CRi (i = 1-8) which causes a decay in the intrinsic
lifetime not only of the emitting levels, but also for the “#li32, #l11/2 excitation
reservoir states in the E < 11 000 cm? (~1.35 eV) region caused by CRi (i > 5),
particularly for Er3* higher than 1%. Interestingly, CRi (i < 5) cause a decrease in
the green lifetime, and should be active for both DC and UC, but in the 1 to 8 range
no CRi depopulates “Fo2. It is probable that these kind of mechanisms exist, as the
DC lifetime tends to also decrease in the 0.2 - 5% concentration range; hence, it is
likely that the opposite to CR1, which we label CR9%4, plays a role, as well as

maybe other less resonant CRs from “Foy2 to higher lying levels.

Importantly, the looping mechanisms ETU2, CR7(t2), CR8(:3) and CR6(MD) that re-
populate the upper excited states for high concentrations and high powers for both
the UC and DC regimes [11, 15, 16, 20, 37, 38] get enhanced when the Erd*

concentration is increased. The severe enhancement of these processes, which
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(except CR6(:D) rely on long-lived lower lying reservoirs explains the increase of

the red emission life when the laser energy increases.

3.3.6. Lifetime discussion with dynamic differential equations

In order to make a clear picture of which energy state and which process is involved
during the UC process, we did systematic dynamic differential equations
corresponding to the population of the coupled Er3* states with the active energy

transfers and decays as labelled in figure 3.16, as follows:

n
. 6 2
Ng === Weslls + W;en; + Wiy ng + — Wersngny — Wegghgny 341
ré
, Ng
ng = __r - Wg,ng + + Wgpy,ngn, + Weg,ngn, 3.4.2
r5
. Iy 2
n, = - Wysn, + Weung + —Wepsngny + Weggns 3.4.3
r4
. N3
nz; = — . Wa,ny + Wyzn, + Wegangng
r3
2
+ —2Wgpy1n5 — Wergangn, — Wegy g, 3.4.4
. 1 2
n, = = + Wy,n; + +Wersngny — Wepyongny — 2Wepgns — Wegy g, 3.4.5
r2
n, n; n, ng

2
—Werangy —Wepagy — Wegyngn, — 2Weggnj 3.4.6

The measured decay probability per unit time of a corresponding state i is given as
1/t;. And the radiative decay probability per unit time of a corresponding state i is

given as 1/t,. Wij represents the radiative and non-radiative probability per unit
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time of a state decaying to the immediately lower-lying one. And the relationship
among them is given as 1/t; = 1/ty+ YjWij [12]. T, depends only on the host
matrix and temperature, being irrespective of the Er3* concentration (and can be
derived from absorption and time-resolved spectroscopy). The approximation Wi;
is negligible for i > j+1, Wij = Wre for i > 6 and W21 in neglected above (even in the

cases of significant branching ratio parameters for a given couple of levels, etc.).

The probability per unit time of a CR process CRK is given by the corresponding

rate Werk and, similarly, for ETU processes, WeTuk is the corresponding rate.

Other approximations include Wcrk (negligible) for cross-relaxations labelled CRK,
if involving the energy transfer from a level i and 1/t;, is considerably high. They

will not significantly affect the dynamics, in comparison to other processes.

Further approximations can be made considering the reduced value of WcR,
quantifying the concentration quenching CR processes depopulating the red
emitting state, which is often neglected in the literature, and it can be observed that,
for the given excitation conditions, it is not very significant for the 0.5 to
approximately 2% Er3* concentration range in the Er3*-doped Y203 system. So for
these concentrations, the grey terms in the rate equations can be neglected, but not

necessarily all of them for higher concentrations.

Importantly, ETU2 and CR7(-2) processes are indistinguishable, as both involve
equivalent Er3* pairs, so a further simplification can be made Wetu2 + Wcrr = Wi,

irrespective of the erbium concentration.
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As discussed above, from the observed spectroscopic behaviour, we can determine
that Wcri, WeTu;j are very small for 0.2% Erd*-doped Y203, although at least Weru
and Wi (Wi = WeTu2 + Werr(L2)) become important for Er3* concentrations higher
than 0.5% in the Er3*-doped Y203 system for the studied excitation conditions. This
implies these mechanisms are the driving processes for the UC for Erd*

concentrations higher than 6.71 x101° Er3* ions per cm?, in this matrix.

Also, over the studied Er®*concentration range and excitation conditions, T, is very
small and W,;n, can be considered dominant. The term in W.n, can also be
considered small, as in the DC/ESA processes the red emission is very much
negligible in comparison with the green one. This approximation is considered
above when discussing the photoluminescence properties for Er3* concentrations
0.5% and higher. It implies that Wetuz2 + Werz = Wi is the dominant term for
populating the “Fo state (level 5, red emission) in UC and, together with other
looping mechanisms, contributes to the distinct behaviour of the emission of this

state.

The solution of the equations under the consideration that CR3, CR4 are not
significant, and that energy transfer from #l11/2 (state 3) is much smaller than the
decay constant, 1/t >> 2Wgqy,n5 + Wyngn,+... [15], leads to an asymptotic
temporal decay of “Fg2 (level 5, red emission) 1/t,,s =1/t, +1/t;~1/15,and a
corresponding T, = T3/2 for Sz (level 6, green emission). This is exactly what
we observe in the 0.5-2% concentration range (see figure 3.9 and table 3.1 abowe).

Also note that the DC lifetimes are similar for the excitation conditions.
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Importantly, as described in the previous sections, the above approximation is no
longer valid for Er3* concentrations higher than 5%, in the excitation conditions, so
CR mechanisms become severe, and the average decay constant decreases. This
causes differences in the DC lifetimes, which (for given excitation conditions) are
observed to increase in the case of the “Fo/2 (level 5, red emission). This is assigned,
as described above, to the influence of looping mechanisms feeding the red-
emitting state from longer-lived lower-lying reservoirs. These mechanisms also

affect the DC lifetime in other excitation conditions (see tables 3.2 and 3.3).

The above analysis of the CR and ET mechanisms that describe the dynamic and
spectral behaviour in the DC and UC processes have important consequences, not
only in the general case concentrated Er3* systems but, importantly, in the case of
Er3*/Yb3* co-doped systems. Not only because in most practical systems the Er3*
concentration is typically higher than 6.71 x10%° Er3*ions per cm?® (NaYFa: 2% Er,
20% Yb, for instance, it is more than 4 times that, in the order of 1020 Er3* ions per
cm?), but also because the anmalogous ET mechanisms from the much more
absorbing Yb3* ions, whose excited energy is similar to our excitation energies, will

be considerable.

3.4.UC and DC spectra

3.4.1. Difference between UC and DC spectra

In the case of 0.2% Er3*-doped Y203, it is noteworthy that the green to red emission

ratio is also very similar in the case of both UC and DC spectra (see figures 3.5 and
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3.6). This difference is much more significant for the higher concentrations (see

figure 3.17).
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Figure 3.17 (a). Spectra under both 980 nm (UC) and 488 nm (DC) excitations;
(b). Greento red ratio change with doping concentration for UC and DC processes.
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The emission spectra under 488 nm and 980 nm excitations are shown in figure
3.17 (a) above. The green to red ratio decreases with increasing erbium
concentration under both 488 nm and 980 nm excitations, but follows a different
trend as showed in figure 3.17 (b). Under 488 nm OPO excitation (DC), the green
to red ratio change is small during 0.2% to 1% erbium doping concentration, while
it decreases by a factor of 10 from 1% to 10% erbium doping concentration. On the
contrary, for the 980 nm excitation, it decreases considerably more over the 0.2%
to 1% concentration range, with comparatively little subsequent change during the
1% to 10% concentration range. It was estimated that temperature differences
caused by different excitation conditions may affect the emission properties.
However, in sections 3.3.3 and 3.3.4, it was shown that there is no significant
difference in DC spectra (figure 3.13 (b) and 3.13 (d)) under long pulse length even
for the 10% Er3+-doping concentration sample (long excitation pulse length may
heat the sample up). Similarly, aseries of UC measurements of the 10% Er3*-doped
Y203 sample were done under different 980 nm excitation power densities, as high
power density could heat the sample up. As shown in figure 3.18 below, there is no
obvious ratio change between the green to red emission (integrated number over
the whole green or red emission band). Thus, the temperature effect on the spectra
can be excluded, while the concentration effects are dominant and must be taken

into account to explain this evolution.
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Figure 3.18. Excitation power dependence of the green (*Ss2) and red (*Fop)
emission intensity of the 10% Er3+-doped Y203 sample.

