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Abstract
The underutilisation of the near-infrared (NIR) region in solar harvesting applications, such as
semiconductor photocatalysis, necessitated the incorporation of upconverters, which are capable
of absorbing multiple NIR photons absorbed and emit UV-Visible photons.
This

study

investigates

the

emission

properties

of

NaYF4 :Yb0.20 , Tm/Er0.005 ,

NaBiF4 :Yb0.20 , Tm(0.005,0.02) and NaBiF4 :Yb0.18 – 0.20 , Er0.005 – 0.04 powders for upconversion of 980nm
radiation to UV-Visible emissions. NaYF4 :Yb, Tm/Er upconverters were prepared via hydrothermal synthesis where the structure directing agent (citric acid (CA) or trisodium citrate (TC)), NaF
concentration (0.4–2.4 M), pH (5-12) or reaction time (2–16 h) was varied. Upconverters prepared
with CA varied in phase composition, crystal shape and size. Weak emissions were observed at
lower NaF concentrations (0.4–0.6 M) due to smaller YF3 and α-NaYF4 particles, whilst, higher
concentrations (0.8–2.4 M) formed larger α, β-NaYF4 , then βNaYF4, particles with more intense
emissions at UV-Visible regions. Increasing the pH (5-7) during preparation resulted in hexagonal β-NaYF4 microparticles with similar emission profiles and further increase (9-12) produced
shorter and less crystalline upconverters, compromising emission intensities. In contrast, samples
prepared with TC resulted in β-NaYF4 hexagonal nanoparticles (0.6–2.4 M NaF), where emission intensities increased with NaF concentration. Increasing the pH of these samples to 10 and
12 resulted in smaller nanoparticles and non-crystalline powders, respectively, showing highly
quenched emissions. Decreasing reaction times (<16 h) also showed decreased emission intensities. For comparison, NaBiF4 -type upconverters with similar Yb3+ :Tm3+ /Er3+ doping amounts
were prepared via precipitation. Increasing the NH4 F content added and decreasing its addition
rate, obtained upconverters with improved crystallinity, size and structure control, with increased
upconverted emission intensities particularly at higher energies compared to its NaYF4 analogues.
Changing the reaction temperatures (25–50 ◦C) or the Yb3+ :Er3+ ratios (20-18%:0.5-4%) had variable
effects on the crystallinity and structure of the upconverters and similarly with their emissions.
Additionally, composites of the NaYF4 :Yb0.20 , Tm0.005 upconverters were prepared deposition of
Au nanoparticles (0.5-5.0 wt.%), where intensities of the higher energy emissions quenched with
higher Au loading, and by SiO2 coating, where intensities were unchanged. These composites
would serve the basis for future studies.
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1

1.1

Introduction

Upconversion phosphors

Upconversion arises from anti-Stokes emission processes, wherein multiple low energy photons are transformed into higher energy photons. Certain lanthanide (Ln) and actinide f- ions,
as well as transition metal (TM) d- ions, doped into host matrices can exhibit this phenomenon
through various mechanisms. By its very definition, the quantum efficiency of this process is always less than one. The efficiency of the process also depends on the choice of host matrix, dopant
concentrations (activators and sensitizers), size and other parameters. Upconversion processes are
non-linear optical phenomena, since they depend on the intensity of the exciting light source [1,
2]. Upconversion processes are more efficient than other related phenomena such as second harmonic generation, parametric oscillation and four-wave mixing, since they do not require phase
matching and coherent light sources, and involve real intermediate states [3].
Upconversion phosphors are characterised by the long lifetimes of their excited states and a
ladder-like arrangement of energy levels with similar spacings, which is in intrinsic of d- and felements. These include materials doped with transition metals, such as Ti2+ , Ni2+ , Mo3+ , Re4+ and
O4+ , actinides and lanthanides. Lanthanide-doped solids have high conversion efficiencies at room
temperature, unlike the transition metal and actinide systems, which require low temperatures and
have poor optical properties [1, 2, 4]. Lanthanides typically exist in the Ln3+ oxidation state, with
their 4f electrons shielded by 5s and 5p orbitals. This results in weak electron-phonon coupling and
as a consequence, sharp and narrow f-f transitions. These f-f transitions are Laporte forbidden, as
there is no change in parity in the orbitals resulting in low transition probabilities and relatively
long-lived states. The latter is especially important since it allows for excitation to higher excited
states [1]. In crystal hosts, these parity forbidden transitions become partially allowed due to an
odd component of the crystal field and typically increases the radiative lifetime from 10−8 –10−3 s
[5, 6]. This is similarly observed with the transition metal ions, where the d-d transitions occur to
excite the ions to higher states. However, the d-orbitals are heavily influenced by the crystal field,
making these emission profiles fairly reliable for a given host. On the other hand, this allows for
tunability of emission bands to suit their given purpose [4].
1
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1.1.1

Mechanisms of upconversion

As hinted earlier, there are a few pathways by which upconversion can be achieved. It is important to note that these pathways involve the absorption of at least two photons of sufficient energy
by metastable, long-lived energy states. This decreases the efficiency of the upconversion process
and is the reason why the upconversion efficiency is always less than 1. Graphical representations
of various upconversion processes are shown in Figure 1.1. Upconversion is dominated by two
main competing processes: (i) excitation to a higher energy level; and (ii) the relaxation to a lower
energy level, whether radiative or non-radiative [3].

Figure 1.1: Upconversion mechanisms (a) excited state absorption (ESA), (b) energy transfer upconversion (ETU) or APTE effect (addition de photon par transferts d’energie), (c) photon avalanche
(PA) and (d) cooperative energy transfer (CET). Dotted/dashed lines represent excitation; dashed
lines are used for energy transfers and bold lines for radiative emissions.
The first mechanism is the multi-step excitation due to excited state absorption (ESA) [2, 7, 8],
as shown in Figure 1.1(a). Firstly, the emitting ion absorbs a photon and is promoted to an excited
state. The lifetime of this excited state is long enough that the absorption of another photon excites
the ion to a higher energy level [1, 2, 7, 8]. Upon relaxation, the emitted photon is of higher energy
compared to the initially absorbed photon. This is considered to be the least efficient of the possible
upconversion mechanisms as it is severely limited by the absorption cross-section of the emitting
ion.
Another mechanism is the energy transfer upconversion (ETU), which is also known as the
Auzel APTE effect [2, 7, 8]. This is represented in Figure 1.1(b). This process involves sequential
energy transfer between neighbouring ions, which may be identical or a sensitizer and activator
pair [1, 7, 8]. Typical examples of such a pairing, would be Yb3+ and Tm3+ , or Yb3+ and Er3+ . Photon
absorption of an ion is followed by energy transfer to neighbouring ions, leading to the population
of a highly excited emitting ion [2]. Energy transfer processes that may be involved are radiative
and non-radiative, phonon-assisted or resonant.
In radiative energy transfer, photons emitted by the sensitizer ions are absorbed by activator
ions, with the sensitizer and activator ions being in close proximity. The sensitizer emission spectrum is affected by the activator concentration. The probability of this energy transfer depends

Upconversion phosphors

3

on the radiative lifetime of the sensitizer, which is independent of activator concentration, photon
travelling distance and the spectral overlap of the sensitizer emission and the activator absorption
spectra. Long-range energy diffusion between identical ions can occur, leading to photon-trapping
effects, and is evidenced by an apparent increase of experimental lifetime [7].
Non-radiative energy transfers occur between ions where the energy difference between the
ground and excited states are almost equal. Excitation energy is transferred from one ion to another
before fluorescence can occur due to Coulombic interactions. Förster’s theory considers dipoledipole interaction and is strongest for allowed electric-dipole interactions [3, 7, 9]. The probability
of this transfer depends on the lifetime of the sensitizer excited state, the distance between the
sensitizer and the activator, as well as the critical transfer distance, where the excitation transfer and
spontaneous deactivation of sensitizer have the same probability. Dexter extends this theory to
higher multipole and exchange interactions [7].
If the energy difference between a pair of ions is not the same, i.e. there is an energy mismatch,
phonon-assisted energy transfer can occur. When this mismatch is small (around 100 cm−1 ), one
or two phonons are involved, but with a mismatch as high as several thousands in reciprocal
centimetres, as in the case of rare earth ions (RE), multi-phonon phenomenon occurs, as it is higher
than the Debye cut-off frequencies found in various hosts [7]. Multi-phonon non-radiative decay
is often observed in the relaxation between the 4f excited levels of RE ions. In the configuration
coordinate model shown in Figure 1.2, the curves of the ground (I) and excited states (II) do not
intersect due to the similarity of the electronic states. At point A, a transition occurs between the
electronic state II and electron-phonon-coupled state of I with n phonons. The transfer to point C
occurs instantaneously and is followed by relaxation to point B. The probability for this transition
is dependent on the energy gap between states, ∆E, or the number of phonons required to fill the
energy gap.
Resonant energy transfer can occur when the concentrations of the sensitizers and activators
are high [7]. This refers to the transfer of excitation energy from a sensitizer to another given that
these two centres are within a certain distance and are in resonance [5]. Cross-relaxation is the
downconversion energy transfer that occurs between identical ions. These could involve the same
energy levels, where there is no loss of energy or different energy levels of the ion (self-quenching),
where there is a loss or change in the energy of the emitted photons [7].
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Figure 1.2: Configuration coordinate model showing multiphonon non-radiative decay, adapted
from Nakazawa et al. [5].
Due to the multi-step nature of the ETU mechanism, the intensity of the emissions is dependent
on the power of the excitation laser [10],
I f ∝ Pn

(1.1)

where I f is the intensity for a given transition from the f state, P is the pump laser power, and n is
the number of photons required for the specific transition. Taking the log of this equation gives us:
log I f = n log P

(1.2)

which allows for the estimation of the number of photons involved in the transitions by using
laser power studies for the upconverters. This can provide information on the state of the intermediate levels of the emissions, indicating the efficiency of these samples for upconversion processes.
Unfortunately, ETU can also induce re-absorption from excited states. This is attributable to high
activator concentration and excitation density, which are the same factors that lead to its high efficiencies. Due to this potential for re-absorption, sensitizer/activator pairs need to be optimised to
achieve intense emissions.
Photon avalanche effect, or avalanche upconversion, is a relatively new mechanism and requires a pump intensity over a threshold value. Initial excitation is due to weak ground state absorption (GSA), followed by an intense ESA to populate the higher energy level, E2, as shown
in Figure 1.1(c). When a metastable level population is established, cross-relaxation occurs between the excited ion and a neighbouring ion in the ground state, resulting in two ions occupying
the intermediate level, E1. Through ESA, both ions readily populate E2, producing upconverted
emissions [1]. Photon avalanche is characterised by three distinct behaviours: (i) transmission; (ii)
emission; and (iii) rise time on the pump power intensity, which are observed to be in the seconds
to minutes range [1, 2, 7]. Luminescence intensity increases with pump power, as the lower excited states will become populated due to the cross-relaxation of neighbours [7, 8]. This is typically
observed at low temperatures and at high excitation energies [8].
Cooperative energy transfer upconversion (CET), as the name suggests, involves the cooperative upconversion of either two ions or a pair of ions with a third, as shown in Figure 1.1(d). It is
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similar to ETU but is of lower efficiency due to the involvement of quasi-virtual pair levels. Transitions are of a higher order perturbation due to their double-operator nature. Typically, only short
distances less than 5 Å are required between the interacting RE ions [7]. Due to their similarity,
CET and ETU are frequently mistaken for each other. These two can be differentiated by their rise
times; the former is instantaneous, much like ESA, whilst the latter takes longer since it requires
population accumulation at the sensitizer excited state.

1.1.2

Systems

As mentioned previously, upconversion phosphors are characterised by long-lived excited
states and ladder-like arrangement of energy levels with similar spacings, a characteristic of dand f- elements, such as the transition metals, actinides and lanthanides. However, upconversion
is not only limited to inorganic molecules, with some organic dyes and polymers also capable of
this non-linear optical phenomenon. This section briefly explores these other upconversion systems.
1.1.2.1

Organic upconverters

Upconversion in organic molecules is not as common as in their inorganic counterparts. Nearly
all of the excited state to ground state transitions observed in organic molecules are allowed, resulting in excited state lifetimes of a few nanoseconds. This is too short of a lifetime to allow for further
excitation to higher states and energy transfers, as observed in ETU. This makes upconversion in
organic phosphors uncommon and those that do upconvert typically follow an ESA mechanism
[4]. An example of this is the dye, trans-4-[p-(pyrrolidinyl)styryl]-N-methylpyridium iodide (PSI),
which exhibits a significant two-photon absorption cross-section when irradiated at 930 nm [4].
PSI shows an absorption band at 482 nm, which corresponded to the first excited singlet state S1,
and another band at wavelengths shorter than 350 nm, which corresponds to the second excited
state S2. The lifetime of the S1 state is 100 ps, which is enough to allow population of this state to
undergo ESA via S1 to S2 transition, followed by an S2 −−→ S0 emission.
Other organic-based upconversion systems tend to be made up of pairs of molecules, where
the higher singlet excited state is populated through triplet-triplet annihilation (TTA) [11], as presented in Figure 1.3. Such a system could be prepared via combinations of dyes and polymers.
This allows for tunability of the absorption and emission bands by sifting through reagent space.
Additionally, organometallic complexes could be included, further increasing the number of combinations [11, 12]. These organic-inorganic hybrids, including metal organic frameworks (MOFs)
will be discussed in Section 1.1.2.3.
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Figure 1.3: Illustration of the triplet-triplet annihilation mechanism of upconversion involving sensitizer and activator molecules.
1.1.2.2

Inorganic upconverters

Inorganic upconversion phosphors are typically made up of a crystalline host which is typically
doped with low concentrations of an emitter ion. The crystalline structure of the matrix determines
the distance, relative spatial location, coordination numbers and type of anions surrounding the
dopants which, in turn, affects the luminescence in the ETU mechanism. As such, the choice of the
host lattice is critical and its synthesis must be handled with care to produce crystals of high purity
and crystallinity [1, 13, 14]. Impurities in the host lattice can have a detrimental effect on emission
intensities, as they increase multi-phonon relaxation rates between metastable states [2, 15]. Low
lattice phonon energies help minimise non-radiative relaxations, thus maximising radiative emissions. Fluoride materials are a favoured host due to their low phonon energies (~350 cm−1 ), which
leads to long lifetimes, as well as stability in air or solution [2, 13, 14]. Heavy halide lattices also
show low non-radiative losses, but they tend not to be too chemically stable. Metallic oxides are
stable, however, their large phonon energies of above 500 cm−1 do not make them ideal hosts [1,
2, 13, 14]. The cations in the lattice have to be chosen such that they have ionic radii similar to that
of the dopant ions, to prevent the formation of defects and lattice stress, which could otherwise
contribute to emission quenching [1, 2]. For lanthanides, these cations are Na+ , Ca2+ and Y3+ . To
date, hexagonal NaYF4 (β-NaYF4 ) has been found to be the most efficient host for green and blue
upconversion, better than its cubic phase (α-NaYF4 ) and YF3 [2, 3, 13, 15].
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Figure 1.4: A schematic of inorganic upconverters doped with lanthanide ions, and the corresponding wavelengths for their various radiative transitions. Reproduced from Ref. [16] with permission
from The Royal Society of Chemistry.
As previously mentioned, the long lifetime of the excited states of a lanthanide ion allows it
to sequentially absorb multiple photons of suitable energy and reach a higher excited state. A
single monochromatic light source is sufficient if the gaps between three or more energy levels are
similar, and require the same photon energy. Most common emitters (or activators) are Er3+ , Tm3+
and Ho3+ , with a Er3+ showing a high efficiency, since at least three different transitions are induced
by infrared photons of the same energy, giving rise to green and red emissions after the sequential
absorption of two or more photons. UV and blue emissions are observed in Tm3+ -doped materials
following the absorption of four or more photons. Consequently, most upconversion development
has focused on Tm3+ -doped phosphors [1, 2, 13]. In fact, many of the most efficient upconversion
systems use Er3+ and Tm3+ as activators [1].
The Laporte-forbidden nature of f-f transitions makes the inefficient absorption of light a concern. This can be improved by increasing the dopant concentration, however, this has undesirable
consequences, such as cross-relaxation, leading to quenched intensities. This is aggravated by further increase in activator ion concentration. The upper limit of useful concentration is determined
by the distance of the lattice sites occupied by the lanthanide ions. For Er3+ and Tm3+ ions, these
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concentrations were found to be 3% and 0.5%, respectively, therefore giving low absorption capabilities [2]. This can be circumvented by employing highly absorbing ion called a sensitizer, which
can efficiently transfer energy to the emitting ion. A widely used activator for the Er and/or Tm
systems is the Yb3+ ion, which is introduced at relatively higher concentrations of 18-20%, while
the activator concentration is kept low (<2%) [1].
The energy gap of the Yb3+ ground ( 2F7/2 ) and excited states ( 2F5/2 ) are similar to energy gaps in
the Er3+ and Tm3+ ions, allowing for resonant energy transfer between the sensitizer and activator
[1, 2]. Yb3+ ion has an absorption cross-section of 9.11 × 10−21 cm−2 and absorbs strongly at 980 nm
[17]. As mentioned before, the highest upconversion efficiency of the two systems is achieved with
a β-NaYF4 host lattice. High excitation densities of about 100 W · cm−2 are required to saturate of
emissions of NaYF4 :Yb3+ , Er3+ phosphors [2].
A schematic representation of a Yb3+ -Tm3+ upconversion system is displayed in Figure 1.5,
showing the most common emissions observed in the NIR, visible and UV regions [17–21]. Excitation at 980 nm excites the Yb3+ ions, resulting in the 2F7/2 −−→ 2F5/2 transition, which nonradiatively migrates to the Tm3+ ion, resulting in the 3H6 −−→ 3H5 transition. Relaxation to the 3F4
state occurs, at which point, another energy transfer from the Yb3+ ion leads to the 3F4 −−→ 3F2
transition. Another relaxation event populates the 3F3 , 3H4 states, where the radiative relaxations
from these two states to the ground state ( 3H6 ) results in emissions at 694 and 800 nm, the latter
of which is most commonly observed. The 3H4 state can be further excited by energy transfers to
populate the 1G4 state, from which radiative relaxation to the 3F4 and 3H6 states occur, giving rise
to emissions at 645 and 475 nm, respectively. However, if energy transfer from the Yb3+ ions occurs
before radiative relaxation, further excitation of the Tm3+ ions leads to the 1G4 −−→ 1 D2 transition. Radiative relaxations of 1D2 −−→ 3F4 and 1D2 −−→ 3H6 lead to emissions at 450 and 360 nm,
respectively. Once again, if this radiative relaxation does not occur fast enough, further excitation
can lead to the population of an even higher excited state 1I6 . Emissions at 345 and 290 nm arise
from 1I6 −−→ 3F4 and 1I6 −−→ 3H6 transitions, respectively. The efficiencies typically decreases for
progressively higher energy emissions, due to the increased number of photon absorption events
and possible competing deactivation processes.
Table 1.1: Summary of transitions and corresponding peak wavelengths for Tm3+ emitter upconversion systems.
Dopant

Transitions

Tm3+

3

H4 −−→ 3H6
3
F3 −−→ 3H6
1
G4 −−→ 3F4
1
G4 −−→ 3H6
1
D2 −−→ 3F4
1
D2 −−→ 3H6
1
I6 −−→ 3F4
1
I6 −−→ 3H6

Wavelength (nm)

Photons
involved

800
694
645
475
450
360
345
290

2
2
3
3
4
4
5
5
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Figure 1.5: Schematic representation of a Yb3+ -sensitized Tm3+ upconversion system. Dotted/dashed lines represent excitation, dashed lines represent energy transfers, curly lines represent non-radiative relaxation and bold lines represent radiative emissions [17–21].
A schematic of a Yb3+ -sensitised and Er3+ -activated upconversion system is shown in Figure 1.6 [17, 20–22]. Compared to the Tm3+ -activated system, there is better resonance between
(Yb3+ ) 2F7/2 −−→ 2F5/2 and (Er3+ ) 4I15/2 −−→ 4I11/2 transitions, allowing for efficient energy transfers between the two ions [17, 23]. Non-radiative relaxation can populate the slightly lower excited
state, 4I13/2 , and the same resonant energy transfers excite it to a higher state at 4F9/2 . Its radiative relaxation to the ground state at 4I15/2 gives rise to a 655 nm emission. Alternatively, efficient
energy transfers can further excite the ions, giving rise to the 4F9/2 −−→ 4S3/2 transition. This
super-excited ion can then radiatively relax to the ground state, giving rise to the band observed at
542 nm. The other green emission, at 525 nm, is obtained when the 4I11/2 is further excited through
a series of energy transfers to populate the 4F7/2 state and then the 2H11/2 state, which subsequently relaxes radiatively to the ground state. The populated 4F9/2 state can be further excited
to the 4G11/2 state, which is followed by a non-radiative relaxation to the 2H9/2 state. The subsequent radiative 2H9/2 −−→ 4I15/2 transition gives rise to the emission at 415 nm. Alternatively, if the
radiative relaxation from the populated 4G11/2 state were to occur ( 4G11/2 −−→ 4I15/2 ), radiative
emission at 380 nm is observed.

10

Introduction

Figure 1.6: Schematic representation of a Yb3+ -sensitized Er3+ upconversion system. Dotted/dashed lines represent excitation, dashed lines represent energy transfers, curly lines represent non-radiative relaxation and bold lines represent radiative emissions [17, 20–22].
Table 1.2: Summary of transitions and corresponding peak wavelengths for Er3+ emitter upconversion systems.
Dopant

Transitions

Er3+

4

F9/2 −−→ 4I15/2
4
S3/2 −−→ 4I15/2
2
H11/2 −−→ 4I15/2
2
H9/2 −−→ 4I15/2
4
G11/2 −−→ 4I15/2

Wavelength (nm)

Photons
involved

655
542
525
415
380

2
2
2
3
3
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Organic-inorganic hybrids

Many applications, such as biological imaging, require upconverters that are biocompatible.
Thus, instead of inorganic upconverter phosphors, organic-inorganic hybrids are preferred. This
includes systems such as Ln3+ activator/emitter ions (e.g. Yb3+ , Tm3+ and Er3+ ) doped in an organic matrix, like the photocurable resin, poly(ethylene glycol) diacrylate (PEGDA) [21]. This allows for faster, more facile and inexpensive methods for upconverter synthesis and increased biocompatibility.
Organometallic complexes act as sensitizers for organic molecules with conjugated πsystems, thereby giving another upconversion system [12]. The sensitizers contain a metal
ion centre and are characterised by metal-to-ligand charge transfer (MLCT) transitions,
while the activators are molecules with a high fluorescence quantum yields. However,
energy match up between the two components is trickier than in the lanthanide-based
systems. Some examples of a viable sensitizer are the metal complexes, Pd(II) octaethyl
porphyrin (PdOEP), meso-tetraphenyl-tetrabenzoporphyrin palladium (PdPh4 TBP) and mesotetraphenyl-octamethoxide-tetranaphtho[2,3]porphyrin palladium (PdPh4 OMe8 TNP). The organic molecules, 9,10-diphenylanthracene (DPA), 9,10-bis(phenylenthynyl)anthracene (BPEA) and
9,10-bis(phenylethynyl)naphthacene (BPEN) can be used as activators. In these systems, upconversion is achieved by triplet-triplet annihilation (TTA), which is possible when the triplet and singlet
excited states of the sensitizer are between the singlet and triplet excited states of the activator. The
sensitizer is excited to the lowest singlet state and relaxes through intersystem crossing (ISC) to the
triplet state. This occurs faster than a radiative emission from the singlet state. A long lifetime for
the triplet state of the sensitizer allows for energy transfer to the triplet state of the activator. Two
activator molecules in the triplet state are annihilated, producing one activator in the high energy
singlet state and another in the ground state. This radiative relaxation from the highly energetic
singlet state to the ground state results in an emission at a higher energy than the excitation source
[12].
Upconverters based on metal organic frameworks are a further example of such an organicinorganic hybrid. Metal organic frameworks (MOFs) are highly ordered porous structures that
are made up of metal ions or clusters, which are connected by organic linkers. The multitude of
possible combinations of metal ions/clusters and organic linkers allows for greater diversity in
structure, pore size, density, surface area, functionality and application [24]. Upconverting MOFs
(Up-MOFs) can be prepared with either the organic linker or the metal ions as the upconverting
component. For example, Yb3+ , Tm3+ and/or Er3+ -doped MOFs based on HKUST-1 were prepared
by Zhang et al. [25], where trimesic acid (H3 BTC, benzene-1,3,5-tricarboxylic acid) was used as the
linker. Another organic molecule that could be used as a linker for MOFs is TATB (4,4’,4"-s-triazine2,4,6-triyl-tribenzoate), as detailed elsewhere [26]. However, a potential shortcoming to this type
of system is the masking of the weaker and sharper luminescence signal of the lanthanide ions by
the broader background emissions of the organic linkers [27].
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3

4
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1
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4

4
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4
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chloroform

-
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4
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4

toluene

3

1 wt.%

Solvent
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Power

3
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4

radiative transition

Most intense

α-NaYF4 :Yb0.20 , Tm0.02

980

Ex (nm)

3

27.6

Sizes (nm)

3

α-NaYF4 :Yb0.20 , Er0.02

Upconverter

Table 1.3: A summary of some upconverters prepared in the literature.
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7500 x 2000
30 x 45
30 x 45
400 x 470
28.25
28.25
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50
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Sizes (nm)

Upconverter

-

5

F4 −−→ I8
3

3
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4
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3
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4

-
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4
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1
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3

4

-

3
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4

3

4
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2

D2 −−→ F4

3
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-

1

4
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4
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4
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3

4

4

-
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5
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5 W cm−2
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4
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4

976

3
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Power

1
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4
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Ref

Continued on next page

cyclohexane

ethanol

hexane

hexane

DSSC

hexane

1 wt.%

hexane

1 wt.%

-

-

-

-

-

-

-

powders

powders

Solvent
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50
25
25
32
483 x 422
5-13.7
13.6

β-NaYF4 :Yb0.10 , Tm0.01

β-NaYF4 :Yb0.20 , Tm0.005

β-NaYF4 :Yb0.20 , Tm0.002

β-NaYF4 :Yb0.18 , Er0.02

β-NaYF4 :Yb0.20 , Er0.02

α-NaYF4 :Yb0.20 , Er0.02

α-NaYF4 :Yb0.20 , Er0.02 /α-NaYF4

β-NaYF4 :Yb0.18 , Er0.02

2000

-

100

β-NaYF4 :Yb0.30 , Tm0.005

ZBLAN:Yb0.035 , Er0.005 , Tm0.005

32.6

β-NaYF4 :Yb0.20 , Er0.02 /α-NaYF4

20-185

75

β-NaYF4 :Yb0.30 , Tm0.01

β-NaYF4 :Yb0.20 , Er0.02

10

Sizes (nm)

α-NaYF4 :Yb0.20 , Tm0.01

Upconverter
-

D2 −−→ F4

1 D2 −−→ 3 F4

1 wt.%

90 mW
1.22 W cm−2
1.22 W cm−2
1.22 W cm−2
1.22 W cm−2
1.22 W cm−2
20 W cm−2

S3/2 −−→ I15/2
4

F9/2 −−→ I15/2
4

F9/2 −−→ I15/2
4

4

G4 −−→ H6

4

4

S3/2 −−→ I15/2

4

4

S3/2 −−→ I15/2
4

4

S3/2 −−→ I15/2
4

4

1

4
4

980

980

980

980

980

980

980

980

980

S3/2 −−→ I15/2

S3/2 −−→ I15/2

3

-

ethanol

1 kW cm−2

4

[44]

[43]

[42]

[42]

[42]

[42]

[42]

[41]

[3]

[40]

[40]

[40]

[40]

[40]

Ref

Continued on next page

-

-

cyclohexane

1 wt.%

cyclohexane

1 wt.%

cyclohexane

1 wt.%

cyclohexane

1 wt.%

cyclohexane

-

cyclohexane

-

G4 −−→ H6

cyclohexane

4

3

980

980

-

cyclohexane

cyclohexane

cyclohexane

Solvent

1

3

1

Power

G4 −−→ 3H6

1

radiative transition

Most intense

1 D2 −−→ 3 F4

980

980

980

Ex (nm)
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28.6
20
26

β-NaYF4 :Yb0.20 , Er0.02

β-NaYF4 :Yb0.25 , Tm0.003

β-NaYF4 :Yb0.25 , Tm0.003 /

8.5

α-NaGdF4 :Yb0.20 , Tm0.002 /

< 2000
2000
-

YF3 :Yb0.20 , Tm0.005

β-NaYF4 :Yb0.20 , Er0.02

PEGDA:Yb, Er, Tm H

α-NaGdF4 :Yb0.20 , Tm0.002 /α-NaGdF4

α-NaGdF4 :Yb0.20 , Er0.02 /

8.5

210

YF3 :Yb0.20 , Tm0.005 /TiO2

α-NaGdF4 :Yb0.20 , Er0.02 /α-NaGdF4

200

YF3 :Yb0.20 , Tm0.005

β-NaYF4 :Yb0.25 , Tm0.003

β-NaYF4 :Yb0.20 , Er0.02 /

β-NaYF4 :Yb0.25 , Tm0.003 /

30

27.5

α-NaYF4 :Yb0.20 , Er0.02 /NaGdF4

β-NaYF4 :Yb0.20 , Er0.02

2000

Sizes (nm)

β-NaYF4 :Yb0.18 , Tm0.02

Upconverter

980

978.5

980

975

975

980

980

980

980

980

980

980

980

Ex (nm)

4

4

3

D2 −−→ F4

1

S3/2 −−→ I15/2

4

D2 −−→ 3F4

1

G4 −−→ 3H6

1

-

<40 mW

-

[21]

[49]

[48]

[20]

[20]

[47]

[47]

[46]

[46]

[46]

[45]

[45]

[44]

Ref

Continued on next page

-

-

-

-

2 W mm−2

3

2 W mm−2

-

70–142 mW

D2 −−→ F4

1

G4 −−→ H6

-

70–142 mW

3

1

-

cyclohexane

1 wt.%

cyclohexane

1 wt.%

cyclohexane

I6 −−→ 3F4

1

4

S3/2 −−→ I15/2

4

S3/2 −−→ I15/2
-

-

4

4

-

3

G4 −−→ H6

1

1 wt.%

hexane

75 W cm−2

F9/2 −−→ I15/2

4

F9/2 −−→ I15/2

hexane

75 W cm−2

-

Solvent

4

-

Power

4

H4 −−→ 3H6

3

radiative transition

Most intense
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900
900
11
11
300
1000

β-NaYF4 :Yb0.20 , Tm0.02

β-NaYF4 :Yb0.20 , Er0.02

α-NaYF4 :Yb0.20 , Er0.02

α-NaYF4 :Yb0.20 , Tm0.02

α-NaYF4 :Yb0.20 , Tm0.02

β-NaYF4 :Yb0.20 , Tm0.02

-

>25

α-NaYF4 :Yb0.20 , Tm0.005 /TiO2

NaYF4 :Yb0.18 , Tm0.002 , Gd0.05

25

α-NaYF4 :Yb0.20 , Tm0.005

-

50 x 25

β-NaYF4 :Yb0.25 , Tm0.003

NaYF4 :Yb0.18 , Tm0.002 , Er0.0005 , Gd0.05

12

β-NaYF4 :Yb0.19 , Tm0.01

-

12

β-NaYF4 :Yb0.18 , Er0.02

NaYF4 :Yb0.18 , Tm0.002 , Er0.001 , Gd0.05

9.2-25

β-NaYF4 :Yb0.33 , Er0.03

-

-

PEGDA:Yb, Er, Tm L

NaYF4 :Yb0.18 , Er0.02 , Gd0.05

-

Sizes (nm)

PEGDA:Yb, Er, Tm M

Upconverter

980

980

980

980

980

980

980

980

980

980

980

980

980

980

980

980

980

980

Ex (nm)

4

4

-

H4 −−→ H6

1 D2 −−→ 3 F4
1

-

H4 −−→ H6
3

1

D2 −−→ F4

1

-

G4 −−→ H6
3

1

G4 −−→ H6

-

4

3

S3/2 −−→ I15/2

4

S3/2 −−→ I15/2

-

4

1

-

I6 −−→ F4

4

3

-

3

4

F9/2 −−→ I15/2

-

F9/2 −−→ I15/2

4
3

-

3

4

D2 −−→ F4

1

G4 −−→ H6

-

3

4

-

I6 −−→ F4

1

3

-

3

F9/2 −−→ I15/2

3

F9/2 −−→ I15/2

cyclohexane

cyclohexane

cyclohexane

cyclohexane

-

-

chloroform

chloroform

-

-

-

-

-

-

-

-

-

-

Solvent

[56]

[56]

[56]

[56]

[55]

[55]

[54]

[54]

[53]

[53]

[18]

[18]

[52]

[51]

[51]

[50]

[21]

[21]

Ref

Continued on next page

1 W max

-

4

4

H9/2 −−→ I15/2

-

4

2

Power

G11/2 −−→ 4I15/2

4

radiative transition

Most intense

Table 1.3 – continued from previous page
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25
25

NaYF4 :Yb0.20 , Tm0.02

NaYF4 :Yb0.20 , Er0.02

11
11

β-NaYF4 :Yb0.20 , Er0.02

β-NaYF4 :Yb0.20 , Tm0.02
1400

660 x 245

β-NaYF4 :Yb0.18 , Er0.02

NaYF4 :Yb0.20 , Er0.02

660 x 245

-

-

β-NaYF4 :Yb0.18 , Tm0.02

Eu0.1 , Sm0.1 , Tm0.1 , Yb(1.0or1.5)

90 SiO2 – 10 YF3 :

Eu0.1 , Sm0.1 , Tm0.1 , Yb0.5

90 SiO2 – 10 YF3 :

12000 x 3500

260

NaYF4 :Yb0.20 , Er0.02

β-NaYF4 :Yb0.25 , Tm0.006

100 nm

2000 x 300

β-NaYF4 :Yb0.20 , Tm0.005 /TiO2

β-NaYF4 :Yb0.18 , Er0.02

2000 x 300

β-NaYF4 :Yb0.20 , Tm0.005

TiO2

β-NaYF4 :Yb0.20 , Er0.02 /SiO2 /

200 x 150

200 x 150

β-NaYF4 :Yb0.20 , Tm0.005 /SiO2 /

TiO2

Sizes (nm)

Upconverter

980

980

980

980

980

980

980

980

976

976

980

980

980

980

980

980

Ex (nm)

-

1.6 W

S3/2 −−→ I15/2

1

D2 −−→ F4

4

3

1

0.1 W
1W

S3/2 −−→ I15/2

3

H4 −−→ H6

4

S3/2 −−→ I15/2

-

hexane

hexane

ethanol

ethanol

-

-

-

chloroform

chloroform

-

-

-

-

water

water

Solvent

[65]

[64]

[64]

[63]

[63]

[62]

[62]

[19]

[61]

[61]

[60]

[59]

[58]

[58]

[57]

[57]

Ref

Continued on next page

0.1 W

4

4

max 300 mW

S3/2 −−→ I15/2

4
3

max 300 mW

4

4

max 300 mW

max 300 mW

G4 −−→ 3H6

1

I6 −−→ 3F4

1

G4 −−→ H6

D2 −−→ F4

3

F9/2 −−→ I15/2

1

-

1.6 W

4

4

-

F9/2 −−→ I15/2

4
3

3 W cm−2

4

4

G4 −−→ H6

3

1

-

-

Power

G4 −−→ 3H6

1

S3/2 −−→ 4I15/2

4

G4 −−→ 3H6

1

radiative transition

Most intense

Table 1.3 – continued from previous page
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260
50
25

NaYF4 :Yb0.20 , Er0.02 BM12h

β-NaYbF4 :Er0.02 /NaYF4 :Nd0.30

NaYF4 /NaYF4 :Yb0.18 , Er0.02 /

linker

-

photonic crystal

β-NaYF4 :Yb0.20 , Er0.02 C-UPCs

UpMOF:Y(0.98 – 0) , Er(0.02 – 1) BTC

photonic crystal

130 x 2200

NaYF4 :Yb0.20 , Tm0.02

α-NaYF4 :Yb0.20 , Er0.02 C-UPCs

130 x 2100

NaYF4 :Yb0.20 , Er0.02

NaYF4 :Yb0.20 , Ho0.02 , Tm0.002 @NaYF4

NaYF4 /

25

160

NaYF4 :Yb0.20 , Er0.02 BM24h

NaYF4

100

Sizes (nm)

NaYF4 :Yb0.20 , Er0.02 BM36h

Upconverter

980

978

978

978

978

980

980

980

980

980

980

Ex (nm)

800 mW
800 mW

4

F9/2 −−→ I15/2
4

4

4
4

S3/2 −−→ I15/2

S3/2 −−→ I15/2

-

-

H4 −−→ H6

4

-

-

-

-

80 W cm−2

3

3

-

80 W cm−2

1.6 W cm−2

F9/2 −−→ 4I15/2

4

F9/2 −−→ 4I15/2

4

F9/2 −−→ I15/2

F9/2 −−→ I15/2
-

4

4

DSSC

4

4

-

1.6 W cm−2

1W

4

-

Solvent

-

1W

S3/2 −−→ I15/2

4

S3/2 −−→ I15/2

1W

4

4

Power

S3/2 −−→ 4I15/2

4

radiative transition

Most intense

Table 1.3 – concluded from previous page

[25]

[69]

[69]

[68]

[68]

[67]

[67]

[66]

[65]

[65]

[65]

Ref
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Synthetic methods for inorganic upconverters containing RE3+

Numerous methods have been used to synthesize inorganic upconverters. These include high
temperature thermal decomposition [10, 31, 61, 64, 66, 70, 71], two-phase methods [1, 72], coprecipitation [32, 36], sol-gel [62, 73–77], hydrothermal [13, 19, 22, 33, 35, 37, 44, 47, 48, 51, 55,
63, 65, 78–83] or solvothermal approaches [18, 30, 78, 84, 85] and solid state reactions [15, 43, 53,
86–88], with variables such as reaction time, temperature, reagent concentrations investigated to
obtain different phases, crystal shapes and crystal sizes.
Chen [10] and Yuan [66] reported a thermolysis method for NaYF4 -type phosphors, where the
rare earth oxides and NaOH were dissolved in 50% trifluoroacetic acid at 95 ◦C and then the resulting solution evaporated to dryness under an Ar atmosphere. This was followed by the addition
of oleic acid (OA) and oleylamine and additional heating steps at 120 and 275 ◦C. Perera [70] used
octadecene instead of oleylamine, after which the solution was heated under vacuum at 115 ◦C
for 4 h, and further heated to 300 ◦C for 1 h under a N2 atmosphere. One main drawback of this
method is the production of various toxic fluorinated and oxyfluorinated carbon species as a result
of the decomposition of trifluoroacetates, which means that careful handling is essential during the
preparation process.
Two phase systems, such as the OA/ionic liquid (IL) two-phase systems by He et al. [29], are
another common method used to prepare upconverters. This strategy appeared to combine the
benefits of thermolysis and hydrothermal treatment. Here, upconverters doped in crystal matrices
such as the oil-dispersible REF3 (RE = Y, La, Gd, Yb) and α-NaREF4 (RE = Y, Gd, Yb, Er) and waterdispersible β-NaREF4 (RE = Y, Gd) were obtained. RE(oleate)3 was dissolved in OA at high temperatures, then transferred into an autoclave with the ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate (BmimBF4 ), and treated at 240 ◦C for 24 h [29]. α-NaREF4 upconverters were obtained by an identical method, however, sodium oleate was also added to the mixture. Waterdispersible β-NaREF4 upconverters were similarly prepared, however, n-octanol was added before
the solution was heat-treated [29].
YAG:Er3+ was prepared via a sol-gel method, where two solutions, one containing citric acid
(CA) and RE nitrates and the other containing aluminium nitrate, were mixed to form a gel that
was subsequently dried at 100 ◦C for 24 h [73]. Niu et al. [74] prepared YbAG with a solution
of aluminium isopropoxide, heated to 85 ◦C at pH 3, whereupon a hot aqueous solution of RE
nitrates was added, and products dried at 100 ◦C and annealed at 1250 ◦C. Similarly, Y2 O3 :Yb,Tm
was prepared from dried gel followed by calcination at 800 ◦C for 2 h [75].
A popular synthetic method towards NaYF4 based upconverters is the co-precipitation
method, as detailed by Li et al. [36]. Here, RE chlorides were dissolved in an oleic acid-octadecene
solution at 160 ◦C. NH4 F and NaOH in methanol were added to precipitate out the β-NaYF4 . The
product was degassed at 100 ◦C for 10 min, before heating to 300 ◦C for 1 h under Ar atmosphere.
Lei et al. [32] showed that NaBiF4 upconverters could be precipitated out instantly at room temperature when two EG solutions, one containing RE nitrates and the other containing NH4 F, were
mixed together. Bi3+ -based fluorides were observed to be efficient host matrices for upconversion
phosphors. Notably, their relative inexpensiveness and non-toxic properties allow use in biological applications. They also have a large rare earth ion admittance, and their 1S0 ground state and
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3

P0 , 3P1 , 3P2 excited states found to enhance luminescence in both downconversion and upconver-

sion systems [23].