Concentration-induced processes, which affect the population (and decay) of 4Sap
and “4Foy. states differently, explain the change in the DC and UC spectra in the
explored power regime. Upon direct excitation of the 4F7/ state, the CR-induced
changes in the population are not significant from 0.2 % to 1% and, as observed in
figure 3.17, nor are the decay processes, as the lifetime is similar for both the red
and the green emissions (figure 3.10 (a) to 3.10 (c)). From 2 % to 10 %, as
concentration quenching becomes significant, and a severe CR including the
processes CRi (i < 5) and the looping mechanisms CRi- (9 > i > 6) for high
populations of the IR states start to occur, this causes the red emission to become

comparatively more intense than the green one, and the lifetime is increased for a
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given power or excitation length condition. Thus, the corresponding green to red

ratio changes more in this region compared with the 0.2% to 1% regime.

The change in the UC routes explains the change in the emission spectra for the 980
nm excitation UC regime. At 0.2% doping concentration, ESA is the significant UC
route, the spectrum being very similar to that observed under 488 nm excitation.
With increasing erbium concentration, ETU gets more preponderant. The ETUL
process [*l1172, 4l11/2] = [*F7/2, *115/2] contributes to populating the upper states in the
same way as ESA or in the DC regime, but ETU2 [*l11/2, *113/2] = [*For2, *l1512] /
CR7M2) [*111/2, *l1312] = [*Fore, *l152] and the other CR and looping mechanisms
described above result in a higher nominal population of #Fgp. Thus, there is a
steady increase of red emission with increasing concentration from 0.2% to 10%.
The considerable increase in the population of the long-lived lower-lying E <11000
cnr! (~ 1.35eV) states means that this decrease is comparatively higher than in DC

in the 0.5- 2% range.

3.4.2. Power dependence of the UC luminescence

As mentioned in the introduction, there is a recently published paper [7] that
explains the colour change with a three photon processes involving the upper-lying
levels. Inthis paper, the sample is the co-doped NaYFa: 2%Er3*, 18%Yh3* and thus,
is populating the Er3* through the Yb3*. One must bear in mind that the oscillator
strength of the Erd* #l11/2is considerably smaller than that of the Yb3*2Fsp. In our
excitation and doping conditions, the red to green ratio is comparable for relatively

low and high 980 nm excitation powers. These, together with the consistency of the
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observations in the blue excitations, shows that it is the different population of the
lower-lying levels in the Er¥*-doped Y203, caused by the ET (CR) mechanisms that
occur within the interacting Er3* ions, that is the main mechanism for explaining
the UC/DC colour difference and the increase of the DC lifetime with the Er3*

concentration experienced by the red emission of the Er3*-doped Y20s.

In order to back up our model of the UC processes, we did a power dependence of
the UC luminescence. For the simple sensitised UC, the emission from a state which
requires ETU will have a slope of 2 when the luminescence intensity is plotted in a
double-logarithmic versus absorbed pump intensity [33]. In figure 3.19 below, the
unconverted “Foand 4S3/ states luminescence of the 1% Er3*-doped Y203 versus
the power density is linear and the fitted slope is approximately 2, which means the
UC involves a two photon process. The reason for choosing the 1% Er3* doping
sample is that there is much less ET or CR process and the UC efficiency is quite

high at this doping concentration.
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Figure 3.19. Excitation power dependence at 980 nm of the Fa/2—*l15:2 (red) and
483011572 (green) transitions of the 1% Er3*-doped Y20s.

3.4.3. Luminescence under high energy level (?Hg/;) excitation

As for the other assumption [7] that the high energy level (?Hqs2) is involved for the
long red (*For) lifetime and strong red (*Fos2) emission, the emission spectra were
measured with the 375 nm CW laser for both the 5% and 10% Er3*-doped Y203
samples. If the 2Hg/2 state was really involved, along red (*Fos2) lifetime and strong
red (*For2) emission should be easier to produce with high Er3* doping
concentrations, as the cross-relaxation process favours high doping concentrations.
But, there is no spectra difference under 375 nm CW laser excitations compared

with the previous DC spectra. Figure 3.20 shows the corresponding spectra.
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Figure 3.20. The emission spectra of 5% and 10% Er3*-doped Y203 under 375 nm
CW laser.

Thus, it is clear that the two photon process assumed in our UC model is real and
the high energy level (°Hos2) does not play much of a role in the red emission. The
discussions of the power dependence UC Iluminescence and high energy level

excitations back up our detailed discussion above.

3.5. Conclusion

We have studied the UC and DC mechanisms with the simple Er3*-doped Y203
system as a function of the Er3* concentrations through the change in the dynamics
of the emitting states, including the #1112 and #l13/2 states. We have done this by

employing different excitation power densities, pulse length and wavelengths. We
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have described the progressive importance of the ET and CR as the Er3* content
increases from the 0.2% to 10%, and its implication on the spectral properties and
the decay times of both UC and DC. These properties, including the looping
mechanisms, result in an increase in DC decay times for high Er3* concentrations
at the given excitation power densities. Moreover, ETU/CR from the #l11/2 to *l11p
and “l13/2 causes a dominance of the population of the red emitting state for the UC
at the high Er* concentrations, thus severely affecting the green to red emission
ratio, and also has an influence onthe UC lifetimes of the green and red emissions.
Importantly, these processes start being significant at concentrations as low as

6.71x10%° Eré* ions per cm?.

The consideration of these ET and CR routes must be taken into account for
understanding the doping concentration dependent UC and DC properties of this
material (and maybe others), and the subsequent implementation of the tailored
emitting colour properties for phosphors, display and biological applications. These
results could also provide deeper insight into a more complex, but more practical

Er3*/Yb3* co-doped system.
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Chapter 4: NIR emission of sub 10 nm Yb?**-doped NaYF4
nanoparticles with visible light excitation through 2-

hydroxy-pe rfluoroanthraguinone chromophore

4.1. Backgroundand introduction

Trivalent lanthanide-doped nanoparticles have attracted considerable attentions in
recent years due to the potential in optical and biological applications as a
consequence of unique lanthanide-based f-f transitions, as well as small particle
size. These systems incorporate the lanthanides’ high emission monochromaticity,
high efficiency and long lifetime together with the nanoparticles possibilities for
dispersion in aqueous, hydrophobic and polymeric environments. NaYFs is the
most studied matrix due to its non-toxicity and unique chemical and physical
structure properties [1-6]. NaYFs can be formed in a (cubic) and B (hexagonal)
polymorphs. Engineered lanthanide doping has shown itself to be very promising
for up-converting (near-infrared to visible) biological and solar cell applications,
the B structure showing the highest measured up-converting quantum efficiency [7].
More importantly, amplifying devices for telecommunications have been produced

based on Er3*-doped NaYF4 nanoparticles in polymer matrices [8, 9].

Both for biological and other optical applications, including bio-probes, image
analysis, lasers and telecommunications, the presence of near-infrared (NIR)
absorption and emission is particularly appealing and desirable. This is primarily

due to the low absorbance and scattering of NIR light (700-1100 nm) in silica fibre
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and biological tissues [10-14]. Moreover, the usual long lifetime (in the order of
milliseconds or hundreds of microseconds) of NIR luminescence states of Ers+,
Tme*, Yb3*and Nd3*allows for 1) population inversion for lasing and amplification
[8, 9] and 2) gated detection imaging and probing [10-14], which favours an
increase of the signal to noise ratio, detection threshold and resolution (an
advantage that adds up with the long absorbing/emitting wavelength, away from

many natural absorptions and emissions to strongly reduce backgrounds).

It is well known that due to the Laporte selection rule, the oscillator strength of the
f-f transitions of the lanthanide is limited, and thus, the overall absorption (and
consequently emission intensity) is decreased in comparison to optical transitions
in other systems, such as fluorescent molecules or semiconductors. Among
solutions to increase the lanthanide excitation and emission, co-doping of the host
nanoparticle matrix with other ions has been employed [8, 15]. When the aim is to
increase the absorption cross-section by means of indirect excitation in another
centre (sensitiser) and subsequent energy transfer to the emitting lanthanide
(activator), this is termed sensitisation. For NIR-based excitation and/or emissions,
sensitisation with Yb3* ions is typically employed and allows for a considerable
enhancement in the intensity, although still limited by the oscillator strength of the

2F712 — 2Fsp f-f transition.

Another interesting sensitisation strategy includes the incorporation of organic
chromophores in chelating ligands, which can transfer the absorbed energy to the
excited energy states of lanthanides (this is sometimes called the ‘antenna effect’).

However, exposure of the NIR-emitting lanthanides to an environment rich in C-H,
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O-H or N-H groups [16] (as is usual in organic compounds) results in strong
vibrational quenching of the emission, due to the comparable energy gaps of
lanthanides and the 39-5'" overtones of hydrogenated groups’ vibrational quanta
[17, 18] (see chapter 1 for more details). A number of alternatives, including
fluorination [19] and chlorination [11] of the organic groups have been proposed,
some of them resulting in considerable increases of the emission with relatively

high emission efficiencies and correlated long lifetimes.

The possibility of attaining organic chromophore-mediated sensitisation of NIR-
emitting lanthanides in inorganic matrixes, including nanoparticles, has been
recently demonstrated [6, 20], including Yb3*-based NIR-to-visible UC [21].
Visible lanthanide emitters [20, 22] can also be sensitised similarly, upon higher
energy excitation within the ultra-violet wavelength range. Functionalisation of the
nanoparticle surface with organic chromophores allows coupling of the enhanced
absorption of the chromophores, similar to the organic complexes described above,
while retaining the relatively long lifetime/low quenching rates for NIR-states, as
well as nanoparticles dispersion and processability properties. The lanthanides
inside the inorganic nanoparticles are relatively isolated from the surroundings, and
thus less quenched in aqueous or other hydrogenated solvents, which may favour a
longer lifetime for ‘wet’ applications [22]. Importantly, the use of red-shifted
chromophores in sensitised lanthanide systems is desirable over UV sensitisation.
This is not only due to the advantage of employing low cost excitation sources, but

also to the more favourable coupling between the organic and lanthanide levels, as
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well as increased penetration in tissues and reduction of background or degradation

of polymer hosts [12].

In this chapter, we show that monodisperse, sub 10 nm Yb3*-doped a-NaYFs
nanoparticles can be sensitised by the corresponding  2-hydroxy-
perfluoroanthraquinone (1,2,3,4,5,6,7-heptafluro-8-hydroxyanthracene-9,10-
dione) chromophore with visible excitation wavelength in the red shifted 400-600
nm range. This 2-hydroxy-perfluoroanthraquinone compound has been employed
for the sensitisation of Er3* ions in tetrakis complexes, in which it acts asa chelating
ligand [23] and in particular in the telecommunication application range (1.5 pm)
[8, 9, 24]. The complexes of this fluorinated ligand showed a relatively long lifetime
due to the lack of hydrogen, but still only in the range of tens of microseconds. In
this chapter we employ this combination of fully fluorinated chromophore,
nanoparticle host and Yb3* lanthanide ions to explore the possibility of a visible
light sensitised NIR emitter with long lifetime, and to investigate the energy transfer
pathways within the hybrid inorganic/organic composite material. We performed a
time-resolved spectroscopic study including dynamic measurements as a function
of the excitation wavelength and pulse length, paying particular attention to the
quenching and sensitisation mechanisms. We observed a strong dependence with
the excitation power/pulse length which relates to the surface-to-core of the
nanoparticle energy migration and can be employed to modulate the Yh3* lifetime.
Moreover, the sensitisation increases with the ratio between chromophore to
nanoparticles, which further confirms the assumption of energy transfer from the

organic chromophore to the nanoparticles. The demonstration of this energy
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migration and manipulation of the lifetime are important problems in relation to

understanding and using these systems in biological applications [25].

4.2. Experimental

4.2.1. Ligand capped sub 10 nm Yb3*-doped NaYF, nanoparticle synthesis

The general procedure of preparing sub 10 nm Yb3*-doped NaYF4 nanopartic les,
as well as binding the 2-hydroxy-perfluoroanthraquinone ligand with nanoparticles,
is described in detail in chapter 2. However, in order to understand the energy
transfer process between the organic chromophore ligand and nanoparticles and
find out the best sensitisation, different ligand capped nanoparticle concentrations,
as well as differing ratios of ligand to nanoparticles, were characterised. In detail,
the original sample 1 was diluted from concentration 3.46 mg/ml to 0.19 mg/ml
(sample 6). Then, the concentration of nanoparticle in sample 6 remained constant,
while adifferent concentration of organic chromophore was used. Table 4.1and 4.2
below are the detailed experimental recipes for the different ligand capped

nanoparticle concentrations and different ratios of ligand to nanoparticles.
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Table 4.1. Nanoparticle and organic chromophore ligand concentrations for
samples with fixed ratio of nanoparticle to ligand.

Sample Sample Sample Sample | Sample | Sample | Sample
1 2 3 4 5 6

Nanoparticle | 5 5, 2.19 145 | 0725 |0363 |[0.182
concentration

(mg/ml)

Organic

ligand 0.13 0.086 0.057 0.029 0.015 0.008
concentration

(mg/ml)

Table 4.2. Nanoparticle and organic chromophore ligand concentrations for
samples with fixed nanoparticle concentration.

Sample Sample 7 | Sample 8 | Sample 9 | Sample 10 | Sample 11

Nanoparticle
concentration

(mg/ml)

0.182 0.182 0.182 0.182 0.182

Organic
ligand 0.023 0.037 0.052 0.067 0.191
concentration

(mg/ml)

4.2.2. Optical instrumentation

For the lifetime measurement of the ~1030 nm luminescence of Yb3* ions, a

Continuum Panther optical parametric oscillator (OPO) laser and a 405 nm
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continuous wavelength  (CW) laser (VLO1132A02) were used. The NIR
luminescence was dispersed by a Triax 550 spectrometer (gratings: 600 lines/mm)

and detected by a Hamamatsu R5509-072 photomultiplier.

For the excitation measurements, a xenon lamp together with a Jobin-Yvon Horiba
Triax 180 spectrometer (gratings: 1200 lines/mm) were used as the monochromatic
excitation light source. The intensity of the monochromatic light after the
spectrometer was recalibrated by a Newport 918D-UV-OD3R silicon photon
detector. The NIR luminescence spectrum was measured with the same detector

using a 7265 DSP Perkin Elmer lock in amplifier.

4.2.3. Material characterisation

Powder X-ray diffraction (XRD) patterns of the dried Yb3*-doped NaYFs
nanoparticles were recorded using Cu Ko radiation (A = 1.5418 A). The measured

XRD patterns are presented in figure 4.1 below and matches the corresponding

alpha phase (cubic, Fm3m) NaYFa. Note that the broadening of the peaks is due to

the small particle size. Figure 4.2 below is the cubic NaYF4 structure.
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Figure 4.1. Measured XRD patterns of a phase Yb*-doped NaYF4 nanoparticles
and the calculated line pattern for o phase NaYF4 structure.
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Figure 4.2. Cubic NaYF4 Structure.
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Transmission electron microscopy (TEM) images were taken on a Tecnai FEI T20
microscopy operated at 200 KV. The TEM image of the Yb3*-doped NaYF4
nanoparticle is given in figure 4.3 below. The sample consists of monodisperse
near-spherical nanoparticles of the Yb3*-doped NaYF4 with an average size of 6.28

nm + 1.87 nm.

Figure 4.3. TEM image of the 10% Yb3*-doped NaYF4 nanoparticles.
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4.3. Results and discussions

4.3.1. Emission and excitation spectra of sample 1

Yb3* has only one excited energy state 2Fsj2, which corresponds to a ~1.26 eV
energy gap compared to the ground state 2F7;. Figure 4.4 below is the NIR
luminescence spectra of the 2-hydroxy-perfluoroanthraquinone functionalised 10%
Yh3*-doped NaYF4 nanoparticles, which was dispersed in chloroform solvent at a
concentration of 3.46 mg/ml (sample 1), and excited at 460 nm with OPO. As seen
in figure 4.4, the spectrum is peaking at ~976 nm, which arises from the Yb3* 2Fsp

— 2F7p transition.
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Figure 4.4. NIR luminescence spectrum of 2-hydroxy-perfluoroanthraquinone
functionalized 10% Yb3*-doped NaYFs nanoparticle excited at 460 nm with OPO.
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Figure 4.5. Excitation spectra of functionalized and pristine oleic acid/oleylamine
capped 10% Yb3*-doped NaYF4 nanoparticle for the 1030 nm luminescence.

It should be noted that the Yb3* ion itself has no absorption at the 460 nm
wavelength. No visible excitation spectrum was observed for the unsensitised Yb3*-
doped NaYF4 nanoparticles (red curve in figure 4.5), however, a visible excitation
spectrum was observed for the functionalised one (blue curve in figure 4.5), which
suggests there is an energy transfer from the anthraquinone derivative chromophore
to the Yb®* ions encapsulated inside the NaYFs nanoparticle matrix. Figure 4.5
below is the excitation spectra at Aem = 1030 nm measured for the anthraquinone
derivative chromophore capped Yb3*-doped NaYFs nanoparticles, as well as
pristine oleic acid/oleylamine capped Yb3*-doped NaYF: nanoparticles, with a
monochromatic xenon lamp light from 400 nm to 700 nm and 900 nm to 1000nm

wavelength. Figure 4.5 shows that for the pristine oleic acid/oleylamine capped
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Yb3*-doped NaYFs nanoparticles, there is only the corresponding Yb3* based
excitation in the NIR range, which corresponds to the 2F7/2 — 2Fsy» transition; while
for the functionalised nanoparticles, the excitation spectrum shows an additional
broad band in the 400- 600 nm range. Importantly, the band is comparable to the
absorption band of the deprotonated 2-hydroxy-perfluoroanthaquinone (see figure
4.6 below) or, equivalently, to the excitation band of the corresponding Er3* or Yb3*
complexes of the same ligand [23, 26]. This proves that in the ligand capped NaYF4
nanoparticle system, the organic chromophore is capable of acting as a sensitiser
for the Yb3*, which would show, otherwise, no excitation in the visible range. The
quotient of the area of the ligand- and Yh3*-based excitation presents an estimation
of the sensitisation efficiency. In this case it is roughly an order of magnitude (7.5)

more intense upon the chromophore.
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Figure 4.6. Absorption spectrum of 2-hydroxy-perfluoroanthraquinone
chromophore dissolved in chloroform solvent at a concentration of 0.1mg/ml.