Figure 1.7: A schematic showing the formation of NaBiF4 nanoparticles using a co-precipitation
method. Used with permission from Ref. [32].
Hydrothermal treatments are advantageous because they allow upconverter synthesis at relatively low temperatures (<250 ◦C), and use simple equipment and processes. Variables such as
reaction time, temperature, fluoride quantity can be controlled to synthesise either cubic or hexagonal NaYF4 , as well as other inorganic host lattices. Jiang et al. [13] synthesised 20% Yb3+ , 0.5%
Tm3+ co-doped β-NaYF4 microcrystals via hydrothermal treatment using citric acid (CA) as a
structure regulating agent. CA was chosen due to its small size and a low contribution towards
surface quenching, but other ligands such as ethylenediaminetetraacetic acid (EDTA), oleic acid,
ethylene glycol (EG), hexadecyltrimethylammonium bromide (or cetyltrimethylammonium bromide, CTAB), polyethyleneimine (PEI), polyvinylpyrrolidone (PVP) and urea can also be used.
Reaction temperatures typically vary between 130–200 ◦C for a period of 2–24 h [13, 19, 33, 44, 47,
48, 51, 55, 63, 65, 80–83]. The washing and drying of the powders is often followed by an annealing step to remove organic structure regulating agents and therefore a possible source of emission
quenching.
NaYF4 -type upconverters are routinely prepared via solvothermal syntheses where aqueous
solutions of RE chlorides are mixed with OA and octadecene heated to 140 ◦C under Ar atmosphere. NH4 F and NaOH were added to the obtained solution 60 ◦C and powders were obtained
after further heating to 110 and 230 ◦C under an Ar atmosphere [30]. Alternatively, RE nitrates in
EG are mixed with the PVP+NaCl in EG solution at 80 ◦C. A solution of NH4 F in EG was subsequently added and the resulting mixture heated to 160 ◦C to obtain NaYF4 powders [84].

Upconversion phosphors
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Figure 1.8: A schematic of the formation mechanism of NaYF4 with citrate ligands in hydrothermal
treatment. Used with permission from Ref. [13].

(a)

(b)

Figure 1.9: Crystal structures of the (a) α-NaYF4 (cubic phase) [89] and (b) β-NaYF4 (hexagonal
phase) [86] showing one lattice unit.
Solid-state reactions are commonly used in the preparation of inorganic lattices, including
β-NaYF4 powders, as described by Kämer et al. [15]. To a Teflon beaker containing a solution of
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metallic fluorides, an aqueous solution of Na2 CO3 was slowly added and the precipitate washed
with HF and then dried. The resulting solids were then ground to a powder and placed in a glassy
carbon boat, heated to 550 ◦C for a period of time. These temperatures are modest compared to
those used to prepare glassy ZBLAN (ZrF4 , BaF2 , LaF3 , AlF3 , NaF) doped with Yb, Tm, Er, where
the fluorides were ground and melted in a Pt crucible at 850 ◦C for 1 h, followed by quenching in
an Al mould, followed by annealing at 250 ◦C for 8 h [43]. Another example was the preparation
of Na1.5 Y1.5 F6 from NaF-YF3 pellets, wherein the pellets were placed in an Ar-filled Pt tube, transferred into an Ar-filled quartz ampoule and then heated to 930 ◦C for 24 h [86]. Stepuk et al. [88]
prepared α-NaYF4 upconverters through flame spray pyrolysis of rare earth ethylhexanoates. The
salts were mixed with sodium 2-ethylhexanoate and fluorobenzene, diluted with either xylene or
tetrahydrofuran (THF). These were combusted in a flame with a liquid flow rate of 5 mL min−1
with an oxygen/methane flow rate of 5 L min−1 .

1.2

Functionalisation of upconverters

Conventional uses for bulk upconversion phosphors include infrared laser light detection and
upconversion-pumped solid-state lasers [2, 8]. The properties and applications of upconversion
phosphors can be modified by changing their physical properties, such as particle size, morphology, addition of co-dopants, as outlined in Section 1.1.2, and through functionalisation. These
strategies broaden their scope of use to include fields of biological assays and imaging, drug delivery, solar cells and displays [2, 13, 90].

1.2.1

Passivating or functional shells

Various strategies are used to optimize the performance of upconverters for different applications, including size control, creating composite materials, or the addition of coatings. However,
smaller particle sizes generally lead to decreased emission efficiencies and intensities, due to additional non-radiative pathways as a consequence of larger surface-to-volume ratios [2]. Ligands on
the surface of the upconverters, which have high-energy vibrational modes can lead to quenching.
This is aggravated by high dopant concentrations due to efficient energy transfer [2, 8]. This can
be rectified by employing core-shell strategies, where the upconverters make up the core and the
shell is made up of a material that would not allow the transfer of energy from the core to the
surface shell. In some cases, the shell is doped with emitting ions and can be further functionalised
to achieve a desired functionality.
The lattice constant and thickness of the shell layer, whether inert or functional, must be considered [91]. The lattice constant must be similar to the inorganic host matrix, as large interfacial
tensions and strain may prevent the formation of strongly adhering core-shell structures. Further,
the must be thick enough to reduce luminescence quenching, whilst remaining thin enough to
allow for penetration of the exciting radiation. The simplest candidate for an inert shell is a thin
layer of the undoped host matrix [17, 46, 92, 93], e.g. RE-doped NaYF4 core with an undoped
NaYF4 shell, as depicted in Figure 1.10(a). An undoped shell of 1.5 nm was shown to afford a
30× luminescent enhancement [17]. This was attributed to the relative increase in average particle
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size and the conversion of surface emitting sites into bulk sites. At the surface, dopant ions are
in incomplete coordination environments, resulting in reduced crystal field strength around them,
effectively decreasing the upconversion efficiency [1]. Another example is a RE-doped NaYF4 core
with an undoped NaGdF4 shell [30, 45]. Additionally, the shell may be doped with the activator
ion, e.g. Yb3+ , to increase absorption of excitation energy [91]. This is then transferred to the activator ions in the core, leading to an increased excitation radiation and upconversion luminescence.

Figure 1.10: Some examples of functionalised rare earth (RE) doped upconverters with core-shell
structures. The shell could either be (a) the undoped crystal matrix or (b) an inert layer such as
TiO2 or SiO2 .
Inert shell layers such as titania [18, 19, 57, 81, 83, 94, 95] and silica shells [11, 45, 57, 67] can
be coated on the upconverter surface, as depicted in Figure 1.10(b). These have the additional
advantage of being optically transparent at visible and NIR wavelengths and can easily be further functionalised for biological applications such as the photo-activated release of drugs and
biomolecules. [1, 2, 72, 90]. Zheng and co-workers [90] have designed a NIR light-triggered gene
release system based on a NaYF4 – mSiO2 @PEI nanocarrier. The NaYF4 :Yb, Er/NaGdF4 particles
were coated with silica, mesoporous silica, PEG-phospholipids and PO-PEG [45]. Further enhancement of luminescence or tunability of upconversion fluorescence can be achieved by doping the
shell with additional emitting ions. For example, by doping the core with Tm3+ and the shell with
Er3+ , tunable multicolour emissions have been obtained [1, 2].
An upconverter-TiO2 composite composed of anatase TiO2 doped with a YAG:Er3+ upconverter, which was prepared by Feng and co-workers [73], used a ball milling process, followed
by an annealing step [73, 76]. Here, the authors were interested in upconverted emissions in the
visible region of 400–500 nm and in the UV region for the complete degradation of dyes, such as
methylene blue (MB). The dye degradation rate increased with Er3+ concentration up to a maximum of 16 mol%, as increasing the dopant concentration results in more emitter ions and thus
increased UV fluorescence. With a further increase in dopant concentration, the degradation rate
decreased, which was attributed to decreased UV fluorescence due to self-quenching. These results were encouraging as the undoped TiO2 showed little activity under NIR excitation. Similarly,
Zhang and Hong synthesised a NaYF4 /TiO2 core-shell composite via a hydrothermal process [95].
The effects of the crystallinity and thickness of the TiO2 shell were examined, which improved
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with annealing. This, in turn, caused aggregation leading to decreased dispersion. In this instance,
a thin TiO2 shell resulted in lower UV absorption and insufficient inhibition of surface quenching,
while a thick shell leads to increased electron-hole pair recombination and weakened the incoming NIR radiation. A similar composite was prepared by a modified Stöber method [18]. It was
observed that once TiO2 was coated on the upconverter surface, the UV emission intensities were
greatly reduced, which can be attributed to the absorption of these UV emissions by TiO2 . This
provides a foundation for NIR-induced TiO2 photocatalysis.

1.2.2

Plasmonic enhancement of upconversion

Noble metal nanoparticles, such as Au and Ag, exhibit unique optical characteristics. For example, the colour of Au nanoparticles is quite different to bulk Au. As light propagates across
the nanoparticle, the valence electrons oscillate at a particular frequency, which is determined by
the size and shape of the nanoparticle and the refractive index of the surrounding medium (see
Figure 1.11). This is known as the localised surface plasmon resonance (LSPR or alternatively,
SPR) [11, 83, 96–98]. More complex nanostructures exhibit multiple surface plasmon features. For
example, gold nanorods typically show two plasmon peaks arising from the transverse and longitudinal LSPRs [99]. This particular property has been long exploited in various fields including
nano-sized optical and photonic devices such as plasmon waveguides, and in microscopy, in sensors and biosensors, particularly as a way of amplifying signals, as in surface enhanced Raman
spectroscopy (SERS) or as labels [3, 96].
Surface plasmons can be used to amplify the emission outputs of NaYF4 upconverters by as
much as 2-3 orders of magnitude [3, 11, 14, 39, 61, 96, 100]. This is achieved by tailoring the SPR
to match the absorption and/or emission processes of the upconverter, leading to an increased
"effective" illumination flux or an increased decay rate [3, 11, 98, 101]. Therefore, a large spectral
overlap between the SPR peak, the absorption and emission frequencies is essential. For NaYF4 :Yb,
Tm/Er upconverters which absorb at 980 nm, the longitudinal SPR of Au nanorods must be at
around 980 nm, as the rods act as antennae for the incoming NIR radiation. Surface plasmonic
structures should concentrate light at the interface, enhancing the electromagnetic field and thus
increasing the absorption of incoming radiation. Plasmonic structures, as shown in Figure 1.13, can
act as nano-antennae, serving to [3, 11, 98, 101]:
• concentrate the incoming radiation leading to enhanced absorption of the upconverting material; or
• increase the radiative decay rate, thus increasing the upconverted emissions; or
• increase the non-radiative decay rate and quench emissions.
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(a)

(b)

Figure 1.11: The effect of propagating light on metallic nanoparticles leading to a plasmon resonance frequency, also known as a localised surface plasmon resonance or LSPR in (a) Au spheres
and (b) Au nanorods.
The multi-step nature of upconversion means that decay pathways of the long-lived intermediate states for each emission must be considered. Lu et al. [3] showed that surface plasmons selectively enhance green luminescence emissions at 542 and 520 nm ( 4S3/2 , 2H11/2 −−→ 4I15/2 transitions, respectively) when a NaYF4 :Yb3+ , Er3+ crystal was deposited on a Ag nanograting. At low
power densities, upconversion luminescence is dependent on the kth power of the excitation power
density, where k is the number of upconversion steps; while at higher power densities, enhancement is proportional to the excitation power density. Although surface plasmons did not enhance
the weak and strong limits themselves, it did enhance the intermediate region. As a result, the
strong power density relationship was observed experimentally at lower power densities.
Matching the plasmon resonance to the absorption wavelength can be modelled by the following equation [11]:
2π
| < f |E · p| i > |2 ρ f
(1.3)
h̄
where γi f is the transition rate from state |i> to state |f>, h̄ is the reduced Planck’s constant, E is
γi f =

the local electric field, p is the transition dipole moment and ρ f is the density of final states. This
shows that increasing the electric field can lead to the increase of the transition rate to the final
state, thereby increasing the emission intensity.
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Figure 1.12: (Left) Graph showing the different plasmonic configurations and their relative enhancements and (right) enhancement (or quenching) of the Er3+ 540 nm emission with the plasmon
resonance tailored to either the emission or absorption of the upconverting materials. Reprinted
(adapted) with permission from [11]. Copyright 2014 American Chemical Society.
Alternatively, the plasmon resonance could be matched to an emission wavelength that is pertinent to the application of source [11], and could also be modelled by a few mathematical equations.
For example, an emitter with a quantum yield (QY) η = γrad /(γrad + γnonrad ), the intensity emitted
by a transition of frequency is I = h̄γη (γrad + γnonrad ). So, the plasmon-modified quantum yield
could be modelled as:
η0 =

γ0rad
γ0rad + γ0nonrad

(1.4)

The plasmon-influenced rates can be divided into their intrinsic decay rate, γ0 , and the contribution from the plasmon resonance, γ P , to obtain:
η0 =

0 + γP
γrad
rad
0 + γ P + γ0
P
γrad
rad
nonrad + γnonrad

(1.5)

P /γ0
= γrad
rad and Fnonrad =
P
0
γnonrad /γnonrad for the radiative and non-radiative relaxations, respectively. By rearranging these
equations, the transition rate affected by plasmon resonance phenomena and rate enhancements
of the emitter quantum yield can be modelled as:

The specific rate enhancements could be quantified as Frad

η0 =

η0 (1 + Frad )
1 + Fnonrad + η0 ( Frad − Fnonrad )

(1.6)

Since both the radiative and non-radiative decay rates are enhanced, they have to be weighed out
to see if a net increase in the quantum yield is achieved. For example, if Fnonrad > Frad , non-radiative
decay rates are increased, leading to a net decrease in the quantum yield. Additionally, the equation implies that the intrinsic emitter quantum yield determines the relative enhancement of the
decay rates, with a larger enhancement observed for emitters with lower intrinsic quantum yields.
The incorporation of plasmonic structures in upconversion systems can be realised in many dif-

Functionalisation of upconverters

27

ferent ways. Strategies adopted include the coating the upconverters with a plasmonic shell [101–
104], attaching the plasmonic structures directly on the surface of the upconverter [61, 100], or decoration of a shell layer [11, 39, 98, 101]. Other configurations included a plasmonic inner core [14,
105], such as the Ag/SiO2 /Er2 O3 core/shell/shell configuration [105], or even by simply positioning the plasmonic structure close to the upconverters [98], e.g. NaYF4 nanoparticles layered over
Ag nanoparticles deposited on a glass substrate to obtain a nano-film and other similar geometries
[3, 61].

Figure 1.13: The proposed structure for the plasmon-enhanced upconverter system incorporating
a gold nanorod, which is tailored to exhibit a longitudinal localised surface plasmon resonance at
roughly 980 nm for increased absorption at this wavelength.
Additionally, surface plasmons can enhance the Föster energy transfer process present in Yb3+ sensitised systems [3]. This enhancement is also affected by excitation power density and is more
significant at weak power densities. In this range, enhancement is due to both absorption and
energy transfer processes. Enhanced energy transfer processes do not significantly affect upconversion enhancement at stronger excitation power densities, rather, absorption is the dominant
process. At strong excitation limits, the energy transfer is so quick that the absorption process is
limited to that of the donor ion, Yb3+ .
Surface plasmons can also enhance photocatalytic reactions by providing electrons and/or by
inducing resonance energy transfers to the semiconductor [106, 107]. This can be realised through
structures similar to those described above, by physical mixtures or by grafting the metallic nanostructure, like gold nanorods, on an upconverter-photocatalyst composite such as a TiO2 -coated
NaYF4 :Yb, Tm as shown in Figure 1.13. As mentioned earlier, rods show two plasmon peaks in the
transverse and longitudinal directions. As the latter is typically observed at longer wavelengths,
it can be tailored to the Yb3+ absorption at 980 nm. One could also note that gold nanorods do
not have to be tethered to the upconverters via an inorganic shell, they could also be attached
through organic ligands [71]. Similarly, the upconverting material could instead be deposited on
the metallic nanostructure [3, 105]. Additionally, one is not limited simply to gold nanorods. A
"pom pom" composite was prepared [83], where the upconverter was coated with multiple free
standing nanosheets, which is then decorated with Au nanoparticles, as shown in Figure 1.14.
Here, the plasmonic structures enhance the photocatalytic processes, which is further improved
due to the high surface area of the sheets, leading to increased sites for photocatalytic activity.
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Figure 1.14: The proposed structure for the plasmon-enhanced upconverter system fitted with gold
nanoparticles [83].

1.3

Applications of upconverters

Upconversion phosphors are mainly used in infrared laser light detection. For example,
Y0.8 Er0.2 F3 , Y0.78 Yb0.20 Er0.02 F3 and 25 ErCl3 – 75 BaCl2 phosphors are used for detection of 800,
1000 and 1500 nm regions, respectively, [8]. They are also used in upconversion-pumped solid
state lasers such as bulk KYF4 :Ln (Ln = Pr3+ , Er3+ , Tm3+ , Ho3+ , Yb3+ , Nd3+ ), BaY2 F8 :Yb3+ , Ho3+ , and
LiYF4 :Er3+ crystals [2, 8, 22, 62].
Upconversion nanoparticles can be used in many biological applications, such as in sensing,
assaying, imaging, photodynamic therapy and drug and gene delivery [1, 2, 9, 10, 14, 28, 34, 36,
38, 40, 45, 61, 67, 71, 74, 79, 84, 92, 93, 100, 102, 103, 108]. These are promising, owing to the narrow
size distribution, high photostability, narrow emissions, higher signal-to-noise ratio, high penetration depth of the NIR excitation source, as well as biocompatibility, which could also be introduced through coating, as mentioned in Section 1.2. Typically, in bioanalytical applications,
the strong interaction between biotin and avidin (or streptavidin) is exploited. For example, silica coated LaF3 :Ln3+ nanoparticles were biotinylated and conjugated to fluorescein isothiocyanate
(FITC)-avidin, leading to a 25-fold increase in fluoresence of FITC [2]. Another example relies on
fluorescence resonance energy transfer (FRET), in this case, between biotinylated NaYF4 :Yb, Er
nanoparticles and biotinylated Au nanoparticles. The emission of the former at 520 nm coincided
with the plasmon resonance of the latter, causing luminescence quenching during close proximity
of the two components. Upon the addition of avidin, quenching of the luminescence was observed,
with the extent of quenching depending on the avidin concentration. Upconverting nanoparticles
were also introduced into living organisms as markers, and they were detected without difficulty
in worms up to a sampling depth of 10 mm [2, 10]. PEI-coated NaYF4 :Yb, Er nanoparticles were
used in cellular imaging, where they were coated with folic acid to target human HT29 adenocarcinoma cells and human OVCAR3 ovarian carcinoma cells [9]. Upconverters can also be incorporated into theranostics, where imaging and therapy are integrated into a single platform as a
means of medical diagnosis and treatment. Additionally, they can be used as biosensors for metal
ions, particularly hazardous ions such as CN – and Hg2+ , or gas molecules [9].
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Upconverting materials were also observed to have potential use in optical technologies [1, 2, 8,
40, 109, 110]. Examples of these were LaF3 nanocrystals doped with Eu3+ Er3+ , Nd3+ and/or Ho3+
[2], and Dy3+ and Er3+ -doped YBr3 , with the Dy3+ ions acting as sensitizers and absorb 1300 nm
radiation, which corresponded to the dispersion minimum of silica optical fibres [8]. Composite
films prepared from β-NaYF4 :Yb, Er nanopatterns and photochromic diarylethene organic species
have potential as an optical storage [109]. Optical multiplexing is observed with NaYF4 :Yb0.20 , Tm
nanocrystals with variable Tm3+ concentrations of 0.5–8 mol % with the technology based on the
different radiative decay lifetimes for temporal coding in the micro- to millisecond range [40].
Different Tm3+ concentrations give rise to different lifetimes observed, as the concentration of the
Tm3+ determines the sensitizer-activator distance and so the rate of energy transfer.
Emissive displays are another area of application for upconverters [15, 22, 30, 72, 82, 101,
109, 111]. Rapaport et al. [111] assessed the viability of YF3 :Yb0.18 , Er0.01 , NaYF4 :Yb0.18 , Er0.01 , and
KY3 F10 :Yb0.20 , Tm0.004 phosphors for displays, which emit primarily in the red, green and blue
regions, respectively, when ground and dispersed in a polymeric host. This showed that upconverters could be used in displays, which means there would be no need for laser grade optics and
non-linear crystals, for alignment or fixturing, while being safer compared to cathode ray tubes
(CRTs). A white light source, with very good CRI (colour rendering index) could be prepared from
the red and blue emitters, as a potential solid backlight for liquid crystal displays (LCDs). Hu et al.
[30] also prepared NaGdF4 :Yb, Er/NaYF4 core/shell composites, which when coupled to the dye,
Rhodamine B (RhB), increased the emission intensity and spectrum range, allowing for application
in light sources and displays.
Dithioerythritol (DTE) can be used in conjunction with upconverters as a remote control photoswitch. DTE undergoes ring closing and opening reactions under UV and visible light, respectively,
which could be delivered by the dopants of the upconverter [2].
Security is another avenue of use for upconverters [31, 39, 40, 63, 72, 101, 102]. Kim et al.
[31] showed that nanocrystals of the type NaYF4 :Yb0.20 , Tm/Er0.02 could be photopatterned on
a glass substrate to form microstructures for security applications, achieving decent results. Upconverters in the patterned area were strongly emitting compared to the non-patterned area and
the bilayer structures containing different colour-emitting phosphors (i.e. green Er3+ -doped vs.
red Tm3+ -doped phosphors) can be obtained with little difficulty. Upconverters could also be
used in forensic applications. For example, they were used in latent fingerprint detection, due
to their low background, better contrast and detection sensitivity [60, 72]. Conjugates consisting of
NaYF4 :Yb0.20 , Er0.02 upconverters were capped first with oleic acid and modified by poly(acrylic
acid) (PAA), to which lysosome binding aptamer is attached, with lysosome being the universal
target for fingerprints.
Upconversion can be particularly helpful for solar harvesting in solar cells [12, 37, 39, 66, 79,
90, 112, 113] as shown in Figure 1.15. Upconverters can be incorporated as a layer on the solar cell,
and given the high penetration of NIR light, can be placed under all of the other solar cell layers,
with an additional reflector layer applied behind them. Electrically isolating the upconverter can
allow for any reflector to be used and can increase the effect of upconversion. An example is the
incorporation of either Gd2 O2 S:Yb, Er or NaYF4 :Yb, Er into a-Si solar cells, with the former being
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more efficient than the latter [12]. These were also used in photocatalytic reactions, where the upconverters were incorporated into the systems as a means of increasing the UV photons that drive
the reactions, such as photocatalytic H2 production or dye degradation experiments. [18, 19, 21, 43,
44, 47, 48, 57, 75, 76, 79, 81, 83, 94, 95, 113–116]. This is beneficial, as most photocatalysts such as
TiO2 -based photocatalysts, are UV-Visible light-driven and upconverters can extend this response
to the infrared region of the solar spectrum. One example is the use of ZBLAN:Yb3+ , Tm3+ , Er3+
TiO2 slurry for MB photocatalytic degradation [43]. This was also realised by the preparation of
a composite where the photocatalyst, such as TiO2 , was chemically attached to the upconverting
material [95]. Fu et al. [114] prepared an interesting composite photocatalyst for pollutant degradation, where CdSe-decorated TiO2 nanorod arrays were implanted on TiO2 :Yb3+ , Er3+ thin films
on FTO or glass.

(a)

(b)

Figure 1.15: A schematic showing how upconverters are applied in (a) solar cells and (b) semiconductor photocatalysis.

1.4
1.4.1

Thesis objectives and structure
Thesis objectives

This thesis targeted the syntheses of NaYF4 :Yb, Tm, NaYF4 :Yb, Er, NaBiF4 :Yb, Tm and
NaBiF4 :Yb, Er upconverter nanoparticles capable of upconverting NIR 980 nm radiation, with particular emphasis placed on the effect of different reaction parameters, or different doping concentrations on emission outputs. The effect of these parameters on the 980 nm upconversion by these
systems was investigated over a series of different excitation laser powers. Upconversion composites were also prepared from these particles, and their upconversion emission measurements
obtained. In addition, we attempted to develop a plasmon-enhanced upconversion system using
NaYF4 upconverters and Au nanorods.

Thesis objectives and structure

1.4.2
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Thesis structure

Chapter 1 introduces the concept of upconversion, the different mechanisms used to achieve
it, and the different systems that are capable of upconversion. It also lists the different uses of
upconverters, and they can be functionalised for particular applications.
Chapter 2 details the procedures used to prepare the different upconverter nanoparticles and
their composites. It also includes the characterisation methods use to probe their physical, chemical
and emission properties.
Chapter 3 summarises the characterisation results of the NaYF4 :Yb, Tm and NaYF4 :Yb, Er particles prepared using two different structure regulating agents, citric acid and trisodium citrate,
and their effect on the size, morphology and phase composition of the upconverter nanoparticles. Emission measurements for the NaYF4 :Yb, Tm and NaYF4 :Yb, Er upconverters under 980 nm
excitation are presented in Chapter 4.
Chapter 5 outlines the physical and chemical characteristics of NaYF4 :Yb, Tm nanoparticles
prepared at different pH and reaction times. Chapter 6 explores the emission performance of these
samples.
Chapter 7 describes the synthesis of NaBiF4 :Yb, Tm and NaBiF4 :Yb, Er nanoparticles prepared
by a facile synthesis method. The effects of reagent concentration, addition rate and temperature
affect the size and structural morphology of the upconverters are explored. The resulting emission
measurements from these samples are summarised in Chapter 8.
Chapter 9 summarises the properties of various upconversion composites, with their emission
characteristics under 980 nm detailed in Chapter 10.
Chapter 11 summarises the main findings and makes some suggestions about future directions
that might be pursued as an extension to this thesis research.

2

Experimental methods
and materials

This chapter describes the materials and synthetic procedures used to prepare the NaYF4 -based
and NaBiF4 -based upconverters, and upconverter composites, which were the main foci of this
PhD research project. Additionally, the characterisation methods used to study the physical characteristics of these samples, including their NIR upconversion emission properties, are also discussed.

2.1
2.1.1

Synthesis of upconversion phosphors
NaYF4 -type upconverters

A variety of NaYF4 -based upconverters based on the rare earth ions Yb3+ , Tm3+ and Er3+ prepared via hydrothermal syntheses following the method described by Jiang et al. [13], with Yb3+
as the activator ion at a metal concentration of 20 % and Tm3+ or Er3+ as the emitter ions at a
concentration of 0.5 %.
2.1.1.1

Materials

The materials used in the synthesis of all of the NaYF4 -type upconverters are listed in Table 2.1.
All aqueous solutions were prepared using Type-1 water, which had a resistivity of 18.2 MΩ · cm.
Washing of the products was also conducted using Type-1 water.
2.1.1.2

NaYF4 :Yb0.20 , Tm0.005 upconverters with citric acid

Stock RE(NO3 )3 solutions of concentration 0.1 M with Y:Yb:Tm/Er ratios of 79.5:20.0.5 were
prepared and used for all the syntheses of the NaYF4 -type upconverters, using either the Tm3+
or Er3+ as appropriate. For this, 30.4493 g of Y(NO3 )3 ·6 H2 O and 8.9826 g of Yb(NO3 )3 ·5 H2 O
were added to 1 L of Type-1 water, along with either 0.2225 g of Tm(NO3 )3 ·5 H2 O or 0.2217 g of
Er(NO3 )3 ·5 H2 O salts. The solutions were stirred vigorously until all salts had dissolved.
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Table 2.1: Reagents and solvent used in the synthesis of the NaYF4 -type upconverters, including
their purity and source.
Material

Supplier

Purity

Ethanol LR grade
Citric acid
Trisodim citrate dihydrate
NaF
NaF
Yb(NO3 )3 ·5 H2 O
Y(NO3 )3 ·6 H2 O
Tm(NO3 )3 ·5 H2 O
Er(NO3 )3 ·5 H2 O
NaOH pellets

ECP Ltd.
Univar, Ajax Chemicals
Sharlau
APS Chemicals Ltd.
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
ECP Ltd.

>99.3%
99.0-102.0%
99.5%
<96%
99.0%
99.9%
99.8%
99.9%
99.9%
97.0%

Citric acid (CA, 4.2028 g) was dissolved with stirring into the RE stock solution (50 mL) to
obtain a concentration of 0.4 M. Another aqueous solution containing NaF (50 mL) was prepared,
with the NaF concentration varied from 0.4–2.4 M. This solution was added slowly into the precursor solution under stirring and the stirring continued for a further 20 min. The quantity of reagents
used to prepare each sample is given Table 2.2. This resulting solution was transferred into a Teflonlined autoclave, which was heated at 180 ◦C for 16 h. Following reaction, the autoclave was allowed
to cool naturally to room temperature, after which the solid products were washed repeatedly
with Type-1 water, and then with ethanol. The resulting white powders were then dried at 80 ◦C
in air overnight. The naming convention used in the thesis to describe the NaYF4 :Yb0.20 , Tm0.005
upconverters prepared at different NaF concentrations and using structure regulating agents is as
follows: [concentration of NaF][structure regulating agent], as shown in Table 2.2.
Table 2.2: Amount of reagents used to prepare the NaYF4 -type upconverters prepared with citric
acid at different NaF concentrations.
Citric
acid (g)

4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
4.2028

0.1 M RE(NO3 )3
stock solution
(mL)
50
50
50
50
50
50
50
50
50

NaF (g)

0.8398
1.2597
1.6795
2.0994
2.5193
2.9392
3.3591
4.1989
5.0385

NaF(aq)
solution
added
(mL)

Reference

50
50
50
50
50
50
50
50
50

0.4CA
0.6CA
0.8CA
1.0CA
1.2CA
1.4CA
1.6CA
2.0CA
2.4CA
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NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 upconverters with trisodium citrate

Preparation of the NaYF4 -based upconverters with trisodium citrate followed the same method
outlined in Section 2.1.1.2, with the citric acid replaced by trisodium citrate (0.4 M). The quantities
of reagents used are listed in Table 2.3, as well as the names used to refer to each sample in the
thesis. To differentiate between the Tm3+ and Er3+ doped samples, the upconverters doped with
the latter emitting ion will be referred to with the "Er-" prefix, e.g. "Er-0.6TC".
Table 2.3: Amount of reagents used to prepare the NaYF4 -type upconverters prepared with
trisodium citrate at different NaF concentrations.

2.1.1.4

Trisodium
citrate
dihydrate
(g)

0.1 M RE(NO3 )3
stock solution
(mL)

5.8820
5.8820
5.8820
5.8820
5.8820
5.8820
5.8820
5.8820

50
50
50
50
50
50
50
50

NaF (g)

1.2597
1.6795
2.0994
2.5193
2.9392
3.3591
4.1989
5.0385

NaF( aq)
solution
added
(mL)

Reference

50
50
50
50
50
50
50
50

0.6TC
0.8TC
1.0TC
1.2TC
1.4TC
1.6TC
2.0TC
2.4TC

NaYF4 :Yb0.20 , Tm0.005 upconverters prepared at different pH

Upconverters were synthesised using 1.2 M NaF and citric acid or trisodium citrate at different
pH. This followed the same method as above, with the appropriate amounts of reagent used listed
in Table 2.4. However, prior to transfer into the Teflon-lined autoclave, the pH of the solution was
adjusted to a desired value using NaOH. The relevant sample names are also provided in Table 2.4.
2.1.1.5

NaYF4 :Yb0.20 , Tm0.005 upconverters prepared at different reaction times

NaYF4 :Yb0.20 , Tm0.005 upconverters were prepared with trisodium citrate at different reaction
times (all prepared with 2.4 M NaF) using the same method listed in Section 2.1.1.3. The quantities
of reagents used are listed in Table 2.5.
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Table 2.4: Amount of reagents used to prepare the NaYF4 :Yb0.20 , Tm0.005 upconverters with citric
acid or trisodium citrate at pH 5–12. The NaF concentration was 1.2 M NaF for all samples.
Citric
acid (g)

Trisodium
citrate
dihydrate
(g)

0.1 M RE(NO3 )3
stock solution
(mL)

5.8820
5.8820

50
50
50
50
50
50
50
50
50
50

4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
4.2028
-

NaF (g)

NaF( aq)
solution
added
(mL)

2.5193
2.5193
2.5193
2.5193
2.5193
2.5193
2.5193
2.5193
2.5193
2.5193

Adjusted Reference
to pH

50
50
50
50
50
50
50
50
50
50

5
6
7
8
9
10
11
12
10
12

1.2CA5
1.2CA6
1.2CA7
1.2CA8
1.2CA9
1.2CA10
1.2CA11
1.2CA12
1.2TC10
1.2TC12

Table 2.5: Amount of reagents used to prepare the NaYF4 -type upconverters prepared with
trisodium citrate at 2.4 M NaF, where the reaction time was varied 2–8 h.

2.1.2

Trisodium
citrate
dihydrate
(g)

0.1 M RE(NO3 )3
stock solution
(mL)

5.8820
5.8820
5.8820
5.8820

50
50
50
50

NaF (g)

NaF( aq)
solution
added
(mL)

5.0385
5.0385
5.0385
5.0385

Reaction
time (h)

50
50
50
50

2
4
6
8

Reference

2.4TC2h
2.4TC4h
2.4TC6h
2.4TC8h

NaBiF4 -type upconverters

NaBiF4 upconverters were mostly prepared in ambient conditions detailed in [32]. The materials and method followed are listed below.
2.1.2.1

Materials

The purity and sources of the materials used in the synthesis of all of the NaBiF4 -type upconverters are listed in Table 2.6.
2.1.2.2

NaBiF4 :Yb, Tm and NaBiF4 :Yb, Er upconverters

NaBiF4 upconverters were prepared under ambient conditions, with a few additional samples prepared at higher temperatures [32]. A precursor solution was by dissolving Bi(NO3 )3 ·5 H2 O
(0.78 mmol), Yb(NO3 )3 ·6 H2 O (0.2 mmol), NaNO3 (2 mmol) and Er(NO3 )3 ·5 H2 O or Tm(NO3 )3 ·5 H2 O
(0.02 mmol) were added to ethylene glycol (10 mL). Under vigorous stirring, a NH4 F-ethylene glycol solution (25 mL) was added, either all at once or at a rate of one drop per second (1d). The
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Table 2.6: List of materials used in the synthesis of the NaBiF4 -type upconverters, including their
purity and source.
Material

Supplier

Purity

Yb(NO3 )3 ·5 H2 O
Tm(NO3 )3 ·5 H2 O
Er(NO3 )3 ·5 H2 O
Bi(NO3 )3 ·5 H2 O
NaNO3
NH4 F
Ethanol LR grade

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
AppliChem
Sigma Aldrich
ECP Ltd.

99.9%
99.9%
99.9%
98.0%
99.0%
>99.99%
>99.3%

amount of NH4 F added was either 4 mmol (2F) or 8 mmol (4F), which the required molar ratio
with respect to molar amount of either Bi+RE (1 mmol) or Na+ (2 mmol), respectively. The solutions were prepared at room temperature and at several higher temperatures (30, 40 and 50 ◦C) to
examine the effect of temperature on sample morphology. The solution was left stirring for 1 min,
and the white powders produced collected via centrifugation, washed several times with ethanol
and left to dry at room temperature. Additionally, samples with different Bi:Yb:Tm/Er ratios were
also prepared. The quantities of the reagents used and sample names are given in Table 2.7 for the
NaBiF4 :Yb, Tm upconverters and in Table 2.8 for the NaBiF4 :Yb, Er upconverters.
NaBiF4 upconverters were named according to their chemical composition and synthetic
method. The naming convention adopted was as follows: [concentration of emitter ion][emitter
ion][2F or 4F][1d if not added rapidly][temperature if not at room temperature]. For example, the
NaBiF4 :Yb0.20 , Tm0.005 at 4F prepared at a rate of drop per second at 40 ◦C is referred to here as
0.5Tm4F1d40.
Table 2.7: Amount of reagents used for NaBiF4 -type upconverters with different NH4 F concentrations.
Bi(NO3 )3
(g)
0.3856
2.3138
0.3856
2.3138
0.3784
0.7567

Yb(NO3 )3
(g)
0.0898
0.539
0.0898
0.539
0.0898
0.1797

Tm(NO3 )3 NaNO3
(g)
(g)
0.0022
0.0134
0.0022
0.0134
0.0089
0.0178

0.1700
1.0199
0.1700
1.0199
0.1700
0.3400

EG
(mL)
10
60
10
60
10
20

NH4 F
(g)
0.1481
0.8889
0.2963
1.7778
0.2963
0.5926

EG
(mL)
25
150
25
150
25
50

Reference
0.5Tm2F
0.5Tm2F
0.5Tm4F
0.5Tm4F
2Tm4F
2Tm4F
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Table 2.8: Amount of reagents used for NaBiF4 -type upconverters with different NH4 F concentrations.
Bi(NO3 )3
(g)

Yb(NO3 )3
(g)

0.3856
2.3138
0.3856
2.3138
0.3784
1.8918
0.3784
0.7567
0.3784
1.8918
0.3784
1.8918

2.1.3
2.1.3.1

0.0898
0.539
0.0898
0.539
0.0943
0.4716
0.0898
0.1797
0.0853
0.4267
0.0808
0.4043

Er(NO3 )3
(g)

NaNO3
(g)

0.0022
0.0133
0.0022
0.0133
0.0044
0.0222
0.0089
0.0177
0.0133
0.0665
0.0177
0.0887

0.1700
1.0199
0.1700
1.0199
0.1700
0.8500
0.1700
0.3400
0.1700
0.8500
0.1700
0.8500

EG
(mL)

NH4 F
(g)

10
60
10
60
10
50
10
20
10
50
10
50

EG
(mL)

0.1481
0.8889
0.2963
1.7778
0.2963
1.3465
0.2963
0.5926
0.2963
1.3465
0.2963
1.3465

25
150
25
150
25
125
25
50
25
125
25
125

Reference
0.5Er2F
0.5Er2F
0.5Er4F
0.5Er4F
1Er4F
1Er4F
2Er4F
2Er4F
3Er4F
3Er4F
4Er4F
4Er4F

Gold nanorods
Materials

Gold nanorods were synthesized by the seed-mediated method described by Nikoobakht and
El-Sayed [117] and also by a surfactant-free method [118]. Reagents used in these syntheses are
listed in Table 2.9. In these methods, gold nanorods are synthesised from HAuCl4 ·3 H2 O by two
step seed-mediated reactions, where gold seeds were prepared and then added to a separate
growth solution containing a reducing agent, Au3+ stock and a surfactant.
Table 2.9: List of materials used for the synthesis of gold nanorods.

2.1.3.2

Material

Supplier

Purity

HAuCl4 ·3 H2 O
Hexadecyltrimethylammonium bromide (CTAB)
NaBH4
AgNO3 AR grade
L-ascorbic acid
benzyldimethylhexadecylammonium chloride (BDAC)
H2 O2
Trisodium citrate dihydrate

Sigma Aldrich
Sigma Aldrich
Aldrich
ECP Ltd.
Sigma Aldrich
Sigma Aldrich
Univar
Scharlau

>99.9%
>98.0%
96.0%
>99.0%
99.5%
30.0%
99.5%

Nikoobakht and El-Sayed method

Au nanorod synthesis followed a binary surfactant growth method outlined by Nikoobakht
and El-Sayed [117] (NE). The reaction parameters were varied extensively to explore the influence
of synthesis conditions on Au nanorod morphology, in particular, rod length.
A seed solution was prepared by mixing HAuCl4 (5 mL, 0.5 mM) with CTAB (5 mL, 0.20 M).
Then, a freshly prepared ice-cold NaBH4 solution (600 µL, 0.01 M) was injected into the yellow
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solution under vigorous stirring, which resulted in the solution turning brown. This was then
stirred for an additional 5 min.
The growth solution was prepared by mixing BDAC surfactant (5 mL, 0.1 M) with varying
amounts of CTAB (0.01, 0.03, 0.05, 0.08, 0.10, 0.12 and 0.20 g), which had been dissolved in water by sonication at 40 ◦C for 20 min. To this, HAuCl4 (5 mL, 1 mM) was added. This was followed
by the addition of AgNO3 (200 µL, 4 mM) and ascorbic acid (70 µL, 7.78 M) with gentle stirring. The
seed solution (10 µL) was then added and the Au nanorods allowed to grow for 1 h. The solution
was then aged for 7 d.
Further experiments were performed with different growth solution, prepared with a higher
concentration of BDAC (0.15 M). In addition, AgNO3 (100 µL, 10 mM), and ascorbic acid (70 µL,
100 mM), were used. All other methodologies were the same for the standard growth solution.
2.1.3.3

Surfactant-free synthesis of gold nanoparticles

The surfactant-free synthesis of gold nanorods followed the method outlined by Wall et al. [118]
(SF). The seeds were prepared by adding HAuCl4 (100 µL, 25 mM) and trisodium citrate (100 µL,
25 mM) to Type 1 water (9.8 mL). To this, NaBH4 (300 µL, 100 mM) was added under vigorous
stirring.
The growth solution was prepared by adding the seed solution (600 µL) to Type 1 water
(9.40 mL) along with 30 % H2 O2 (30 µL). Under vigorous stirring, HAuCl4 (300 µL, 25.4 mM) was
added in 30 µL increments every 2 s. This was later revised such that the HAuCl4 stock solution
was added first, followed by H2 O2 and ended with the addition of the seed solution.

2.1.4
2.1.4.1

Deposition of gold nanoparticles
Materials

Direct deposition of the Au nanoparticles on NaYF4 -type upconverter nanoparticles was performed using a direct deposition precipitation method. Table 2.10 describes the materials used to
deposit gold nanoparticles on the surface of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with
TC and 2.4 M NaF.
Table 2.10: List of materials used in the deposition of gold nanoparticles on the NaYF4 -type upconverters.

2.1.4.2

Material

Supplier

Purity

HAuCl4 · 3 H2 O
Urea

Sigma Aldrich
ECP Ltd.

>99.9%
99.5%

Deposition with urea method

Gold nanoparticles of 0.5-5.0 wt.% were directly deposited on the surface of NaYF4 upconverters using the direct deposition with urea method [119, 120]. Briefly, NaYF4 , urea, Type-1 water and
4.2 mol L−1 HAuCl4 solution were added in a Schott bottle. Under vigorous stirring, the solution
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was heated to 80 ◦C for a minimum of 8 h. Yellow coloured powders were collected via centrifugation and dried at 60 ◦C overnight. The resulting dried powders were calcined at 300 ◦C for 2 h,
whereupon it turned violet due to localised plasmon resonance of the supported Au nanoparticles.
Details of the amount of materials used in the method are listed in Table 2.11.
Table 2.11: The amount of reagents used for the gold deposition-precipitation method.

2.1.5

Au (wt.%)

NaYF4 :Yb0.20 , Tm0.005 (g)

Urea (g)

0.5
1.0
2.5
5.0

3
3
3
3

9.99
9.99
9.99
9.99

Au3+ stock
solution (mL)

Type-1
water
(mL)
280.91
261.83
204.54
109.14

19.07
38.17
95.46
190.86

SiO2 coating

2.1.5.1

Materials

Table 2.13 lists the materials used to coat SiO2 on the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 2.4 M NaF.
Table 2.12: List of materials used to deposit a SiO2 -coating on NaYF4 :Yb0.20 , Tm0.005 upconverters.
Material

Supplier

Purity

Propan-2-ol
Polyvinylpyrrolidone (PVP) (average MW = 40 000 g mol−1 )
Tetraethyl orthosilicate (TEOS)
Ammonia solution
SiO2 micropowders (0.5–10 µm)
SiO2 nanopowders (10-20 nm)

ECP Ltd.
Sigma Aldrich
Sigma Aldrich
ECP Ltd.
Sigma
Aldrich

99.5%
99.9%
28-30%
99%
99.5%

2.1.5.2

SiO2 coating process

The coating of NaYF4 -type upconverters with SiO2 was based on a modified Stöber synthesis
according to the method outlined by Liang [37]. Firstly, the NaYF4 powders (0.5 g) were dispersed
in propan-2-ol (250 mL) and sonicated for 10 min. Then, deionised water (50 mL), polyvinylpyrrolidone (PVP, 0.025 g), tetraethyl orthosilicate (TEOS, 0.5–1.0 mL) and then ammonia (5 mL) were
added into the dispersion. The resulting mixture was stirred for 1 h. Powders were collected by
centrifugation and washed several times with water and ethanol. Samples were dried at 80 ◦C
overnight. The amount of TEOS added was changed to investigate the effect of TEOS concentration on the thickness of the SiO2 layer. The exact details are shown in Table 2.13.
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Table 2.13: The amounts of reagent used for SiO2 coating of NaYF4 upconverters.
NaYF4
(g)
0.5
0.5
0.5

2.2

Propan-2-ol
(mL)

DI
H2 O
(mL)

250
250
250

50
50
50

PVP
(g)
0.025
0.025
0.025

TEOS
(mL)

Ammonia
(mL)

0.5
1
2

5
5
5

Characterisation methods

This section details the techniques used to characterise the different physico-chemical characteristics of the various upconverters prepared above. It also includes a detailed description of the
980 nm upconversion measurements.

2.2.1

Scanning electron microscopy (SEM)

Powder samples were examined using a Philips XL-30 field emission gun scanning electron
microscope (FEGSEM). The micrographs were collected at an accelerating voltage of 5 kV. Samples
were mounted on black carbon tape and platinum sputter coated prior to analysis. Due to the
insulating nature of the NaYF4 and NaBiF4 host crystals, the duration of the Pt sputter coating was
2 min.

2.2.2

Powder X-ray diffraction (XRD)

Powder XRD measurements were obtained using a PanAnalytical Emperyean Theta (θ − θ)
diffractometer system operated in Bragg-Brentano geometry. The instrument was equipped with
a Cu anode X-ray tube and a PIXcel( 1D ) detector fitted with a monochromator. Measurements
were performed at room temperature at 2θ = 5 - 90◦ using monochromated Cu Kα1 radiation (λ =
1.5418 Å, current = 40 mA, high tension = 40 kV), with a step size of 0.01◦ and dwell time of 50 s.
To minimise preferred orientation effects, samples were analysed on a spinning stage at 60 rpm.

2.2.3

X-ray photoelectron spectroscopy (XPS)

XPS data were collected on a Kratos Axis UltraDLD with a hemispherical electron energy analyser and an analysis chamber with a base pressure pressure of 1x10−10 Torr. Samples were excited
using monochromatic Al Kα X-rays (1486.69 eV), with the X-ray source operating at 10 mA and
15 kV (150 W). Samples were lightly pressed on either In foil or carbon tape for XPS analyses. The
X-ray source illuminated a large area on the surface, after which photoelectrons from a 300x700
micron spot were collected with a hybrid magnetic and electrostatic lens system. Measurements
were carried out in normal emission geometry. A charge neutralisation system was used to alleviate sample charge build up. Survey spectra were recorded with analyser pass energy of 80 eV,
while the core level scans were collected with a pass energy of 20 eV.
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CasaXPS was used to analyse the data. Shirley backgrounds were used for semi-quantitative
analysis and peak fitted spectra. Quantification was performed using the relative sensitivity factors
supplied with the instrument. Core level data were fitted using Gaussian-Lorentzian peaks (30%
Lorentzian). The binding energy scale for all data was corrected for the neutraliser shift using the
C 1s signal at 285 eV from adventitious hydrocarbon as an internal standard.

2.2.4

Near edge X-ray absorption fine structure (NEXAFS)

NEXAFS measurements were conducted on the Soft X-ray beamline (SXR) [121] at the Australian Synchrotron in the energy range between 90–2000 eV with a sampling step of 0.10 eV. Measurements were carried out at the Y M-edge (2050–2100 eV), Yb M-edge (1500–1580 eV), Na K-edge
(1050–1100 eV), F K-edge (680–720 eV), Tm M-edge (1440–1500 eV) and Er M-edge (1390–1480 eV).
Total electron yield (TEY), partial electron yield (PEY) and total fluorescence yield (TFY) measurements were collected using drain current, channeltron (CHN) and multichannel plate (MCP)
detectors, respectively. These measurements were analysed using the program developed at the
Australian Synchrotron SXR beamline [122].

2.2.5

UV-Visible absorbance spectroscopy

UV-Visible absorbance measurements on the powdered samples were conducted on a Shimadzu UV-2600 spectrophotometer over the wavelength range of 220–1400 nm. The operating
parameters were as follows: single scan mode, slow scan speed, slit width of 5.0 nm, sampling
interval of 1.0 nm, detector change wavelength of 830 nm and light source change wavelength of
323 nm. Barium sulfate (BaSO4 ) was used as a reference.

2.2.6

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were collected over the wavenumber range 400–4000 cm−1 on a PerkinElmer
Spectrum 100 FT-IR Spectrometer, with attenuated total reflectance (ATR) accessory. Ten scans at a
resolution of 1 cm−1 were accumulated to produce a spectrum.

2.2.7

Upconversion emission measurements

The emissions of the upconversion phosphors were measured on a JASCO FP-8600 spectrofluorometer fitted with a NLX-890 laser excitation unit. A THORLABS L980P200 laser diode (980
nm, 200 mW, Ø9 mm, A Pin Code) was installed in this unit. The current of the laser diode was
controlled by a THORLABS LDC205C LD current controller (±500 mA HV) and the operating
temperature of the laser diode is controlled with THORLABS TED200C benchtop temperature
controller (±2 A/12 W). Due to safety limitations, the highest laser power obtained was 45 mW,
which constrained our study of laser powers to 5–45 mW.
The upconversion emissions were measured across the wavelengths of 250–900 nm, with a data
interval of 0.4 nm and a scan speed of 50 nm min−1 . Detector sensitivity for the measurements was
optimised for the emissions obtained at the highest laser power of 45 mW for each sample. This
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was obtained by changing the PMT voltage over the range of 0–1500 V and the specific voltage
used for each sample will be specified in the captions.

3

Synthesis of
NaYF4:Yb,Tm/Er
upconverters: Effect of
structure directing
agent

NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 upconversion phosphors were prepared under
a variety of synthetic conditions, as described in Section 2.1.1. The effects of structure regulating
agent (citric acid or trisodium citrate), pH, and reaction time on morphology, structure and optical
properties under NIR excitation were systematically explored. In this chapter, we study the effect
of the structure regulating agent used, citric acid and trisodium citrate, on the structural properties
of NaYF4 :Yb,Tm/Er upconverters. The optical properties of these same phosphors are investigated
in Chapter 4.

3.1

NaYF4 :Yb0.20 , Tm0.005 upconverters

This section explores the synthesis of NaYF4 :Yb0.20 , Tm0.005 upconverting phosphors prepared
with citric acid (CA) or trisodium citrate (TC) as the structure regulating agent. The amount of
the structural reagent was fixed at 0.4 M, whilst the NaF concentration was varied from 0.4–2.4 M,
following the paper by Jiang et al. [13]. Structure directing agents typically remain on the surfaces
of the upconverters, which in turn could quench upconversion emissions. Citric acid is preferable
as the structure regulating agent over other ligands due to its low contribution towards surface
quenching.
We also performed experiments with trisodium citrate, to ensure that the fully deprotonated
citrate ions present in solution were responsible for the morphologies seen with CA. Again, the
concentration of the structural agent was fixed at 0.4 M and the sodium salt was chosen to limit
the introduction of impurities. Using the potassium salt, the K+ ions might be incorporated in
the NaYF4 lattice, introducing lattice stress (or alternatively form KYF4 -based phosphors as a side
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product). Solution pH following addition of trisodium citrate was 6.9, compared to about 1 for
the citric acid, and increased to 7.3 after addition of NaF, (compared to the 3-4 for the citric acid
syntheses). It should be noted that for the TC series no powders were collected when the NaF
concentration was 0.4 M, and only a very small amount of product was obtained when the concentration was increased to 0.6 M.

3.1.1

X-ray diffraction (XRD)

Powder X-ray diffraction was used to examine the phase composition and purity for the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared at different NaF concentrations was used to examine their phase composition and purity (Figure 3.1). For the 0.4CA sample, the main product was
YF3 , which is orthorhombic with a space group of Pnma [123], where the Y3+ ion is coordinated
to eight F – ions and another ion further away. The Y3+ ions can be substituted by Yb3+ and Tm3+
ions. Increasing the amount of NaF to 0.6 M resulted in the cubic phase, α-NaYF4 , with Y3+ ions
eightfold coordinated by F – ions [89]. The space group of this phase is Fm3m, where the cationic
sites are equal with the Y3+ and Na+ ions randomly distributed in the cationic sublattice [85]. As
the Yb3+ and Tm3+ ions substitute the Y3+ ions, the two rare earth dopants are also randomly distributed. Further increasing the NaF concentration to 0.8 M, the hexagonal phase, β-NaYF4 started
to form [85], leading to a mixed-phase sample. For NaF concentrations of 1.4 M and above, the
only visible reflections were those of the β-phase. Thus it can be concluded that pure β-NaYF4 can
be formed in high purity once NaF concentration is sufficiently high.
The XRD patterns for the NaYF4 samples prepared with trisodium citrate are shown in Figure 3.1(b). Unlike the CA-treated samples, only reflections attributed to the β-phase were observed,
which is the thermodynamically stable phase [85]. This was contrary to a reference paper [13],
where the α-phase was observed at lower NaF concentrations (0.6–1.2 M) as a single phase and in
a mixture. This suggests that using trisodium citrate as the structure regulating agent was more appropriate for forming single phase β-NaYF4 . It should be noted that the broad reflection observed
at 22◦ was due to the cardboard used to mount the sample for XRD analysis.
Literature studies have shown that β-NaYF4 powders can be classified into three main space
groups, P6, P62m and P63 /m [108]. This discrepancy in the space groups across different NaYF4
powders is likely related to the disorder in the crystal structure of NaYF4 , as it is made up of positions that contain mixed Na and Y atoms, and vacancies, which would be further affected by
RE3+ ion substitution in the crystal lattice. This added disorder can lead to the introduction of
non-harmonic phonon modes, which could potential serve as an energy loss channel during upconversion processes [59]. The P6 structure is made up of one nine-fold coordination site, occupied
by Y3+ ions, a secondary nine-fold coordination site occupied by Y3+ and Na+ ions in a 1:1 ratio
and third nine-fold coordination site that is occupied by Na+ and vacancies in a 1:1 ratio [85, 108].
As the Yb3+ and Tm3+ ions substitute for the Y3+ ions, there are two possible sites for the rare earth
ions in this structure.
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(b)

Figure 3.1: The X-ray diffraction patterns of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with (a)
citric acid at NaF concentrations of 0.4–2.4 M and (b) trisodium citrate at NaF concentrations of
0.6–2.4 M.
The P62m structure was found to be similar to P6 [108], in that the Na+ , Y3+ ions are occupy
nine-fold coordination sites. Here, there are two cationic sites, one nine-fold coordination site occupied exclusively be Y3+ ions and a second nine-fold coordination site occupied by Y3+ and Na+
ions in a 1:3 ratio. Thus, there are two different sites for RE3+ ion substitution.
For the P63 /m structure, these two nine-fold coordination sites are identical, and are occupied
by both Y3+ and Na+ ions in a 3:1 ratio [70, 108], tricapped by trigonal prisms, where the RE3+ ions
could be substituted in. There is a six-fold coordination site in which the Na+ ions and vacancies
occupy in a 1:3 ratio, surrounded by a distorted octahedra of F – ions [70]. Additionally, the P6 and
P63 /m space groups showed positional disorder for the Na+ ions, leading to chains of alternating
full and empty Na-F distorted octahedra [70].
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3.1.2

Scanning electron microscopy (SEM)

The terminologies used for describing the dimensions of the hexagonal crystals are shown in
Figure 3.2.

(a)

(b)

Figure 3.2: The (a) height and (b) hexagonal side length of a hexagonal prism.
Scanning electron microscopy was used to follow the changes in morphology of the samples
prepared at different NaF concentrations for both the CA and TC series. At a low NaF concentrations, samples prepared with CA showed an irregular diamond-like nanoparticles morphologies,
which were determined to be YF3 according by XRD (Figure 3.1(a)). The sides of the diamonds
were approximately 250 nm, which agglomerated into clusters of size around 750 nm. On increasing the NaF concentration to 0.6 M, very different morphologies were obtained. Figure 3.3(b) shows
mainly spherical nanoparticles with mean size of 350 nm, as well as larger angular particles of at
least 1 µm in largest dimension. The smaller sized particles are associated with the cubic phase
by XRD [85]. Increasing the NaF concentration to 0.8 M resulted in spherical nanoparticles of diameter 270 nm (Figure 3.3(c)), along with the some shard-like particles of length of about 9 µm
(much longer than what was observed in 0.6CA). The 1.0CA sample (Figure 3.3(d)) revealed that
the spherical nanoparticles aggregated to form larger structures, with lengths and sides averaging
about 10 µm and 650 nm, respectively. These did not resemble the hexagonal nanoprisms obtained
under the same conditions in the reference paper [13]. This suggested that citric acid offered poor
control with regards to the size and structure of the products. The 1.2CA and 1.4CA samples (Figure 3.3(e)-(f)) possessed similar structures to the 1.0CA samples with average lengths of 6.2–7.7 µm
and side lengths of 0.7–1 µm (in addition to spherical nanoparticles with diameters of 280–300 nm).
The spherical nanoparticles were not seen for samples prepared at NaF concentrations of 1.6
and 2.0 M (Figure 3.4(a)-(b)). The sample obtained at the highest NaF concentration of 2.4 M had a
similar morphology to the particles prepared at lower NaF concentrations of 0.8–2.0 M. However,
the edges of the crystals were less well-defined and making accurate sizing difficult. Multiple defects were observed on the surface of these materials. To summarize, the results show that the NaF
concentration impacts both morphology and phase composition of NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA, with the effect being most obvious at low NaF concentrations.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3: SEM images of the NaYF4 :Yb0.20 , Tm0.005 (a) 0.4CA, (b) 0.6CA, (c) 0.8CA, (d) 1.0CA, (e)
1.2CA and (f) 2.4CA. All images prepared at a scale bar of 1 µm.

50

Synthesis of NaYF4 :Yb,Tm/Er upconverters: Effect of structure directing agent

(a)

(b)

(c)

Figure 3.4: SEM images of the NaYF4 :Yb0.20 , Tm0.005 (a) 1.6CA, (b) 2.0CA, and (c) 2.4CA.
The crystal phase, morphology and dimensions of the different NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA at different NaF concentrations are listed in Table 3.1, with the data obtained from XRD and SEM studies. Large size distributions were observed across the CA-prepared
samples, due to the poor structure regulation of CA.
Table 3.1: The different crystal phase, habit and dimensions obtained for the NaYF4 :Yb0.20 , Tm0.005
upconverters prepared with CA at NaF concentrations of 0.4–2.4 M.
Sample

[NaF]
(M)

Phase
by
XRD

Crystal
habit
Diamond
Spherical
Spherical,
Irregular
Spherical,
Irregular
Spherical,
Irregular
Irregular
Irregular
Irregular
Irregular

0.4CA
0.6CA
0.8CA

0.4
0.6
0.8

YF3
α-NaYF4
α, β-NaYF4

1.0CA

1.0

α, β-NaYF4

1.2CA

1.2

α, β-NaYF4

1.4CA
1.6CA
2.0CA
2.4CA

1.4
1.6
2.0
2.4

β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4

Diameter Height
(nm)
(nm)
-

-

Width
(nm)

350
266

312
8975

-

208

9923

646

284

6226

1007

309

7675
5452
7133
3633

782
659
573
782

538
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In contrast, the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC all possessed regular
hexagonal morphologies (Figure 3.5-3.6), irrespective of the concentration of NaF. A similar morphology was expected for these samples, since the XRD diffraction patterns obtained for the series
were all identical (Figure 3.1(b)). The hexagonal nanoparticles had sharp and defined edges, with
some twinning of the nanoparticles observed for the 0.6TC sample (Figure 3.5(a)). These hexagonal prisms had average heights and side lengths of 220 and 480 nm, respectively. In contrast to CA,
the fully deprotonated citrate ions allowed for better inhibition of the growth in the (0001) direction of a hexagonal crystal, promoting the growth of the slower-growing prismatic sides. This led
to shorter particle heights compared to those obtained with CA as the structure regulating agent.
Increasing the NaF concentration to 0.8 M (Figure 3.5(b)) did not appear to affect the structure. Further increasing the NaF concentration did not show a change in the structural morphology of the
upconverters, as distinct hexagonal prisms with sharp, defined edges were observed, with defects
located primarily on the prismatic faces.

(a)

(b)

(c)

(d)

Figure 3.5: SEM images of the NaYF4 :Yb0.20 , Tm0.005 (a) 0.6TC, (b) 0.8TC, (c) 1.0TC and (d) 1.2TC
samples.
Figure 3.7 shows the changes in the length and side lengths of the NaYF4 :Yb0.20 , Tm0.005 upconverters with respect to NaF concentration, which were taken from the SEM images obtained
for each sample. The average height of the hexagonal prisms appeared to increase when the NaF
concentration was increased from 0.6 and 0.8 M to 1.0 M, but were not perceptibly different with
further increase of NaF concentration. The average hexagonal side length appeared to decrease in
the NaF concentration of 0.6–1.4 M and hardly changed with further increase of the NaF concentration.
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(a)

(b)

(c)

(d)

Figure 3.6: SEM images of the NaYF4 :Yb0.20 , Tm0.005 (a) 1.4TC, (b) 1.6TC, (c) 2.0TC, (d) 2.4TC samples.

Figure 3.7: Plot with the different dimensions of the hexagonal NaYF4 :Yb0.20 , Tm0.005 upconverting
nanoparticles prepared with TC at different NaF concentrations.
The crystal phase, morphology and dimensions of the different NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC at different NaF concentrations are summarised in Table 3.2. In contrast
to the upconverters prepared with CA, the phase and morphology of the upconverters were the
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similar across the NaF concentration range studied.
Table 3.2: The different crystal phase, habit and dimensions obtained for the NaYF4 :Yb0.20 , Tm0.005
upconverters prepared with TC at NaF concentrations of 0.6–2.4 M.
Sample

0.6TC
0.8TC
1.0TC
1.2TC
1.4TC
1.6TC
2.0TC
2.4TC

[NaF]
(M)

0.6
0.8
1.0
1.2
1.4
1.6
2.0
2.4

Phase
by
XRD

Crystal
habit

β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4

Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal

Height
(nm)

219
166
313
399
474
480
562
575

Hexagonal
Side
Length
(nm)
481
429
378
377
315
292
304
309

The samples prepared with CA consistently were irregularly-shaped and of varying sizes, lacking any resemblance to a hexagonal structure seen for the TC samples. This indicated that CA was
ineffective as a structure regulating agent. This was very different from what was observed in
the literature using a similar method [13], where hexagonal platelets were formed at lower NaF
concentrations, which increased in length with NaF concentrations. Instead, this was more consistent with the upconverters prepared with TC as the structure regulating agent. Clearly, the pH
of the hydrothermal synthesis medium played a key role in the different phase compositions and
morphologies seen for products synthesized with CA and TC, which is explored in detail in later
chapters of this thesis.
Upon the addition of CA or TC into the RE stock solution, a Y3+ -citrate complex is formed.
The chelation of this complex is weakened under hydrothermal conditions, gradually releasing
Y3+ to react with Na+ and F – ions present in the solution. The initial phase that forms is α-NaYF4 ,
as observed in for the 0.6CA sample. These spherical nanoparticles act as seeds for the thermodynamically stable β-NaYF4 , with edge sharpening occurring as the crystal grows. Figure 3.8 shows
the crystallographic planes present in a hexagonal crystal, such as β-NaYF4 [33]. The growth rates
of each facet is different, with the growth along the (0001) direction the fastest. The structural agent
is chosen for its capping ability of certain facets, such as the (0001), to obtain the desired morphology. CA as the structure regulating agent was inefficient at capping the (0001) facets, leading long
irregular structures, several microns in length. By replacing CA with TC, citrate ions preferentially
cap this facet and restrict the growth of this facet. This allowed time for the slow-growing prismatic
planes ({1100}, {1010} and {0110}) to grow and form nice, distinct edges. It is likely that the low pHs
of the syntheses with CA (around pH 3-4), the citric acid only partially deprotonated (pKa1 = 3.13,
pKa2 = 4.76, pKa3 = 6.40 [124]) and mostly in the mono-deprotonated form (one -COO – group, two
-COOH groups), which thus impacted the ability of citric acid to acts as a structure directing agent.
The syntheses with TC were conducted at pHs 6-7, with the citrate ion having three carboxylate
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groups (i.e. three -COO – groups) available for complexing to the growing upconverter crystals,
thereby providing much more effective surface capping and shape control.

Figure 3.8: The structure of hexagonal crystal (such as β-NaYF4 ) with the crystallographic planes
labelled.

3.1.3

UV-Visible spectroscopy

UV-Visible absorbance spectra over the range 600–1400 nm for various reference oxides, Y2 O3 ,
Yb2 O3 and Tm2 O3 are shown in Figure 3.9. Tm2 O3 shows multiple features in the 600–800 nm
and 1100–1400 nm regions. The Yb2 O3 reference shows multiple features centred around the 800–
1100 nm region, the most intense of which is centred around 975 nm. Y2 O3 does not show much
absorbance in the 600–1400 nm region. The broad absorption in the 800–1100 nm of the Yb2 O3 sample is due to the Stark splitting of the 2F7/2 and 2F5/2 energy levels present in the Yb3+ . Differences
in the coordination environment affects the crystal field splitting, which in turn induces the splitting of the energy levels [22, 87].
This Yb3+ -related absorption was the most prominent absorption feature observed in the
NaYF4 :Yb0.20 , Tm0.005 samples over the 600–1400 nm region (Figure 3.10(a)). It is interesting to note
that additional absorption features were observed at shorter wavelengths to this emission for samples prepared with 0.4–1.0 M NaF, particularly because there are only two energy levels present in
Yb3+ , which corresponds to the absorption at 975 nm. UV-Visible absorbance spectra of the TC set
were similar across the series, (Figure 3.10(b)), which is not surprising since all samples contained
β-NaYF4 :Yb0.20 , Tm0.005 . Again, the most prominent absorption feature was centred at 975 nm.
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Figure 3.9: UV-Visible absorbance spectroscopy of rare earth reference oxides (Y2 O3 , Yb2 O3 and
Tm2 O3 ).

(a)

(b)

Figure 3.10: UV-Visible absorbance spectroscopy of NaYF4 :Yb0.20 , Tm0.005 upconverters with (a)
citric acid and (b) trisodium citrate at different NaF concentrations.
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3.1.4

X-ray photoelectron spectroscopy (XPS)

XPS was used to study the surface chemistry of the ions present in the NaYF4 :Yb0.20 , Tm0.005
upconverters. For the CA-set, the 0.6CA, 1.2CA and 2.4CA samples were selected as they possessed differing phase compositions. The 0.6CA sample was only α-phase, the 1.2CA sample was
a mixture of α and β-phase, and the 2.4CA sample was pure β-phase. For the TC set, only the 1.2TC
and 2.4TC upconverters were chosen for XPS analysis (both β-phase).
The survey spectra for the selected upconverters are shown in Figure 3.11. Main peaks are
labelled on the spectra. Elements present for all samples were Na, Y, F, Yb, Tm, as well as C and O.
Signals relating to indium (In) were also observed since In wire was used to mount the samples
for XPS measurements. Peaks arising from Y3+ ions were also observed, with the Y 3d peaks being
the most intense. Due to the similarities of the 4f regions of the lanthanide series, it is difficult to
differentiate which peaks arise from Yb3+ and which from Tm3+ as the binding energies of the two
are very similar. To further complicate matters, there is also a degree of overlap between the XPS
signals for the Y3+ ions and the lanthanide ions, particularly the Y 3s, Yb 4p and Tm 4p signals.
Further, the low Tm3+ concentration of 0.5% makes the contributions from this ion negligible.
The carbon and oxygen signals arise from the citrate ligands on the surface of the upconverters,
as well as adventitious hydrocarbons adsorbed on the surface. This is to be expected as citrate ions
would be acting as surface capping agents, particularly for the TC-treated samples, where they
preferentially cap the {0001} planes of the β-phase NaYF4 . C 1s signals arise from adventitious
carbons, which are used as an internal reference, as well as the surface-bound citrate ions. No clear
differences with regards to the survey spectra was observed between the two sets of samples.
The atomic and weight percentages of the elements present on the surface of
NaYF4 :Yb0.20 , Tm0.005 CA and TC upconverters are given in Table 3.3. These values were obtained
from peak areas for the main XPS signal for each element, then quantification using sensitivity
factors for each XPS signal. The Na:(Y+Yb):F XPS ratios determined by XPS for the upconverters
were not exactly 1:1:4 (as expected based on the empirical formula), with higher than expected Na
and/or Y concentrations found across the samples. This is due to the surface sensitive nature of
the technique, probing the topmost atomic layers (top few nm).
Figure 3.12(a) shows Y 3d XPS spectra for 0.6CA, 1.2CA and 2.4CA samples. The Y 3d5/2 and
3d3/2 peaks were observed at 159.3 and 161.3 eV, respectively, which is consistent for the presence
Y3+ [125]. A splitting of these two peaks improves with an increase in NaF concentration. Additionally, smaller, less distinct peaks are observed at 175 and 185 eV, the latter of which corresponding
to Yb 4d. The Y 3d core level XPS spectra for the TC samples are shown in Figure 3.12(b), with
the Y 3d5/2 and 3d3/2 peaks located at 159.3 and 161.3 eV, respectively. These were observed to be
similar to those obtained for the CA samples in Figure 3.12(a), with sharp splitting the most like to
that of 2.4CA, rather than the other samples with lower NaF concentration. The similarity between
these samples could be due to the phase compositions, as XRD patterns for these three samples
show that β-phase NaYF4 was present. For Tm, 4d peaks are expected around 175–180 eV, but is
not observed due to the low Tm loading.

NaYF4 :Yb0.20 , Tm0.005 upconverters

57

(a)

(b)

Figure 3.11: XPS survey spectra for the NaYF4 :Yb0.20 , Tm0.005 (a) 0.6CA, 1.2CA and 2.4CA upconverters and the (b) 1.2TC and 2.4TC upconverters.
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Table 3.3: Atomic and weight percentages obtained from the elements present in the XPS survey
spectra of NaYF4 :Yb0.20 , Tm0.005 CA and TC upconverters.
Sample

Na 1s

Y 3p

Yb 4d

F 1s

C 1s

O 1s

Na:(Y+Yb):F

0.6CA
at.%
wt.%

7.72
5.52

16.82
46.5

2.28
12.27

31.6
18.67

29.41
10.98

12.17
6.05

1:2.5:4.1
1:10.6:3.4

1.2CA
at.%
wt.%

11.07
8.37

15.12
44.22

1.58
9.56

34.09
21.31

26.54
10.49

11.49
6.05

1:1.5:3.1
1:6.4:2.5

2.4CA
at.%
wt.%

15.14
11.49

14.42
42.32

1.55
8.85

36.93
23.16

20.54
8.14

11.41
6.03

1:1.1:2.4
1:4.5:2.0

1.2TC
at.%
wt.%

14.4
10.68

13.26
38.05

2.44
13.63

38.91
23.86

17.2
6.67

13.79
7.12

1:1.1:2.7
1:4.8:2.2

2.4TC
at.%
wt.%

11.26
9.2

12.45
39.36

1.41
8.68

35.17
23.76

25.3
10.8

14.41
8.2

1:1.2:3.1
1:5.2:2.6

(a)

(b)

Figure 3.12: Core level XPS spectra over the Y 3d and Yb 4d regions of (a) CA and (b) TC upconverters collected over the Y 3d regions. The region was extended to higher binding energies to
observe the satellite peaks due to Yb and Tm.

NaYF4 :Yb0.20 , Tm0.005 upconverters

3.1.5

59

Near edge X-ray absorption fine structure (NEXAFS)

Near edge X-ray absorption fine structure spectra for selected Tm3+ -doped samples prepared
with CA and TC were measured at the Australian Synchrotron Soft X-ray (SXR) beamline. For
the CA set, the 0.4CA, 0.6CA, 1.2CA and 2.4CA samples were studied (YF3 , α, α+β, and β phases
of NaYF4 , respectively). For the TC set, the 0.6TC, 0.8TC, 1.2TC and 2.4TC samples (all β-NaYF4 )
were studied.
The total electron yield (TEY) Y L3 -edge spectra for the NaYF4 :Yb0.20 , Tm0.005 samples prepared
with CA and TC samples are shown in Figure 3.13(a). Both sets of upconverters showed a single
peak (possibly an unresolved doublet) at ~2082 eV, corresponding to the 2p6 4d0 −−→ 2p5 4d1
transition. This was unlike the distinct doublet observed for Y3+ in Y2 O3 used as a reference material in the SXR beamline. This showed that the Y3+ ion for the NaYF4 upconverters occupied a
different chemical environment to the Y3+ in Y2 O3 .
Figure 3.14 shows the Yb M5 -edge total electron yield spectra of the CA and TC samples. A
single peak at 1519.9 eV was observed which corresponded to the 3d10 4f13 2F7/2 −−→ 3d9 4f14
2

D5/2 transition [126]. This was similar to what was reported for Yb3+ ion [127].

(a)

(b)

Figure 3.13: TEY Y L3 -edge spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with (a) CA
and (b) TC, at different NaF concentrations. Spectra were offset for clarity.
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(a)

(b)

Figure 3.14: TEY Yb M5 -edge spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with
(a) CA and (b) TC, at different NaF concentrations. Spectra were offset for clarity.
The Tm M4 , 5 -edge spectra can be used to probe the oxidation state of the Tm present in the
sample. For the Tm3+ ion, three peaks in the M5 region of 1450–1470 eV are expected, along with a
single peak in the M4 -edge region of 1500–1520 eV, corresponding to the 3d10 4f12 −−→ 3d9 4f13
transitions [128]. While for the divalent ion, two peaks are expected in the M5 region, corresponding to the 3d10 4f13 −−→ 3d9 4f14 transition, and none in the M4 region [128]. This makes the M5
spectra the most useful region to investigate [127]. Additionally, the Tm M4 -edge overlaps with the
Yb M5 -edge, making it a difficult region to exclusively study for Tm in Yb, Tm co-doped materials.
The total electron yield spectra of the Tm M5 -edge of the CA and TC samples is shown in Figure 3.15. Three peaks were observed for the ~1461, 1464 and 1466 eV for all of the samples, which
arise from the 3d10 4f12 3H6 −−→ 3d9 4f13 3H6 , 3G5 , 1H5 transitions, respectively [126], confirming
the presence of Tm3+ ions present in the upconverters.
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(b)

Figure 3.15: TEY Tm M5 -edge spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with
(a) CA and (b) TC, at different NaF concentrations. Spectra were offset for clarity.
The total electron yield spectra of the Na K-edge of the upconverters prepared with CA and
TC are shown in Figure 3.16, which would correspond to 1s2 2s2 2p6 −−→ 1s1 2s2 2p6 3s0 3p1
transitions. No absorption feature was observed for the 0.4CA, since only YF3 was obtained. The
spectra for the 0.6CA sample showed a pre-edge feature at 1074.2 eV, a sharp feature at 1077.1 eV
and a broader peak centred at 1081.3 eV. The spectra for the 1.2CA and 2.4CA samples were different. Firstly, the pre-edge feature was not as distinct and was located at a slightly higher photon
energy of 1074.7 eV with a sharp feature at 1076.1 eV and a slightly broader feature at 1080.1 eV.
These differences can be attributed to the differing Na+ environments present in the α-NaYF4 (i.e.
0.6CA) and the β-phase of samples synthesized at the higher NaF concentrations. For the TC samples (Figure 3.16(b)), a sharp feature was observed at 1076.1 eV followed by a more intense, slightly
broader peak at 1079.9 eV.
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(a)

(b)

Figure 3.16: TEY Na K-edge spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with
(a) CA and (b) TC, at different NaF concentrations. Spectra were offset for clarity.
The F K-edge NEXAFS data (Figure 3.17) for the upconverters prepared with CA and TC for
the 1s2 2s2 2p6 −−→ 1s1 2s2 2p6 3s0 3p1 transitions. The data for the CA set showed differences as
a function of the NaF concentration, consistent with YF3 and α-NaYF4 being the host at low NaF
concentrations and β-NaYF4 the host at high NaF concentrations. A peak was observed for the
0.4CA sample 689 eV, which was observed at higher photon energy of 689.8 eV for the 0.6CA sample with a shoulder at ~688.2 eV. With the 1.2CA and 2.4CA samples, a single peak was observed
at 688.8 eV. Data for all the TC set were identical, consistent with β-NaYF4 being only crystal phase
present, with a prominent absorption feature at 688.8 eV. The F – ion in YF3 is coordinated to three
Y3+ ions in a trigonal planar configuration. In contrast, the F – ion in α-NaYF4 is coordinated to four
Na+ or Y3+ cations in a tetrahedral configuration, with a Na:Y in a 1:1 ratio, which may give rise to
the shoulder in the absorption feature. On the other hand, the 1.2CA, 2.4CA and TC samples were
predominantly β-NaYF4 , hence the similarity in their F K-edge XPS spectra.
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(b)

Figure 3.17: TEY F K-edge spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with (a) CA
and (b) TC, at different NaF concentrations. Spectra were offset for clarity.

3.2

NaYF4 :Yb0.20 , Er0.005 upconverters

A selection of NaYF4 :Yb0.20 , Er0.005 samples were also prepared with trisodium citrate (TC) as
the shape directing agent. The NaF concentration was varied from 0.6–2.4 M. The morphologies
and phase compositions for the samples were similar to the Tm set prepared with TC in the earlier
sections of this thesis, which was not surprising due to the similarities with size between the Tm3+
and Er3+ ions, which were 113.4 and 114.4 pm, respectively [129].

3.2.1

X-ray diffraction (XRD)

X-ray diffraction patterns for the NaYF4 :Yb0.20 , Er0.005 samples prepared with TC are shown in
Figure 3.18. Attempts to prepare samples with 0.4 M NaF were unsuccessful, as was also found in
the Tm3+ -doped series. The yield of the Er-0.6TC sample was small, thus cardboard was used for
sample mounting, giving an extra broad peak at 22◦ . XRD patterns for all samples were consistent
with a pure β-phase NaYF4 .
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Figure 3.18: X-ray diffraction patterns for NaYF4 :Yb0.20 , Er0.005 samples prepared with varying NaF
concentration.