4.3.2. Energy transfer process from organic chromophore to nanoparticle

The energy transfer process is illustrated in figure 4.7 below (known as the
Jablonski diagram). The mechanism typically involves absorption of the
chromophore’s singlet state (allowed optical transition) plus direct singlet to
lanthanide energy transfer or triplet-based energy transfer involving a previous
inter-system-crossing step. Inter-system crossing causes the creation of a long-lived
triplet (typically hundreds of microseconds or milliseconds) in the organic
chromophore at the expense of the short-lived singlets (typically nanoseconds or
tens of nanoseconds) via a given mixing interaction (such as spin-orbit, for

instance). The mechanism for sensitisation of the Yb3*-doped in the NaYFs matrix
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from the organic chromophore may involve energy transfer via Dexter or Forster
electron exchange energy transfer interactions [27, 28]. In the case of soft donor
ligands, it may occur via organic-Yb3* charge transfer [29], which requires

corresponding intermediate metal-ligand steps involving the Yb?* transition state.
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2-hydroxy-perfluoroanthraquinone Yb3*

Figure 4.7. Schematic presentation of organic chromophore mediated Yb3*
sensitization process (Jablonski diagram): So: ground state of chromophore, Si:
excited singlet state, T1: excited triplet state, ISC: inter-system crossing.

4.3.3. Dilution experiments for sample 1

As shown in figure 4.6, the anthraquinone derivative chromophore has a strong
absorption during the visible range. Thus, there is a possibility that the visible
excited light cannot excite all the chromophores (it means some ligand capped
nanoparticles cannot be excited), therefore the measured sensitisation efficiency is
low given the fact that the NIR excited light can excite/penetrate all nanopartic les.
In order to exclude the effect of organic chromophore concentration, a dilution

experiment was done based on sample 1, as shows in table 4.1. For all samples,
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sample 1 to sample 6, the ratio between organic chromophore and nanoparticle
remained constant while the total concentration (nanoparticle plus organic
chromophore ligand) was decreased from 3.46 mg/ml to 0.19 mg/ml. It is assumed
that the visible light can penetrate more ligand capped nanoparticles for the lower
concentration sample, therefore, a higher sensitisation efficiency would be expected
for this sample. Figure 4.8 illustrates the NIR luminescence spectra of sample 1 to
sample 6 with the identical 500 nm and 970 nm excitation wavelength provided by
the xenon lamp after excitation power density normalisation. The excitation power
density of the 500 nm and 970 nm excitation light was calibrated with the silicon
diode detector as 36 mW/cm? and 15.2 mW/cn¥ separately. It should be noted that
figure 4.8. (a) to 4.8. (c) shows the NIR luminescence spectra under both 500 nm
and 970 nm excitations for sample 1 to sample 3. From figure 4.8 (a) to 4.8 (c), the
NIR luminescence under 970 nm excitation decreases by more than 50%, which is
proportional to the concentration change, while the NIR luminescence under 500
nm excitation remains almost constant. This result further confirms the assumption
that some ligand capped nanoparticles cannot be excited at high concentration
samples. Figure 4.8 (d) shows the NIR Iluminescence spectra under 500 nm
excitation for sample 4 to sample 6. NIR luminescence spectra under 970 nm
excitation is not given for sample 4 to sample 6 as the intensity was too weak to be
measured. For the sensitisation calculation of sample 4 to sample 6, the NIR
luminescence intensity is assumed proportional to the concentration based on the
results of sample 1 to sample 3. Table 4.3 is a summary of 1030 nm intensity of

sample 1 to sample 6 under both 500 nm and 970 nm excitations.
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Figure 4.8 NIR luminescence spectrum of 2-hydroxy-perfluoroanthraquinone
chromophore functionalised 10% Yb3*-doped NaYFs4 nanoparticle dispersed in
chloroform at a concentration of 3.46 mg/ml (sample 1) (a). 2.276 mg/ml (sample
2) (b). 1.507 mg/ml (sample 3) (c). Under both 500 nm and 970 nm excitations; (d).
NIR luminescence spectra under 500 nm excitation of samples at a concentration
of 0.754 mg/ml (sample 4), 0.378 mg/ml (sample 5) and 0.12 mg/ml (sample 6)
separately.
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Table 4.3. Summary of 1030 nm intensity ratio of sample 1 to sample 6 under 500
nm and 970 nm excitations.

Sample 1030 nm intensity ratio

O\.ex: 500 nn/ Aex=970 nm)

Sample 1 1.96
Sample 2 2.7
Sample 3 3.23

Sample 4 4.97

Sample 5 591

Sample 6 5.56

As seen in table 4.3, the sensitisation efficiency increases with decreasing the
organic chromophore capped nanoparticle concentration, which is consistent with

the assumption made above.

4.3.4. Ligand to nanoparticle ratio effect for sample 6 to sample 11

In addition to the concentration effect, the issue of organic chromophore to
nanoparticle ratio needs to be considered. When the nanoparticle concentration is
low enough (consider one layer of ligand capped nanoparticle), the higher the ratio
of ligand to nanoparticle, there may be better sensitisation from ligand to

nanoparticle. In order to investigate the effect of the ligand to nanoparticle ratio, a
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series of samples were produced (sample 6 to sample 11), in which the
concentration of nanoparticles is the same (0.182 mg/ml) while the concentration
of organic chromophore is different (0.008 mg/ml, 0.023 mg/ml, 0.037 mg/ml,
0.052 mg/ml, 0.067 mg/ml and 0.191 mg/ml for sample 6, sample 7, sample 8,

sample 9, sample 10 and sample 11 separately), as shown in table 4.2 above.

For the 1.5 ml sample 6 solution, the nanoparticle concentration is 0.182 mg/ml and
the organic chromophore concentration is 0.008 mg/ml. Given that the density of
NaYFs is 3980 mg/cm?, and the average diameter of a nanoparticle is 6.28 nm, the

number of nanoparticles can be calculated:

0.182 X 1.5
N, = (4.1)

nano
%n(6.28 X 10-7)3 x 3980

And given the fact that the molar weight of the 2-hydroxy-perfluoroanthraguinone

ligand is 3.49 x 10°mg, the number of ligand chromophore is calculated by

0.008 x 1.5

Nligand = m X 6.02 x 1023 (42)

The calculated ratio between organic chromophore ligand and a nanoparticle for
sample 6 is 35. Similarly, the ratio for all the other samples are calculated and

summarised in table 4.4 below.
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Table 4.4. Summary of the ratio between organic chromophore and nanoparticles
for sample 6 to sample 11.

Sample Ratio of ligand to nanoparticle | 1030 nm intensity ratio
(Aex=500 nm/ Lex =970 nm)

Sample 6 351 5.56

Sample 7 107:1 11.05

Sample 8 1731 21.22

Sample 9 2431 29.34

Sample 10 3131 38.92

Sample 11 891:1 92.26

NIR luminescence spectra were measured under 500 nm excitation for all samples
from sample 6 to sample 11. As shown in figure 4.9 below, the NIR luminescence
intensity increased with increasing the ratio of ligand to nanoparticle (the organic
chromophore ligand concentration). As the concentration of the nanoparticles is
constant, the NIR luminescence intensity under 970 nm excitation is assumed to be
constant, thus the 1030 nm intensity ratio under both 500 nm and 970 nm excitatio ns

can be summarised, as shown in table 4.4.
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Figure 4.9. NIR luminescence spectrum of the 2-hydroxy-perfluoroanthraquinone
chromophore functionalised 10% Yb3*-doped NaYF:s nanoparticle dispersed in
chloroform at a concentration of 0.19 mg/ml (sample 6), 0.205 mg/ml (sample 7),
0.219 mg/ml (sample 8), 0.234 mg/ml (sample 9), 0.249 mg/ml (sample 10) and
0.373 mg/ml (sample 11) under 500 nm excitation.