3.2.2

Scanning electron microscopy (SEM)

The morphologies seen for the Er-doped upconverters were similar to those of the Tm-doped
set (Section 3.1.2). This was expected given that the synthesis procedure was identical aside from
the replacement of Tm3+ with Er3+ . The Er-0.6TC sample in Figure 3.19(a) showed the same hexagonal platelets as the 0.6TC samples, which were stacked upon each other, making accurate sizing
difficult. There were also multiple instances of twinning, with average lengths and side lengths of
240 and 440 nm. Increasing the concentration to 0.8 M did not change the structure of the sample,
but resulted in slightly shorter hexagonal prisms with average lengths and side lengths of 170 and
530 nm, respectively. Further increase of the NaF concentration produced longer hexagonal prisms.
Figure 3.21 shows the changes in the heights and side lengths of the NaYF4 :Yb0.20 , Er0.005 upconverters with respect to NaF concentration, which were obtained from the SEM images of each
sample. The average heights of the hexagonal prisms were ~170–240 nm for the upconverters prepared with 0.6 and 0.8 M NaF, with the latter being shorter. Increasing the concentration to 1.0 M
increased the average heights of the hexagonal prisms. The average heights was similar with further increase of the NaF concentration. The average side length was longer for the upconverters
prepared with 0.6 and 0.8 M NaF and decreased when the NaF concentration was increased to 1.0
and 1.2 M NaF. Further increase of NaF concentration did not appear to affect the average side
length of the prisms.
The crystal phase, morphology and dimensions of the different NaYF4 :Yb0.20 , Er0.005 upconverters prepared with TC at different NaF concentrations of 0.6–2.4 M are summarised in Table 3.2.
These were similar to the Tm3+ -doped upconverters prepared with TC, as the substitution of Tm3+
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(a)

(b)

(c)

(d)

Figure 3.19: SEM images of the NaYF4 :Yb0.20 , Er0.005 upconverters, (a) Er-0.6TC, (b) Er-0.8TC,
(c) Er-1.0TC and (d) Er-1.2TC. All images were taken at a scale bar of 1 µm.

(a)

(b)

(c)

(d)

Figure 3.20: SEM images of (a) Er-1.4TC, (b) Er-1.6TC, (c) Er-2.0TC and (d) Er-2.4TC. All images
were taken at a scale bar of 1 µm.
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Figure 3.21: Plot with the different dimensions of the hexagonal NaYF4 :Yb0.20 , Er0.005 upconverting
nanoparticles prepared with TC at different NaF concentrations.
for Er3+ would not affect the structure due to similar ionic radii and were not of a significant concentration compared to Yb3+ .
Table 3.4: The different crystal phase, habit and dimensions obtained for the NaYF4 :Yb0.20 , Er0.005
upconverters prepared with TC at NaF concentrations of 0.6–2.4 M.
Sample

Er-0.6TC
Er-0.8TC
Er-1.0TC
Er-1.2TC
Er-1.4TC
Er-1.6TC
Er-2.0TC
Er-2.4TC

3.2.3

[NaF]
(M)

0.6
0.8
1.0
1.2
1.4
1.6
2.0
2.4

Phase
by
XRD

Crystal
habit

β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4

Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal

Height
(nm)

238
169
322
418
457
484
483
552

Hexagonal
Side
Length
(nm)
437
528
385
469
303
293
277
301

UV-Visible spectroscopy

The UV-Visible absorbance for the Er3+ -doped samples prepared with TC are shown in
Figure 3.22(b). These were similar to those obtained with its Tm3+ -doped samples showed in
Figure 3.10(b). As expected, the most intense absorption is due to the 2F7/2 −−→ 2F5/2 transition
in Yb3+ ion, which gives rise to the peak centred at 975 nm. There is some overlap between the
absorption features of Er2 O3 and Yb2 O3 in the 900–1040 nm region, in Figure 3.22(a). However,
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since the amount of Er3+ in the NaYF4 :Yb0.20 , Er0.005 samples is low, the contribution of Er3+ to the
absorbance spectra of the samples is expected to be low. A feature observed at 652 nm was due to
the 4I15/2 −−→ 4F9/2 transition in Er3+ , which was an intense peak in the Er2 O3 reference
(Figure 3.22(a)) [130].

(a)

(b)

Figure 3.22: UV-Visible absorbance spectroscopy of (a) rare earth reference oxides (Y2 O3 , Yb2 O3
and Er2 O3 ) and (b) ceNaYF4:Yb0.20 , Er0.005 samples prepared with varying NaF concentration.

3.2.4

Near edge X-ray absorption fine structure (NEXAFS)

The

near

edge

X-ray

absorption

fine

structure

spectroscopy

data

of

selected

NaYF4 :Yb0.20 , Er0.005 upconverters were also measured at the Australian Synchrotron Soft Xray beamline. These samples were Er-0.6TC, Er-0.8TC, Er-1.2TC and Er-2.4TC, all of which was
β-NaYF4 .
The total electron yield (TEY) Y L3 -edge spectra for the NaYF4 :Yb0.20 , Er0.005 upconverters are
shown in Figure 3.23. A single peak was observed at 2082.4 eV, which was similarly seen for the
Tm3+ -doped samples. This arose from the 2p3/2 to the unoccupied 4d level, indicating the presence
of Y3+ in the samples.
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Figure 3.23: TEY Y L3 -edge spectra of the NaYF4 :Yb0.20 , Er0.005 TC upconverters prepared with different NaF concentrations. Spectra were offset for clarity.
Figure 3.24(a) showed the total electron yield spectra of the Yb M5 -edge, where a single peak
was observed at 1519.9 eV. This corresponded to the 3d10 4f13 2F7/2 −−→ 3d9 4f14 2D5/2 transition
for the Yb3+ ion [126]. The electron yield spectra of the Er M5 -edge spectra is given in Figure 3.24(b).
Three peaks were observed at 1405, 1407.5 and 1409.8 eV, with the peak at 1407.5 eV the most intense. These correspond to the Er3+ 3d10 4f11 4I15/2 −−→ 3d9 (4f12 ) ( 3H) 4I15/2 , ( 3F) 4H13/2 , ( 1G) 2I13/2
transitions [126, 127].
The total electron yield spectra of the Na K-edge of the Er3+ -doped TC samples shown in
Figure 3.25(a), which was similar to the Tm3+ -doped TC samples, as well as the 1.2CA and 2.4CA
samples (Figure 3.16). A sharp feature was observed at around 1076.3 eV and a slightly broader,
more intense peak at 1080.1 eV. Figure 3.25(b) showed the total electron yield spectra of the F Kedge. The most intense peak observed across all of the samples was observed at 689.1 eV, similar
to that of the Tm-TC samples.
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(b)

Figure 3.24: TEY (a) Yb M5 -edge and (b) Er M5 -edge spectra of the NaYF4 :Yb0.20 , Er0.005 TC upconverters prepared with different NaF concentrations. Spectra were offset for clarity.

(a)

(b)

Figure 3.25: TEY (a) Na K-edge and (b) F K-edge spectra of the NaYF4 :Yb0.20 , Er0.005 TC upconverters prepared with different NaF concentrations. Spectra were offset for clarity.
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3.3

Conclusion

YF3 :Yb0.20 , Tm0.005 , NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 upconverter particles were
successfully synthesised using citric acid or trisodium citrate as the structure directing agent. The
phase composition and the morphology of the upconverter nanoparticles depended on the NaF
concentration used in the synthesis and also the structure directing agent. For upconverters prepared with CA, YF3 and α-NaYF4 were the dominant host matrices formed at the low NaF concentrations (i.e. 0.4 and 0.6 M, respectively,) whereas β-NaYF4 was the only host at high concentrations
(e.g. 1.4 M and above). For the NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 nanoparticles prepared with TC, β-NaYF4 was obtained at all NaF concentrations. Upconverters containing Tm3+
or Er3+ prepared with trisodium citrate showed a characteristic hexagonal crystal morphology.
Comparing the samples prepared with CA and TC, it is concluded that pH and thus the availability of carboxylate groups on the structure directing agent (-COO – ) had a dramatic influence
on crystal growth and morphology, with the citrate trianionic form being the most effective structure directing agent. The UV-Visible absorption characteristics of the NaYF4 :Yb0.20 , Tm0.005 and
NaYF4 :Yb0.20 , Er0.005 upconverters in the 600–900 nm were dominated by the optical absorption of
Yb3+ , which absorbed strongly at 975 nm.
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Emission properties of NaYF4 :Yb0.20 , Tm0.005 upconverters

This chapter contains the upconversion emission data at different laser powers for
NaYF4 :Yb3+ , Tm3+ samples prepared via the hydrothermal route. As mentioned in Section 2.2.7,
the detector sensitivity needed to be changed according to the intensity of the emission at the
highest laser power, to allow direct comparison of emission intensities at different laser powers for
a single sample. Conversely, this makes direct comparisons of the emissions between two samples
difficult unless the same PMT voltage was used. As upconversion efficiencies are affected by the
sample properties such as phase purity and particle size, relevant data from Chapter 3 is used to
account for differences seen in the emission data for the samples.

4.1.1

NaYF4 :Yb0.20 , Tm0.005 upconverters with citric acid as the shape directing agent

The upconversion properties of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with citric acid are
first investigated. For simplicity, the full name NaYF4 :Yb0.20 , Tm0.005 is omitted and the simple
names (see Section 2.1.1) are used for each sample.
4.1.1.1

Emission measurements for NaYF4 :Yb0.20 , Tm0.005 upconverters

The emission spectra of the 0.4CA sample (excited at 980 nm) at different laser powers are
shown in Figure 4.1. Clearly, the sample show emissions at the UV, visible and NIR wavelengths.
Peaks found in the UV region include a very weak one at 290 nm, which corresponds to the
1

I6 −−→ 3H6 transition in Tm3+ , as well as more intense peaks at 345 and 360 nm, corresponding to

1

I6 −−→ 3F4 and 1D2 −−→ 3H6 transitions in Tm3+ , respectively. In the visible region, blue peaks
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at 450 and 475 nm due to the 1D2 −−→ 3F4 and 1G4 −−→ 3H6 transitions, respectively, and a red
peak at 645 nm ( 1G4 −−→ 3F4 transition) were observed. There was also a small shoulder on the
low wavelength side of the peak at 475 nm. In the NIR region, a single emission peak at 800 nm
is observed due to a 3H4 −−→ 3H6 transition. Further peaks at 776, 790 and 820 nm, which were
just as intense as the 800 nm emission. All these emissions were observed from 5–45 mW. These
additional emissions may be due to the formation of YF3 instead of NaYF4 , as seen in the XRD
in Figure 3.1(a). Increasing the power of the excitation laser not only increases the emission intensities, but also gives rise to new emission peaks that were not observed at lower laser powers.
For example, only emissions in the NIR region and at 475 nm were observed at 5 mW. Other visible emissions were observed at 10 mW, while the 290 nm peak was not observed until 20 mW.
The 800/475 intensity ratio decreased from 5.98 at 5 mW to 2.15 at 45 mW. This could be due to
the decreasing population of the lower excited states in favour of populating the higher excited
states, which gives rise to the emissions at shorter wavelengths. The 475/450 intensity ratio also
decreased from 2.77 at 10 mW to 1.19 as the power increased.
The emissions at higher NaF concentrations of 0.6–2.4 M were slightly different from the previous sample, which may be due to the formation of NaYF4 host over the YF3 . Sharp, narrow bands
at 800, 645, 475, 450, 360 and 345 nm were observed across these samples (Figure 4.2-4.9). The
emission intensities increased for NaF concentrations of 0.6–1.4 M, decreased for concentrations of
1.4–2.0 M, and finally increased for 2.4 M. The intense emissions at 45 mW were observed at 360,
450, 475 and 800 nm. The three-photon 475 nm emission was the most intense for all of the upconverters, except for 0.8CA, where the four-photon 450 nm emission was the most intense. These
relatively intense emissions at higher energies are quite promising for applications where UV and
blue emissions are key, i.e. photocatalytic based applications. At the lower laser power of 5 mW,
most of the emissions were present, aside from the 0.6CA, 1.0CA, and 2.0CA samples where the
290 nm emission was only observed when the laser power increased to 10 mW. The 800/475 intensity ratios were observed to decrease with increasing laser power for all of the samples. For the
0.6CA, 1.0CA, 1.2CA samples, the intensity ratios were equal or nearly equal at about 30–35 mW,
whilst for the 1.4CA, 1.6CA, 2.0CA and 2.4CA samples, this was at about 15–20 mW. This showed
that excitation events that led to the population of the 1G4 level (emitting state of 475 and 645 nm)
over the 3H4 level (emitting state of 800 nm). As the 1G4 level is also an intermediate state of higher
energy emissions of 450, 360, 345 and 290 nm, intensity of these emissions, particularly those at 450,
360 and 345 nm showed that the populating these states were highly favourable. The 475/450 intensity ratios was also decreasing with increasing laser power, with the ratios near equal at 30 mW
for the 0.8CA sample and at 45 mW for the 1.0CA, 1.2CA and 1.6CA samples. Again, these showed
that populating its emitting state of 1D2 was highly favourable, given that these are typically due
to the excitation of the 1G4 state. The 360/345 intensity ratios were also observed to decrease with
laser power across all of the upconverters.
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Figure 4.1: Upconversion emission spectra for YF3 :Yb0.20 , Tm0.005 (0.4CA) collected at 980 nm and
laser powers of 5–45 mW. (PMT = 1500 V)

Figure 4.2: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (0.6CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1180 V)

Figure 4.3: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (0.8CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 870 V)
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Figure 4.4: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.0CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 700 V)

Figure 4.5: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.2CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 650 V)

Figure 4.6: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.4CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 610 V)
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Figure 4.7: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.6CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 670 V)

Figure 4.8: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.0CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1090 V)

Figure 4.9: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.4CA) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 750 V)
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The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA at laser powers of 45, 25 and 5 mW are
shown in Figure 4.10. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the 475 nm
emission was the most intense across most of the samples, aside from the 0.4CA and 0.8CA upconverters, where the most intense emissions were at 800 and 450 nm, respectively. For the samples
prepared with NaF concentrations of 0.6–1.6 M, the intensities of the four-photon 450 and 360 nm
and two-photon 800 nm emissions were also relatively intense. As mentioned previously, the emitting states of the lower energy emissions are intermediate states of the higher energy emissions.
This implied that intense higher energy emissions would come at the expense of the lower energy
emissions, making these less intense. The intense emissions showcased by the upconverters with
NaF concentrations of 0.6–1.6 M suggested less non-radiative quenching events occurred. For the
samples prepared with 2.0–2.4 M, these emissions were not as intense, particularly the peak at
800 nm. This emission was observed to decrease in intensity when the NaF concentration was
1.4 M and above. The five-photon 360 nm emission was the third least intense emission for the
samples prepared at NaF concentrations of >0.6 M, followed by the three-photon 645 nm emission.
The weakest emission observed across all of the samples is the one located at 290 nm.
Decreasing the laser power to 25 mW, decreased relative emissions intensities by over half
across the upconverters prepared with CA. For the upconverters prepared with low NaF concentrations of 0.4–1.2 M, the most intense emission was the two-photon 800 nm emission, while it was
the 475 nm emission for the upconverters prepared with ≥1.4 M NaF. The emissions at 450 and
360 nm were still relatively intense, particularly for the samples prepared at 0.6–1.6 M NaF but
were considerably weaker for the 0.4CA and 2.0CA samples. This was followed by the emissions
at 345 and 645 nm, with the weakest emissions at 290 nm. Compared to the emissions obtained at
45 mW, the 360 nm was relatively weaker.
Further decreasing the laser power to 5 mW, showed even weaker emissions of less than 10% of
the intensity at 45 mW. For the 0.4CA sample, only the 800 nm emission was observed at this laser
power, as was the most intense emission observed for the reset of the upconverters. This is not
surprising as this emission only involved two NIR photons and is the most commonly observed
emission for upconverters doped with Tm3+ . For the upconverters prepared with 0.6 M NaF and
above, the three, four and five-photon processes were observed, albeit at weaker intensities, the
475 nm emission was more intense than the other higher energy emissions. This was followed by
the emissions at 450 and 360 nm and then by the other three-photon 645 nm emission, with the fivephoton UV emissions at 345 and 290 nm as the weakest. The observation of these higher energy
emissions at such a low power showed the efficiency of such NaYF4 -type upconverters versus
YF3 -type upconverters (0.4CA).
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(a)
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Figure 4.10: The different relative emission intensities of the NaYF4 :Yb0.20 , Tm0.005 (CA) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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4.1.1.2

Effect of laser power on emission intensities

The mathematical relationship between emission intensity and the excitation laser power was
shown in Equation 1.1 in Section 1.1.1, due to the multi-step nature of an ETU mechanism. Plots
of the log emission intensity versus log laser power could be fitted with linear lines of best fit,
the slopes of which can estimate the number of photons involved in the different upconversion
transitions, as given in Equation 1.2. This value, when compared to the literature values for a
given emission transition, can give an indication of the extent of quenching in the samples. Here,
we studied at the effect of laser power on the emission intensities of emission peaks at 800, 645,
475, 450, 360, 345 and 290 nm.
Emissions arising from the Tm3+ ions tends to occur in the following pathway outlined by
Dong et al. [17] (see Figure 1.5). Firstly, Yb3+ is excited by the 980 nm laser, prompting the
(Yb) 2F7/2 −−→ (Yb) 2F5/2 transition, followed by energy migration to excite a neighbouring Tm3+
ion non-radiatively, ((Tm) 3H6 −−→ (Tm) 3H5 ). Following relaxation, the electron populates the
lower level Tm3+ 3F4 . Following another energy transfer from Yb3+ , the transition 3F4 −−→ 3F2
occurs. Another relaxation process occurs, populating the 3F3 and 3H4 levels, with radiative relaxation to the ground state of 3H6 giving rise to the 694 and 800 nm emissions, respectively. These
efficient two-photon processes are the most commonly observed emissions from Tm3+ -doped upconverters. The 3H4 level can be further excited to obtain higher energy emissions, e.g. the 1G4 energy level, with radiative relaxations from this level to 3F4 and 3H6 giving rise to the three-photon
emissions located at 645 and 475 nm, respectively. Additionally, energy transfers from Yb3+ can
lead to Tm3+ 1G4 −−→ 1D2 transitions, with radiative relaxations to 3F4 and 3H6 leading to 450
and 360 nm emissions (i.e. via four-photon processes). Further excitation leads to the 1D2 −−→ 3P2
transition, with non-radiative relaxation populating the 1I6 state. The 1I6 −−→ 3F4 and 1I6 −−→ 3H6
transitions gives rise to 345 and 290 nm emissions, respectively, (transition involving five 980 nm
photons. For many of the higher energy emissions of Tm3+ , competition exists between radiative
relaxation and excited state absorption events in the intermediate states involved in the transitions.
Figure 4.11-4.13 shows the plots of log (emission intensity) versus log (laser power) for
YF3 :Yb0.20 , Tm0.005 (0.4CA) and NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with different NaF
concentrations. Linear lines could be fitted for these plots were observed across all of the samples
and the slopes obtained from these are summarised in Table 4.1. The value of 1.7 for the 800 nm
emission was consistent with a two-photon emission process. This was not the case for the samples
prepared at 0.6 M NaF and above, where the slopes obtained were around 1.2-1.4, which is quite
close to 1, indicating near saturation of its intermediate states, which could be either 3H5 , 3F4 or 3F2
[17, 72]. The slopes obtained for the three-photon emissions were similar across the samples, with
1.7-2.0 and 1.7-2.2 for the 645 and 475 nm, respectively. This value is lower than the literature value
of 3, indicating that the intermediate states were quenched [72]. Slopes of 2.4-2.8 were obtained
for the emissions at 450 and 360 nm, lower than the expected four photons involved. Again, this
indicated quenching in the intermediate states, which were also emitting states for the lower energy emissions. The slopes of 2.8-3.0 and 2.1-2.8 were obtained for the 345 and 290 nm emissions,
which was less than the five photons expected for these emissions. As the emitting states of the
lower energy emissions are the intermediate states for these emissions, the increased number of
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competing relaxation pathways make it difficult to achieve efficient five-photon emissions without
compromising the quality of the two, three and four-photon emissions.

(a)

(b)

(c)

(d)

Figure 4.11: Plots of log emission intensity versus log laser (980 nm) power for (a) 0.4CA, (b) 0.6CA,
(c) 0.8CA and (d) 1.0CA for laser powers of 5–45 mW.
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(a)

(b)

(c)

(d)

Figure 4.12: Plots of log emission intensity versus log laser (980 nm) power for (a) 1.2CA, (b) 1.4CA,
(c) 1.6CA and (d) 2.0CA for laser powers of 5–45 mW.
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Figure 4.13: Plot of log emission intensity versus log laser (980 nm) power for 2.4CA afor laser
powers of 5–45 mW.
Table 4.1: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with CA.
Sample
0.4CA
0.6CA
0.8CA
1.0CA
1.2CA
1.4CA
1.6CA
2.0CA
2.4CA

800 nm
slope
1.7
1.2
1.2
1.2
1.2
1.2
1.3
1.4
1.3

645 nm
slope
2.0
1.7
1.7
1.8
1.7
1.8
1.8
2.0
1.9

475 nm
slope
2.2
1.7
1.7
1.8
1.7
1.8
1.8
2.0
1.9

450 nm
slope
2.7
2.5
2.4
2.5
2.5
2.5
2.5
2.8
2.5

360 nm
slope
2.8
2.5
2.4
2.5
2.4
2.5
2.4
2.8
2.5

345 nm
slope
2.9
2.8
2.8
2.8
2.8
2.9
2.8
3.0
2.9

290 nm
slope
2.1
2.5
2.7
2.8
2.8
2.8
2.7
2.7
2.8

The graphical representation of the slopes obtained from the log emission intensity versus log
laser power are given in Figure 4.14. This showed the changes in slopes obtained for the upconverted emissions with increasing NaF concentration. This showed that there was not much variation in the slopes of the upconverted emissions between the samples prepared at NaF concentrations of 0.6–2.4 M. For the 800 nm emission, only the 0.4CA sample had a value consistent with
the literature value, while for the samples prepared at higher NaF concentrations of 0.6–2.4 M the
slope was was lower than expected. The slopes of the 645, 475, 450 and 360 nm for the 0.4CA
sample were also higher than what was obtained for the upconverters prepared with higher NaF
concentrations. The slopes obtained for the 345 nm emissions were quite similar across the CA set,
while the 0.4CA sample had the lowest value for the 290 nm emission compared to the rest of the
samples.
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Figure 4.14: The slopes obtained from the log emission intensity versus log laser power plots of
the upconverted emissions of NaYF4 :Yb0.20 , Tm0.005 CA at different NaF concentrations.

4.1.2

NaYF4 :Yb0.20 , Tm0.005 upconverters with trisodium citrate as the shape directing
agent

The upconversion properties of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with trisodium citrate are investigated below.
4.1.2.1

Emission measurements for NaYF4 :Yb0.20 , Tm0.005 upconverters

For the TC samples, all host crystals were the phase pure β-NaYF4 , thus this is the best set
to compare. The upconverted emissions of the samples are shown in Figure 4.15-4.21, which increased in intensity as the NaF concentration was similarly increased, with the 2.4TC sample
showing the most intense emissions overall. Some of the UV emissions were not observed with
the samples prepared at lower NaF concentrations. For example, the highest energy emission observed for the 0.8TC and 1.0TC samples was 360 nm, while for the 1.2TC sample, it was the emission at 345 nm. The other five-photon process emission at 290 nm was observed when the NaF
concentration was ≥1.4 M. The most intense emission for the 0.8TC sample was the two-photon
800 nm emission, while for the 1.0TC and 1.2TC samples, the 475 and 800 nm emissions were similar in intensity. For the upconverters prepared with ≥1.4 M NaF, the most intense emission was at
475 nm. The upconverters prepared at lower NaF concentrations of 0.8–1.4 M, did not exhibit all of
the emissions at the lowest laser power of 5 mW. Typically, the emissions at 800, 645 and 475 nm
were observed at laser powers of 5–10 mW, while the higher energy emissions at 450, 360, 345 and
290 nm were not observed until laser power was increased to about 15–30 mW.
The 800/475 intensity ratio decreased with increasing laser power for all of the upconverters
prepared with TC. For the samples prepared with NaF concentrations of 1.4–2.4 M, the intensity
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ratio was near equal when the laser power was 25–30 mW. The 475/450 intensity ratio was not as
consistent across the range of samples. For the 0.8TC and 1.0TC samples, the 475/450 intensity ratio was observed to increase with laser power, as the emission intensity of the peak at 450 nm was
not as affected by the laser power. This showed that either the population of the higher 1D2 level
(450 and 360 nm emitting state) was unfavourable or the main relaxation pathway of this state is
non-radiative relaxation or both. For the 1.2TC and 1.4TC upconverters, the 475/450 intensity ratio increased when the laser powers were increased to 25 and 15 mW, respectively, and decreased
with further increase of laser power. This indicated these laser powers were enough to populate
the 1D2 state and increase the radiative relaxation rate. For 1.6TC, 2.0TC and 2.4TC upconverters,
the 475/450 intensity ratio decreased with increasing laser power, further reflecting how the high
NaF showed an improvement in higher energy emissions. The 360/345 intensity ratio could not be
obtained for the 0.8TC and 1.0TC upconverters as the 345 nm was not observed for these samples.
For the 1.2TC sample, the 360/345 intensity ratio increased with laser power, but for the 1.4TC,
1.6TC and 2.0TC upconverters, it increased up until the laser powers of 40, 20 and 10 mW, respectively, and decreased with further increase of laser power. As with the 1D2 state previously, these
laser powers were enough to populate the 1I6 state (345 and 290 nm emitting state) and increase
the radiative relaxation rate. For the 2.4TC upconverter, the 360/345 intensity ratio decreased with
increasing laser power.

Figure 4.15: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (0.8TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 4.16: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.0TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 4.17: Upconversion emissions for NaYF4 :Yb0.20 , Tm0.005 (1.2TC) collected at 980 nm and
laser powers of 5–45 mW. (PMT = 1500 V)

Figure 4.18: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.4TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1450 V)
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Figure 4.19: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (1.6TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1200 V)

Figure 4.20: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.0TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1100 V)

Figure 4.21: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.4TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 990 V)

86

Emission properties of NaYF4 :Yb, Tm/Er: Effect of structure directing agent

The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC at laser powers of 45, 25 and 5 mW are
shown in Figure 4.22. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the highest laser power of 45 mW, the
most intense emission is 800 nm for 0.8TC sample, while the two 475 and 800 nm emissions were
similar in intensity for the 1.0TC and 1.2TC samples. With further increase of NaF concentration,
the relative intensity of the 800nm emissions decreases, making the 475 nm emission the most
intense. For the 0.8TC and 1.0TC samples, the next most intense emission was at 645 nm, followed
by four-photon process 450 and 360 nm emissions. When the NaF concentration was increased to
1.2 M and above, the next most intense emissions were the 450 and 360 nm, which increased in
relative emission intensity with NaF concentration. The next most intense emission is the one at
645 nm, which did not change in relative emission intensity with NaF concentration. The relative
emission intensity of the 345 nm peak for the 1.2TC and 1.4TC samples were weaker than that of
the 645 nm emissions, but upon further increase of the NaF concentration, the reverse was true. As
with the CA set of samples, the weakest emission intensity was the peak at 290 nm.
Decreasing the laser power to 25 mW decreased the emission intensities by over half. For the
upconverters prepared with 0.8–1.4 M NaF, the 800 nm is the most intense emission, followed by
the 475 nm, which became more intense as the NaF concentration was increased to 1.4 M. The
upconverters prepared with 1.6–2.4 M NaF, the relative emission intensities of the 800 and 475 nm
were similar in intensities.
Further decreasing the laser power to 5 mW reduced relative emissions intensities to below
5% of the most intense emission. The most intense emission is the one at 800 nm across all of the
upconverter samples. This was followed by the 475 nm emission. The next most intense emission
was the other three-photon process at 645 nm, for the upconverters prepared with 1.2–2.4 M NaF.
The least intense emissions were located at 450, 360, 345 and 290 nm, which were only observed
with the 2.0TC and 2.4TC upconverters.
The upconverters prepared with TC were observed to increase with emission intensities with
increasing NaF concentration, while those prepared with CA did not follow such a straightforward
trend. Emissions other than those located at 800 and 475 nm for the TC samples were weaker,
compared to the CA samples where the emissions at 450 and 360 nm were comparable in intensity
with emissions at 475 and 800 nm, particularly at the excitation laser power of 45 mW. The CA set
of samples were generally more intense than the upconverters prepared with TC. This could be due
to the large disparity in sizes between the two sets of samples when comparing the upconverters
prepared with NaF concentrations of 0.8–2.4 M, where the upconverters prepared with CA were
at least 10x larger than the upconverters prepared with TC. A larger surface area introduces more
surface defects, which would act as surface quenching sites.
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Figure 4.22: The different relative emission intensities of the NaYF4 :Yb0.20 , Tm0.005 (TC) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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4.1.2.2

Effect of laser power on emission intensities

The log emission intensity versus log laser power plots of the upconverters prepared with TC
are given in Figure 4.23-4.24. The slopes obtained from the lines of best fit are summarised in
Table 4.2.
The slopes obtained for the 800 nm peak for the TC series were around 1.4-1.6. Although it was
close to 2, it was still less than this literature value, indicating some quenching in the intermediate
states. These were larger than what was observed for the CA set of samples. For the three-photon
645 and 475 nm emissions, the slopes obtained were 1.6-2.1 and 2.1-2.3, respectively. This indicated
emission quenching in the intermediate states, which also includes 3H4 state, the emitting state of
the 800 nm. These values were similar those obtained for the CA set. Four-photon 450 and 360 nm
emissions for the 0.8TC, 1.0TC and 1.2TC samples had slopes of 1.6-2.3 and 1.4-2.4, respectively,
which increased with NaF concentration. For the samples prepared at NaF concentrations and
above, the slopes obtained for the 450 and 360 nm emissions were higher with 2.7-3.1 and 2.6-3.0,
respectively. Although quenching was observed in its intermediate states, this was alleviated when
the NaF concentrations were increased to 1.4 M and above. The five-photon emission at 345 nm for
the 1.2TC, 1.4TC, 1.6TC, 2.0TC and 2.4TC samples had slopes of 2.1-3.0, which was increasing with
the NaF concentration. While the other five-photon process at 290 nm had values of 1.6-2.9 for the
samples prepared with 1.4–2.4 M, with the 2.4TC sample obtaining the highest value of 2.9. Again,
the slope increased with NaF concentration, showing a decrease in the quenching observed in the
intermediate states.
Table 4.2: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with TC.
Sample
0.8TC
1.0TC
1.2TC
1.4TC
1.6TC
2.0TC
2.4TC

800 nm
slope
1.6
1.4
1.5
1.6
1.5
1.5
1.5

645 nm
slope
1.9
1.6
1.8
1.9
2.1
2.1
2.1

475 nm
slope
2.2
2.3
2.2
2.3
2.1
2.1
2.1

450 nm
slope
1.8
1.6
2.3
2.7
3.0
3.0
3.1

360 nm
slope
1.4
1.5
2.4
2.6
2.9
2.9
3.0

345 nm
slope
2.1
2.5
3.0
3.0
3.0

290 nm
slope
1.6
2.3
2.4
2.9
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(a)

(b)

(c)

(d)

Figure 4.23: Plots of log emission intensity versus log laser (980 nm) power for (a) 0.8TC, (b) 1.0TC,
(c) 1.2TC and (d) 1.4TC for laser powers of 5–45 mW.
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(b)

(a)

(c)

Figure 4.24: Plots of log emission intensity versus log laser (980 nm) power for (a) 1.6TC, (b) 2.0TC
and (c) 2.4TC for laser powers of 5–45 mW.
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The graphical presentation of these slopes obtained from the log emission intensity versus log
laser power are given in Figure 4.25. The slopes of the 800 and 475 nm emission hardly changed
across the set of samples, which were the most commonly observed emissions for these samples.
The slopes of the emissions at 645, 450 and 360 nm were similar for the 0.8TC and 1.0TC samples,
increased for the NaF concentration of 1.0–1.6 M and hardly changed when the NaF concentration
was increased further. A similar trend was observed for the slope of the emission at 345 nm, where
it increased for the upconverters prepared with NaF concentration of 1.2–1.6 M and remained the
same with further increase of the NaF concentration. The slope obtained for the 290 nm emission
increased with NaF concentration of 1.4–2.4 M.
These slopes were unlike those obtained from the CA series of upconverters (see Figure 4.14),
where the slopes quite similar across the set of samples despite the increase in NaF concentration.
As different phase compositions were obtained from the CA samples at different NaF concentrations, comparisons between upconverters are rather difficult.

Figure 4.25: The slopes obtained from the double logarithmic plots of the upconverted emissions
of NaYF4 :Yb0.20 , Tm0.005 TC at different NaF concentrations.

4.2

Emission properties of NaYF4 :Yb0.20 , Er0.005 upconverters

Emission spectra for various of the NaYF4 :Yb0.20 , Er0.005 samples prepared with trisodium
citrate at different NaF concentrations are explored below. As with in the previous sections,
the NaYF4 :Yb0.20 , Er0.005 samples were referred to the simpler names indicated in Table 2.3, e.g.
NaYF4 :Yb0.20 , Er0.005 prepared with TC and at a NaF concentration of 2.4 M will be referred to as
Er-2.4TC.
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4.2.1

Emission measurements for NaYF4 :Yb0.20 , Er0.005 upconverters

The emissions of the NaYF4 :Yb0.20 , Er0.005 TC upconverters are given in Figure 4.26-4.32. The
upconverted emissions obtained from the Er3+ -doped samples are mainly observed in the visible
region. The red emission at 655 nm arose from the 4F9/2 −−→ 4I15/2 transition, while the green
emissions at 540 and 528 nm arose from the 4S3/2 −−→ 4I15/2 and 2H11/2 −−→ 4I15/2 transitions,
respectively. Higher energy emissions are occasionally observed at 408 and 380 nm, which arose
from the 2H9/2 −−→ 4I15/2 and 4G11/2 −−→ 4I15/2 transitions, respectively, [17, 20–22]. Additionally,
some splitting was observed for the emissions at 528 and 655 nm, with the secondary emission
peaks observed at 520 and 660 nm, respectively, and an emission at 550 nm was observed as a
shoulder of the 548 nm peak. This splitting of about 5–8 nm could be attributed to the splitting
of the energy levels of which the upconverted emissions originate from. Klier suggested that fine
structure splitting (or Stark splitting) may occur due to the differences in the crystal field splitting
as a result of slightly different coordination environments [22].
The overall emission intensity appeared to increase as the amount of NaF concentration used
in the synthesis was similarly increased. The only exception appeared to be Er-0.8TC, where the
emission intensities were more intense than those of the Er-1.0TC and Er-1.2TC sample. This may
be due to the slightly longer sides observed for the Er-0.8TC sample compared to the other two.
The red and green emissions were observed at the lowest laser power of 5 mW. The higher energy emission at 408 nm was not visible until the laser power was increased to 10–20 mW for the
samples prepared with NaF concentration of 0.8–1.4 M, which decreased with increasing NaF concentrations. However, for the upconverters prepared with higher NaF concentrations of 1.6 M and
above, the 408 nm emission was observed at the lowest laser power of 5 mW. These upconverters
also exhibited the 380 nm emission when the laser powers were increased to 10–20 mW and the
laser power decreased when the NaF concentration was increased. The most intense emission of
the series tends to be the red emission at 655 nm, except for the Er-1.0TC and Er-2.0TC samples,
where the 540 nm emission was the most intense.
The 655/540 intensity ratios decreased slightly with increasing laser powers across all samples, suggesting that the laser power affected the emission intensities of these two emissions similarly. The trends of the 540/528 and 540/408 intensity ratios were not as not as consistent across
the series. The upconverters prepared at lower NaF concentrations of 0.8–1.2 M, it increased with
increasing laser power, but for those prepared at NaF concentrations of 1.4 M and above, the ratios decreased with increasing laser power. This increasing trend for the upconverters prepared at
lower NaF concentrations may be due to weak intensities of the higher energy emissions, which
were noisier compared to the emissions at 655 and 540 nm, making the estimation of the intensities
rather difficult. The 408/380 intensity ratio increased with laser power for the Er-1.6TC, Er-2.0TC
and Er-2.4TC samples, indicating that the emission at 380 nm was not affected by the laser power
to the same extent as the emission at 408 nm.
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Figure 4.26: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-0.8TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1470 V)

Figure 4.27: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-1.0TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 4.28: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-1.2TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 4.29: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-1.4TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1370 V)

Figure 4.30: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-1.6TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1240 V)

Figure 4.31: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-2.0TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1000 V)
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Figure 4.32: Upconversion emission spectra for NaYF4 :Yb0.20 , Er0.005 (Er-2.4TC) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 970 V)
The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Er0.005 upconverters prepared with TC at laser powers of 45, 25 and 5 mW are
shown in Figure 4.33. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the highest laser power, the relative
emission intensities of the 655 and 540 nm were two of the most intense emissions across the set
of samples. Their intensities were relatively similar for the upconverters prepared at higher NaF
concentration. The 655 nm emission was the most intense one for most of the samples, except for
the Er-1.0TC and Er-2.0TC samples, where the 540 nm was the most intense. The next most intense
emission was the peak at 528 nm, followed by the peak at 408 nm. Only the samples prepared
with NaF concentrations of 1.6–2.4 M, exhibited the UV emission at 380 nm and was the weakest
in intensity.
Decreasing the laser power to 25 mW, decreases the intensities of the emissions by over half.
The emissions at 655 and 540 nm were similar in intensities and followed the same trend as that
observed in 45 mW, i.e. the most intense emission was 540 nm for the Er-1.0TC and Er-2.0TC samples, while for the rest of the samples, it was the peak at 655 nm. The emissions at 528 and 408 nm
were the most next intense and followed by the emission at 380 nm for the Er-1.6TC, Er-2.0TC and
Er-2.4TC samples.
Further decreasing the laser power to 5 mW, decreases the intensities of the emissions to about
20% of the highest emission intensity at 45 mW specific to each sample. The same trend observed
for the emissions at 655 and 540 nm in the laser powers of 45 and 25 mW was observed here. The
528 nm emission was not observed with the Er-0.8TC and Er-1.0TC samples, but was the next most
intense emission for the other samples. The 408 nm emissions were only observed for the
Er-1.6TC, Er-2.0TC and Er-2.4TC samples and was the weakest in intensity. Only the Er-2.4TC
sample showed the emission at 380 nm at this laser power.
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(a)

(b)

(c)

Figure 4.33: The different relative emission intensities of the NaYF4 :Yb0.20 , Er0.005 (TC) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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Unlike the Tm3+ -doped upconverters, the relative emission intensities of upconverted emissions, aside from those at 655 and 540 nm, were pretty consistent as the NaF concentration was
increased. Additionally, all of the upconverted emissions were similarly affected by the change
in laser power. The trends shown in Figure 4.33 did not show an emission that was affected by
the excitation laser power more strongly than another, i.e. one emission became more intense than
the other when the laser power increased. This was observed with the Tm3+ -doped samples, in
the case of the 800 and 475 nm emissions, particularly in the laser powers of 25 and 45 mW. This
may be attributed to the good resonance between the Yb3+ and Er3+ ions and good energy level
matching, leading to efficient energy transfers between the two ions.

4.2.2

Effect of laser power on emission intensities

The log emission intensity versus log laser power plots for the Er3+ -doped upconverters are
shown in Figure 4.34-4.35. These could be fitted with linear lines of best fit and the slopes of these
lines can estimate the number of photons involved in the different upconversion transitions for
Er3+ . These are summarised in Table 4.3. Here, we studied at the effect of laser power on the emission intensities of emission peaks at 655, 540, 528, 408 and 380 nm.
The upconverted emissions arising from the Yb3+ -Er3+ upconversion system were outlined in
Dong et al.’s paper [17]. As with the Yb3+ -Tm3+ system, the Yb3+ ions were first excited by the laser
power, resulting in the 2F7/2 −−→ 2F5/2 transition. The good resonance between
(Yb) 2F7/2 −−→ 2F5/2 and (Er) 4I15/2 −−→ 4I11/2 transitions allows for efficient energy transfer
between the two ions, which is an advantage for ETU-type upconverters. Relaxation of the
(Er) 4I11/2 state populates the lower lying 4I13/2 state. Due to the good energy level matching of
the Er3+ and Yb3+ ions, the same resonant energy transfers from the activator Yb3+ ion results in
the (Er) 4I13/2 −−→ 4F9/2 transition. The radiative relaxation from this level to the (Er) ground state
of 4I15/2 , gives rise to the red emission at 655 nm. Additionally, the 4F9/2 level can be populated
non-radiatively from higher energy levels. The 4F11/2 state can also be further excited by resonant
energy transfer to populate the higher excited state of 4F7/2 . Non-radiative relaxation from this
state can populate the lower lying 2H11/2 and 4S3/2 states, from which arise the green emissions
at 528 and 540 nm, respectively. All three of these emissions require only two NIR photons. This
explains the similarly intense 655 and 540 nm emissions observed in Section 4.2.1. The populated
4

F9/2 level can be further excited by energy transfers to populate the higher 4G11/2 level. Following

non-radiative relaxation to the 2H9/2 state, the 2H9/2 −−→ 4I15/2 transition occurs, giving rise to
the emission at 408 nm. An alternative pathway for this emission is through the non-radiative
relaxation of the populated 4F7/2 state to the 4F9/2 state, which is excited to populate the 4G11/2
emitting state. Alternatively, the radiative 4G11/2 −−→ 4I15/2 transition can occur, giving rise to the
380 nm emission. Both of these higher energy emissions require three NIR photons, compared to
the Tm3+ -doped systems, where at least four NIR photons are required to achieve emissions of
similar energies. This is due to the better energy level matching between the Yb3+ and Er3+ ions,
whilst the energy levels of the Tm3+ ions are more discrete and ladder-like.
The slope obtained for the red 655 nm emission was 1.8 across all of the Er3+ -doped upconverters prepared with TC. This was similar to those obtained for the other two-photon 540 and 528 nm
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emissions with values of 1.7-1.9 across the upconverters prepared with different NaF concentrations. This was close to the literature value of 2, indicating little to no quenching in the intermediate states, due to the excellent energy level matching between the Er3+ and Yb3+ ions, suggesting
that the intensity variation within the sample set may arise primarily from non-radiative relaxation events rather than quenching in the intermediate states. The three-photon 408 nm emission
had values of 1.7-2.2 for the upconverters prepared with NaF concentrations of 0.8–1.6 M, which
was lower than expected due to quenching of the intermediate states. The Er-2.0TC and Er-2.4TC
upconverters had a slope of 2.5, closer to the literature value of 3, showing that the increase of
NaF concentration led to a decreased quenching of the intermediate states. The other three-photon
emission at 380 nm had slopes of 2.0-2.3 for the upconverters, lower than what was expected, suggesting quenching of the intermediate states. This is due to depopulation of the its emitting state
( 4G11/2 ) to populate the emitting state of 408 nm ( 2H9/2 ) which was the more intense emission,
suggesting that the latter case was more preferable.
Table 4.3: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaYF4 :Yb0.20 , Er0.005 samples prepared with TC.
Sample
Er-0.8TC
Er-1.0TC
Er-1.2TC
Er-1.4TC
Er-1.6TC
Er-2.0TC
Er-2.4TC

655 nm
slope
1.8
1.8
1.8
1.8
1.8
1.8
1.8

540 nm
slope
1.8
1.8
1.8
1.9
1.9
1.8
1.9

528 nm
slope
1.8
1.7
1.8
1.9
1.9
1.9
1.9

408 nm
slope
1.7
2.0
1.7
2.1
2.2
2.5
2.5

380 nm
slope
2.0
2.3
2.3
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(a)

(b)

(c)

(d)

Figure 4.34: Plots of log emission intensity versus log laser (980 nm) power for (a) 0.8TC, (b) 1.0TC,
(c) 1.2TC and (d) 1.4TC for laser powers of 5–45 mW.
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(b)

(a)

(c)

Figure 4.35: Plots of log emission intensity versus log laser (980 nm) power for (a) 1.6TC, (b) 2.0TC
and (c) 2.4TC for laser powers of 5–45 mW.
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The graphical representation of the slopes obtained were given in Figure 4.33, showing how
these changed with NaF concentration. As observed, the slopes obtained for the 655, 540 and
528 nm were very similar to each other, as well as across the series of samples. This is due to the
efficient energy transfers from Yb3+ and Er3+ ions, owing to their excellent energy level matching.
The slopes of the emission at 408 nm fluctuated between 1.7 and 2.0 for the samples prepared with
NaF concentrations of 0.8–1.4 nm, but the slope of this emission increased with NaF concentration
for the range of 1.6–2.0 M and hardly changed when the NaF concentration was further increased
to 2.4 M. The slope for the 380 nm increased when the NaF concentration increased from 1.6 M to
2.0 M and hardly changed when the NaF concentration was further increased to 2.4 M.

Figure 4.36: The slopes obtained from the log emission intensity versus log laser power plots of
the upconverted emissions of NaYF4 :Yb0.20 , Er0.005 TC at different NaF concentrations.

4.3

Conclusion

The upconversion emission properties of various NaYF4 :Yb0.20 , Tm0.005 upconverters synthesis
using CA or TC as shape directing agents were systematically studied under 980 nm excitation at
different laser powers (5–45 mW). On increasing the NaF concentration used in the synthesis of the
NaYF4 :Yb0.20 , Tm0.005 upconverters, the upconversion characteristics (emission intensities, relative
intensities low/high energy emissions) changed depending on which structural directing agent
was used. NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA showed no clear trend across the
NaF concentration range of 0.4–2.4 M. This was due to the different phase compositions obtained
as a result of the NaF concentration, where 0.4CA was YF3 , 0.6CA was α-NaYF4 , 0.8CA, 1.0CA
and 1.2CA samples were mixed α, β-NaYF4 but for 1.4CA, 1.6CA, 2.0CA and 2.4CA samples were
β-NaYF4 . However, this series of upconverters showed relatively intense higher energy emissions
even at lower laser powers of 5 mW.
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NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC as a structure directing agent showed a
clearer trend, as the TC series resulted in phase pure β-NaYF4 . With increasing NaF concentration, the emission intensities were increased and quenching in the intermediate states decreased,
particularly for the emissions at higher energies. But these were not as good as the upconverted
emissions obtained from the CA set of samples, which could be due to the size of the latter, as large
surface areas contribute to more surface quenching sites.
NaYF4 :Yb0.20 , Er0.005 upconverters prepared with TC as the structure directing agent were similarly systematically studied, where the emission intensities were observed to increase with NaF
concentration. However, compared to its Tm3+ analogues, the efficient energy transfer between the
activator Yb3+ and sensitiser Er3+ ions allowed for decreased quenching in the intermediate states,
resulting in estimated number of photons close to the expected value. This showed that the weak
emission intensities observed at low NaF concentrations was due to non-radiative relaxation from
the emitting states.

5

NaYF4:Yb0.20, Tm0.005
upconverters: pH and
time study

As discussed in Section 2.1.1, NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 upconverters were
prepared under a variety of synthetic conditions. In the Chapters 3 and 4, the effect of different
structure directing agents on the morphology and optical properties of the NaYF4 :Yb0.20 , Tm0.005
NaYF4 :Yb0.20 , Er0.005 upconverters were systematically explored. In Chapters 5 and 6, the effects of pH and hydrothermal reaction time on NaYF4 :Yb0.20 , Tm0.005 upconverter composition/morphology and optical properties, respectively, are examined. The aim of this work was to
study how manipulating the pH of the precursor solutions could modify the structure and phase
compositions of the NaYF4 :Yb0.20 , Tm0.005 upconverters, as detailed in Section 2.1.1.4. Additionally,
we examined how the effect of reaction time on the 2.4TC upconverters would affect their structure
and phase compositions, following the synthesis methods of synthesis detailed in Section 2.1.1.5.

5.1

Effect of pH

In the previous chapters, the limitations of citric acid as a structure regulating agent were discussed, which clearly had some relation to the pH of the hydrothermal synthesis solution and the
form of citric acid or citrate present in the solution. Citric acid is a triprotic acid with pKa values
of 3.13, 4.75 and 6.4 [124] so, at pH values in the range 3.2-7.0 will exist in various deprotonated
forms. Citrate ligands with different extents of deprotonation (i.e. different numbers of -COO – and
-COOH groups) are expected to bind differently to growing upconverter surfaces, thereby imparting different influences on crystal plane growth. In particular, fully deprotonated citrate ions (as
found at pH 6.5 and above) are known to restrict their growth in certain crystallographic directions, i.e. by selective adsorption on (0001) faces, thus it is important that the citric acid was fully
deprotonated to allow for optimal surface binding. The RE(NO3 )3 precursor solution used in this
study had a pH of 6, which was lowered to 1 after the addition of 0.4 M citric acid. On addition of
1.2 M NaF solution to the above mixture, the pH increased to 4.6 (just below pKa2 of citric acid).
Here, the pH was changed from 5–12 by adding NaOH prior to the hydrothermal step to allow the
effect of citric protonation state to be fully explored. The effects of this change in pH on the phase
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composition and morphology was studied. For comparison, two samples were prepared at a NaF
concentration (1.2 M) using trisodium citrate with the pH of the solutions adjusted to 10 and 12.
The structures of the structure regulating agents used are shown in Figure 5.1 and the speciation
diagram of citric acid is given in Figure 5.2.

(a)

(b)

Figure 5.1: Structural formulas of (a) citric acid and (b) trisodium citrate.

Figure 5.2: Speciation diagram for citric acid at pH 5-10.

5.1.1

X-ray diffraction (XRD)

The XRD patterns for the samples prepared with CA at different pH are shown in Figure 5.3(a).
Only reflections attributable to β-NaYF4 were seen. In Figure 3.1(a), the XRD pattern of 1.2CA
showed reflections for both β and α phases. The α phase was not observed when the pH was
increased from 4.6 to 5 or above, since the monoprotonated form of the citrate ions was no longer
present. It is unclear if the lack of α-phase formation is due to the change in pH. Alternatively, the
excess of Na+ ions available through the addition of NaOH for pH control may have also played a
role in the realisation of phase pure β-NaYF4 upconverters. However, since the amount of NaOH
added at pH 5 was very low relative to the amount of NaF used, any influence of extra Na+ is
expected to be small. At pH = 12 (1.2CA12), the crystallinity of the products was lost. It is not clear
if the product formed at this pH was NaYF4 :Yb0.20 , Tm0.005 or another compound.
The XRD patterns of the samples prepared with trisodium citrate using NaOH at pH 10 or 12
are shown in Figure 5.3(b). The XRD pattern of the 1.TC10 sample confirmed a crystalline β-phase
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powder was formed, similar to the untreated sample shown in Figure 3.1(b). On increasing the pH
to 12, an XRD pattern very similar to that of the 1.2CA12 sample was obtained, suggesting that if
the pH was too high, crystallinity was lost, regardless of which structure directing agent was used.

(a)

(b)

Figure 5.3: The X-ray diffraction patterns of the NaYF4 :Yb0.20 , Tm0.005 samples prepared at different pH using (a) citric acid and (b) trisodium citrate as the structure regulating agents. The NaF
concentration was 1.2 M in all experiments.

5.1.2

Scanning electron microscopy (SEM)

SEM images for the 1.2CA samples synthesised at different pH are shown in Figure 5.4-5.5. At
pH 5, (Figure 5.4(a)) the morphology of the product was similar to that of the upconverter without pH adjustment (cf. Figure 3.3(e)), comprising irregularly-shaped crystals of length of around
3.6 µm (compared to the 6.2 µm for the 1.2CA sample without pH adjustment). Increasing the pH
of the solution improved the overall shape uniformity of the products, with the hexagonal shape
becoming dominant at higher pH values (Figure 5.4(c)-(d)). At pH values above 6.5, the citric acid
will be fully deprotonated (i.e. having three -COO – groups) which obviously contributed to the
improvement in the upconverter particle morphology. Interestingly, the {0001} facets showed a
depression in the centre of the facets as the pH increased. There was no obvious change in the
heights of the crystals with pH above pH 5, with heights of 3.3, 5.3 and 4.3 µm were observed for
the 1.2CA6, 1.2CA7, and 1.2CA8 samples. Hexagonal side lengths ranging from 1.2–2.2 µm were
observed.
These morphology changes seen in Figure 5.4 with pH, in particular, the depression on the
{0001} facets of the crystal to give a crown-like top, were due to mechanism of the growth pro-
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cess. The larger, hexagonal prismatic structure are formed from adjacent smaller seeds (α-NaYF4
crystals), decreasing the concentration of the smaller particles in the vicinity of the crystal. To supplement this, the smaller seeds would move closer to the crystal, reaching the top and bottom
corners of the crystal. Growth rate at these corners would occur at a faster rate compared to the
centre, forming the crown-like top and giving the impression of concave facets [85].
This concave feature of the {0001} facets were not observed when the pH was increased to 9
and 10, as shown in Figure 5.5(a) and (b), respectively. In fact, for the 1.2CA10 sample, the end
facets were convex. The hexagons were also shorter than those synthesised at lower pH, with
average lengths of about 1.9 and 2.4 µm for the 1.2CA9 and 1.2CA10 samples, respectively. This
showed that the citrate ligands were more successful in restricting the growth of the crystal in
the (0001) direction. Growth rates in the lateral directions were higher, giving the impression of
convex sides. The hexagonal side lengths barely changed with pH adjustment, measuring about
1.8 µm for both samples. Increasing the pH to 11 led to a lengthening of the prisms to about 4.2 µm,
as shown in Figure 5.5(c), but the hexagonal side length appeared to be similar to the other samples at 1.6 µm. The convexity did not appear to be confined to just the {0001} facets of the crystal,
but rather is observed on all sides of the crystals. At pH = 12, the morphology of the sample differed markedly from the rest of the series as shown in Figure 5.5(d). Instead of hexagonal prisms,
spherical nanoparticles of diameter ~200 nm were obtained.

(a)

(b)

(c)

(d)

Figure 5.4: SEM images of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with citric acid at
(a) pH = 5, (b) pH = 6, (c) pH = 7, and (d) pH = 8; scale bar 5 µm. The NaF concentration was 1.2 M
in all experiments.
The SEM images for the pH-adjusted 1.2TC samples are shown in Figure 5.6. The morphol-
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ogy of 1.2TC10 (Figure 5.6(a)) resembled hexagonal platelets and were shorter than the nanoparticles obtained for the 1.2TC samples shown in Figure 3.5(d). The pH-adjusted samples were about
300 nm in height and the average hexagonal side length of 525 nm. These were roughly on the same
scale as the 1.2CA12 sample, except the hexagonal shape was more distinct with clear, sharp edges.
Oddly, the 1.2TC12 sample in Figure 5.6(b) resembled the pH-adjusted 1.2CA samples, with large
microprisms with an average length of 6.7 µm and an average side length of 2.1 µm. There was a
large size distribution for this sample with smaller irregularly-shaped nanoparticles interspersed
with larger microprisms.

(a)

(b)

(c)

(d)

Figure 5.5: SEM images of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with citric acid at
(a) pH = 9, (b) pH = 10, (c) pH = 11 and (d) pH = 12; scale bar of 5 µm. The NaF concentration was
1.2 M in all experiments.
The crystal phase, morphology and dimensions of the different NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA and TC, where the pH was increased to 5-12 and 10-12, respectively, are
summarised in Table 5.1. The data used to populate the table were obtained from the XRD and
SEM analyses. A huge difference in sizes between the pH-adjusted samples prepared with CA and
TC samples was found. This was somewhat surprising, since at pH 10, the speciation of citrate
should be the same for both sets of samples.
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(a)

(b)

Figure 5.6: SEM images of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with trisodium citrate
at (a) pH = 10 and (b) pH = 12; all at a scale bar of 5 µm. The NaF concentration was 1.2 M in all
experiments.
Table 5.1: The crystal phase, crystal habit and dimensions of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA and TC, at pH 5-12 and 10-12, respectively. The NaF concentration was 1.2 M
in all experiments.
Sample

1.2CA5
1.2CA6
1.2CA7
1.2CA8
1.2CA9
1.2CA10
1.2CA11
1.2CA12
1.2TC10
1.2TC12

5.1.3

[NaF]
(M)

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

Phase
by
XRD

Crystal
habit

β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
-

Irregular
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Irregular
Hexagonal
Hexagonal, Irregular

Diameter Height
(nm)
(nm)

213.5
-

Hexagonal
Side
Length
(nm)

3557
3365
5332
4534
1943
2355
4216
294
6683

883
1224
2180
1979
1763
1829
1621
525
2130

UV-Visible spectroscopy

The UV-Visible absorbance spectra for the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared at different pH are shown in Figure 5.7. These were similar to those of the CA samples prepared with
1.0–2.4 M NaF and all TC samples (see Figure 3.10). The most prominent absorption is the peak at
975 nm, due to the 2F7/2 −−→ 2F5/2 transition in Yb3+ . The 1.2CA12 sample showed an additional
weaker and broader absorption at 875–952 nm, similar to the CA samples prepared with 0.4–0.8 M
NaF. This may be due to Stark splitting in the 2F7/2 and/or 2F5/2 levels in Yb3+ [22, 87].
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(a)
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(b)

Figure 5.7: The UV-Visible absorbance spectra for the NaYF4 :Yb0.20 , Tm0.005 samples prepared at
different pH, using 1.2 M NaF and (a) citric acid or (b) trisodium citrate.

5.2

Effect of hydrothermal reaction time

The duration of the hydrothermal treatment on the crystallinity and surface morphology of the
NaYF4 :Yb0.20 , Tm0.005 2.4TC samples, and in turn, their absorptive and emission properties were
also investigated. Previous reports showed that upconverters of the NaYF4 type could be prepared via hydrothermal syntheses as short as 2 h [37, 116]. In this project, the NaYF4 :Yb0.20 , Tm0.005
(2.4TC) samples were typically prepared at a reaction time of 16 h. As a comparison, a series of
samples were prepared at shorter reactions times of 2, 4, 6 and 8 h. The physico-chemical properties of these samples are discussed below. For clarity, the samples would be referred by the simpler
names listed in Table 2.5 i.e. 2.4TC2h was a sample prepared at 2 h.

5.2.1

X-ray diffraction (XRD)

X-ray diffraction patterns for the time study samples are shown in Figure 5.8. All XRD patterns
(including that for the sample prepared at 16 h) were similar, suggesting that there was no change
in phase composition or crystallinity when the reaction time was decreased. Additionally, no reflections attributable to the α-phase were observed, suggesting that reaction time did not affect
phase purity. This was promising, as it meant reaction times could be shortened to as little as 2 h
which allowed faster turnaround times in the preparation of the samples [37, 63, 81].
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Figure 5.8: X-ray diffraction patterns for the NaYF4 :Yb0.20 , Tm0.05 samples prepared with trisodium
citrate and different reaction times. The NaF concentration was 2.4 M in all experiments.

5.2.2

Scanning electron microscopy (SEM)

Whilst XRD showed that only β-NaYF4 was formed when the hydrothermal synthesis time
was varied, it was still possible that the structure of the upconverter products did not take the
form of regular hexagonal prisms (as observed for the samples prepared with CA). SEM images
in Figure 5.9 indicated that hexagonal nanoprisms were obtained, even at reaction times as low as
2 h, due to the structure regulating agent, trisodium citrate. It did appear that with longer reaction
times, observed defects at the surface of the samples appeared to increase both in size and frequency, which were observed primarily on the prismatic planes of the hexagonal crystals. This was
contrary to what was expected (i.e. the number of defects decreasing as reaction time is increased).
SEM images revealed that the crystal size hardly changed with reaction times of 2–8 h. The average lengths of the samples varied between 610–670 nm and the average hexagonal side lengths
were about 330–370 nm. A similar study where samples prepared with mixed phase solvothermal
treatment obtained smaller hexagonal microparticles at reaction times shorter than 6 h [63]. Spherical monomers were formed first, which were consumed to create larger, hexagonal microparticles.
This was not the case for the samples prepared in the current study. The high NaF and trisodium
citrate content used in this study allowed for the formation of hexagonal nanoparticles in periods
of only 2 h [63].
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(a)

(b)

(c)

(d)

(e)

Figure 5.9: SEM images of the NaYF4 samples prepared with trisodium citrate and 2.4 M NaF at
time periods of (a) 2 h, (b) 4 h, (c) 6 h, (d) 8 h and (e) 16 h, all at scale bar of 500 nm.
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The crystal habit, phase and dimensions of the NaYF4 :Yb0.20 , Tm0.005 2.4TC samples which were
prepared at reaction times of 2–16 h are given in Table 5.2. The average length of the hexagonal
nanoparticles did not change by much when the reaction time was increased even to 16 h. The
average hexagonal side lengths of the upconverters did not change with respect to reaction time,
although the sample that was prepared with 16 h had a shorter average side length compared to
the other samples.
Table 5.2: The different crystal phase, habit and dimensions obtained for the NaYF4 :Yb0.20 , Tm0.005
2.4TC upconverters prepared at reaction times of 2–8 h. The 2.4TC sample (prepared at 16 h) was
also added for reference.
Sample

2.4TC2h
2.4TC4h
2.4TC6h
2.4TC8h
2.4TC

5.2.3

[NaF]
(M)

2.4
2.4
2.4
2.4
2.4

Phase
by
XRD

Crystal
habit

β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4
β-NaYF4

Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal

Diameter Hexagonal
(nm)
Side
Length
(nm)
641
671
607
674
575

359
370
329
368
309

UV-Visible spectroscopy

UV-Visible absorbance spectra for the NaYF4 :Yb0.20 , Tm0.005 upconverters synthesised at different reaction times are shown in Figure 5.10. Similar to the previous NaYF4 :Yb, Tm samples, the
most intense absorption was observed at 975 nm from the 2F7/2 −−→ 2F5/2 transition in Yb3+ .
Consistently with the other Tm3+ -doped samples which were prepared with trisodium citrate, no
anomalous absorption bands were observed that may be due to Stark splitting, suggesting that
crystal field environments in all samples were similar. For the 2.4TC sample, the absorption peaks
at 694, 800 and 1215 nm due to Tm3+ were much weaker with respect to the absorption peak at
975 nm compared to the upconverters prepared over a shorter period of time.
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Figure 5.10: UV-Visible absorbance spectra for the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) prepared at different reaction times (2–16 h). The NaF concentration was 2.4 M in all experiments.

5.3

Conclusion

The morphology of NaYF4 :Yb0.20 , Tm0.005 upconverters is dependent on the pH of the reaction
solution in which the upconverters were synthesised. For samples prepared with citric acid as
the shape directing agent, the morphology changed from irregular shards (pH 4.6) to hexagonal
prisms (concave ends, pH 5-8) to hexagonal prisms (convex ends, pH 9-11) with increasing pH. All
samples in the pH range of 5-11 were pure β-NaYF4 phase. At pH 12, the hexagonal morphology
and crystallinity was lost. For the samples prepared with trisodium citrate, changing the pH to 10
resulted in shorter hexagonal nanoprisms, while increasing it to pH 12 leads to loss in crystallinity
and structure control.
The reaction time of the hydrothermal synthesis of the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) had minimal effect on the phase purity (β-NaYF4 ), crystallinity or optical properties of the upconverters.

6

Emission
measurements for
NaYF4:Yb0.20, Tm0.005
upconverters: Effect of
synthesis pH and
reaction time

This chapter discusses the upconversion properties of the NaYF4 :Yb0.20 , Tm0.005 upconverters
synthesised in Chapter 5. These samples were prepared by changing either the pH of the precursor
solution or the duration of the hydrothermal treatment.

6.1

Effect of pH

This section compares the 980 nm upconversion emissions at laser powers of 5–45 mW of the
NaYF4 :Yb0.20 , Tm0.005 synthesised with CA at pH 5-12 and TC at pH 10-12. The concentration of
NaF was kept at 1.2 M in all experiments.

6.1.1

Emission measurements of NaYF4 :Yb0.20 , Tm0.005 upconverters at different pH

The upconverted emission spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA
and 1.2 M NaF adjusted to pH of 5-12 are shown in Figure 6.1-6.8. The 1.2CA5 sample had very intense emissions at higher energies relative to the ubiquitous 800 nm emission, similar to the 1.2CA
sample in Figure 4.5, but for the samples prepared with higher pH, these higher energy emissions
were less intense, except for the peak at 475 nm. For the 1.2CA5 sample, all of the emissions were
visible at the lowest laser power of 5 mW. When the pH was increased, the higher energy emissions
were not observed until the laser power was increased to at least 10 mW. The overall emission intensities of the pH-adjusted 1.2CA upconverters decreased when the pH was increased. As the
samples prepared with pH 5-11 were β-NaYF4 , this decrease is attributable to the decreasing sizes
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of the hexagonal nanoprisms, as this would introduce more surface quenching sites to the upconverters. The most intense emission is the three-photon peak at 475 nm for all of the samples except
for the 1.2CA12 sample, where the peak at 800 nm was the dominant upconversion emission.
The 800/475 intensity ratio decreased with laser power across the set of pH-adjusted upconverters prepared with CA and 1.2 M NaF. The intensities of these two peaks were near equal at
laser powers of 15–25 mW, for the samples prepared with pH 5-11. Similarly, the 475/450 intensity ratio decreased with laser power for most of the samples in these sets, except for the 1.2CA12
sample, where intensity ratio hardly changed with increasing laser power. This showed that these
two emissions were similarly affected by the laser power. The 360/345 intensity ratio for the upconverters prepared with pH 5-7 decreased with excitation laser power, while for the upconverters
prepared with 8-12, this hardly changed or increased, which reflected the weak intensities obtained
for the higher energy emissions.

Figure 6.1: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 5
(1.2CA5) collected at 980 nm and laser powers of 5–45 mW. (PMT = 670 V)

Figure 6.2: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 6
(1.2CA6) collected at 980 nm and laser powers of 5–45 mW. (PMT = 950 V)
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Figure 6.3: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 7
(1.2CA7) collected at 980 nm and laser powers of 5–45 mW. (PMT = 910 V)

Figure 6.4: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 8
(1.2CA8) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1040 V)

Figure 6.5: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 9
(1.2CA9) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 6.6: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 10
(1.2CA10) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 6.7: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 11
(1.2CA11) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 6.8: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with citric acid at pH 12
(1.2CA12) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA and 1.2 M NaF which were adjusted to
pH 5-12 at laser powers of 45, 25 and 5 mW are shown in Figure 6.9. For each sample, the emission
intensities were normalised to the most intense emission at the laser power of 45 mW. At the laser
power of 45 mW, the peak at 475 nm for all of the upconverters, except for the 1.2CA12 sample,
which was the peak at 800 nm emission. The relative emission intensity of the peak at 800 nm
fluctuated with pH, but overall increased. The 450 and 360 nm relative emission intensities for the
1.2CA5 were high and fluctuated with further increase of pH but were relatively weaker than the
relative emission intensity of the peak at 800 nm. The relative emission intensity for the peak at
345 nm was also high for the 1.2CA5 sample, but was weaker with further increase of the pH. The
relative emission intensities of the peak at 645 nm were quite weak and similar across the set of
samples prepared with pH 5-11. The 290 nm emission was the weakest emission across the set of
samples prepared at pH 5-11 and was not visible for the 1.2CA12 sample at this laser power.
Decreasing the laser power to 25 mW decreased the emission intensities by over half. The upconverters prepared with pH 5-7, the most intense emission was the peak at 475 nm, followed by
the peak at 800 nm, while for the upconverters prepared with pH 8-11, these two emissions were
similar in intensities. For the 1.2CA12 sample, the 800 nm emission was the most intense, followed
by the peak at 475 nm. The emissions at 450 and 360 nm were similar in intensity to that of the
800 nm peak for the 1.2CA5 sample. The relative intensities of these emissions decreased when the
pH was increased to 6-12. A similar trend was observed for the peak at 345 nm. The emissions at
645 and 290 nm were similar in relative intensity across the pH 5-11, but was not present in the
emissions spectra of the 1.2CA12 sample.
Further decreasing the laser power to 5 mW, the relative emission intensities decreased to less
than 10% of the most intense emission at 45 mW. For all of the samples, the most intense emission
was the peak at 800 nm, which was the only emission observed for the 1.2CA12 sample. This was
followed by the emission at 475 nm for the upconverters prepared with pH 5-11. The relative emissions of the peaks at 645, 450 and 360 nm were similar for the upconverters prepared with pH 5-8,
and only the 1.2CA5 sample exhibited the higher energy emissions at 345 and 290 nm at this laser
power.
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 1.2 M NaF were also adjusted to pH
10 and 12, referred to 1.2TC10 and 1.2TC12 samples, respectively. The upconverted emissions of
these samples are given in Figure 6.10-6.11. The emission intensities obtained from these upconverters were weaker than those obtained from the 1.2TC sample. The most intense emission for
both pH-adjusted upconverters was the peak at 800 nm and was the only emission observed at
the laser power of 5 mW. The higher energy emissions were not observed until the laser power
was increased to 10 and 35 mW for the 1.2TC10 and 1.2TC12 samples, respectively. Only the peak
at 475 nm was the higher energy emission observed for the 1.2TC12 sample. This showed that for
the 1.2TC samples, adjusting the pH resulted in emission quenching, particularly for the 1.2TC12
upconverter. This may be attributed to the decrease in particle size for the 1.2TC10 and the loss of
crystallinity of the 1.2TC12 upconverter.
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(b)

(a)

(c)

Figure 6.9: The different relative emission intensities of the NaYF4 :Yb0.20 , Tm0.005 (CA) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW.
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The 800/475 intensity ratio decreased with laser power for the 1.2TC10 sample, but hardly
changed for the 1.2TC12 sample. The 475/450 intensity ratio for the 1.2TC10 sample hardly
changed with laser power and the 360/345 intensity ratio increased with laser power, which were
similar to those obtained for the 1.2TC sample. No 475/450 and 360/345 intensity ratios were obtained for the 1.2TC12 sample, as the 450, 360, 345 and 290 nm emissions were not observed at any
laser power used in this study.

Figure 6.10: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at pH
10 (1.2TC10) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 6.11: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at pH
12 (1.2TC12) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 1.2 M NaF, which were adjusted to
pH 10-12 at laser powers of 45, 25 and 5 mW are shown in Figure 6.9. For each sample, the emission intensities were normalised to the most intense emission measured at the laser power of
45 mW. At the laser power of 45 mW, the most intense emission was at 800 nm, followed by the
peak at 475 nm for both upconverters. The next most intense emissions for the 1.2TC10 sample
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were the four-photon processes at 450 and 360 nm, followed by the five-photon emission at 345 nm
with the emission at 645 nm as the weakest.
Decreasing the laser power to 25 mW, decreased the emission intensity of the 800 nm peak to
less than half for the 1.2TC10 sample. The next most intense emission was the peak at 475 nm,
followed by the four-photon emissions at 450 and 360 nm and the emission at 645 nm. For the
1.2TC12 sample, the emission intensity decreased to 60% of its intensity at 45 mW. This showed
that the emission intensities were not as dependent on the laser power compared to that of the
1.2TC10 sample or any of the previously studied upconverters in this study. Additionally, this was
the only emission observed for the upconverter at this laser power. Further decreasing the laser
power to 5 mW, decreased the emission intensity of the 800 nm emission to less than 15% for the
1.2TC10 and 1.2TC12 upconverters.
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(a)

(b)

(c)

Figure 6.12: The different relative emission intensities of the NaYF4 :Yb0.20 , Tm0.005 (CA) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW.
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6.1.2

Effect of laser power on emission intensities

The plots of log emission intensities versus log excitation laser power for the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA and 1.2 M NaF, where the pH was adjusted to 5-12 are given in Figure 6.13-6.14. The slopes of the lines of best fit for these plots can
indicate the number of photons involved in the different upconversion transitions, as given in
Equation 1.2. These slopes are summarised in Table 6.1.
The slope obtained for the 800 nm emission of the 1.2CA5 sample was 1.3, close to the value
obtained for the 1.2CA sample. This was close to 1, suggesting near saturation of the intermediate
states. For the upconverters where the pH was adjusted to 6-10, the slopes ranged from 1.5-1.7,
close to the theoretical value of 2, suggesting slight quenching in the intermediate sates. The slope
of the 1.2CA11 sample was 1.4, suggesting increased quenching in the intermediate states, while
the slope of 1.1 for the 1.2CA12 sample suggested saturation of the intermediate states.
The 1.2CA samples where the pH was increased to 5-11, obtained slopes of 1.8–2.3 for the
three-photon emissions at 645 and 475 nm. This exhibited quenching in the intermediate states,
which include the 3H4 level, the emitting state of the 800 nm emission. The slopes obtained for the
1.2CA12 sample were much lower, with 1.1 and 1.6 for the emissions at 645 and 475 nm, respectively.
The four-photon emissions at 450 and 360 nm had slopes of 2.5–3.2 for the 1.2CA upconverters
with pH-adjustment of 5-11. Quenching was observed in the intermediate states of these emissions,
which include the 3H4 and 1G4 levels (emitting state of 645 and 475 nm). Quenching increased for
the 1.2CA12 sample, with slopes of 1.7 and 1.5 for the emissions at 450 and 360 nm, respectively.
The slopes of the five-photon 345 and 290 nm emissions were 2.7–3.4 for the 1.2CA upconverters prepared with pH 5-8, which were similar to slopes of the 1.2CA upconverter. Again, quenching
was observed in the intermediate states. Increasing the pH of the solution to 9-10, the slope of the
345 nm emission decreased to 2.1-2.5, but increased to 2.8 for the 1.2CA11 sample. This showed that
the quenching of the intermediate states were quite variable with pH. The slopes for the emission
at 290 nm for the 1.2CA samples prepared with 9-11 were quite low, with 1.7–2.1. Further increase
of the pH to 12, showed no emission at 290 nm and a lower slope of 1.5 for the 345 nm emission.
The plots of log emission intensities versus log laser power for the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 1.2 M NaF, where the pH was adjusted to 10 and 12, are given in
Figure 6.15. The slopes obtained from the lines of best fit are summarised in Table 6.1.
The slopes obtained for the 1.2TC upconverters, where the pH was adjusted to 10 and 12,
were quite low. The emission at 800 nm had values of 1.2 and 1.0, for the 1.2TC10 and 1.2TC12
samples, respectively, which showed saturation of the intermediate states. The 645 and 475 nm
emissions for the 1.2TC10 sample obtained slopes of 1.4 and 1.8, respectively, which was lower
than what was observed for the 1.2TC upconverter. This showed increased emission quenching
in the intermediate states. This was also observed for the higher energy emissions at 450, 360 and
345 nm with slopes of 1.9, 1.6 and 1.4, respectively.
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(a)

(b)

(c)

(d)

Figure 6.13: Plots of log emission intensity versus log laser (980 nm) power for pH-adjusted 1.2CA
samples (a) 1.2CA5, (b) 1.2CA6, (c) 1.2CA7 and (d) 1.2CA8 at laser powers of 5–45 mW.
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(a)

(b)

(c)

(d)

Figure 6.14: Plots of log emission intensity versus log laser (980 nm) power for pH-adjusted 1.2CA
samples (a) 1.2CA9, (b) 1.2CA10, (c) 1.2CA11 and (d) 1.2CA12 at laser powers of 5–45 mW.
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(a)

(b)

Figure 6.15: Plots of log emission intensity versus log laser (980 nm) power for pH-adjusted 1.2TC
samples (a) 1.2TC10 and (b) 1.2TC12 at laser powers of 5–45 mW.

Table 6.1: Table showing the slopes obtained from the log power plots of the upconverted emission
peaks for the NaYF4 :Yb0.20 , Tm0.005 samples prepared with 1.2 M NaF and CA or TC at various pH.
Sample
1.2CA5
1.2CA6
1.2CA7
1.2CA8
1.2CA9
1.2CA10
1.2CA11
1.2CA12
1.2TC10
1.2TC12

800 nm
slope
1.3
1.6
1.6
1.7
1.6
1.5
1.5
1.1
1.2
1.0

645 nm
slope

475 nm
slope

1.8
2.2
2.2
2.3
2.0
1.9
2.0
1.1
1.4
-

450 nm
slope

1.8
2.2
2.3
2.3
2.2
2.2
2.1
1.6
1.8
-

360 nm
slope

2.5
3.1
3.2
3.2
2.6
2.6
2.8
1.7
1.9
-

345 nm
slope

2.5
3.1
3.2
3.0
2.6
2.5
2.7
1.5
1.6
-

2.8
3.3
3.4
3.3
2.5
2.1
2.8
1.5
1.4
-

290 nm
slope
2.8
3.0
3.2
2.7
1.7
1.7
2.1
-

128

Emission measurements for NaYF4 :Yb, Tm upconverters: Effect of pH and time

The graphical representation of the slopes obtained from the log emission intensity versus log
excitation laser power with respect to the change in pH are given in Figure 6.16. The upconverted
emissions of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with CA and 1.2 M NaF had slopes
that varied widely with the adjusted pH. The slope of the 800 nm emission was less than 2 across
the pH range studied, reaching 1 for the upconverter prepared with pH 12. The slopes of the 645
and 475 nm emissions were similar across the upconverters prepared with 5-11, but the slope for
the emission at 645 nm for the 1.2CA12 sample was 1. The slopes of the higher energy emissions
450, 360, 345 and 290 nm increased with the upconverters prepared at pH 5-7 and were similar
to each other. The slopes of these higher energy emissions decreased when the pH was increased
from 7-9 but increased when the pH was further increased to 11. The slopes of these higher energy emissions decreased when the pH solution was 12. Overall, this showed that quenching was
observed in the intermediate states of all of the samples prepared.
The slopes obtained for the 1.2TC10 upconverter had slopes less than 2 for all emissions observed at 800, 645, 475, 450, 360 and 345 nm, showing a larger extent of quenching in the intermediate states compared to the 1.2TC sample and the pH-adjusted 1.2CA samples. The 1.2TC
upconverter had a slope of 1 for the peak at 800 nm, indicating that these energy levels were saturated. These showed that adjusting the pH of the upconverters already prepared with TC was
detrimental to the quality of the upconverted emissions observed.

(a)

(b)

Figure 6.16: The slopes obtained from the double logarithmic plots of the upconverted emissions
of NaYF4 :Yb0.20 , Tm0.005 prepared with (a) CA and (b) TC at different pH. The NaF concentration
was 1.2 M in all experiments.
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Effect of hydrothermal reaction time

The effect of reaction time on the structural morphology of NaYF4 :Yb0.20 , Tm0.005 (2.4TC) prepared at different reaction times were investigated in Section 5.2. No differences in the phase and
structure were observed when the reaction times were shortened to 2–8 h. It was expected that
there should be little to no differences in the upconverted emissions between these series of samples and the 2.4TC sample, which were investigated in this section.