As shown in table 4.4 and figure 4.9 above, sensitisation increases with increasing
the ratio of organic chromophore to nanoparticles when the nanoparticle
concentration is as low as 0.182 mg/ml. The biggest sensitisation measured with
single 500 nm and 970 nm wavelengths is 92.26 for sample 11. So, the sensitisation
can be more than 300 when integration over the whole visible excitation band is

considered, which is the highest among the values reported in the literature.
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4.3.5. Lifetime measurements

As stated in chapters 1 and 3, lifetime measurement is an important method for
understanding population and depopulation dynamics. In this case, lifetime can
provide information on energy transfer between the organic chromophore and Yh3*

ions encapsulated inside the NaYF4 nanoparticles.
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Figure4.10. Decay curvesof 2-hydroxyperfluoroanthraquinone-capped 10% Yh3+-
doped NaYF4 nanoparticles (sample 1) with 460 nm and 960 nm OPO excitations.
The numbers in the bracketsare the percentage contribution to the average lifetime.

Figure 4.10 above is the I(t) decay curve for the 1030 nm luminescence, at 460 nm
and 960 nm OPO excitations respectively, for the organic chromophore
functionalised 10% Yb3*-doped NaYFs nanoparticles dissolved in a chloroform

solution at a concentration of 3.46 mg/ml (sample 1). The decay of the NIR-excited
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Yb3* emission is fitted with a double exponential curve, yielding an average lifetime
of 120 ps. However, the Yb3* emission decay curve at the visible excitation showed
a considerably shorter lifetime (81 ) and tri-exponential behaviour, with two of
the components being ~3 s and ~17 ps, considerably shorter than any of those

obtained for the NIR excitation-based emission.

It is understood that a system that cannot be described by single exponential decay
involves different emitting centres, each showing different environments in terms
of geometry or neighbouring transferring sites, which results in different population
and/or emission routes [30]. In systems showing high surface to volume ratio (and
especially in solutions), it is usually inferred that short lifetimes correspond to
emitting centres near the surface, and thus show a more distorted geometry, or are
more exposed to quenching effects of the environment, while more protected, inner

emitters show longer lifetimes [25].

In view of the above, we assign the short lifetime of the chromophore-excited
emission to emitting Yb3* ions near the surface. This includes the very short
component of 3 s (representing 6% of the total emission) and the 17 ps
(representing 24% of the total emission) emission. They correspond to given
populations of Yb3*ions which (1) are excited via energy transfer from the organic
chromophore and (2) are exposed to organic or hydrogenated molecules

(oleylamine, the ligand itself, etc.).

Evidently, the same population of surface-based Yb3* ions exist in the organic

chromophore functionalised nanoparticles with 960 nm OPO excitations. In
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principle, similar lifetimes could be expected. However, a different situation must
be considered due to the fact that a different population mechanism of Yb3* ions is
probed when the 10% Yb3*-doped NaYFs emitting ions are excited in the
corresponding Yb3* NIR absorption bands (960 nm) with respect to the ligand-
based excitations (460 nm). This population includes a considerably smaller ratio
of Yb3*ions at the surface compared to the core of the nanoparticle, than in the case
of ligand-based excitation. A typical schematic diagram of a chromophore capped
Yb3*-doped NaYF4 nanoparticle is shown in figure 4.11 below. The proportion of
Yb3* ions within a lattice near the surface of the particle, compared to those more

than a unit cell inside the volume of the particles, is higher than 50%.

2-hydroxy-perfluoroanthraquinone ligand
(chromophore)

nnnnnnnnn

Optically active R AN
Yb3* ions

Oleylamine liga
(solubilizer)

NaYF, matrix

Figure 4.11. Organic chromophore capped Yb3*-doped NaYFs nanoparticle
(proportions of the components’ sizes are approximately represented).
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When excited atthe ligand absorption, the primarily excited population of Yb3*ions
is at the surface (roughly 100% at the surface). Therefore, shorter lifetimes
dominate at the ligand-based excitations while longer lifetimes do this under direct
Yh3* absorption band (960 nm) excitation. These considerations are confirmed in
view of the measured lifetime of the pristine (oleylamine and oleic acid capped)
10% Yb3*-doped NaYFs with 960 nm OPO excitation. At this excitation (direct
excitation into the Yh3* 2Fs state), the decay time of oleylamine/oleic acid capped
and organic chromophore capped nanoparticles is the same, as they are exposed to
similar organic and hydrogenated impurities (except, obviously, the anthraquinone
derivative ligand). It is also important to remark that the 2F7/5 — 2F7/2 Yb3*emission
at 10% doping is strongly affected by energy transfer processes between the Yb3*
ions themselves (hopping). The above results suggest that in the organic
chromophore ligand-based excitation experiments, excitation diffuses from the
surface towards the inside of the nanoparticles and quickly reaches the relatively
protected Yb3* ions inside the particle. The opposite occurs for the Yh3* direct
excitation experiment, when the excited population changes (statistically) from an
initially (more protected) population diffusing to a more exposed Yh3* with a

shorter lifetime.

The decay curve of the organic chromophore ligand-capped Yh3*-doped NaYFs
nanoparticles at chromophore-based excitation significantly depends on the shape
of the excitation pulse. While the OPO pulse excitation at 460 nm (with an average
energy of ~ 600 pJ/pulse, 7 ns pulse width) causes a tri-exponential decay, the decay

curve with a 405 nm diode excitation (80 mW) with pulse widths higher than 1 ps

140



can be described with two lifetimes, the components and its relative contribution

changing with the pulse widths (see table 4.5 below).

Table 4.5. Lifetime summary with different excitation pulse length (modulated
405 nm excitation, 80 mW peak power).

Pulse length (us) T 1% 7] 2% Tav
1 10.7 ps 26% | 64.5 us 74% | 50.5 ps

100 15.3 ps 16% 113.6 us | 84% | 98.2 us
1000 17.1 ps 11% 137 ps 89% | 124 ps

Table 4.5 shows that a longer excitation pulse on the organic chromophore causes

an increase of the individual lifetime components (which is considerably more

dominant in a longer excitation pulse) and an increase of the contribution of longer

components, resulting in an increase of the average lifetime. These results are

interpreted asa confirmation of the model explained above, and a direct observation

of the energy migration towards the interior of the nanoparticle after sensitisation.

Indeed, longer excitation pulses, although initially causing an increased population

of surface-based excitation, allow for enhanced diffusion lengths towards the inside

of the nanoparticle. Moreover, it can be employed to modulate the 2Fsp»— 2F7p

lifetime, which can be of interest in applications. Figure 4.12 illustrates the lifetime

fittings of the intensity decay curves regarding different excitation pulse lengths.
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Figure 4.12 Lifetime fittings of Yo3* ions’ intensity decay curve with 405 nm CW
laser regarding different excitation pulse lengths (a). 7 us pulse length, (b). 100
us pulse length; (c).1 ms pulse length.

4.4. Conclusions

Sub 10 nm 2-hydroxyperfluoroanthraquinone-sensitised  Yb3*-doped NaYF4
nanoparticles in chloroform solution were prepared and investigated using a time-

resolved spectroscopic method. Moderate sensitisation can be obtained with broad
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visible light, ranging in wavelengths up to 600 nm. It has been observed that surface
guenching-derived phenomena which causes a shorter average lifetime in the
sensitised emission. It has been also observed that an energy migration phenomena
leading to the excitation of Yb3* inside the nanoparticle, is tuneable by varying the

excitation pulse length.
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Chapter 5: Efficient sensitisation of Yb(F-TPIP)s; with

Zn(F-BTZ), chromophore

5.1. Background and introduction

Lanthanide doped NIR emitting materials have been widely investigated due to the
potential applications in the field of super resolution [1], biology [2] and waveguide
amplifiers [3]. The advantages of the NIR light (especially in the ~1000 nm range)
absorption and/or emission have been described in chapter 4: NIR light has less
scattering effect and higher penetration inside the body tissue compared with UV
or visible light [4, 5]. Previous research has mainly focused on the lanthanide doped
glasses [6-8], oxides [9-12] and nanoparticles [13-16]. Many kinds of probes,
biological tissues and waveguides have already been developed based on the
previous systems [1, 2]. However, there are some drawbacks, such as concentration
guench and the need for high excitation power density, which are difficult to
overcome due to the crucial energy transfer distance and small cross section area of
the lanthanide ions separately [17]. Recent research shows that the organic
lanthanide complex has the possibility of increasing the lanthanide doping
concentration without significantly decreasing the emission intensity or lifetime
[18, 19], as the lanthanide ions are protected by the organic molecules. More
importantly, the organic chromophore can act as a sensitiser, transferring energy
from the organic chromophore to the corresponding energy states of the lanthanide

ions [19, 20]. Therefore, the lanthanide emission intensity can be largely improved
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due to the broad absorption wavelength range and large absorption cross section of

the organic chromophore.