6.2.1

Emission measurements of NaYF4 :Yb0.20 , Tm0.005 upconverters at different
reaction times

The upconverted emission spectra of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC
and 2.4 M NaF at hydrothermal reaction times of 2–8 h are shown in Figure 6.17-6.20. The most
intense emission was the peak at 800 nm for upconverters prepared with 2 and 4 h, followed by
the peak at 475 nm. Increasing the reaction time to 6 and 8 h also increased the emission intensity
of the 475 nm peak relative to the 800 nm peak, with the former peak the most intense emission
observed. The overall emission intensities of the samples increased with increasing reaction time,
with the higher energy emissions more distinct with the upconverters prepared at 6 and 8 h. For
the 2.4TC2h and 2.4TC4h samples, only the two-photon 800 nm emission was observed at the laser
power of 5 mW, while for the 2.4TC6h and 2.4TC8h samples, the emissions at 645 and 475 nm were
also observed. Higher energy emissions (λ ≤ 450 nm) for all of the samples were not observed
until the laser power was increased to at least 10 mW. Additionally, the UV emissions at345 and
290 nm were observed only with the 2.4TC6h and 2.4TC8h upconverters.
The 800/475 intensity ratio decreased with increasing laser power across all of the upconverters, as the 475 nm emission was more dependent on the laser power than the 800 nm emission. With
the 2.4TC6h and 2.4TC8h samples, the intensities of both emissions were near equal at 30 mW.
The 475/450 intensity ratio increased with increasing laser power for the 2.4TC4h sample, but
decreased with laser power for the 2.4TC6h and 2.4TC8h samples. This reflected the observed
increasing intensity of the higher energy emissions with increasing reaction times. The 360/345 intensity ratio of the 2.4TC6h and 2.4TC8h samples increased with laser power, while for the 2.4TC
sample (reaction time 16 h), the ratio decreased with increasing laser power.
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Figure 6.17: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at
reaction time of 2 h (2.4TC2h) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 6.18: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at
reaction time of 4 h (2.4TC4h) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 6.19: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at
reaction time of 6 h (2.4TC6h) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1450 V)
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Figure 6.20: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 with trisodium citrate at
reaction time of 8 h (2.4TC8h) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1360 V)
The relative emission intensities of the different upconverted emissions of the
NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 2.4 M NaF at different reaction times of
2–8 h at laser powers of 45, 25 and 5 mW are shown in Figure 6.21, with the 2.4TC upconverter
added for comparison. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the most
intense emission was 800 nm for the 2.4TC2h, followed by the emission at 475 nm. For the 2.4TC4h
upconverters, these two emissions were similar in intensity. Further increasing the hydrothermal
reaction time to 6–16 h, the peak at 475 nm dominated the upconverted emission spectra. The
emission at 645 nm for the 2.4TC2h sample was the weakest and no higher energy emissions were
observed at the highest laser power studied. The relative intensity of the 645 nm emission was
similar across the series of samples and was more intense than the higher energy emissions at
450 and 360 nm for the 2.4TC4h sample and was similar in intensities with the 345 nm for the
samples prepared at 6–16 h. The relative intensities of the 450 and 360 nm increased when the reaction time was increased, as well as the emission at 345 nm albeit to a lesser extent. The other UV
emission at 290 nm was the weakest in intensity for the 2.4TC upconverters prepared at reaction
times of ≥6 h.
Decreasing the excitation laser power to 25 mW decreased the emission intensities by over half.
For all samples, the most intense emission was at 800 nm, which decreased in relative intensity
for the samples prepared at reaction times ≥6 h. The next most intense emission was the peak at
475 nm, which increased in relative emission intensity as the reaction time was increased. The other
three-photon process at 645 nm was the next most intense emission for the 2.4TC4h sample and
decreased slightly when the reaction time was increased to 6–16 h. On the other hand, the higher
energy emissions at 450 and 360 nm increased in relative emission intensity for the upconverters
prepared at reaction times of 6–16 h and was more intense than the 645 nm emissions for these
samples. The weakest emission intensities were observed for the five-photon processes at 345 and
290 nm across all of the samples.
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Further decreasing the laser power to 5 mW decreased the emission intensities to less than 10%
of the most intense peak of each sample. Similar to what was observed for the 25 mW, the most
intense emission is the peak at 800 nm and decreased in relative intensity for the upconverters
prepared with 2–6 h and hardly changed when the reaction time was increased further to 16 h. No
other emissions were observed for the 2.4TC2h and 2.4TC4h samples at this laser power. For the
upconverters prepared at reaction times of 6–16 h, the next most intense emission was the peak at
475 nm and followed by the emission at 645 nm. Only the 2.4TC sample exhibited the emissions at
450 and 360 nm at this laser power, which were similar in intensities to the 645 nm emission.

(b)

(a)

(c)

Figure 6.21: The different relative emission intensities of the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) upconverters prepared at different reaction times at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW.
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Effect of laser power on emission intensities

The plots of log emission intensities versus log laser powers of the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 2.4 M NaF at hydrothermal reaction times of 2–8 h are shown
in Figure 6.22. These plots were fitted with lines of best fit and these slopes, which estimate the
number of photons involved in the upconversion transitions are summarised in Table 6.2.
The slopes obtained for the 800 nm emission were 1.3–1.5 for the series of upconverters prepared at hydrothermal reaction times of 2–16 h, which increased in value when the duration of the
synthesis was increased. This showed that quenching in the intermediate states decreased with
increasing reaction time. The three-photon emissions at 645 and 475 nm had slopes of 1.4-2.1 and
2.1-2.3, respectively. Quenching in the intermediate states were more pronounced for the 2.4TC2h
sample. The slopes obtained for the emissions at 450 and 360 nm were 1.6-3.1 and 1.5-3.0, respectively, which increased when the reaction time increased. This increasing trend was also observed
for the slopes of the 345 and 290 nm emissions with values of 2.4-3.0 and 1.7-2.9, respectively.
Although the values improved when the reaction time increased, the slopes obtained still indicated
quenching in the intermediate states were observed particularly for the higher energy emissions.
Table 6.2: Table showing the slopes obtained from the log power plots of the upconverted emission
peaks for the NaYF4 :Yb0.20 , Tm0.005 samples prepared with 2.4 M NaF and TC at various reaction
times.
Sample
2.4TC2h
2.4TC4h
2.4TC6h
2.4TC8h
2.4TC16h

800 nm
slope
1.3
1.4
1.5
1.5
1.5

645 nm
slope
1.4
1.8
1.9
2.1
2.1

475 nm
slope
2.2
2.3
2.2
2.2
2.1

450 nm
slope
-

360 nm
slope
-

1.6
2.7
3.0
3.1

1.5
2.6
2.9
3.0

345 nm
slope
-

290 nm
slope
-

2.4
2.9
3.0

1.7
1.9
2.9
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(a)

(b)

(c)

(d)

Figure 6.22: Plots of log emission intensity versus log laser (980 nm) power for the (a) 2.4TC2h,
(b) 2.4TC4h, (c) 2.4TC6h and (d) 2.4TC8h samples at laser powers of 5–45 mW.
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The graphical representation of the slopes from the log emission intensity versus log laser
power for the NaYF4 :Yb0.20 , Tm0.005 upconverters prepared with TC and 2.4 M NaF at different
reaction times of 2–8 h are shown in Figure 6.23, including the 2.4TC sample as reference. The
slopes for the 800 nm emission slightly increased with the upconverters prepared at reaction times
of 2–6 h and hardly changed when the reaction time was further increased to 16 h. For the emission at 645 nm, the slopes increased when the reaction time was increased from 2 to 8 h and hardly
changed when the reaction time was further increased to 16 h. The slopes for the 450 and 360 nm
for each sample were similar to each other and increased for the upconverters prepared at reaction
times of 4–8 h and hardly changed with further increase of the reaction time to 16 h. The slopes
for the 345 nm emission increased when the reaction time was increased from 6 to 8 h and hardly
changed when the reaction time was further increased to 16 h. The slopes of the other UV emission
at 290 nm increased with the reaction time of 6–16 h.

Figure 6.23: The slopes obtained from the double logarithmic plots of the upconverted emissions
of NaYF4 :Yb0.20 , Tm0.005 prepared with TC at different reaction times. The NaF concentration was
2.4 M in all experiments.

6.3

Conclusion

Increasing the pH of the 1.2CA and 1.2TC samples during the synthesis process led to a general decrease in emission intensities, despite obtaining phase pure β-NaYF4 after pH adjustment.
This is attributable to the general decrease in size of the upconverters and loss of crystallinity. The
1.2CA samples prepared with pH 5-7 exhibited intense higher energy emissions at
450, 360, 345 and 290 nm with respect to the emission at 800 nm. The intensities of these emissions decreased with further increase of pH. The quenching in the intermediate states were not as
extensive with the samples prepared with pH 5-7, compared to those with pH 8-12. When considering relative emission intensities of low/high energy emissions, the 1.2CA5 upconverter has
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more potential for use in applications requiring higher energy emissions, e.g. semiconductor photocatalysis. Further increase of the pH decreased overall emission intensities of the upconverters.
Adjusting the pH of the samples prepared with TC led to increased quenching of the emissions,
with only the 800 and 475 nm emissions observed for the upconverter prepared with pH 12.
Although a shorter reaction time would allow for faster turnover rates, the emissions obtained
from the samples at reaction times were not promising. The upconverted emissions of the 2.4TC
upconverters which were prepared at reaction times <16 h were less intense than those obtained
from the upconverter prepared at 16 h. The upconverted emissions of the 2.4TC8h sample most
resembled those from the 2.4TC sample, suggesting that the reaction time could be shortened to at
least 8 h and not compromise on the quality of the upconverted emissions.

7

Synthesis of
NaBiF4:Yb,Tm/Er
Upconverters

Bi3+ -based fluorides have been shown to be efficient host matrices for upconversion phosphors.
Their affordability and non-toxic properties allow for use in various biological applications [23].
This chapter details the synthesis and physicochemical characteristics of the NaBiF4 :Yb,Tm and
NaBiF4 :Yb,Er upconverters prepared by a facile precipitation method (see in Section 2.1.2). The effect of the NH4 F concentration and reagent addition rates on the structural purity and morphology
of the crystal host matrix was studied. Optical emission data for the NaBiF4 :Yb, Tm and NaBiF4

7.1

Effect of NH4 F concentration

The procedure for the formation of the β-phase NaBiF4 upconverters followed the paper by
Lei et al. [32]. As the amount of NH4 F added was not specified in that work, this was adjusted
to 2-4 times the molar amount of Na+ , with the samples labelled as 2F or 4F, respectively. It is not
clear whether an excess amount of F – would affect the upconverter formation process. The specific
amounts used in the synthesis, as well as the sample names used are detailed in Section 2.1.2.

7.1.1

X-ray diffraction (XRD)

Figure 7.1 shows X-ray diffraction patterns for NaBiF4 :Yb0.20 , Tm0.005 and NaBiF4 :Yb0.20 , Tm0.02
upconverters prepared at the two different NH4 F concentrations. Consistent between the two reaction conditions is the formation of NaBiF4 , where the reflections attributed to this phase are labelled with the ’x’ symbol. Also present in the samples was an undesired impurity phase NaYbF4 .
These findings appear to be consistent with those in the reference paper [32]. Additionally, the
sample prepared with NH4 F content twice that of Na+ (2F) show an additional impurity, which
could be cubic-BiF3 or BiOF (labelled with a ’+’) [23, 131], which was not observed in the reference
paper. The structure of NaBiF4 was reported to be similar to that of NaREF4 belonging to the space
group P3 [23, 132, 133].
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Figure 7.1: The X-ray diffraction patterns of NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with
2F and 4F and NaBiF4 :Yb0.20 , Tm0.02 upconverters prepared with 4F. Reflections are labelled x for
NaBiF4 , o for NaYbF4 , and + for an unknown phase.

7.1.2

Scanning electron microscopy (SEM)

SEM images collected for the NaBiF4 upconverters prepared at 2F and 4F are shown in
Figure 7.2-7.3. All samples contained spherical nanoparticles approximately 100 nm in size. These
were much smaller than the spherical nanoparticles found in the reference [32], which were 500 nm
in size. Additionally, for the 2F sample, the spherical were dispersed by much larger irregularlyshaped crystals which were as large as 30 µm in length (Figure 7.2(a)).

(a)

(b)

Figure 7.2: SEM images of NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2x (2F) molar ratio
of Bi+RE at scale bars of (a) 10 µm and (b) 1 µm.
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The upconverters that were prepared with 4F showed less spherical nanoparticles. Rather,
larger structures roughly a few microns in size were observed, which appeared to be made up
of hexagonal platelets stacked on top of each other in a rather haphazard manner and lightly decorated with spherical nanoparticles. Adjusting the amount of Tm3+ doped into the sample to 2% did
not affect the structure of the upconverters. The spherical nanoparticles also appeared to be hollow,
unlike those observed in the reference paper [32]. This raised additional questions to the preparation method, particularly with regards to the exclusive formation of spherical nanoparticles in the
reference paper [32].

(a)

(b)

Figure 7.3: SEM images of (a) NaBiF4 :Yb0.20 , Tm0.005 and (b) NaBiF4 :Yb0.20 , Tm0.02 prepared with
4x (4F) molar ratio of Bi+RE.

7.1.3

UV-Visible spectroscopy

The UV-Visible absorbance spectra for the NaBiF4 -based upconverters are shown in Figure 7.4,
and much like the NaYF4 powders in Chapter 3, showed a strong absorption at 975 nm due
to 2F7/2 −−→ 2F5/2 absorptions in Yb3+ . A broad absorption feature was also observed in the
860–960 nm range, which may be due to the Stark splitting of the 2F7/2 and/or 2F5/2 states of
Yb3+ arising from differences in crystal field splitting [22, 87]. These differences may have been
introduced by the impurity phases also formed during the synthesis method. Although the concentration of Tm3+ was 2%, no significant absorption features attributable to Tm3+ were observed.
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Figure 7.4: UV-Visible absorbance spectra for NaBiF4 :Yb0.20 , Tm0.005 at two different NH4 F concentrations (2F, 4F) and NaBiF4 :Yb0.20 , Tm0.02 at 4F.

7.2

Effect of temperature

In addition to NH4 F concentration, the effect of temperature of the synthesis solution on the
crystal structure of the NaBiF4 -based upconverters was studied. The temperature of both ethylene
glycol solutions were increased from room temperature to 30, 40 or 50 ◦C. Solution preheating
before mixing was necessary due to near immediate precipitation of white products when the
solutions were mixed, indicating the rapid formation of NaBiF4 nanoparticles.

7.2.1

X-ray diffraction (XRD)

Figure 7.5 shows XRD patterns for the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared at different
temperatures. Reaction temperatures had an effect on the crystallinity of the NaBiF4 :Yb0.20 , Tm0.005
upconverters. For the samples which were prepared with 2F (Figure 7.5(a)), increasing the reaction
temperature led to some slight broadening of the reflections, suggesting a loss of crystallinity or
a decrease in crystallite size. The same was also observed for the samples prepared with 4F in
Figure 7.5(b) although to a lesser degree. An impurity phase, possibly BiF3 or BiOF, was observed
in the XRD pattern for the 4F sample prepared at 50 ◦C.
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(a)

(b)

Figure 7.5: X-ray diffraction patterns of NaBiF4 at (a) 2F and (b) 4F at different reaction temperatures. Reflections are labelled x for NaBiF4 , o for NaYbF4 , and + for an unknown phase.

7.2.2

Scanning electron microscopy (SEM)

SEM images for the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F and 4F at different
reaction temperatures are shown in Figure 7.6. The samples looked similar, comprising spherical
nanoparticles of about 50–200 nm in size. For the upconverters prepared with 2F at temperatures of
30–50 ◦C, the nanospheres were aggregated, making accurate sizing difficult. Further, the spherical
nanoparticles appeared to be dispersed by larger nanostructures.
There was no obvious change in the morphology of the upconverters prepared with 2F as
the reaction temperature increased. Each sample showed particles of widely different size and
shape. This indicated a lack of consistency in the particle formation in the experiment, which is
not surprising given the lack of a structure regulating agent. The samples prepared with 4F at
different reaction temperatures were comparatively more regular in size and shape compared to
the samples prepared with 2F. Larger nano-blocks were observed with large size variations. Shapes
were not as consistent and varied from cuboids to hexagonal-like prisms.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.6: SEM images of NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with (a) 2F and (b) 4F at
30 ◦C, (c) 2F and (d) 4F at 40 ◦C, and (e) 2F and (f) 4F at 50 ◦C.
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UV-Visible spectroscopy

UV-Visible absorbance spectra for the samples prepared at different temperatures are shown in
Figure 7.7. The results were similar to those obtained in Section 7.1.3, with the dominant absorption
feature being the peak at 975 nm due to the 2F7/2 −−→ 2F5/2 transition in Yb3+ . A broad absorption
was also observed in the 860–960 nm range, possibly due to the Stark splitting in the Yb3+ ions [22,
87].

(a)

(b)

Figure 7.7: The UV-Visible absorbance of NaBiF4 :Yb0.20 , Tm0.005 prepared at different reaction temperatures with NH4 F content of (a) 2F and (b) 4F.

7.3

Rate of addition of NH4 F

As the morphologies of the NaBiF4 :Yb, Tm upconverters reported in the sections above did not
closely resemble those produced in the reference paper [32], it was hypothesised that the addition
rate of NH4 F might have been responsible for the variance in upconverter morphologies. Samples
discussed in the previous sections were prepared by the rapid addition of the NH4 F-EG solution
to the nitrate-EG solution. This section studies the effect of slowing down the rate of addition of
the NH4 F-EG mixture to a rate of one drop per second (1d).

7.3.1

X-ray diffraction (XRD)

Figure 7.8 shows X-ray diffraction patterns for the NaBiF4 :Yb0.20 , Tm0.005 samples prepared via
dropwise addition of NH4 F-EG solution to the nitrate-EG solution. No differences were observed
in the diffraction patterns between the upconverters prepared by rapid addition (RA) and the
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upconverters prepared at one drop per second (4F1d). For the slow addition method, an impurity
phase, possible BiF3 or BiOF, was observed at 2θ = 26.8◦ was found at temperatures 30–50 ◦C.

(a)

(b)

Figure 7.8: The X-ray diffraction data of NaBiF4 :Yb0.20 , Tm0.005 4F (a) at different NH4 F addition
rates, rapidly (RA) and one drop per second (1d) and (b) at different reaction temperatures. Reflections are labelled x for NaBiF4 , o for NaYbF4 , and + for an unknown phase.

7.3.2

Scanning electron microscopy (SEM)

SEM images of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F1d at different temperatures of 25–50 ◦C are shown in Figure 7.9. Decreasing the addition rate of the NH4 F-EG solution
leads to the formation of rods of various lengths and widths, which was observed across the samples prepared at different reaction temperatures. These rods were about 0.5–2 µm in length and
about 500 nm in width. The rods appeared to be made up of hexagonal platelets stacked haphazardly, resulting in the formation of the ridges on the sides of the rods. The sample prepared at 50 ◦C
in Figure 7.9(d) also contained spherical nanoparticles. The diameters of the hollow spheres were
about 30–220 nm. These nanoparticles were smaller and less monodisperse compared to those reported in the reference paper [32]. In some cases, the nano-sized spheres appear to be a part of
the rods, suggesting these were the seeds that formed the hexagonal rods. In general, it appeared
that controlling the addition rate of the NH4 F-EG solution led to better size and structure control
compared to the upconverters prepared with RA.
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(a)

(b)

(c)

(d)

Figure 7.9: The SEM images of NaBiF4 :Yb0.20 , Tm0.005 samples prepared at 4F at an addition rate of
1 drop per second (1d) at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C.

7.3.3

UV-Visible spectroscopy

The UV-Visible absorbance of the 4F1d temperature series samples are shown in Figure 7.10 and
showed many similarities with the spectra presented in Section 7.1.3 and 7.2.3. The most intense
absorption feature of the samples was observed at 975 nm due to the 2F7/2 −−→ 2F5/2 absorption
in Yb3+ . A broad absorption band was observed in the 860–930 nm region, which is due to Stark
splitting as a result of crystal field modulation [22, 87].
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Figure 7.10: The UV-Visible absorbance of NaBiF4 :Yb0.20 , Tm0.005 prepared at 4F with an addition
rate of 1 drop per second (1d).

7.3.4

X-ray photoelectron spectroscopy (XPS)

XPS survey spectra for the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F, 4F and 4F1d
are shown in Figure 7.11 and are labelled accordingly. Elements present across the samples included Na, Bi, F, Yb, as well as C and O. Compared to the survey spectra of the NaYF4 samples
(see Figure 3.11), the Na 1s signals were not as intense with respect to the F 1s peak. The signals
in the 152–171 nm region was due to the Bi3+ ions (Bi 4f). Smaller, less intense peaks arising from
the Yb3+ ions were also observed, the most intense of which were the Yb signals at 184 eV. The
C 1s and O 1s signals arise from the residual ethylene glycol and adventitious hydrocarbons. This
O 1s contribution could also be due to the unknown impurity phase barely observed in the XRD of
the series, which is speculated to be BiOF or BiF3 . Signals arising from Tm3+ were not be observed
due to its low concentration of 0.5% Tm and overlap with the signals with the signals of the more
abundant Yb3+ ions.
The atomic and weight percentages of the elements present in the near surface region of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F, 4F and 4F1d are given in Table 7.1. The quantification data was obtained using the peaks areas of the Na 1s, Bi 4f, Yb 4d, F 1s, C 1s and O 1s
signals and corresponding relative sensitivity factors for each orbital, in accordance with standard
XPS quantification procedures. The theoretical Na:(Bi+Yb):F ratios should be 1:1:4, as expected for
NaBiF4 . Experimentally, the Na, Bi+Yb or F concentrations were higher than what was expected.
This is due to the surface sensitive nature of the technique, where only the topmost atomic layers
were probed.
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Figure 7.11: XPS spectra of the NaBiF4 :Yb0.20 , Tm0.005 2F, 4F and 4F1d upconverters collected over
the survey region.

Table 7.1: Elements present and concentrations obtained from the survey spectra of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with different NH4 F amounts and addition rate.
Sample

Na 1s

Bi 4f

Yb 4d

F 1s

C 1s

O 1s

Na:(Bi+Yb):F

0.5Tm2F
at.%
wt.%

3.2
3.21

3.2
29.16

1.59
12

15.31
12.68

60.61
31.74

16.09
11.22

1:1.5:3.2
1:12.8:4.0

0.5Tm4F
at.%
wt.%

3.71
4.04

2.45
24.27

1.4
11.49

13.38
12.05

62.49
35.58

16.57
12.57

1:1.0:3.6
1:8.9:3.0

0.5Tm4F1d
at.%
wt.%

6.06
6.06

4.08
17.91

2.38
21.63

20.31
16.78

52.49
27.41

14.69
10.22

1:1.1:3.4
1:6.5:2.8
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The Bi 4f core level spectra of the NaBiF4 :Yb0.20 , Tm0.005 upconverters are shown in Figure 7.12.
The spectra allow investigation of the oxidation state and coordination environment of Bi3+ ions
in the upconverters. This region coincided with the Yb 4d region, allowing us to also observe the
Yb 4d peaks and their satellite peaks. The Bi 4f7/2 and 4f5/2 peaks were observed at 160.3 and
166.6 eV, respectively, at a peak ratio of 4:3 with a crystal field splitting of 5.31 eV [125], across
all three samples. This was consistent to what was observed for the presence of Bi3+ ions, in a
BiF3 configuration. There also appeared to be a second Bi environment present at a much lower
intensity and binding energy for the 0.5Tm2F and 0.5Tm4F samples. The secondary Bi 4f7/2 and
4f5/2 peaks were observed at 157.2 and 162.5 eV for 0.5Tm2F and at 157.0 and 162.3 eV for 0.5Tm4F.
Interestingly, this coincided with the values expected for Bi metal being present. However, this is
unlikely due to the synthesis conditions, and thus we assign these peaks simply to a lower valent
Bi species or Bi3+ bound to less electronegative ligands than fluoride (e.g. Bi-O).

Figure 7.12: Core level XPS spectra over the Bi 4f regions of the NaBiF4 :Yb0.20 , Tm0.005 upconverters
prepared with 2F, 4F and 4F1d. The region has been extended to higher binding energies to observe
the satellite peaks arising from Yb 4d.

7.3.5

Near edge X-ray fine structure (NEXAFS)

The near edge X-ray fine spectra of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F1d
at different reaction temperatures of 25–50 ◦C were obtained at the Australian Synchrotron Soft Xray (SXR) beamline. The total electron yield (TEY) were obtained for the different regions of the
elements present in the samples except for the Bi3+ ions.
The Yb M5 -edge spectra of the samples are shown in Figure 7.13(a). A single peak was observed
at 1521.6 eV, which corresponded to the 3d10 4f13 2F7/2 −−→ 3d9 4f14 2D5/2 transition in Yb3+ [126].

Rate of addition of NH4 F

149

This was similar to what was observed for the NaYF4 -type upconverters in Section 3.1.5 and 3.2.4.
There were no obvious differences between in the Yb M5 -edge spectra with regards to the shape
and position of the peak between the two host types.
The Tm M5 -edge spectra in Figure 7.13(b) was particularly useful in investigating the oxidation
state of Tm3+ , especially as Tm3+ could not be observed by the more surface sensitive XPS technique. Three peaks were observed in this region which corresponded to the 3d10 4f12 −−→ 3d9
4f13 transitions. These peaks were observed at 1461.5, 1463.7 and 1466.4 eV, corresponding to the
3d10 4f12 3H6 −−→ 3d9 4f13 3H6 , 3G5 , 1H5 transitions of Tm3+ , respectively [126].

(a)

(b)

Figure 7.13: TEY (a) Yb M5 -edge and (b) Tm M5 -edge spectra of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F1d at different temperatures. Spectra were offset for clarity.
Figure 7.14(a) shows the Na K-edge of the 0.5Tm4F1d samples prepared at different reaction
temperatures 25–50 ◦C which would correspond to 1s2 2s2 2p6 −−→ 1s1 2s2 2p6 3s0 3p1 transitions. These were remarkably different from those obtained in Figure 3.16. Here, a broad peak
across 1074–1087 eV was observed, with a sharper peak located at 1081.3 eV. This suggested that
the coordination chemistry of the sample is remarkably different with that of the NaYF4 upconverters. The spectra was not identical across the series of the upconverters, suggesting differences
in the coordination chemistry of the Na+ ions.
TEY F K-edge spectra of the 0.5Tm4F1d series are shown in Figure 7.14(b), which would correspond to 1s2 2s2 2p6 −−→ 1s1 2s2 2p6 3s0 3p1 transitions. These were different from the F K-edge
spectra obtained from the NaYF4 -type upconverters, suggesting different coordination chemistry
for F – ions. These were not quite the same throughout the samples prepared at different temperatures. A small peak was observed at 685.7 eV with an intense peak at 690.5 eV for the 0.5Tm4F1d,
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at 691.6 eV for the 0.5Tm4F1d30 and 0.5Tm4F1d40 samples and 691.1 eV for the 0.5Tm4F1d40 sample. A shoulder was observed at 688.7–689.5 eV across the samples. A lesser intense peak at 695 eV
for the 0.5Tm4F1d sample.

(a)

(b)

Figure 7.14: TEY (a) Na K-edge and (b) F K-edge spectra of the NaBiF4 :Yb0.20 , Tm0.005 upconverters
prepared with 4F1d at different temperatures. Spectra were offset for clarity.

7.4

Change in dopant and dopant concentration

NaBiF4 :Yb0.20 , Er0.005 upconverters were prepared with 2F, 4F and 4F1d, the latter of which was
prepared at different reaction temperatures of 25–50 ◦C. The effect of Yb3+ :Er3+ doping concentrations were also studied, by varying the Er3+ concentrations from 1-4% while simultaneously
changing the Yb3+ concentration from 21-18% to keep the total amount of rare earth dopants fixed
to 22%. This was not expected to make any significant differences to the size and structure of the
samples, as these were also prepared with 4F at a rate of one drop per second (4F1d). Details of the
synthesis and the reference names of the samples were previously explained in Section 2.1.2.

7.4.1

X-ray diffraction (XRD)

The XRD patterns of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 2F, 4F and 4F1d,
with the latter at different reaction temperatures of 25–50 ◦C are shown in Figure 7.15. These were
similar to those obtained with the NaBiF4 :Yb0.20 , Tm0.005 upconverters, where the impurity phase
which could be either BiF3 or BiOF, was present in the sample prepared with the lower NH4 F
content (2F).
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(b)

Figure 7.15: X-ray diffraction data for the NaBiF4 :Yb0.20 , Er0.005 prepared with (a) 2F, 4F and 4F1d
and (b) 4F1d at different reaction temperatures. Reflections are labelled x for NaBiF4 , o for NaYbF4 ,
and + for an unknown phase.
The XRD patterns of the NaBiF4 :Yb, Er upconverters prepared with varying Yb3+ :Er3+ ratios
are shown in Figure 7.16. Increasing the total rare earth concentrations to 22% did not appear to
affect the structures of the upconverters, although the impurity phases were still observed in some
samples, in particular a NaYbF4 phase. This showed that although some level of size and structure
control was introduced by increasing the amount of NH4 F added and decreasing its addition rate,
these were not as effective compared to the implementation of structure regulating agents.
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(a)

(b)

(c)

(d)

Figure 7.16: X-ray diffraction data for the (a) NaBiF4 :Yb0.21 , Er0.01 , (b) NaBiF4 :Yb0.20 , Er0.02 , (c)
NaBiF4 :Yb0.19 , Er0.03 and (d) NaBiF4 :Yb0.18 , Er0.04 upconverters prepared with 4F1d at different reaction temperatures. Reflections are labelled x for NaBiF4 , o for NaYbF4 , and + for an unknown
phase.
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Scanning electron microscopy (SEM)

The SEM images of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared at 2F, 4F and 4F1d, with
the latter at different reaction temperatures are given in Figure 7.17-7.18. The upconverters
which were prepared with 2F (0.5Er2F) were primarily spherical nanoparticles with diameters of
40–200 nm which appeared to aggregate to form larger structures. We were unable to image these
larger structures due to the highly charging nature of the samples. The upconverters which were
prepared with 4F (0.5Er4F) were primarily made up of blocks which were a couple micron in length
with hollow spherical nanoparticles observed on the surface. This was similarly observed for the
4F1d series of sample where the blocks appear to be made up of stacked hexagonal nanoplatelets
forming ridges on along the sides. Additionally, there did not appear to be a trend with regards to
size and structure variation with change in reaction temperature.

(a)

(b)

Figure 7.17: SEM images of NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with (a) 2F and (b) 4F.
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(a)

(b)

(c)

(d)

Figure 7.18: SEM images of NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 4F1d at (a) room
temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C.

7.4.3

UV-Visible spectroscopy

The UV-Visible absorbance spectra of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 2F,
4F and 4F1d, the latter at different reaction temperatures are shown in Figure 7.19(a)-7.19(b). Due to
the low Er3+ concentration, it was expected that absorption due to the Yb3+ ions would be the most
prominent. The absorption spectra resembled those of the Tm3+ -doped NaBiF4 upconverters, with
a prominent feature at 975 nm. A broad absorption feature was also observed due to Stark splitting
[22, 87].
The absorption spectra of the NaBiF4 :Yb, Er upconverters prepared at different Yb3+ :Er3+ ratios
are shown in Figure 7.20-7.21. These were similar to what was observed in the other samples,
despite the differing Yb3+ concentration across the samples. It was interesting to observe that the
NaBiF4 :Yb0.18 , Er0.04 upconverters prepared at higher temperatures of 30–50 ◦C did not show the
broad absorption feature observed due to the Stark splitting in the Yb3+ 2F7/2 and 2F5/2 levels. This
may be due to less Yb3+ ions occupying sites with different crystal field splitting which gave rise
to the Stark splitting. The feature observed at 652 nm, which was more intense in the absorption
spectra of the NaBiF4 :Yb0.18 , Er0.04 upconverters, was due to the 4I15/2 −−→ 4F9/2 transition in Er3+
[130].
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(b)

Figure 7.19: UV-Visible absorbance of NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with (a) 2F, 4F
and 4F1d and (b) 4F1d at different reaction temperatures.

(a)

(b)

Figure 7.20: UV-Visible absorbance of (a) NaBiF4 :Yb0.21 , Er0.01 and (b) NaBiF4 :Yb0.20 , Er0.02 upconverters prepared with 4F1d at different reaction temperatures.
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(a)

(b)

Figure 7.21: UV-Visible absorbance of (a) NaBiF4 :Yb0.19 , Er0.03 and (b) NaBiF4 :Yb0.18 , Er0.04 upconverters prepared with 4F1d at different reaction temperatures.

7.4.4

Near edge X-ray fine structure (NEXAFS)

The near edge X-ray fine spectra of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 4F1d
at different reaction temperatures of 25–50 ◦C were obtained at the Australian Synchrotron Soft
X-ray (SXR) beamline.
The Yb M5 -edge spectra is shown in Figure 7.22(a). A single peak was observed at 1521.2 eV,
which corresponded to the 3d10 4f13 2F7/2 −−→ 3d9 4f14 2D5/2 transition in Yb3+ [126, 127], as
expected.
The Er M5 -edge spectra in Figure 7.22(b) showed the same triplet peak observed
in Figure 3.24(b), which is consistent with Er3+ ions present in the sample [127].
These were observed at 1403.9, 1406.4 and 1408.6 eV, which corresponded to the
Er3+ 3d10 4f11 4I15/2 −−→ 3d9 (4f12 ) ( 3H) 4I15/2 , ( 3F) 4H13/2 , ( 1G) 2I13/2 transitions [126, 127].
Figure 7.23(a) shows the total electron yield Na K-edge spectra, a broad peak was observed at
1081.2 eV, with a shoulder observed at a slightly lower photon energy at 1077.9 eV. These were
similar to those obtained for the NaBiF4 :Yb0.20 , Tm0.005 upconverters.
The F K-edge spectra of these upconverters are shown in Figure 7.23(b), which would correspond to 1s2 2s2 2p6 −−→ 1s1 2s2 2p6 3s0 3p1 transitions. A small peak was observed at 685.9 eV
and an intense peak at 691.4 eV, with a shoulder at 689.6 eV. The spectra were similar across the
series of the upconverters than the 0.5Tm4F1d series.
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(b)

Figure 7.22: TEY (a) Yb M5 -edge and (b) Er M5 -edge spectra of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 4F1d at different temperatures. Spectra was offset for clarity.

(a)

(b)

Figure 7.23: TEY (a) Na K-edge and (b) F K-edge spectra of the NaBiF4 :Yb0.20 , Er0.005 upconverters
prepared with 4F1d at different temperatures. Spectra was offset for clarity.
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7.5

Conclusion

NaBiF4 :Yb, Tm and NaBiF4 :Yb, Er upconverters were prepared using a simple synthesis
method that involved mixing of an ethylene glycol solution containing of Bi3+ and RE3+ ions with
an ethylene glycol solution of NH4 F at 25–50 ◦C. Samples that were synthesised with a higher
NH4 F content (NH4 F:Na+ = 4, 4F) had improved crystallinity over the samples synthesised with a
lower NH4 F content (NH4 F:Na+ = 2, 2F) and some improvement with regards to the crystal shape
and size. Decreasing the NH4 F addition rate to one drop per second lent to better crystallinity
and structure of the upconverters. Changing the reaction temperature during the synthesis only
affected the series of samples where the NH4 F was added rapidly, where the particle size and
structure were improved. Changing the dopant to Er3+ and subsequently, the Yb3+ :Er3+ concentration ratios, did not affect the crystallinity and structure of the upconverters. Although there
was an improvement in structure and crystallinity observed in increased NH4 F concentration and
slower addition rate, large size distribution, lack of structural control and impure phases were still
observed showcasing the limitations of this method and further improvements must be made.

8

Emission
measurements for
NaBiF4:Yb, Tm/Er
upconverters

This chapter investigates the upconversion properties of NaBiF4 :Yb, Tm/Er samples prepared
using a facile synthesis method outlined in Section 2.1.2. The effects of NH4 F concentration, temperature, addition rate and the change in dopant and its concentration on the upconverted emissions are studied. For brevity, the samples will be referred to by their simpler names as shown in
Section 2.1.2. The emissions observed for the Tm3+ and Er3+ -doped upconverters were the same
ones studied in Chapter 4.

8.1

Effect of NH4 F concentration and temperature

In Section 7.1, the effect of NH4 F concentration on the phase composition and structure of the
NaBiF4 :Yb0.20 , Tm0.005 samples was examined. The effect of these changes in the properties on the
upconversion emissions will be studied here. Additionally, the effect of synthesis temperatures of
the samples on the upconverted emissions is also studied here.

8.1.1

Emission measurements of NaBiF4 :Yb0.20 , Tm0.005 upconverters

The upconverted emissions of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with either 2F
or 4F are shown in Figure 8.1-8.2. These emission profiles revealed that a higher NH4 F concentration (0.5Tm4F) in the preparation method led to the intense peaks of the higher energy emissions
at wavelengths ≤450 nm with respect to the peak at 800 nm compared to the upconverted emissions obtained from the NaYF4 -type upconverters in Section 4.1.1 and 4.1.2. The 800/475 intensity
ratio for both upconverters decreased with increasing laser power, with the latter peak slightly
more intense at the laser power of 45 mW. The 475/450 intensity ratio also decreased with increasing laser power, with a smaller ratio observed for the 0.5Tm4F sample owing to intense 450 nm
peaks. The 360/345 intensity ratios also decreased with increasing laser power. The emissions at
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697 and 510 nm were observed in relatively weaker intensities, which were not previously observed in the upconverted emissions from the NaYF4 :Yb0.20 , Tm0.005 upconverters. The emission at
697 nm arose from the 2F3 −−→ 3H6 transition [18–21], while the higher energy emission at 510 nm
arose from the 1D2 −−→ 3H4 transition [18, 19]. The 3H4 state can be further excited to higher states
such as 1G4 , 1D2 , 3P2 , from which the higher photon emissions arise from [17], which may explain
the intense four and five-photon emissions.

Figure 8.1: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm2F) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1120 V)

Figure 8.2: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 990 V)
The upconverted emissions of the different NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with
2F at different reaction temperatures of 30–50 ◦C are shown in Figure 8.3-8.5. The most intense
emission for the 0.5Tm2F30 sample was the peak at 800 nm, followed by the emission at 475 nm.
Increasing the reaction temperatures to 40 and 50 ◦C, the emission at 475 nm was the most intense,
followed by the emission at 800 nm. Not all of the emissions were observed at the laser power of
5 mW, with the higher energy emissions of 345 nm and above, observed when the laser power
powers of at least 10 mW. The 800/475 intensity ratios decreased with increasing laser power
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and the intensities of these emissions were near equal at laser powers of 10 and 25 mW for the
0.5Tm2F40 and 0.5Tm2F50 samples, respectively. The 475/450 intensity ratios followed the same
decreasing trend. The 360/345 intensity ratios were not similar across the samples. The ratios increased for the 0.5Tm2F30 and 0.5Tm2F40 samples, but hardly changed for the 0.5Tm2F50 sample.
The 0.5Tm2F30 and 0.5Tm2F50 samples had similar upconversion emission spectra, with the former exhibiting more intense UV and blue emissions, which are promising for applications with
more emphasis in the UV-Visible emission outputs.

Figure 8.3: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm2F30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1200 V)

Figure 8.4: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm2F40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1270 V)
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Figure 8.5: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm2F50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1200 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F and temperatures of 25–50 ◦C at laser
powers of 45, 25 and 5 mW are shown in Figure 8.6. For each sample, the emission intensities were
normalised to the most intense emission measured at the laser power of 45 mW. At the highest
laser power of 45 mW, the most intense emissions were at 800 and 475 nm for the upconverters
prepared at temperatures of 25 and 30 ◦C, while for the upconverters prepared at 40 and 50 ◦C, the
peak at 475 nm was the most intense, followed by the peak at 800 nm. The emissions at 450 and
360 nm were the next most intense emissions across the series, followed the emissions at 645 and
345 nm, which were similar in intensity across the set of samples except for the 0.5Tm2F40 sample.
The emission at 290 nm was the weakest in intensity.
Decreasing the laser power to 25 mW decreased the emission intensities by over half. The
0.5Tm2F and 0.5Tm2F30 samples had intense 800 nm emissions, which was followed by the peak at
475 nm. On the other hand, the 0.5Tm2F40 and 0.5Tm2F50 upconverters, the most intense emission
was the peak at 475 nm and was followed by the peak at 800 nm. The relative emission intensities
across the samples for this power was similar to those obtained at 45 mW, where the relative emission intensities were decreasing in the order of 450, 360, 645, 345 and 290 nm. For the 0.5Tm2F40
sample, the relative intensities of these emissions were quite similar to each other.
Further decreasing the laser power to 5 mW decreased the relative emission intensities to less
than 4% of the most intense emission at 45 mW for each sample. Here, the peak at 800 nm was the
most intense, followed by the peak at 475 nm. For the 0.5Tm2F40 sample, the relative intensities of
these emissions were quite close to each other, compared to that of the other samples. The weakest
emissions at 645, 450 and 360 nm were similar in intensity across the series of samples.
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(a)

(b)

(c)

Figure 8.6: The different relative emission intensities of the NaBiF4 :Yb0.20 , Tm0.005 (2F) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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The upconverted emissions of the different NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with
4F at different reaction temperatures of 30–50 ◦C are shown in Figure 8.7-8.9. Unlike the 0.5Tm4F
sample, the most intense emission was the peak at 800 nm for these upconverters. These upconverters still exhibit relatively more intense emissions at wavelengths ≤450 nm with respect to the
emission at 475 nm. Most of the emissions were observed when the laser power was set to 5 mW
and the 290 nm emission was not observed until the laser power was increased to at least 10 mW.
The 800/475 intensity ratios decreased with increasing laser for all of the samples, but did not approach 1. The 475/450 intensity ratios decreased with increasing laser power and the intensities
were near equal at the laser power of 25–30 mW. The 360/345 intensity ratios also followed the
same trend, as the intense emissions were limited to the peaks at 360 and 450 nm.

Figure 8.7: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 910 V)

Figure 8.8: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1000 V)
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Figure 8.9: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 990 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F and temperatures of 25–50 ◦C at laser
powers of 45, 25 and 5 mW are shown in Figure 8.10. For each sample, the emission intensities
were normalised to the most intense emission measured at the laser power of 45 mW. At the
highest laser power of 45 mW, the most intense emission was 800 nm for the samples prepared at
temperatures of 30–50 ◦C, while for the sample prepared at room temperature, the most intense
emission was at 450 nm. The next most intense emissions for the 0.5Tm4F sample were the peaks
at 450, 475 and 800 nm. This was followed by the peak at 345 nm and then by the emissions at 645
and 290 nm. For the upconverters which were prepared at reaction temperatures of 30–50 ◦C, the
second most intense emission was the peak at 450 nm. This was contrary to what was observed for
the NaBiF4 -type upconverters prepared with 2F and the NaYF4 -type upconverters, where the peak
at 475 nm was either the most or second most intense observed. This difference showed that for the
upconverters prepared with 4F, the excitation of the 1G4 state to populate the 1D2 state (emitting
state of 450 and 360 nm) was more favourable than the radiative relaxation of 1G4 −−→ 3H6 to
give rise to the emission at 475 nm. The emissions at 475 and 360 nm were the third and fourth
most intense emissions, respectively, which was followed by the emission at 345 nm. The relative
intensities of the emissions at 450, 475, 360 and 345 nm for the upconverters prepared at 30–50 ◦C
were weaker compared to the sample prepared at room temperature. The weakest emissions for
these upconverters were the peaks at 645 and 290 nm.
Decreasing the laser power to 25 mW decreased the intensities of the emissions by over half.
The most intense emission for all of the samples in the series was the peak at 800 nm. For the
0.5Tm4F sample, the emission at 450 nm was of similar intensity to the emission at 800 nm. The
next most intense emissions were the peaks at 450 and 475 nm, which were more intense for the
0.5Tm4F sample compared to those from the samples prepared at higher temperatures. These were
followed by the emissions at 360 and 345 nm, with the emissions of the 0.5Tm4F sample relatively
more intense than those obtained from the samples prepared at higher temperatures. The weakest
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emissions of the upconverters were the peaks at 645 and 290 nm, which were of similar intensities
across the set of samples.
Further decreasing the laser power to 5 mW decreased the emission intensities to less than 2%
of the highest emission intensity at 45 mW. The peak at 800 nm was the most intense emission
observed across the set of samples. This was followed by the emission at 475 nm, which was relatively more intense for the 0.5Tm4F sample compared to the upconverters prepared at higher
temperatures. The weakest emissions were the peaks at 450, 360, 345 and 645 nm.

(a)

(b)

(c)

Figure 8.10: The different relative emission intensities of the NaBiF4 :Yb0.20 , Tm0.005 (4F) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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The concentration of the Tm3+ dopant was increased from 0.5% to 2%, while the activator Yb3+
concentration was kept at 20%. The NaBiF4 :Yb0.20 , Tm0.02 upconverter was prepared with 4F and
its emissions are shown in Figure 8.11. These emissions were weaker than those obtained from the
other NaBiF4 -type upconverters prepared with 4F, which may be due to concentration quenching.
The most intense emission of this sample was the peak at 800 nm, followed by the peak at 475 nm.
These were the only emissions observed at the laser power of 5 mW, while the 645 nm emission
was not observed until the laser power was increased to 15 mW. Further increasing it to 20 mW,
the emissions at 450 and 360 nm were observed, while the emissions at 345 and 290 nm were not
observed over the laser powers studied. The 800/475 intensity ratio for this sample decreased with
increasing laser power, similar to the upconverters prepared with a lower Tm3+ concentration of
0.5%. The 475/450 intensity ratio hardly changed with increasing laser power.

Figure 8.11: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.02 (2Tm4F) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1250 V)

8.1.2

Effect of laser power on emission intensities

The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.20 , Tm0.005
upconverters prepared with differing NH4 F content and reaction temperatures are shown in
Figure 8.12-8.14 and for NaBiF4 :Yb0.20 , Tm0.02 upconverter in Figure 8.15. The emissions studied
were the peaks at 800, 645, 475, 450, 360, 345 and 290 nm. These were fitted with linear lines of best
fit and the slopes of these lines can estimate the number of photons involved in each upconversion
transition. The slopes are summarised in Table 8.1.
The 800 nm emission of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F and 4F had
slopes of 1.5 and 1.7, respectively. This was less than the literature value of 2, which indicated
quenching was observed in the intermediate states. The slopes of the three-photon 645 and 475 nm
emissions were 2.0-2.1 for both samples, also indicating quenching in the intermediate states. This
was similarly observed for the four-photon 450 and 360 nm emissions with slopes of 2.7-2.9 and
for the five-photon 345 and 290 nm emissions with slopes of 2.8-3.1 and 2.1-2.5, respectively. For
both samples, the quenching of the intermediate states of the 290 nm emission was more extensive
than the other five-photon emission at 345 nm.
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(a)

(b)

Figure 8.12: Plots of log emission intensity versus log laser (980 nm) power for
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with (a) 2F and (b) 4F at laser powers of 5–45 mW.
Increasing the synthesis temperatures of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with
2F to 30–50 ◦C did not affect the slope of the 800 nm emission with values of 1.5-1.6. The threephoton 645 and 475 nm emissions had slopes of 2.0-2.3, which indicated quenching in the intermediate states. This was also observed for the 450 and 360 nm emissions, with slopes of 2.7-2.8
and 2.4-2.7, respectively, and for the 345 and 290 nm emissions with slopes of 2.0-2.8 and 1.6-1.8,
respectively.
The slopes of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F at reaction temperatures of 30–50 ◦C were not much different from the slopes obtained for the upconverter prepared at
room temperature. The slopes obtained for the 800 nm emission were 1.9-2.0, close to the literature
value of 2, indicating little to no quenching in the intermediate states. This was also evidenced
by the intensity of this emission across the laser powers studied. The slopes of the emissions at
645 and 475 nm were 2.2-2.4, which indicated quenching in its intermediate states, similar to the
sample at room temperature. This was also observed for the 450 and 360 nm emissions, with slopes
of 2.8-3.0. The emissions at 345 and 290 nm had slopes of 2.9-3.0 and 2.2, respectively, with quenching observed in the intermediate states.
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(a)

(b)

(c)

Figure 8.13: Plots of log emission intensity versus log laser (980 nm) power for
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F at (a) 30 ◦C, (b) 40 ◦C and (c) 50 ◦C at
laser powers of 5–45 mW.
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(b)

(a)

(c)

Figure 8.14: Plots of log emission intensity versus log laser (980 nm) power for
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F at (a) 30 ◦C, (b) 40 ◦C and (c) 50 ◦C for
laser powers of 5–45 mW.
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Increasing the concentration of the Tm3+ dopant from 0.5% to 2% did not affect the 800 nm
emission, with a slope of 1.9. As this was close to the literature value of 2, little to no quenching
was observed for the intermediate states of these emissions. The emissions at 645 and 475 nm had
slopes of 2.0 and 2.3, which indicated quenching in the intermediate states. The increase in the
Tm3+ concentration led to quenching of the emissions at higher energies at 450 and 360 nm, with
values of 2.2 and 1.9, respectively.

Figure 8.15: Plot of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.20 , Tm0.02
prepared with 4F (2Tm4F) for laser powers of 5–45 mW.
Table 8.1: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaBiF4 :Yb0.20 , Tm0.005 samples prepared with 2F and 4F at different reaction temperatures, as well as NaBiF4 :Yb0.20 , Tm0.02 prepared with 4F.
Sample
0.5Tm 2F
0.5Tm 2F30
0.5Tm 2F40
0.5Tm 2F50
0.5Tm 4F
0.5Tm 4F30
0.5Tm 4F40
0.5Tm 4F50
2Tm 4F

800 nm
slope
1.5
1.6
1.6
1.5
1.7
1.9
1.9
2.0
1.9

645 nm
slope
2.0
2.0
2.2
2.0
2.1
2.2
2.2
2.3
2.0

475 nm
slope
2.0
2.1
2.3
2.0
2.1
2.2
2.3
2.4
2.3

450 nm
slope
2.8
2.9
2.9
2.8
2.9
2.8
3.0
3.0
2.2

360 nm
slope
2.7
2.7
2.8
2.7
2.9
2.8
2.9
3.0
1.9

345 nm
slope

290 nm
slope

2.8
2.8
2.7
2.8
3.1
2.9
3.0
3.0
-

2.1
1.8
1.8
1.6
2.5
2.2
2.2
2.2
-
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The graphical representation of the slopes obtained from the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F and 4F are given in Figure 8.16, showing how these change with reaction
temperature. The slope for the 800 nm emission was consistent across the NaBiF4 :Yb0.20 , Tm0.005
upconverters prepared with 2F and was quite close to the literature value. The three-photon 645
and 475 nm emissions were similar slopes across the samples. The emissions at 450, 360 and 345 nm
had similar slopes across the samples and were close to 3. The slopes for the higher energy emission at 290 nm was less than the other higher energy emissions.
The slopes obtained for the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F were more
consistent across the samples prepared at different reaction temperatures of 25–50 ◦C. The emission at had a lower value for the 0.5Tm4F sample, but increased when the reaction temperature was increased to 30 ◦C but hardly changed when the reaction temperature was increased to
40 and 50 ◦C. The emissions at 645, 475 and 290 nm had slopes which were quite close to 2, except
for the 0.5Tm4F sample, which had a higher slope for the emission at 290 nm compared to the rest
of the upconverters. The values obtained for the 450, 360 and 345 nm emissions were about 2.8-3.1
and were similar across the upconverters prepared at different reaction temperatures.

(a)

(b)

Figure 8.16: The slopes obtained from the log emission intensity versus log laser power plots of the
upconverted emissions of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with rapid addition of
(a) 2F and (b) 4F at reaction temperatures of 25–50 ◦C.

8.2

Effect of rate of addition of NH4 F and temperature

In this section, the upconversion emissions of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared
with NH4 F at 4x molar ratio of Bi+RE, which was added at a rate of one drop per second (4F1d),
were studied at different laser powers of 5–45 mW.

Effect of rate of addition of NH4 F and temperature

8.2.1
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The upconverted emissions of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F1d at
different reaction temperatures of 25–50 ◦C are shown in Figure 8.17-8.20. For the upconverters
prepared at temperatures of 25 and 30 ◦C, the most intense emission was the peak at 800 nm, but
as the reaction temperature was increased, so did the intensity of the peak at 450 nm, which is the
most intense emission for the sample prepared at 50 ◦C. Similarly to what was observed for the
0.5Tm4F samples prepared at different reaction temperatures, the intensities of the emissions at
450, 360 and 345 nm were high with respect to the peak at 475 nm and increased when the reaction
temperatures was increased. Most of the emissions were observed at the laser power of 5 mW,
except for the emission at 290 nm which was not observed until the laser power was increased to
at least 10 mW. The 800/475 and 475/450 intensity ratios decreased with increasing laser powers,
with the latter reaching 1 at laser powers of 10–30 mW across the series of samples, which reflected
the more intense 450 nm emission. A similar trend was observed for the 360/345 intensity ratio.
Given the intensity of the peak at 450 nm for the 0.5Tm4F1d40 and 0.5Tm4F1d50 samples, the
800/450 intensity ratios for these two samples decreased and were equal in intensity at the laser
powers of 45 and 25 mW, respectively.

Figure 8.17: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F1d) collected at
980 nm and laser powers of 5–45 mW. (PMT = 870 V)
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Figure 8.18: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 950 V)

Figure 8.19: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 850 V)

Figure 8.20: Upconversion emission spectra for NaBiF4 :Yb0.20 , Tm0.005 (0.5Tm4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1160 V)
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The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F at a rate of one drop per second and
temperatures of 25–50 ◦C at laser powers of 45, 25 and 5 mW are shown in Figure 8.21. For each
sample, the emission intensities were normalised to the most intense emission measured at the
laser power of 45 mW. At the laser power of 45 mW, the most intense emission was at 800 nm,
followed by the peak at 450 nm, for the upconverters prepared at temperatures of 25–40 ◦C, while
for the upconverter prepared at 50 ◦C, the most intense emission was at 450 nm while the emission
at 800 nm was the third most intense. The relative emission intensities of the peaks at 475 and
360 nm were similar for the upconverters prepared at temperatures 25 and 30 ◦C. These relative
intensities increased with the further increase of the reaction temperature, but the peak at 360 nm
increased to a larger extent than the 475 nm. This was unlike what was observed for the 0.5Tm2F,
0.5Tm4F and NaYF4 -type upconverters, where the peak at 475 nm was either the most intense or
the second most intense emission. The peak at 345 nm was not as intense in the samples prepared
at 25–30 ◦C, but this increased when the reaction temperature was increased to 40–50 ◦C and was
of similar in intensity to the 475 nm peak. The weakest emissions were the peaks at 645 and 290 nm
which were similar in intensities across this set of samples.
Decreasing the laser power to 25 mW decreased the emission intensities by over half. The relative intensities of the peak at 800 nm were similar for the upconverters prepared at reaction temperatures of 25–40 ◦C and dropped in intensity with the upconverter prepared at 50 ◦C. The relative
emission intensities of the peaks at 475, 450 and 360 nm were similar for the upconverters prepared
at reaction temperatures of 25–30 ◦C. Increasing the reaction temperature to 40–50 ◦C increased
the relative intensities of the emissions at 450 and 360 nm, particularly the former. The peaks at
645, 345 and 290 nm were quite similar in intensity for the upconverters prepared at reaction temperatures of 25–30 ◦C, but the intensity of the UV emission at 345 nm increased when the reaction
temperature was increased to 40–50 ◦C.
Further decreasing the laser power to 5 mW decreased the relative emission intensities to
less than 2.5% of the most intense emission at 45 mW, with weakest emissions observed for the
0.5Tm4F1d50 sample. The most intense emission observed across the samples was the peak at
800 nm. This was followed by the peak at 475 nm and then by the emissions at 450 and 360 nm. The
weakest emissions were the peaks at 345, 645 and 290 nm.
These showed that changing the rate of addition of NH4 F (4F1d) can lead to more intense
emissions overall, particularly the peak at 800 nm, which may be a drawback in applications which
require intense UV-Vis emissions. With the increase in reaction temperature, the relative intensities
of each emission varied to a larger extent than the upconverters prepared with 4F and 0.5Tm4F1d.
Higher temperatures led to relatively higher intensities of the four and five-photon emissions. This
is a trade-off between high overall intensity (4F) and more tailored emissions (4F1d).
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(b)

(a)

(c)

Figure 8.21: The different relative emission intensities of the NaBiF4 :Yb0.20 , Tm0.005 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.

Effect of rate of addition of NH4 F and temperature

8.2.2

177

Effect of laser power on emission intensities

The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F at a rate of one drop per second and reaction temperatures are shown
in Figure 8.22. The slopes of the lines of best fit estimate the number of photons involved in each
transition. These slopes are summarised in Table 8.2.
The slopes for the 800 nm emission were 1.7-1.9 across the set of upconverters, close to the
literature value of 2. This indicated little to no quenching was observed in the intermediate states
of this emission. The slopes of the three-photon 645 and 475 nm emissions were 2.1-2.3, indicating
quenching in the intermediate states. Quenching was also observed in the intermediate states for
the four-photon emissions at 450 and 360 nm, with slopes of 2.6-3.1, and the five-photon emission
at 345 nm, with slopes of 2.8-3.1. The slopes obtained for the other five-photon process at 290 nm
varied from 2.2-2.7, suggesting that quenching in the intermediate states was more extensive for
this emission.
Table 8.2: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaYF4 :Yb0.20 , Tm0.005 samples prepared with 4F1d at different reaction temperatures.
Sample
0.5Tm 4F1d
0.5Tm 4F1d30
0.5Tm 4F1d40
0.5Tm 4F1d50

800 nm
slope
1.9
1.9
1.7
1.8

645 nm
slope
2.2
2.2
2.1
2.1

475 nm
slope
2.2
2.2
2.1
2.3

450 nm
slope
2.8
2.9
2.6
3.1

360 nm
slope
2.8
2.8
2.6
3.1

345 nm
slope
3.0
2.9
2.8
3.1

290 nm
slope
2.6
2.2
2.7
2.3

178

Emission measurements for NaBiF4 :Yb, Tm/Er upconverters

(a)

(b)

(c)

(d)

Figure 8.22: Plots of log emission intensity versus log laser (980 nm) power for
NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 4F1d at (a) room temperature, (b) 30 ◦C,
(c) 40 ◦C and (d) 50 ◦C for laser powers of 5–45 mW.
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The graphical presentation of the slopes obtained from the NaBiF4 :Yb0.20 , Tm0.005 upconverters
prepared with 4F1d at synthesis temperatures of 25–50 ◦C are shown in Figure 8.23. The slopes
obtained for the emissions at 800, 645 and 475 nm were quite close to 2 and hardly changed with
the reaction temperature. The emissions at 450, 360 and 345 nm had slopes which were close to 3
and also hardly changed with temperature. This showed that the decreasing emission intensities
with increasing temperature may be due to the relaxation pathways of the emitting states rather
than the intermediate states of the emissions. The slopes for the 290 nm emission fluctuated with
reaction temperature and indicated that quenching was present in its intermediate states.

Figure 8.23: The slopes obtained from the log emission intensity versus log laser power plots of the
upconverted emissions of NaBiF4 :Yb0.20 , Tm0.005 (4F1d) upconverters prepared at reaction temperatures of 25–50 ◦C.

8.3

Change in dopant and dopant concentration

As shown in Section 4.2, changing the dopant ion from Tm3+ to Er3+ led to a change in emission profiles, reflecting in the difference in 4f energy levels of the emitting ion. The emissions for
the Er3+ -doped samples discussed previously in Section 4.2 will be investigated here, as will the
similarities and differences between those emissions and the ones obtained here.

8.3.1

Emission measurements of NaBiF4 :Yb, Er upconverters

The upconverted emissions of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 2F, 4F and
4F1d at room temperature are shown in Figure 8.24-8.26. The emissions obtained for the upconverters prepared with the NH4 F rapidly added were identical, while the upconverter prepared
with NH4 F added at one drop per second had weaker emissions with a higher background. The
most intense emission was the peak at 540 nm across all series of samples. All of the emissions were
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observed at the laser power of 5 mW for the 0.5Er2F and 0.5Er4F samples, but the UV emissions at
408 and 380 nm of the 0.5Er4F1d samples were not observed until the laser power was increased to
at least 15 mW. The 655/540 intensity ratios increased with increasing laser power, expect for the
0.5Er4F sample, where it decreased. The 540/528 and 540/408 intensity ratios decreased for the
0.5Er2F and 0.5Er4F, but increased for the 0.5Er4F1d sample. The 408/380 intensity ratio increased
with increasing laser power across all of the samples.

Figure 8.24: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er2F) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1070 V)

Figure 8.25: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er4F) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1040 V)
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Figure 8.26: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er4F1d) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 2F, 4F and 4F1d are shown in Figure 8.27 at
laser powers of 45, 25 and 5 mW. For each sample, the emission intensities were normalised to
the most intense emission measured at the laser power of 45 mW. At the laser power of 45 mW,
the most intense emission was at 540 nm followed by the emissions at 655 and 528 nm. The higher
energy emissions at 408 and 380 nm were the weakest in intensity. The relative intensities of the
emissions were quite similar across the set of upconverters.
Decreasing the laser power to 25 mW reduced the relative intensities by over half. The emission
at 540 nm was the most intense, but decreased in emission intensity across the set of samples. This
was followed by the emissions at 655 and 528 nm which followed the same decreasing trend as the
emission at 540 nm. The weakest emissions were the peaks at 408 and 380 nm.
The relative emission intensities reduced to less than 3% of the highest emission intensity when
the laser power was decreased to 5 mW. The most intense emission for all of the samples was still
the peak at 540 nm. This was followed by the emissions at 655 and 528 nm, which were similar
in intensities across the set of samples. The weakest emissions were the peaks at 408 and 380 nm,
which were similar in intensities across the set of samples.
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(b)

(a)

(c)

Figure 8.27: The different relative emission intensities of the NaBiF4 :Yb0.20 , Er0.005 upconverters
at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample were
normalised to its most intense emission at 45 mW.
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The upconverted emissions of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 4F1d at
different reaction temperatures of 30–50 ◦C are shown in Figure 8.28-8.30. The emission intensities increased with increasing reaction temperature but were still weaker than the upconverters
prepared by rapidly adding the NH4 F solution. The upconverted emissions of the 4F1d samples also exhibited a high background. As with the other NaBiF4 :Yb0.20 , Er0.005 upconverters, the
most intense emission was the peak at 540 nm across all samples. In comparison, the most intense emission for the NaYF4 :Yb0.20 , Er0.005 upconverters was the peak at 655 nm. The emissions at
655, 540 and 528 nm were observed at the laser power of 5 mW, while the peaks at 408 and 380 nm
were not present until the laser power was increased to at least 10 mW. The 655/540 intensity ratios
decreased with increasing laser powers across the set of samples, given that the peak at 540 nm was
the most intense peak across all of the laser powers studied. The 540/528, 540/408 and 408/380
intensity ratios increased with increasing laser powers for all of the samples.

Figure 8.28: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.29: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 8.30: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.005 (0.5Er4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 4F1d at different reaction temperatures at
30–50 ◦C are shown in Figure 8.31. For each sample, the emission intensities were normalised to
the most intense emission measured at the laser power of 45 mW. The most intense emission was
the peak at 540 nm,followed by the peaks at 655 and 528 nm, with the former peak slightly more
intense for the samples prepared at reaction temperatures of 30 and 40 ◦C. This was then followed
by the emissions at 408 and 380 nm, which were similar in intensities across the temperatures
studied.
Decreasing the laser power to 25 mW led to the reduction of relative emission intensities to less
than half of the intensity of the most intense peak at 45 mW. The peak at 540 nm was again the
most intense emission across the set of samples. The emissions at 655 and 528 nm were the next
most intense and followed the same trend as the one observed at the laser power of 45 mW. The
same is observed for the emissions at 408 and 380 nm, which were the weakest in intensities.
Further decreasing the laser power 5 mW reduced the emission intensities to less than 2% of
the most intense emission at 45 mW. The most intense emission across the set of samples was
the peak at 540 nm. This was followed by the emissions at 655 and 528 nm which were similar in
intensities for each sample. None of the emissions which involved three photons (408 and 380 nm)
were observed.
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(b)
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Figure 8.31: The different relative emission intensities of the NaBiF4 :Yb0.20 , Er0.005 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.
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The concentration of the emitter Er3+ ions was increased to 1% to observe its effect on the upconverted emissions. To keep the total RE ion concentration to 22%, the Yb3+ ion concentration
was increased to 21%. This increase in emitter concentration could lead to increased emission intensities or the reverse, as a result of concentration quenching. The upconverted emissions of the
NaBiF4 :Yb0.21 , Er0.01 upconverters prepared with 4F at different reaction temperatures of 25–50 ◦C
are shown in Figure 8.32-8.35. The intensities of these emissions were comparable to those obtained from the 0.5Er4F1d samples. The emissions increased when the reaction temperature was
increased to 30 ◦C, but hardly changed when the temperature was further increased to 50 ◦C. The
most intense emission was still the peak at 540 nm. The two-photon 655, 540 and 528 nm emissions
were present at the laser power of 5 mW, while the three-photon 408 and 380 nm emissions were
not visible until the laser power was increased to at least 10 mW. The 655/540 intensity ratio was
not observed to change by much with increasing laser power across the series of samples, suggesting that the effect of laser power on the population of the 4F9/2 state (emitting state of 655 nm)
and the 4S3/2 state (emitting state of 540 nm) were similar.The 540/528 intensity ratios also hardly
changed, suggesting the same of the 4S3/2 state and the 2H11/2 state (emitting state of 528 nm). The
540/408 intensity ratio decreased with increasing laser power. However, the 408/380 intensity ratio increased with laser power across all of the samples, suggesting that the intensity of the 380 nm
was not as affected by the laser at the powers studied.

Figure 8.32: Upconversion emission spectra for NaBiF4 :Yb0.21 , Er0.01 (1Er4F1d) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 8.33: Upconversion emission spectra for NaBiF4 :Yb0.21 , Er0.01 (1Er4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.34: Upconversion emission spectra for NaBiF4 :Yb0.21 , Er0.01 (1Er4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.35: Upconversion emission spectra for NaBiF4 :Yb0.21 , Er0.01 (1Er4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.21 , Er0.01 upconverters prepared with 4F1d at different temperatures of 25–50 ◦C are
shown in Figure 8.36. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the most
intense emission was the peak at 540 nm, which was followed by the peak at 655 nm, which decreased slightly in relative intensity with increasing reaction temperature. The next most intense
emission was the peak at 528 nm, followed by the emissions at 408 and 380 nm, which were similar
in intensities across the set of samples.
Decreasing the laser power to 25 mW reduced the relative emission intensities by over half. The
trends observed at the laser power of 45 mW was also observed here. The most intense emission
was at 540 nm, which was followed by the emissions at 655 and 540 nm. The weakest emissions
were the peaks at 408 and 380 nm.
Further decreasing the laser power to 5 mW decreased the relative emission intensities to 2%
of the most intense emission peak at 45 mW for each sample. The most intense emission was still
the peak at 540 nm, followed by the peaks at 655 and 528 nm, with the intensity of the latter peak
increasing with increasing reaction temperature.
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(a)

(b)

(c)

Figure 8.36: The different relative emission intensities of the NaBiF4 :Yb0.21 , Er0.01 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.
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The concentration of the Er3+ ions was further increased to 2%, while simultaneously decreasing the Yb3+ concentration to 20%. The upconversion emissions of the NaBiF4 :Yb0.20 , Er0.02 upconverters prepared with 4F1d at different reaction temperatures of 25–50 ◦C are shown in Figure 8.37-8.40. The emission intensities were weaker than the those of the NaBiF4 :Yb0.20 , Er0.005 and
NaBiF4 :Yb0.21 , Er0.01 upconverters and was observed to improve when the reaction temperature
was increased to 50 ◦C. As with the previous samples studied, the most intense emission was at
540 nm. Additionally, the 408 and 380 nm emissions were not observed until the laser power was
increased to at least 15 mW. The 655/540 intensity ratios were observed to decrease with increasing
laser powers across the set of samples, suggesting that emission at 540 nm increased in intensity
to a higher extent than the emission at 655 nm. The 540/528, 540/408 and 408/380 intensity ratios
increased with increasing laser powers showing that the emission intensities of the higher energy
emissions were increasing.

Figure 8.37: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.02 (2Er4F1d) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.38: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.02 (2Er4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 8.39: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.02 (2Er4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.40: Upconversion emission spectra for NaBiF4 :Yb0.20 , Er0.02 (2Er4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.20 , Er0.02 upconverters prepared with 4F1d at different temperatures of 25–50 ◦C are
shown in Figure 8.41. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the most
intense emission was the peak at 540 nm. This was followed by the peaks at 655 and 528 nm, with
the former peak more intense for the upconverters prepared at 30 and 40 ◦C. The weakest emissions were at 408 and 380 nm, which were relatively more intense with the upconverter prepared
at 30 ◦C.
Decreasing the laser power to 25 mW reduced the relative emission intensities by over half. The
most intense emission was still the peak at 540 nm, which was the most intense for the 2Er4F1d30
sample. The trends observed for the emissions at 655, 528, 408 and 380 nm were similar to that
observed at the laser power of 45 mW, including relative intensities of each emission.
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Further decreasing the laser power to 5 mW, led to the reduction to the emission intensities to
less than 3% of the most intense peak at 45 mW for each sample. Here, the emission at 540 nm was
still the most intense peak, which was then followed by the peaks at 655 and 528 nm. The relative
emission intensities from the 2Er4F1d30 sample was the most intense of the set.

(a)

(b)

(c)

Figure 8.41: The different relative emission intensities of the NaBiF4 :Yb0.20 , Er0.02 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.
The upconversion emission spectra of the NaBiF4 :Yb0.19 , Er0.03 upconverters prepared with
4F1d at reaction temperatures of 25–50 ◦C are shown in Figure 8.42-8.45. These were of similar
intensities with the previous samples and appeared to increase with reaction temperatures. As
with the previous samples, the most intense emission was at 540 nm, and the emissions at 408 and
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380 nm were not observed until the laser power was increased to at least 15 mW. However, for the
3Er4F1d50 sample, the emission at 380 nm was not observed until the laser power was increased
to the highest possible of 45 mW. Similar to the NaBiF4 :Yb0.20 , Er0.02 upconverters, the 655/540 intensity ratio was decreasing with increasing laser power across all of the samples. Similarly, the
540/528, 540/408 and 408/380 intensity ratios increased with increasing laser power.

Figure 8.42: Upconversion emission spectra for NaBiF4 :Yb0.19 , Er0.03 (3Er4F1d) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.43: Upconversion emission spectra for NaBiF4 :Yb0.19 , Er0.03 (3Er4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 8.44: Upconversion emission spectra for NaBiF4 :Yb0.19 , Er0.03 (3Er4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.45: Upconversion emission spectra for NaBiF4 :Yb0.19 , Er0.03 (3Er4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.19 , Er0.03 upconverters prepared with 4F1d at different temperatures of 25–50 ◦C are
shown in Figure 8.46. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the most
intense emission was the peak at 540 nm. This was followed by the peaks at 655 and 528 nm, which
fluctuate in intensity as the reaction temperature was increased. The weakest emissions were the
peaks at 408 and 380 nm and the latter peak was not observed for the 3Er4F1d50 sample.
Decreasing the laser power to 25 mW reduced the relative emission intensities by over half. The
most intense emission was the peak at 540 nm, as observed in the previous laser power. The trends
observed for the 655 and 528 nm emissions at this laser power were similar to that observed for the
laser power of 45 mW. The emission at 408 nm was the weakest for the upconverters prepared with
25–40 ◦C and was not observed for the 3Er4F1d50 sample. The peak at 380 nm was only observed
for the 3Er4F1d sample, which was similar in intensity to the peak at 408 nm.
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Further decreasing the laser power to 5 mW decreased the relative emission intensities to less
than 2% of the most intense emission at 45 mW for each sample. Again, the most intense emission
was still the peak at 540 nm. This was followed by the emissions at 655 and 528 nm, which appeared
to increase with reaction temperature. The peak at 655 nm was not observed for the 3Er4F1d50
sample at this laser power.

(a)

(b)

(c)

Figure 8.46: The different relative emission intensities of the NaBiF4 :Yb0.19 , Er0.03 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.
The upconversion emissions of the NaBiF4 :Yb0.18 , Er0.04 upconverters prepared with 4F1d at
reaction temperatures of 25–50 ◦C are shown in Figure 8.47-8.50. The emission intensities of the
4Er4F1d sample were quite intense, but decreased when the reaction temperature was increased
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to 30 ◦C. The emission intensities were observed to increase with further increase of the reaction
temperature. As with the rest of the samples studied above, the most intense emission was observed at 540 nm and the emissions at 408 and 380 nm were not observed until the laser power was
increased to at least 10 mW. However for the 4Er4F1d30 sample, the emission at 380 nm was not
observed at the laser powers studied. The 655/540 intensity ratio decreased with increasing laser
power. The 540/528 intensity ratio hardly changed with the 4Er4F1d sample, but for the other
samples, was observed to increase with laser power. The 540/408 intensity ratio decreased with
the 4Er4F1d sample but increased with the samples prepared at higher temperatures. The 408/380
intensity ratio increased with laser powers.

Figure 8.47: Upconversion emission spectra for NaBiF4 :Yb0.18 , Er0.04 (4Er4F1d) collected at 980 nm
and laser powers of 5–45 mW. (PMT = 1330 V)

Figure 8.48: Upconversion emission spectra for NaBiF4 :Yb0.18 , Er0.04 (4Er4F1d30) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
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Figure 8.49: Upconversion emission spectra for NaBiF4 :Yb0.18 , Er0.04 (4Er4F1d40) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)

Figure 8.50: Upconversion emission spectra for NaBiF4 :Yb0.18 , Er0.04 (4Er4F1d50) collected at
980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the
NaBiF4 :Yb0.18 , Er0.04 upconverters prepared with 4F1d at different temperatures of 25–50 ◦C are
shown in Figure 8.51. For each sample, the emission intensities were normalised to the most
intense emission measured at the laser power of 45 mW. At the laser power of 45 mW, the most
intense emission was the peak at 540 nm. This was followed by the emissions at 655 and 528 nm
which were higher and lower for the 4Er4F1d sample, respectively, compared to the rest of the
samples, which were otherwise similar in intensity. This was followed by the emissions at 408 and
380 nm, with no emission at 380 nm observed for the 4Er4F1d30 sample.
Decreasing the laser power to 25 mW reduced the relative emission intensities by over half. The
trends observed for the emissions at 540, 655, 528 and 408 nm were similar to those obtained at the
laser power of 45 mW, including the relative intensities of each emission. Only the 4Er4F1d sample
exhibited the emission at 380 nm at this laser power.
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Further decreasing the laser power to 5 mW decreased the relative emission intensities to <2%
of the most intense peak at 45 mW for each sample. The emission at 540 nm was still the most
intense emission at this laser power, which was followed by the emissions at 655 and 528 nm,
which was the highest for the 4Er4F1d30 sample. Additionally, for all of the upconverters prepared
at reaction temperatures of 30–50 ◦C, the relative intensities of these two peaks were very similar.

(a)

(b)

(c)

Figure 8.51: The different relative emission intensities of the NaBiF4 :Yb0.18 , Er0.04 (4F1d) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. Emission intensities of each sample
were normalised to its most intense emission at 45 mW.
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Effect of laser power on emission intensities

The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.20 , Er0.005 upconverters prepared with 2F, 4F and 4F1d (at reaction temperatures of 25–50 ◦C) are shown in
Figure 8.52-8.53. The slopes of the lines of best fit estimate the number of photons involved in each
transition. These slopes are summarised in Table 8.3.
The slopes of the emissions at 655, 540 and 528 nm of the NaBiF4 :Yb0.20 , Er0.005 upconverters
varied from 1.6-1.9, which is a close estimate for the two NIR photons involved in the transitions that gives rise to these upconverted emissions. The emissions at 408 and 380 nm, which involved three NIR photons, had slopes of 2.0-2.4 for the 0.5Er2F and 0.5Er4F samples, which indicated quenching in the intermediate states, including the 4F9/2 state, which is the emitting state
of the peak at 655 nm. For the 0.5Er4F1d upconverters prepared at different room temperatures,
the quenching of these intermediate states were increased, with values of 1.5-1.8 and 1.1-1.3 for
the peaks at 408 and 380 nm, respectively. The values of close to 1 for the emission at 380 nm indicates saturation of the intermediate states. This suggested that following the population of the
4

G11/2 state, relaxation to 2H9/2 and subsequent radiative emission at 408 nm was more likely than

a direct radiative relaxation from 4G11/2 to ground state to give rise to the emission at 380 nm.

(a)

(b)

Figure 8.52: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.20 , Er0.005
prepared with (a) 2F and (b) 4F at laser powers of 5–45 mW.

200

Emission measurements for NaBiF4 :Yb, Tm/Er upconverters

(a)

(b)

(c)

(d)

Figure 8.53: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.20 , Er0.005
prepared with 4F1d at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C at laser powers of
5–45 mW.
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Table 8.3: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaBiF4 :Yb0.20 , Er0.005 samples prepared with 2F, 4F and 4F1d at different reaction temperatures.
Sample

655 nm
slope

0.5Er 2F
0.5Er 4F
0.5Er 4F1d
0.5Er 4F1d30
0.5Er 4F1d40
0.5Er 4F1d50

1.8
1.9
1.7
1.7
1.7
1.7

540 nm
slope
1.6
1.8
1.8
1.8
1.8
1.8

528 nm
slope
1.7
1.9
1.7
1.6
1.7
1.7

408 nm
slope

380 nm
slope

2.2
2.4
1.7
1.6
1.5
1.8

2.0
2.2
1.3
1.2
1.1
1.2

The graphical representation of the slopes obtained from the NaBiF4 :Yb0.20 , Er0.005 upconverters
are shown in Figure 8.54. The slopes for the peaks at 655, 540 and 528 nm across the upconverters
prepared with 2F, 4F or 4F1d (Figure 8.54(a)) were similar and close to the theoretical value of 2.
The emissions at 408 and 380 nm had slopes less than 3, indicating quenching was observed in the
intermediate states, especially for the 0.5Er4F1d sample. Figure 8.54(b) shows the slopes obtained
from the upconverters prepared at temperatures of 25–50 ◦C. Similar values were obtained for the
peaks at 655, 540 and 528 nm across the temperature range studied and close to the theoretical
value of 2. The slopes obtained for the 408 nm emission were similar to those obtained for the
lower energy emissions due to quenching observed in the intermediate states. One the other hand,
the slopes for emission at 380 nm were close to 1, indicating saturation of the intermediate states.

(a)

(b)

Figure 8.54: The slopes obtained from the double logarithmic plots of the upconverted emissions
of NaBiF4 :Yb0.20 , Er0.005 upconverters prepared (a) with differing NH4 F content and addition rate
and (b) 4F1d at reaction temperatures of 30–50 ◦C.
The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.21 , Er0.01 upconvert-
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ers prepared with 4F1d at different reaction temperatures of 25–50 ◦C are shown in Figure 8.55. The
slopes of the lines of best fit estimate the number of photons involved in each transition which are
summarised in Table 8.4. The slopes obtained for the two-photon processes at 655, 540 and 528 nm
were 1.7-1.9, close to the theoretical value of 2. The emissions at 408 nm had slopes of 1.6-1.9, less
than the theoretical value of 3, due to the quenching in the intermediate states. The emission at
380 nm was saturated for the upconverter prepared at room temperature, with a slope of 1.2, but
quenching was observed for the samples prepared at higher temperatures of 30–50 ◦C with slopes
of 1.5-1.6.

(a)

(b)

(c)

(d)

Figure 8.55: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.21 , Er0.01
prepared with 4F1d at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C at laser powers of
5–45 mW.
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The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.20 , Er0.02 upconverters prepared with 4F1d at different reaction temperatures of 25–50 ◦C are shown in Figure 8.56.
The slopes of the lines of best fit estimate the number of photons involved in each transition. These
slopes are summarised in Table 8.4. The slopes obtained for the two-photon 655, 540 and 528 nm
emissions were similar across the NaBiF4 :Yb0.20 , Er0.02 upconverters prepared at temperatures of
25–50 ◦C with values of 1.6-1.8. The emission at 408 nm had slopes of 1.3-1.7 across the set of samples, indicating quenching was observed in the intermediate states. The 380 nm emissions were
close to 1, with values of 1.1-1.2, indicating saturation.

(a)

(b)

(c)

(d)

Figure 8.56: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.20 , Er0.02
prepared with 4F1d at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C at laser powers of
5–45 mW.
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The plots of the log emission intensity versus log laser power of the NaBiF4 :Yb0.19 , Er0.03 upconverters prepared with 4F1d at different reaction temperatures of 25–50 ◦C are shown in Figure 8.57.
The slopes of the lines of best fit estimate the number of photons involved in each transition. These
slopes are summarised in Table 8.4. Similar to the previous samples, slopes of 1.6-1.8 were obtained for the two-photon 655, 540 and 528 nm emissions, suggesting little to no quenching in the
intermediate states. This was similarly observed for the emission at 408 nm, where slopes of 1.4-1.8
were obtained across the series of samples. The emission at 380 nm had slopes of 1.1-1.3, indicating
saturation of the intermediate states.