However, there are still some drawbacks for the reported lanthanide complexes,
among which there are three main problems. Firstly, the reported lanthanide
emitters have considerably short lifetimes (in the order of tens of ps) and/or low
emission intensity, which is due to the quenchers such as O-H, C-H and N-H
chemical bonds typically found in organic chromophore, solvents and moisture
[21]. The excited energy states of lanthanides match the 3'to 5" vibrational energy
level of these chemical bonds, therefore, a non-radiative decay process would be
more likely to happen than a radiative decay [19]. Secondly, the sensitisation is still
not efficient, which may due to anumber of reasons, such as the mismatch between
excited energy states of chromophores and lanthanides and/or the insufficient
mtersystem crossing between the organic chromophore’s singlet and triplet states,
as it is understood that intersystem crossing favours the energy transfer processes
[22]. Lastly, the majority of the reported organic lanthanide complexes are not
thermally stable and cannot be physically evaporated under vacuum to make optical
quality thin films [18], hence the processability of these materials is low for making

a waveguide amplifier.

For the first main concern, fluorination has proved to be an effective way to reduce
the organic chromophore quenching by lowering the energy level of vibrational
modes of the chemical bonds. For example, the reported lifetimes of Er3*/Yb3* ions
have been increased from tens of s up to a few ms with fluorination of the

Er3*/Yb3* containing organic complexes [23, 24]. Together with fluorination, the
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other two problems mentioned above have been overcome recently by co-
evaporating erbium(lll) tetrakis(pentafluorophenyl) imidodiphosphinate, Er(F-
TPIP)s and Zn(F-BTZ)2 under vacuum using the organic vapour deposition
technique, making optical quality thin films [18]. A great sensitisation of the Er3*

ion for the 1.5 pm telecommunication wavelength (#1132 — *l15/2) was demonstrated.

As noted abowve, the ~1000 nm NIR wavelength is an interesting telecommunication
wavelength. It is desirable to demonstrate the efficient sensitisation of Yb3* ions,
which are doped into the thermally evaporated organic optical quality thin films. It
should be mentioned that the ~1000 nm NIR emission, which is due to the *l11p—
411572 transition of the Erd* ion, is very weak in the mentioned Er(F-TPIP)3 co-doped
with Zn(F-BTZ)2 system. The reason is not clear, which may due to the rapid non-
radiative transition through “#l11/2— #l13/, or the excited #l11/2 state is more sensitive
to the vibrational energy levels of the existing water molecules than the #113/2 excited

state.

In this chapter, a strong ~1000 nm NIR emission (2Fs; — 2F7,2) from Yb3* ions is
demonstrated by co-evaporating Yb(F-TPIP);s and Zn(F-BTZ). onto a glass
substrate under vacuum. Figure 5.1 below shows the emission spectrum of the co-
evaporated Yb(F-TPIP)s and Zn(F-BTZ): film measured under a 405 nm CW laser.
Also, a physical model was built explaining the sensitisation of Yb3*ions through
the Zn(F-BTZ). chromophore and a full characterisation of Yb(F-TPIP)s and Zn(F-
BTZ). co-evaporated film is applied, regarding different doping concentrations. The
best sensitisation of Yb3* ions with the Zn(F-BTZ)2 chromophore is two orders

higher compared with the intrinsic excitation region (900-1000 nm) of Yb3* ions.
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And the measured longest lifetime of 980 nm emission of the Yb3* ion in the co-
doped film is 1.04 ms, which reaches 79% quantum vyield (1.31 ms is the
recommended value of the intrinsic lifetime of Yb3* in aqueous solutions of

coordination compounds [25]).

| —— Emission spectra)

Intensity (a.u.)

900 950 1000 1050 1100
Wavelength (nm)

Figure 5.1. Emission spectrum of co-evaporated Yb(F-TPIP)3 and Zn(F-BTZ)2
film measured with 405 nm CW laser.

5.2. Instruments and experiments

5.2.1. Film deposition

Yb(F-TPIP)3 was chemically synthesised, dried under vacuum (10-2 mbar) and then

sublimated under vacuum (107 mbar). The detailed procedures of these three
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processes are described in chapter 2. After purification (sublimation), Yb(F-TPIP)s
was co-evaporated with Zn(F-BTZ)2, which was also purified according to the same
processes above. The Yb(F-TPIP)s and Zn(F-BTZ)2 co-doped film was deposited
using the conventional organic vapour deposition technique, which is desirable for
achieving pure and optical quality material required for the waveguide amplifier.
Details of the chemical vapour deposition techniqgue and the film deposition
procedures are all described in chapter 2. The detailed deposition parameters during
the co-evaporation experiment for different Yb3* ion concentration samples is given

in table 5.1 below.

Table 5.1. Parameters of organic chemical vapour deposition of Yo(F-TPIP)3 and
Zn(F-BTZ)2 thin films.

Sample Deposition rate Thickness Chamber pressure
O IEBTy | L2ms | a00A | 530<107mba
NommIneomy | ToAw | oA | G0wa07mhw
288 Em \z(r?(?::gigzk 18 %: ;ggg é 5.70x10"" mbar
3§§oan:n\{z?]((FF'_EPTI§))f o %2 o ﬁ 5.50x107 mbar
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5.2.2. Optical characterisation

405 nm and 975 nm CW lasers, electrically modulated by a square wave generator
at a frequency of 123 Hz, were used to measure the lifetime as well as the power
dependent sensitisation of Yb(F-TPIP)s powder and/or co-evaporated Yb(F-TPIP)s
and Zn(F-BTZ). film. For the lifetime measurements, the intensity decay curve is
recorded by the Oscilloscope. For the power dependent sensitisation measureme nts,

the emission intensity was recorded by the lock-in amplifier.

The xenon lamp, together with a monochromator was used as the light source to
measure the excitation spectra of the co-doped Yb(F-TPIP)s and Zn(F-BTZ). films
within both visible and NIR regions. The monochromatic light was modulated by a
chopper at a frequency of 173 Hz. The emission intensity was recorded by the lock-
in amplifier. The specific experimental set up of lifetime measurements, power
dependent sensitisation and excitation spectra measurements can be found in

chapter 2.

5.3. Lifetime measurements

Lifetime is one of the key fundamental characters of lanthanides, especially for the
design of high emitting organic materials and devices [25]. The reported lifetime of
lanthanides (such as Er3* and Yb3*) containing an organic complex is much shorter
than their intrinsic lifetime, even with fluorination or chlorination [23, 24].
Therefore, the emission intensity is considerably low. Furthermore, short lifetime

means low energy transfer quantum efficiency. So, it has been practically
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interesting to maximise the lifetime of lanthanide complexes and the overall
quantum yield, Q. Importantly, for Er3* and Yb3* ions containing materials, longer
lifetimes could increase the probability of population inversion, which is essential

for obtaining optical gain for telecommunication applications.

In the literature, the reported lifetime of Yb(F-TPIP)3 powder was 582 ps (measured
under N2 atmosphere) [23]. And the maximum 1111 s lifetime was obtained in a
Yb(F-TPIP)s dissolved CD3CN solvent with N2 atmosphere protection, in which
the condition of the interaction between Yb3*-Yb3* ions is assumed to be very
limited [23]. In our experiments, similar experimental results were demonstrated.
The lifetime of Yb(F-TPIP)3 powder/film was investigated systematically regarding
different synthesise conditions, film growing environments and Yb3* doping

concentrations.

As YDb(F-TPIP)s powder was precipitated from the ethanol solvent after the
chemical reaction (see chapter 2 for synthesis details), there will be some alcohol
molecules remaining. The synthesised Yb(F-TPIP)s powder was heated under
vacuum (102 mbar) at a temperature of 150 °C for one night in order to remove the
alcohol and water molecules. The 1030 nm emission intensity decay curve (black
one) measured with a 975 nm CW laser is given in figure 5.2 below. The fitted
lifetime is 205 s, which is shorter compared to the literature reported value (582
s) [23]. It should be mentioned that both the measured and literature reported
lifetimes are considerably shorter compared with the reported intrinsic lifetime of
the Yb3* ion (1.31 ms). There are several possible reasons for this: (1) there are still

traces of alcohol and/or water molecules (the possible quenches), which are difficult
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to be completely remove; (2) there are some impurities, such as the unreacted

organic ligand; (3) the possible concentration quenching between Yb3*-Yb3* ions.

In order to make pure and impurity molecule free Yb(F-TPIP)s, the dried Yb(F-
TPIP)3 powder was sublimated under vacuum (10" mbar). The detailed sublimation
process is introduced in chapter 2. The lifetime of Yb(F-TPIP)s powder after
sublimation is 522 s, which is also shown in figure 5.2 (blue curve). It actually
proves that sublimation is a necessary process in our lifetime measurement
experiments. All lifetimes mentioned later in this chapter were measured with

samples after sublimation.

10° 5
’:? 1014 Tunsublimated = 205 uS
S =
~ ] Tsublimated 522 uS
&
)
c
<1}
+—J
£ 107
y Unsublimated Yb(F-TPIP),| . %,
. Sublimated Yb(F-TPIP),
10-3 T T T LY | T LR | T LR |
10° 10° 10* 10° 10°

Time (s)

Figure 5.2. 1030 nm intensity decay curves of both unsublimated and sublimated
Yb(F-TPIP)3 powder measured with 980 nm CW laser.
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Sublimated Yb(F-TPIP)3 and Zn(F-BTZ). powder was used for the co-doped film
deposition. In the co-doped film, Zn(F-BTZ). acts as a sensitiser, which has a big
cross-section and can transfer the excited energy to the neighbouring Yb3*ions (the
mechanism of energy transfer is discussed in subsection 5.4). Also, Zn(F-BTZ)2
was used to dilute the total Yb3* ions concentration. It should be noted that two
different film deposition conditions were investigated for the 200 nm Yb(F-TPIP)3
co-doped with 200 nm Zn(F-BTZ). film. One was deposited just with normal 107
mbar vacuum. The other one was deposited under 10-7 mbar vacuum with a cold
finger which was filled with liquid N2. The difference is that the cold finger can
‘freeze’ the water molecules (quenching centres) during the deposition processes.
The gas composition was analysed with the residual gas analyser (RGA). As shown
in figure 5.2 (a), the amount of water molecules was reduced by an order of
magnitude with the cold finger. Interestingly, the lifetime of the co-doped Yb(F-
TPIP)s and Zn(F-BTZ). film was extended from 753 s to 1.044 ms after using the
cold finger, which does suggest the water molecules play a crucial role as a
quenching centre of lanthanide ions even under 10" mbar vacuum. The lifetime of
the co-doped film was measured with the 405 nm CW laser and the fittings are

shown in figure 5.3 (b) below.

155



10°® 10°

@) —— without cold finger (b)

E 107 —— with cold fmger —_ Twithout cold finger =753 MS

© S 107 -

}:/ 1024 3 Twith cold finger — 1044 us

e >

= =

3 10° e

(] =

] 9 10°

> 10%] k = «  without cold finger
= with cold finger

0 10 20 30 40 50 60 70 80 90100 10°  10°  10*  10° 107
Molar mass (g/mol) Time (S)

Figure 5.3 (a). Impurity levels of deposition vacuum with and without cold finger;
(b). 1030 nm intensity decay curves and lifetime fittings of 200 nm Yb(F-TPIP)3 and
200nm Zn(F-BTZ)2 co-doped film deposited with and without cold finger excited
with 405 nm CW laser.
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Figure 5.4 1030 nm intensity decay curves of (a). 50 nm Yb(F-TPIP)3 co-doped
with 200 nm Zn(F-BTZ)2; (b). 100 nm Yb(F-TPIP)s co-doped with 200 nm Zn(F-
BTZ)2; (c). 200 nm Yb(F-TPIP)s co-doped with 200 nm Zn(F-BTZ)2; (d). 300 nm
Yb(F-TPIP)3 co-doped with 200 nm Zn(F-BTZ)2, excited at 405 nm CW laser.

In order to investigate the concentration quenching effect on the lifetime of Yb3*
ions, a series of film samples were prepared with different Yb3* ion concentratio ns.
The co-evaporated thickness of Yb(F-TPIP)s/Zn(F-BTZ). was 50 nm/200 nm, 100
nm/200 nm, 200 nm/200 nm and 300 nmV200 nm separately. The measured
lifetimes were 882 s, 934 s, 1020 s and 931 ps separately for the above samples
as illustrated in figure 5.4 above. Lifetimes are consistent (~941 ps) and within the
10% system measurement error for different Yb3* doping concentration samples.

This is also consistent with the value (1111 s) reported for the Yb(F-TPIP)3
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dissolved CD3CN solvent. The averaged quantum yield of Yb(F-TPIP)s co-doped

Zn(F-BTZ2): is

T
Q= = 71% (5.1)

rad

where T (941 ps) is the measured lifetime of the excited state and trad (1.31 ms) is

the lifetime in absence of any non-radiative process.

5.4. Sensitisation characterisation

5.4.1. Excitation spectra

It is well known that sensitisation is one of the key factors for judging the energy
transfer efficiency. Better sensitisation means higher emission intensity as well as
more chance to get the optical gain for the telecommunication applications. Thus,
it is important to understand the sensitisation processes and investigate the best

sensitisation conditions for the co-doped Yb(F-TPIP)z and Zn(F-BTZ)2 system.
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Figure 5.5. Jablonski diagram for energy transfer from Zn(F-BTZ). to the
encapsulated Yb3* ions.

The energy transfer process from the excited states of the Zn(F-BTZ). chromophore
to the excited state of encapsulated Yb3* ions (sensitisation) is illustrated in figure
5.5 above. In detail, the Zn(F-BTZ). chromophore can be excited from the ground
state So to the singlet state Si under broad range light (350-500 nm) absorptions
[26]. Part of the excitation of state S will decay rapidly to the ground state, giving
luminescence. And some excitations from singlet state Si can be transferred to the
corresponding energy state of Yb3* ions directly where a change of spin number is
required [22]. More importantly, some excitations from state Si can decay to the
lower-lying triplet state Ti via inter-system crossing process. It is understood that
triplet state T1 is more efficient than singlet state Sifor coupling with the multip lets
of rare earth ions [22]. In this system, fluorination of benzothiazole ligands favours

the inter-system crossing, which is due to the enhanced spin-orbit interaction caused
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by the higher Z factor of fluorine compared with hydrogen [18]. So, fluorination
enhances the energy transfer from intermediate triplet state Ti to the excited states
of Yb3* ions. Therefore, an efficient sensitisation from the Zn(F-BTZ):

chromophore to Yb(F-TPIP)3 could be expected.
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Figure 5.6. Excitation spectrum of 200 nm Yb(F-TPIP)s co-doped 200 nm Zn(F-
BTZ)2 with xenon lamp.

All four co-doped Zn(F-BTZ). and Yb(F-TPIP)s film samples were made under
identical deposition conditions, regarding different thickness of Yb(F-TPIP)s. The
detailed deposition conditions of these four film samples is given in the film
deposition discussion above. Figure 5.6 is the excitation spectrum of 200 nm Yb(F-
TPIP)3 co-doped Zn(F-BTZ)2 film under both visible and near infrared light

excitation using the xenon lamp. As shown, the integrated excitation of Yb(F-
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TPIP)s under the visible region is a hundred times bigger than the excitation under
the 950-1000 nm region, which is the intrinsic excitation region of Yb3* ions.
Interestingly, the excitation spectra is similar to the absorption spectra of Zn(F-
BTZ). [26]. Thus, it can be confirmed that the sensitisation during the visible light

range is due to the energy transfer from Zn(F-BTZ). to Yb(F-TPIP)s.

5.4.2. Power dependent excitation

In order to find the best sensitisation condition, the co-evaporated Yb(F-TPIP)s and
Zn(F-BTZ)> films were characterised as a function of Yb(F-TPIP)s doping
concentration. The amount of Zn(F-BTZ)> chromophore was kept constant to make
sure the excited chromophore was the same under the same excitation power
density, while different amounts of Yb(F-TPIP)s were used for estimating the best
doping ratio. For the characterisation, two important issues need to be considered:
(1) senstitisation may not change linearly with a 405 nm excitation power density,
as the Zn(F-BTZ). chromophore can get saturated at the high power density region;
(2) the Zn(F-BTZ)2 chromophore has a strong absorption at 405 nm wavelength
range, thus there is a probability that the 405 nm light cannot penetrate the whole
film. Based on these considerations, sensitisation needs to be characterised with
regard to different power density. The power density range used in the experime nt
was from 12.88 to 234.19 mW/cn? and 117.10 to 749.41 mW/cn? for 405 nm and

975 nm CW lasers respectively.
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Figure 5.7 405 nm and 975 nm power dependent sensitisation characterisation of
Yb(F-TPIP)3 and Zn(F-BTZ)2 co-doped films with different Yb3* concentrations (a).
50 nm Yb(F-TPIP)s co-doped with 200 nm Zn(F-BTZ)2; (b). 100 nm Yb(F-TPIP)3
co-doped with 200 nm Zn(F-BTZ)2; (c). 200 nm Yb(F-TPIP)s co-doped with 200 nm
Zn(F-BTZ)2; (d). 300 nm Yb(F-TPIP)3 co-doped with 200 nm Zn(F-BTZ)z.

Figure 5.7 above shows the 405 nm and 975 nm power dependent excitations for
the 1030 nm emission intensity of the co-doped films with different Yb(F-TPIP)3
and Zn(F-BT2Z)2 thickness ratios. As shown in figure 5.7 (a) to 5.7 (d), the 1030 nm
emission intensity increases linearly with increasing the 975 nm power density (red
symbol). And under the same 975 nm excitation power density, the higher the Yb3*
concentration, the larger the emission intensity. However, this is not the case with

the 405 nm excitation. Under the same 405 nm excitation power density, the largest
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1030 nm emission intensity happens with the 200 nm Yb(F-TPIP)3 co-doped with
200 nm Zn(F-BTZ). sample. That is to say, for the same amount of excited Zn(F-
BTZ). chromophore, there is a best Yh3* concentration. When Yb3* concentration
is low (50 nmand 100 nm Yb(F-TPIP)s samples), some of the excited energy of the
chromophore is wasted, and when Yb3* concentration is high (300 nm Yb(F-TPIP)3
sample), the average distance between the chromophore molecule and the Yb3* is
longer, therefore, the energy transfer efficiency is lower. Considering that the 1030
nm emission intensity changes linearly with the 975 nm excitation power and Yb3*
concentration only, the 1030 nm emission intensity excited at 975 nm wavelength

is used as a reference to characterise the sensitisation efficiency.

In the power density region from 100 to 300 mw/cm?, using 975 nm excitation as a
reference, the sensitisation with 405 nm excitation has been improved 14, 25, 26
and 12 times for the 50 nm, 100 nm, 200 nm and 300 nm thick Yb(F-TPIP)s samples
respectively. Thus, the 200 nm Yb(F-TPIP)s co-evaporated with 200 nm Zn(F-

BTZ). is recommended as the best doping ratio.

5.5. Conclusion

In this chapter, a systematic investigation of lifetime and sensitisation of Yb(F-
TPIP)3 co-doped Zn(F-BTZ). films in relation to different Yb3* ions concentratio ns
is demonstrated. It is found that the lifetime of Yb3* within the co-doped system
remains constant regardless of the Yb3* ion concentration, which opens the way for
increasing the lanthanide doping concentration without decreasing the emission

intensity or quantum yield. The best integrated sensitisation owver the visible
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wavelength range is found with the 200 nm Yb(F-TPIP)3 co-doped with 200 hm
Zn(F-BTZ)2 film, which is more than two orders bigger than the intrinsic
sensitisation. The sensitisation efficiency is relevant to the average distance
between Yb3* ions and organic sensitisers, which gives useful information for

designing potential materials for the application of the 980 nm waveguide amplifier.
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Chapter 6: Conclusion and future work

6.1. Conclusion of the work

This thesis has mainly focused on the optical properties of lanthanide doped
inorganic, hybrid and organic systems using the time-resolved spectroscopy method
for making a new kind of functional material. The thesis can be divided into two
main parts: the first discusses the fundamental interactions between Er3* ion pairs
as well as optical properties during up- and down-conversion processes, which is
for the inorganic Y203 system; the second part is about investigating potential NIR
functional material, including Yb3*-doped NaYF4 nanoparticles and co-evaporated

Yh3*-based organic systems.

For the inorganic system, Y203 was chosen as our starting system, due to the easy
synthesis method, low phonon energy of the matrix [1] and of course the potential
applications from biomedicine to solar cell. Both the up- and down- conversion
processes, including lifetime and spectra, are discussed in detail regarding different
Er3*-doping concentrations. The Er®*-doped Y203 system has been investigated
already [2-4] and there were reports about the spectra difference between the UC
and DC processes, and of green to red emission band ratio changes with doping
concentration during the UC process, but no proper explanations have been given
yet. One reason is that the spectrum itself is just a partial picture, not enough for
understanding the underlying physics completely, and the other possible reason is

that it is difficult to get all the dynamic data and modulate all the excited states.
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Given the fact that Er3* has been widely used for telecommunication amplifiers,
and Y203 is easy to synthesise, Er3*-doped Y203 was investigated systematically
using a time-resolved spectroscopy method, which can record the population and
de-population dynamic data regarding time. It was found that the long-lived “#l11p,
411372 states are involved in the UC process, which is responsible for the long
measured lifetime of 4Ss2 (green) and “Fo/2 (red) emitting states during this process.
Interestingly, it was further found that #Sas (green) and “Fo (red) emitting states
are populated under different UC routes: 4Sas2 (green) is relevant to the 4111/ state,
while “4Fo2 (red) is relevant to the “#li3q state, which explains the difference in
lifetimes between the 4Saj (green) and “Fer2 (red) emitting states. And the most
important thing is that it was proved there is a UC route change from ESA to ETU
with increasing the Er3*-doping concentration, which explains the difference of
emission spectra between UC and DC processes. Last but not least, CR processes
were clearly shown for the 10% Er3*-doping sample by measuring the time decay

profile.

For the hybrid system, the NaYF4nanoparticle system was chosen, not only because
it is one of the most investigated matrices, but also that NaYFs nanoparticle size
and shape can be well controlled with a proper synthesis procedure [5]. Itis known
that NIR light has low scattering and absorbance inside biological tissue [6].
Together with the long lifetime of the Yb3*ion (along lifetime is useful for reducing
the natural background inside the biological tissue), the Yb3*-doped NaYFs NIR
emitter has particular applications such as bio-labelling. We chose the 2-hydroxy-

perfluoroanthraquinone chromophore capped Yb3*-doped NaYFs nanoparticle
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hybrid system to study, for three main reasons. Firstly, the hybrid system is a
combination of the long lifetime of the Yb3®*-doped nanoparticle and strong
sensitisation of the organic chromophore, which is very interesting. Secondly, the
energy transfer between the organic chromophore and lanthanide ion encapsulated
inside the nanoparticle has never been understood with population dynamics.
Lastly, although the hybrid system has been demonstrated before with the
chromophore absorbing during the UV region [7], there has been no red shifted
chromophore demonstrated for the hybrid system NIR emitter. The advantages of
the red shifted chromophore over the UV chromophore are obvious: (1) the red
shifted chromophore needs a relatively low cost excitation source; (2) it favours the
energy coupling between the organic ligand and Yb3* ion; (3) it can penetrate
deeper inside body tissue due to long wavelength. In this thesis, the red shifted
chromophore sensitised Yhb3*-doped NaYF4 nanoparticles system is demonstrated.
The best sensitisation is over 300 times compared to the integrated Yb3*ion’s
intrinsic absorption range (~970 nm) for the best sample (proper concentration and
ligand to nanoparticle ratio). To the best of our knowledge, this is believed to be the
highest sensitisation ever reported. In addition, using the time-resolved
spectroscopy method, it was understood that there are two steps for the energy being
transferred from the organic chromophore to the Yb3* ions encapsulated inside the
nanoparticle. The excited energy of the chromophore is firstly transferred to the
Yb3* ions which are near the surface of the nanoparticle and then the energy is
transferred to the Yh3*ions which are inside the core of nanoparticle. Interestingly,

two different lifetimes were measured for the Yb3* ions within two different
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environments (the surface and the core of the nanoparticle), which is very important

for understanding the surface quenching of the nanoparticles [8].

Forthe organic system, the fully fluorinated Yb(F-TPIP)3 and Zn(F-BTZ). were co-
evaporated under vacuum. Fluorination reduces the oscillation energy of the
chemical bonds [9], therefore, reduces the quenching of the Yb3* ions. The
measured longest lifetime of the Yb3* ion within the organic system is over 1 ms,
which is nearly 80% quantum vyield. Compared with the above Y203 and NaYFs
nanoparticle systems, the physical vapour deposited organic system is more suitable
for the optical quality required materials. In this case, Zn(F-BTZ). acts as a
sensitiser, which has a strong absorption during the 350 nm to 550 nm region,
transferring the excited energy to the corresponding states of the Yb3* ion.
Sensitisation during visible wavelength (350 nm to 550 nm) of the Yb3* ion is
characterised compared to the intrinsic excitation wavelength (900 nm to 1000 nm).
Two orders of magnitude higher sensitisation has been demonstrated for the best
sample, making it potentially suitable for the 980 nm waveguide amplifier. It should
be noted that, concentration quenching is not obvious for the Yb(F-TPIP)s and
Zn(F-BTZ)2 co-doped system, therefore, it is a possibility for producing high Yb3*

doping concentration functional material.

6.2. Future work

Based on the fundamental study, there are a few breakthroughs of the processed
functional materials (long lifetime together with high sensitisation compared with

the literature reported results). However, there is more work to be done before it
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can be used for real industrial applications. Firstly, the chromophore absorption
range for both the organic chromophore capped nanoparticle and co-evaporated
systems needs to be further red-shifted for the reasons mentioned above: lower cost
excitation source, less scattering and more efficient energy coupling. This requires
a new design of the chromophore. It should be mentioned, it is particularly difficult
to design a new chromophore for the co-evaporated organic system, as the
lanthanide-based organic compounds are usually not thermally stable [10].
Secondly, some modifications of the Zn(F-BTZ). chromophore can be tried, as it is
known that heavy atoms favour the generation of the triplets [11], which is believed
to be the key factor in sensitisation. So, a heavy atom like Br and I, can be tried to
replace the F in the Zn(F-BTZ) molecule. With proper modification, these new
functional materials could be used as new generation bio-labelling material or new

organic amplifiers.
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