(a)

(b)

(c)

(d)

Figure 8.57: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.19 , Er0.03
prepared with 4F1d at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C at laser powers of
5–45 mW.
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The plots of log emission intensity versus log laser power of the NaBiF4 :Yb0.18 , Er0.04 upconverters prepared with 4F1d at different reaction temperatures of 25–50 ◦C are shown in Figure 8.58.
These were fitted with lines of best fit, the slopes of which estimate the number of photons involved
in the upconversion transitions. These slopes are summarised in Table 8.4. Similar to the upconverters prepared with lower Er3+ concentrations, the slopes of the emissions at 655, 540 and 528 nm
were 1.6-1.9, close to the theoretical value. This suggested little to no quenching in the intermediate
states of these emissions. The slopes of the 408 and 380 nm emissions were less than the expected
value of 3, with values of 1.4-2.1, due to the quenching exhibited in the intermediate states.

(a)

(b)

(c)

(d)

Figure 8.58: Plots of log emission intensity versus log laser (980 nm) power for NaBiF4 :Yb0.18 , Er0.04
prepared with 4F1d at (a) room temperature, (b) 30 ◦C, (c) 40 ◦C and (d) 50 ◦C at laser powers of
5–45 mW.
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Table 8.4: Table showing the slopes obtained from the log emission intensity versus log laser power
plots of the NaBiF4 :Yb, Er samples prepared with 4F1d at different Yb:Er concentrations and reaction temperatures.
Sample
1Er 4F1d
1Er 4F1d30
1Er 4F1d40
1Er 4F1d50
2Er 4F1d
2Er 4F1d30
2Er 4F1d40
2Er 4F1d50
3Er 4F1d
3Er 4F1d30
3Er 4F1d40
3Er 4F1d50
4Er 4F1d
4Er 4F1d30
4Er 4F1d40
4Er 4F1d50

655 nm
slope
1.8
1.9
1.9
1.8
1.7
1.7
1.7
1.7
1.8
1.8
1.7
1.6
1.9
1.6
1.8
1.8

540 nm
slope
1.8
1.8
1.8
1.8
1.8
1.7
1.8
1.8
1.8
1.8
1.8
1.8
1.9
1.8
1.9
1.9

528 nm
slope
1.7
1.8
1.8
1.7
1.7
1.6
1.7
1.8
1.8
1.8
1.7
1.6
1.9
1.6
1.7
1.8

408 nm
slope
1.6
1.9
1.9
1.7
1.6
1.3
1.4
1.7
1.7
1.8
1.4
1.4
2.1
1.4
1.5
1.8

380 nm
slope
1.2
1.6
1.6
1.5
1.1
1.2
1.2
1.2
1.1
1.3
1.6
1.8

The graphical representation of the slopes obtained from the NaBiF4 :Yb, Er upconverters with
different Yb3+ :Er3+ ion concentrations prepared with 4F1d at reaction temperatures of 25–50 ◦C are
shown in Figure 8.59. The slopes obtained for the two-photon 655, 540 and 528 nm emissions were
quite close to the theoretical value of 2, indicating little to no quenching in the intermediate states
for all of the samples. This is due to the energy level matching between the Yb3+ and Er3+ ions
allowing for efficient energy transfers and the relative smaller number of steps required to achieve
these transitions, limiting the number of competing events. On the other hand, the slopes obtained
for the emissions at 408 and 380 nm were less than the theoretical value of 3, especially for the
latter peak. This indicated quenching in the intermediate states, which also include emitting states
of the two-photon emissions. Additionally, the relaxation of 4G11/2 state (emitting state of 380 nm)
to populate the lower lying 2H9/2 state (emitting state of 408 nm) appears to be more favourable
than the radiative relaxation of 4G11/2 −−→ 4I15/2 , resulting in weak 380 nm emissions.
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(a)

(b)

(c)

(d)

Figure 8.59: The slopes obtained from the double logarithmic plots of the upconverted
emissions of (a) NaBiF4 :Yb0.21 , Er0.01 , (b) NaBiF4 :Yb0.20 , Er0.02 , (c) NaBiF4 :Yb0.19 , Er0.03 and (d)
NaBiF4 :Yb0.18 , Er0.04 upconverters.
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8.4

Conclusion

The emission intensities of the 0.5Tm2F series of samples were most similar to the NaYF4 type upconverters, albeit overall less intense. The 0.5Tm4F and 0.5Tm4F1d series of upconverters
showed relatively intense four and five-photon emissions with respect to the three-photon emission at 475 nm, indicating improved population rates for the higher level states when the NH4 F
content was higher. The effect of reaction temperature on the upconversion emissions varied with
sample to sample, reflecting the similarities of the upconverters obtained at each temperature.
Slowing down to the reaction rate led to slightly more improved size and structure, which is reflected in the higher four and five-photon emissions observed in the samples, particularly the
0.5Tm4F1d50.
The upconverted emissions of the 0.5Er2F and 0.5Er4F samples were more intense than the
0.5Er4F1d series, unlike the Tm3+ -doped upconverters. The emission at 540 nm was the most intense emission, contrary to that observed for the NaYF4 -type upconverters. The effect of reaction
temperatures also varied for these samples. Weak emission intensities were observed for the upconverters where the Yb3+ :Er3+ ratios were changed, except for the 4Er4F1d sample, which was
quite intense. This could be due to the general lack of size and structure control during the preparation process. Additionally, some optimal Yb3+ and Er3+ distances may have been achieved for
this sample, but further study into the bond-to-bond distances of the two rare earth ions in this
structure, which is not fully known, is required. For these series of samples, the most intense emissions were obtained from the 0.5Er2F sample.
This inconsistency in the emissions can be related to the earlier observation in Chapter 7, where
large variations in size and unknown phase impurities of differing amounts could have a negative
effect in the emissions profiles obtained from the samples.

9

Synthesis of
NaYF4:Yb,Tm
composites

This chapter explores the physico-chemical properties of upconversion composites prepared
using NaYF4 :Yb0.20 , Tm0.005 upconverters. The composites include NaYF4 :Yb0.20 , Tm0.005 upconverters coated with gold nanoparticles or with a layer of SiO2 on the surface. The effect of composite formation on the upconversion emission properties of NaYF4 :Yb0.20 , Tm0.005 will be studied in
the next chapter.
Tethering Au nanoparticles and nanorods to upconverters is an established route for enhancing NIR capture and upconversion emissions. Plasmon enhanced upconversion occurs when the
longitudinal localised surface plasmon resonance of Au nanorods is around 980 nm, coinciding
with the electronic absorptions of Yb3+ ions in NaYF4 :Yb, Tm/Er upconverters. In this section,
we describe some attempts to prepare Au nanoparticles-NaYF4 :Yb, Tm composites for plasmon
enhanced upconversion of 980 nm radiation.

9.1

Synthesis of gold nanorods

Several preparation methods were used to synthesis Au nanorods, one where two different
surfactants were employed (Nikoobakht and El-Sayed method [117]) and the other where none
were used (surfactant free synthesis [118]).

9.1.1

Nikoobakht and El-Sayed method

Gold nanorods were prepared via the bi-surfactant (CTAB-BDAC) method outlined by
Nikoobakht and El-Sayed [117], as detailed in Section 2.1.3. The amounts of the surfactant (CTAB),
AgNO3 and ascorbic acid were varied to understand how they affect the gold nanorod length.
This approach uses a seed-mediated method, a common bottom-up methodology, where small
gold nanoparticles were first synthesised as the seeds for gold nanorods. These seeds were prepared from HAuCl4 solution in the presence of a surfactant, CTAB, which helped prevent aggregation. The Au3+ were reduced to form Au spherical nanoparticles through NaBH4 addition. The
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growing solution is made up of Au3+ ions and the surfactant, CTAB. Nikoobakht and El-Sayed
[117] proposed that stability of gold nanorods were improved in a bi-surfactant system, so BDAC
was also added into the growth solution. AgNO3 was added for additional shape control, with the
weaker reducing ascorbic acid being used to reduce Au3+ −−→ Au+ [134, 135]. The Au nanorods
growth process was initiated by addition of the gold seeds into the growth solution.
The UV-Visible absorbance spectra for GNRs in water synthesised at different AA amounts are
shown in Figure 9.1. The minimum amount of ascorbic acid required to change the solution from
yellow to colourless was 50 µL. This indicated that the reduction reaction Au3+ −−→ Au+ occurred.
Some TEM images of similarly prepared GNRs are shown in Appendix A.

Figure 9.1: Gold nanorods prepared by the NE method, where the amount of ascorbic acid added
into the growing solution was changed from 50–100 µL. The concentration of BDAC was fixed to
1.0 M, the amount of CTAB to 0.05 g and the amount of AgNO3 to 100 µL of 10 mM.
The changes in SPR peak positions and intensities with respect to the AA used in the growth
process are shown in Figure 9.2. The gold nanoparticles prepared with 50 µL AA did not exhibit a
longitudinal SPR, suggesting that spheres were more likely formed as a result. The position of the
transverse peak hardly changes with the amount of AA added. The longitudinal SPR peak position
decreased when the amount of AA was increased from 70–90 µL, suggesting that the optimum
amount of AA required is 70 µL, where the aspect ratio of the rods resulted in an LSP at 735 nm. The
intensities of the transverse SPR increased with increasing AA added, while for the longitudinal
SPR, the intensities peaked at 70 µL.
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(b)

Figure 9.2: Plots showing how the change in ascorbic acid added on the transverse and longitudinal SPR (a) wavelength and (b) intensity of the gold nanorods.
The addition of the surfactant, CTAB, into the growth solution can restrict the growth in certain
crystallographic directions, allowing for the formation of rod nanoparticles. These adsorb preferentially to the Au{100} or Au{110} via chemisorbed bromide counter-ions over the Au{111} faces,
found at the ends of the rods, due to the size of the quaternary ammonium head group relative
to the larger binding sites available on the {100} and {110} faces of the crystalline rods, promoting
the formation of longer rods [117, 134, 135]. Increasing the CTAB amount would thus have a remarkable effect on the length of these rods. Figure 9.3 shows the UV-Visible spectra of the gold
nanorods where the amount of CTAB in the growth solution was changed.
Figure 9.4 shows the changes in the SPR peak positions and intensities as the amount of CTAB
in the growth solution was changed. The transverse peak position hardly changed with the amount
of CTAB, which indicated that the diameter of the rods were not affected by the amount of CTAB.
This was also observed in the intensity of this peak. The position of the longitudinal peak increased
with increasing amount of CTAB. This suggested that the rods increased in length, leading to an
increasing aspect ratio and so the longitudinal peak was observed at longer wavelengths.
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Figure 9.3: Gold nanorods prepared by the NE method, where the amount of CTAB added into the
growing solution was varied from 0.01–0.20 g. The concentration of BDAC was fixed to 1.0 M, the
amount of AA to 70 µL of 100 mM and the amount of AgNO3 to 100 µL of 10 mM.

(a)

(b)

Figure 9.4: Plots showing how the change in CTAB added on the transverse and longitudinal SPR
(a) wavelength and (b) intensity of the gold nanorods.
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These results showed that further increasing the CTAB amount may shift the longitudinal peak
closer to 980 nm, the absorption peak of Yb3+ ions. However, repeatability of these experiments was
very low. Gold nanorods which were prepared under the same conditions with CTAB varied to
0.20–0.35 g had similar UV-Visible spectra (see Figure 9.5), which also did not resemble the sample
which were previously prepared with 0.20 g CTAB.

Figure 9.5: Gold nanorods prepared by the NE method, where the amount of CTAB added into the
growing solution was varied from 0.20–0.30 g. The concentration of BDAC was fixed to 1.0 M, the
amount of AA to 70 µL of 100 mM and the amount of AgNO3 to 100 µL of 10 mM.
The effect of AgNO3 concentration was also investigated, where the amount added was varied
from 0–100 µL. AgNO3 in the growth solution was believed to have an improvement in the shape
control of the gold nanorods. The UV-Visible absorbance spectra for these gold nanorods are shown
in Figure 9.6.
The changes in the transverse and longitudinal SPR peak positions and intensities as the
AgNO3 added in the growth solution are shown in Figure 9.7. Neglecting to add AgNO3 into
the growing solution did not result in an anisotropic structure, as only the transverse peak was observed. At least 20 µL of the AgNO3 solution in the growing solution is required to result in gold
nanorods with a transverse and longitudinal SPR. The amount of AgNO3 in the solution of at least
20 µL had similar peak positions for the transverse SPR. The peak positions of the longitudinal SPR
decreased when the amount of AgNO3 added was over 40 µL, with a sizeable dip at around 80 µL.
The emission intensities of both SPR peaks varied widely with the amount of AgNO3 added.
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Figure 9.6: Gold nanorods prepared by the NE method, where the amount of AgNO3 added
into the solution was changed from 0–200 µL. The concentration of BDAC was fixed to 1.0 M, the
amount of CTAB to 0.05 g and the amount of AA to 70 µL of 100 mM.

(a)

(b)

Figure 9.7: Plots showing how the change in the amount of AgNO3 added to the growth solution
on the transverse and longitudinal SPR (a) wavelength and (b) intensity of the gold nanorods.

Synthesis of gold nanorods

215

There are three proposed mechanisms [136, 137] for the effect of AgNO3 on gold nanorod synthesis: (i) underpotential deposition; (ii) formation of a Ag[CTAB]2 complex which caps the lateral facets of the growing seeds; and (iii) modification of the CTAB micelle formation through
Ag-bromide interactions.
Liu et al. [138] indicated that Ag+ in seed mediated methods allows for earlier underpotential
deposition on higher energy surfaces as Ag acts as an additional surfactant, decreasing the growth
rate of these facets. Ag+ ions in solution improves the deposition of gold atoms over the surfaces of
the Au seeds, thus decreasing the observance of twinning and other defects in the rods. Addition
of Ag+ ions decreases the growth rate, allowing for deposition in energetically favourable sites and
so no additional defects are introduced [99, 138]. A silver monolayer forms preferentially over the
110 facets of the gold nanocrystals, preventing it from further growth. This can be oxidised and
replaced by gold ions, decreasing the perceived growth rate of gold on these facets significantly
slower. Weakly binding of silver on the Au100 facets subsequently allows for Au deposition, increasing its perceived growth rate. Additionally, this effect on the growth rate would be affected by
the amount of Ag+ in solution. Alternatively, instead of a silver monolayer, AgBr complexes could
deposit on a specific facet of the gold nanorods, allowing for growth of the unhindered facets [99].
Although initial results showed gold nanorods with longitudinal SPR at around 980 nm, these
exact results were not replicated in later dates, as shown in the 0.20 g sample shown in Figure 9.5.
Scarabelli and colleagues detailed in their paper the many parameters that would factor into irreproducibility of the gold nanorod synthesis [136]. From the quality of the ultra-pure water, CTAB
purity, cleanliness of the glassware and the quality of the stock solutions, all play a significant part
on the quality of the resulting gold nanorod solution.

9.1.2

Surfactant-free synthesis

Another method that was of interest was the surfactant-free synthesis of Au nanorods outlined
by Wall et al. [118] and in Section 2.1.3.3. Surfactants, such as CTAB, help in the formation of the
Au nanorods by their preferential adsorption on certain facets, encouraging anisotropic growth. In
addition, these prevent the aggregation of the nanoparticles. However, these surfactants can prevent the incorporation of gold nanorods in biological systems, due to the toxicity of CTAB in most
human cells [139]. These can be circumvented by the addition of Pluronic F-127, a bio-compatible,
amphiphilic polymer in the growth solution, which can replace CTAB as the surfactant after multiple washing treatments. Additionally, in certain applications such as self-assembly, the surface
ligands can instead prevent the binding of desired molecules such as cyclodextrins, DNA or cucurbiturils. Thus, the surfactant-free bottom-up preparation of gold nanorods is ideal but comes
with additional concerns such as shape quality and aggregation, which is typically improved with
surfactants.
Figure 9.8 shows the UV-Visible absorbance spectra for Au nanorods prepared by the
surfactant-free method. A peak at 511 nm is observed for the gold seed solution. The subsequent
gold nanorod solution showed a broad absorption across the 300–1100 nm range. No additional
plasmon resonance was observed at longer wavelengths. This suggested that a myriad of gold
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nanostructures of differing shapes and sizes may have formed, given the broad absorption feature. The lack of a surfactant to stabilise the gold nanostructures led to aggregation of the smaller
particles to even larger ones, as evidenced by the black precipitation that appeared in the solution
after a short period of time (<2 s), which made it difficult to investigate under TEM.

Figure 9.8: UV-Visible absorbance measurements of the gold seed and the nanorod solution prepared using the surfactant-free method.
Further attempts shown in were made to synthesise Au nanorods by the "surfactant free
method", though these were similarly unsuccessful. The UV-Visible absorbance spectra of these
attempts are given in Appendix A.
The high background, low stability and lack of nanorod absorption features showed that although this would be ideal, this method has a high change of irreproducibility. The lack of surfactants to act as stabilisers leads to the formation of more energetically favourable shapes over
energetically unfavourable ones, such as rods.

9.2

Gold coated NaYF4 :Yb, Tm upconverters

In this section, we aimed to deposit Au seed nanoparticles on the surface of NaYF4 :Yb, Tm upconverter nanoparticles which could then be placed in a Au nanorod growth solution to produce
Au nanorod-NaYF4 :Yb, Tm upconverter. This section investigated the physico-chemical characteristics of the NaYF4 powders prepared with hydrothermal treatment detailed in Section 2.1.1, of
which gold nanoparticles were deposited on the surface via deposition with urea method outlined
in Section 2.1.4. Au(OH)3 was deposited on the surface of the upconverter nanoparticles via the
deposition precipitation method, followed by calcination at 300 ◦C for 2 h to reduce Au3+ to Au0 .
The latter resulted in the powders changing colour from yellow to purple, which is due to the
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surface plasmon resonance as a result of the formation of gold nanoparticles on the surface of the
upconverters. This phenomenon occurs as a result of the oscillation of the valence electrons in the
electric field [97].

9.2.1

X-ray diffraction (XRD)

The powder X-ray diffraction patterns of NaYF4 :Yb0.20 , Tm0.005 2.4TC samples with various Au
loadings are shown in Figure 9.9, including the pattern for the unmodified 2.4TC sample for reference. The similarities between the XRD patterns of the gold-deposited samples with the untreated
sample of 2.4TC are observed. This was to be expected given that the gold nanoparticles deposited
on the surface of the samples were not large enough to make a significant difference on the structure of the upconverters. A broad reflection was observed at 38◦ for the higher gold loadings of
2.5 and 5.0 wt %. This is consistent with the (111) Bragg’s reflection based on the fcc structure of
gold nanoparticles [140, 141]. The Au(111) feature was broad, suggesting the Au nanoparticles
were small.

Figure 9.9: Powdered X-ray diffraction patterns of NaYF4 :Yb0.20 , Tm0.005 2.4TC samples with Au
nanoparticles of loadings 0.5–5.0 wt % deposited on the surface, with the unmodified sample
added for comparison.

9.2.2

Scanning electron microscopy (SEM)

The SEM images of the gold-coated 2.4TC samples are shown in Figure 9.10, with different gold
loadings of 0.5–5.0 wt %. No differences were observed with regards to the shape of the NaYF4
upconverters between the gold-coated samples and the 2.4TC sample. This showed that the basic conditions in the gold stock-urea solution and the calcination step at 300 ◦C did not affect the
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structural morphology of the sample, other than the formation of gold nanoparticles. These gold
nanoparticles appeared as bright, tiny speckles on the surface of the hexagonal nanoprisms, varying wildly in size and shape. These nanoparticles appeared to be embedded on the surface of the
upconverters, suggesting a rather high metal-support interaction, making it difficult to determine
the edges of the nanoparticles. This, along with its small size, made it hard to determine the actual
sizes of the nanoparticles.
As expected, the increase of gold loading showed an increase in the surface coverage of the
upconverters. This was consistent with other sampling sites across the Au-coated upconverters.
There was no difference in surface coverage between the samples 2.5 and 5.0 wt % Au, although
larger gold nanoparticles were more frequently observed for these two samples compared to the
other two with a lower gold loading.

(a)

(b)

(c)

(d)

Figure 9.10: The SEM images of the Au coated NaYF4 :Yb0.20 , Tm0.005 samples (2.4TC) with Au
loadings of (a) 0.5 wt %, (b) 1.0 wt %, (c) 2.5 wt % and (d) 5.0 wt %.
SEM images showed that Au nanoparticles were successfully loaded onto the NaYF4 :Yb, Tm
upconverter crystals, with the Au loading (and Au size) increasing with the nominal Au loading.

9.2.3

UV-Visible absorbance

The UV-Visible absorbance spectroscopy of the Au/2.4TC samples both before and after the
calcination step were shown in Figure 9.11. These were not normalised or offset, to show the differences in the absorption spectra with increasing gold loading. Before calcination, the intensity of
the absorption peak observed at 220 nm increased with gold loading. A peak at 975 nm was ob-
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served, which is due to the 2F5/2 −−→ 2F7/2 transition of the Yb3+ ions present in the upconverter,
which was of equal intensity across all of the Au-coated upconverters before calcination.
These samples were then calcined at 300 ◦C for 2 h to induce the formation of gold nanoparticles. This resulted in a drastic change in the UV-Visible absorbance spectra, particularly, the emergence of an absorption peak at 544 nm. This corresponded to a green absorption, resulting in the
observation of a purple, almost red-violet colour of the samples. Increasing the concentration of
the Au-loading, led to an increase in intensity of the absorption feature, coinciding with the intense purple-red colouration of the samples. There was also an increase in the broad absorption
across the region at longer wavelengths of 600–1200 nm, which is most prominent for the 5.0 wt %
Au/2.4TC sample. As a result, the absorption peak due to 2F5/2 −−→ 2F7/2 transition in Yb3+ becomes less distinct with increasing gold loading. An additional peak at 245 nm was also observed,
which increased in absorption intensity with gold loading, which was also present in the 2.4TC
sample albeit at a low intensity, suggesting that this may be due to the NaYF4 structure and require further study.

(a)

(b)

Figure 9.11: UV-Visible absorbance spectroscopy of Au/2.4TC samples (a) before calcination and
(b) after calcination at different Au loadings of 0-5.0 wt.%.

9.2.4

X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron survey spectra for the 2.5 and 5.0 wt.% Au-decorated NaYF4 2.4TC
powders are shown in Figure 9.12. Much like the survey spectra for the unmodified upconverters
(see Figure 3.11(b)), signals arising from Na, F, Y, C and O elements were observed. Additionally,
signals arising from the gold nanoparticles on the surfaces of the upconverters were also observed.
No signals originating from the In foil were observed as these samples were adhered to the sample
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bar using carbon tape. The atomic and weight percentages of these elements are given in Table 9.1.
A significant amount of carbon was observed, which could arise from adventitious carbon, citrate
ions left on the surface of the upconverters, or the carbon tape used to adhere the samples onto
the bar for measurement. Citrate ions left on the surface of the samples can account for the O 1s
present. The Na:Y:F atoms were present in ratios of 1:1.02:2.87 and 1:1.11:2.89 for Au loadings of
2.5 and 5.0 wt %, respectively. The perceived F – deficiency may be due to the surface sensitivity
of the technique. Oddly enough, the same values for observed for the Au 4f signals of 4.1 at.%
for both weight loadings of 2.5 and 5.0 wt.%. These results suggest that the thickness of the Au
nanoparticles were the same for both samples.

Figure 9.12: XPS spectra of 2.5 wt.% Au and 5.0 wt.% Au on NaYF4 2.4TC samples over the survey
region.
Table 9.1: Atomic and weight percentages obtained from the elements present in the XPS survey
spectra of various Au-coated NaYF4 :Yb0.20 , Tm0.005 2.4TC upconverters.
Sample

Na 1s

Y 3p

Yb 4d

F 1s

C 1s

O 1s

Au 4f

2.5 wt.% Au
at.%
wt.%

4.63
3.94

5.73
18.85

0.54
3.46

14.09
9.9

55.47
24.65

15.41
9.12

4.13
30.09

5.0 wt.% Au
at.%
wt.%

4.85
4.1

5.71
18.67

0.54
3.44

14.02
9.8

55.22
24.4

15.45
9.09

4.21
30.5

The Y 3d core level spectra of these samples were shown in Figure 9.13(a), which showed two
peaks at 159.2 and 161.2 eV, which corresponded to Y 3d5/2 and 3d3/2 , respectively, at an area ratio
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of 3:2 and a crystal field splitting of 2.05 eV. These were quite similar to the Y 3d core level spectra
obtained from the unmodified upconverters, which was added for ease of comparison (see also
Figure 3.12(b)). This showed that the Y3+ environment found on the surfaces of the upconverters
were not affected by the gold deposition process. As the rare earth ions, Yb3+ and Tm3+ , tend to
replace the Y3+ ion in the lattice, this also gave us a good indication of the chemical environment
for the rare earth ions, particularly as they were doped in such low concentrations.
Figure 9.13(b) showed that the Au 4f core level spectra of the above Au-coated samples. Two
peaks that would correspond to Au 4f7/2 and 4f5/2 were expected at about 84.0 and 87.7 ev, respectively, with an area ratio of 4:3 and a crystal field splitting of 3.67 eV for Au0 nanoparticles. This
was observed for the two samples where the Au 4f7/2 and 4f5/2 peaks were observed at 83.2 and
86.9 eV, respectively, at a 4:3 area ratio with a crystal field splitting of 3.67 eV.

(a)

(b)

Figure 9.13: XPS spectra of 2.5 wt % Au and 5.0 wt % Au on NaYF4 2.4TC samples over the (a) Y 3d
and (b) Au 4f regions. The Y 3d region was extended to higher binding energies to investigate the
satellite peaks due to Yb.

9.3

SiO2 -coated NaYF4 :Yb0.20 , Tm0.005

Emission intensities of upconverters, particularly nano-sized upconverters, can be improved
by coating the nanoparticles with an inert and infra-red transparent layer, to minimise the effect
of surface-related quenching events on radiative emissions. This inert layer could also serve additional purpose, which includes, but is not limited to, a spacer layer to provide optimal distance
between two components and/or to help attach an otherwise un-attachable component or even to
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change the properties of the upconverters such as making it more hydrophilic and/or more biocompatible. It was for the latter reason that the upconverters were eventually coated with SiO2 .
Additionally, this SiO2 coating could improve formation of TiO2 on the surface for an upconverterphotocatalyst composite. The method of SiO2 -coating on the surface was detailed in Section 2.1.5.

9.3.1

X-ray diffraction (XRD)

The X-ray diffraction patterns obtained for the SiO2 -coated NaYF4 2.4TC upconverters are
shown in Figure 9.14, including the unmodified sample as reference. These composites were prepared where the silica starting material, tetraethylorthosilicate (TEOS), was added in different
amounts of 0.5, 1.0 and 2.0 mL, taking note to keep the same ratios when the reaction was scaled
up. No clear differences were observed in the XRD patterns obtained for all of the samples and
when compared to the 2.4TC sample. This showed that any differences may be too minute to be
noticed by eye or that the SiO2 coating may be unsuccessful.

Figure 9.14: X-ray diffraction patterns of SiO2 -coated 2.4TC samples prepared with different
amounts of TEOS, with the untreated 2.4TC sample added as a reference.

9.3.2

Scanning electron microscopy (SEM)

The SEM images of the SiO2 -coated 2.4TC samples prepared with different amounts
of TEOS were shown in Figure 9.15. The samples prepared with lower amounts of
0.5 and 1.0 mL TEOS, in Figure 9.15(a) and (b), respectively, showed hexagonal nanoparticles with
less defined edges, compared to those of the unmodified sample, which made it difficult to determine at which point the {0001} facets started and the prismatic facets ended. The defects that

SiO2 -coated NaYF4 :Yb0.20 , Tm0.005

223

were present in the bare sample (Figure 3.6(d)) were not observed after the SiO2 coating treatment.
These suggested an alteration of the surface morphology of the sample. In contrast, the composite
that was prepared 2.0 mL of TEOS exhibited the sharp defined edges of the NaYF4 nanohexagons.
Smaller, worm-like particles were scattered on the surface of the hexagons and made up larger, irregular structures. These particles measured up to be 0.07 µm in size. The upconverters that were
treated with 0.5 and 1.0 mL of TEOS had hexagonal nanoparticles that measured 0.75 and 0.69 µm
in length and hexagonal side length, respectively. These were slightly larger than the ones coated
with 2.0 mL TEOS, which measured to 0.57 µm in length.

(a)

(b)

(c)

Figure 9.15: SEM images of the NaYF4 coated with SiO2 , where the amount of TEOS added was
(a) 0.5 mL, (b) 1.0 mL and (c) 2.0 mL.

9.3.3

Fourier-transform infrared spectroscopy (FTIR)

The infrared spectra of the SiO2 -coated NaYF4 2.4TC samples were shown in Figure 9.16. These
were compared to reference SiO2 micro and nanopowders. In comparison to the references, the IR
spectra of the SiO2 composites resembled that of the SiO2 nanopowders, but were not completely
identical. For example, the sample prepared with 2.0 mL TEOS feature at 457 cm−1 is not distinct,
but rather a shoulder.
The strong peak at 457 cm−1 is related to the Si-O-Si bending modes, with the peaks at 796 and
1075 cm−1 were attributed to the symmetric and asymmetric Si-O-Si stretching modes, respectively
[142]. The peak at 975 cm−1 could be related to transversal asymmetric Si-O-Si vibrations [143] or
to the Si-OH functional group [144]. The feature at 1212 cm−1 could be attributed to the transversal
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and longitudinal asymmetric vibrations of the siloxane rings, while the weak feature at 1646 cm−1
could be attributed to the twisting vibrations of the O-H group [143]. This showed that the SiO2 coating was successful.

Figure 9.16: IR spectra of the SiO2 -coated NaYF4 2.4TC upconverters prepared with 0.5, 1.0 and
2.0 mL TEOS, as well references for SiO2 micropowders and nanopowders.

9.3.4

UV-Visible absorbance

The UV-Visible absorbance spectroscopy of the SiO2 -coated 2.4TC samples are given in Figure 9.17, which also included the unmodified sample for comparison. There were no distinct differences in the absorption spectra between the samples. Here, the 400–1400 nm region was closely
inspected for any major differences with regards to the absorption feature of the Yb3+ ions. This
was not affected by the TEOS treatment, with the most intense absorption peak observed at 975 nm
which was due to the 2F5/2 −−→ 2F7/2 transition in Yb3+ . It did not appear that the intensity of the
absorption feature changed with the samples.
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Figure 9.17: UV-Visible absorbance spectroscopy of the SiO2 -coated 2.4TC samples prepared with
different amounts of TEOS, as well as the untreated 2.4TC sample added as a reference.

9.3.5

X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra of the SiO2 -coated 2.4TC samples prepared with different
amounts of TEOS was added in the preparation process are given below. The survey spectra
(Figure 9.18), where signals observed arising from Na, F, O, Si and Y were present. Compared
to the unmodified sample (see Figure 3.11(b)), the Na and F signals were not as intense and were
quite hard to determine. Rather, the O 1s signals were the most intense, due to the SiO2 present on
the surface of the upconverters. This was further supported by the presence of the Si 2p peaks. The
atomic percentages of the elements present on the surface of the samples was given in Table 9.2.
The Si:O were present at ratios of 1:1.64, 1:1.59 and 1:1.65 for the samples prepared with 0.5, 1.0 and
2.0 mL of TEOS, respectively. The O2 – ions were observed at a lower amount than expected due
to the surface-specific nature of the technique, probing the surface where the coordination sites
are incomplete. As mentioned previously, the Na 1s and F 1s signals were very weak, with low
amounts observed on the surface, owing to the surface coverage of SiO2 .
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Figure 9.18: XPS spectra of SiO2 -coated NaYF4 2.4TC prepared with 0.5, 1.0 and 2.0 mL TEOS over
the survey region.

Table 9.2: Atomic and weight percentages obtained from the elements present in the XPS survey
spectra of various SiO2 -coated NaYF4 :Yb0.20 , Tm0.005 2.4TC upconverters.
Sample

Na 1s

F 1s

C 1s

O 1s

Si 2p

Si:O

0.5 mL SiO2
at.%
wt.%

0.65
0.82

0.53
55

26.51
17.38

44.92
39.23

27.41
42.02

1:1.6
1.1:1

1.0 mL SiO2
at.%
wt.%

1.08
1.35

0.6
0.62

15.45
10.09

50.9
39.9

31.97
48.84

1:1.6
1.2:1

2.0 mL SiO2
at.%
wt.%

1.02
1.21

1.05
1.03

13.28
8.21

52.76
43.45

31.89
46.1

1:1.7
1.1:1
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Figure 9.19(a) shows the Y 3d region of the SiO2 -coated samples. In contrast to the unmodified
2.4TC sample (see also Figure 3.12(b)), doublets which corresponded to the Y 3d5/2 and 3d3/2 peaks
were not observed across all three samples treated with TEOS. Instead, a single peak was observed
at about 154 eV, which corresponded to Si 2s.
The Si 2p core level spectra of the SiO2 -coated 2.4TC samples are given in Figure 9.19(b). The
Si 2p peak of the samples prepared with 0.5 and 1.0 mL TEOS was observed at 103.5 eV, while
the sample prepared with 2.0 mL TEOS shifted to a slightly higher binding energy of 103.5 eV,
equivalent to that of the literature value of SiO2 [125, 145]. Similarly, a single peak was observed in the O 1s core level spectra of the SiO2 -coated 2.4TC samples (Figure 9.19(c)), located
at 532.3 eV for the sample prepared with 0.5 mL TEOS and shifted to higher binding energies of
532.5 and 532.8 eV for samples prepared with 1.0 and 2.0 mL TEOS, respectively. These binding
energies are consistent with what was expected for O2 – ions in SiO2 .
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(a)

(b)

(c)

Figure 9.19: XPS spectra of SiO2 -coated NaYF4 with 0.5 mL, 1.0 mL and 2.0 mL TEOS over the
(a) Y 3d, (b) Si 2p and (c) O 1s regions. The Y 3d region was extended to higher binding energies
to investigate the satellite peaks due to Yb.
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Conclusion

Attempts were made to synthesize Au nanorods using a variety of different literature methods. The seeded growth mechanism using CTAB and BDAC as surfactants was the most successful, delivering Au nanorods of varying lengths, depending on the growth conditions. Importantly,
this method allowed for the synthesis of Au nanorods with longitudinal LSPRs at 980 nm, the
absorption wavelength of Yb3+ ions in NaYF4 :Yb0.20 , Tm0.005 upconverters. This created the building blocks for the production of Au nanorods on NaYF4 :Yb, Tm or NaYF4 :Yb, Er composites for
plasmon-enhanced upconversion of 980 nm radiation.
Another strategy to improve the upconversion emission intensities of the NaYF4 upconverting nanoparticles is to coat them with a layer of SiO2 , for its bio-compatibility and hydrophilic
properties. Measurements taken of the samples showed that the coating process did not affect the
crystallite structure and morphology by much. Additionally, the absorption properties of the Yb3+
ion was not affected. SiO2 was formed on the surface and confirmed by XPS and FT-IR.

Emissions
10 measurements of
NaYF4 composites
10.1

Emission properties of Au-coated NaYF4 :Yb0.20 , Tm0.005
upconverters

The following emission measurements were obtained from the NaYF4 :Yb0.20 , Tm0.005 (2.4TC)
samples that were deposited with gold nanoparticles at weight loadings of 0.5-5.0%. These would
be compared to the emissions of the 2.4TC sample, to investigate the effect of gold nanoparticles on
the emission properties of the upconverters. We expect some improvement of emission intensities,
given the localised surface plasmon resonance of the sample. It was expected that the plasmon
resonance peak could increase emission intensities or increase infrared absorption [3, 11, 14].

10.1.1

Emission measurements for Au-coated NaYF4 :Yb0.20 , Tm0.005 upconverters

The upconversion emission spectra for the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) samples deposited
with Au nanoparticles at loadings of 0.5-5.0 wt.% are shown in Figure 10.1-10.4. A quick inspection of the upconversion emissions of the Au-coated upconverters showed that the deposition of
the gold nanoparticles on the surface of the upconverters led to emission quenching. This was
especially the case for the higher energy emissions, even with the sample prepared with a low
gold loading of 0.5 wt.% (Figure 10.1). The most intense emission observed across all of the samples was the two-photon peak at 800 nm, even as the laser power was increased, followed by the
three-photon peak at 475 nm. In contrast, the most intense emission for the unmodified 2.4TC
sample was the peak at 475 nm and followed by the 800 nm. The emission intensities of the Aucoated samples decreased when the Au loading was increased. The higher energy emissions at
450, 360 and 345 nm were not observed until the laser powers were increased to at least 10 mW.
A high background was observed in the upconversion emission spectra for the upconverters with
higher gold loadings. Additionally, none of the modified samples exhibited the five-photon 290 nm
emission. The 800/475 intensity ratios of the all of the Au-coated upconverters decreased with increasing laser powers, but did not reach 1, as the 800 nm emission dominated the emission profile.
The 475/450 intensity ratio decreased with increasing laser power for most of the samples, except
231
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for the sample prepared with 5.0 wt.% Au, where it increased slightly over the laser powers of
20–40 mW, showing the weakening higher energy emissions for this sample. This was similarly
observed for the 360/345 intensity ratios, which increased with increasing laser power across all
of the samples.

Figure 10.1: Upconversion emission spectra for 0.5 wt.% Au/NaYF4 :Yb0.20 , Tm0.005 (2.4TC) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1300 V)

Figure 10.2: Upconversion emission spectra for 1.0 wt.% Au/NaYF4 :Yb0.20 , Tm0.005 (2.4TC) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1400 V)

Emission properties of Au-coated NaYF4 :Yb0.20 , Tm0.005 upconverters
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Figure 10.3: Upconversion emission spectra for 2.5 wt.% Au/NaYF4 :Yb0.20 , Tm0.005 (2.4TC) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1350 V)

Figure 10.4: Upconversion emission spectra for 5.0 wt.% Au/NaYF4 :Yb0.20 , Tm0.005 (2.4TC) collected at 980 nm and laser powers of 5–45 mW. (PMT = 1500 V)
The relative emission intensities of the different upconverted emissions of the Au-coated upconverters at laser powers of 45, 25 and 5 mW were given in Figure 10.5, with the unmodified
2.4TC sample added for reference. For each sample, all of the emission intensities were normalised
to the most intense emission taken at a laser power of 45 mW. For all of the gold-coated samples,
this was the 800 nm emission, while for the unmodified sample, the most intense emission was at
475 nm. At the laser power of 45 mW, the samples coated with Au showed relatively lower emission intensities for the emissions at 645, 475, 450, 360 and 345 nm compared to those of the 2.4TC
sample, with the blue emission at 475 nm the most intense of these. The UV emission at 290 nm
was not observed for the Au-coated samples at this laser power. Decreasing the the laser power to
25 mW, decreased the emission intensities by over half. The 800 nm emission was the most intense
peak across all of the samples. This was followed by the emission at 475 nm, which were relatively
weaker for the Au-coated samples compared to the unmodified 2.4TC sample. This was followed
by the emissions at 645, 450, 360 and 345 nm, the latter of which was not observed for the 5.0 wt.%
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Au sample. Further decreasing the laser power to 5 mW decreased emission intensities to less than
5% of that of the highest emission at 45 mW for each sample. The peak at 800 nm was the most
intense emission and the only emission observed for the 5.0 wt.% Au sample. This was followed
by the 475 nm emission. Only the 0.5 wt.% Au sample exhibited the 645 nm. Overall, the higher
energy emissions seem to be suppressed as the Au loading was increased. This may be due to the
Au NPs absorbing strongly at visible wavelengths, thus the upconverted photons were absorbed
by the Au NPs and exciting the plasmon. Alternatively, the Au NPs could introduce additional
surface quenching sites, which caused the quenching of the emissions.

(a)

(b)

(c)

Figure 10.5: The different relative emission intensities of the Au/NaYF4 :Yb0.20 , Tm0.005 (2.4TC) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW. These were normalised to the
highest emission intensity at 45 mW for each sample.
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Effect of laser power on emission intensities

The plots of log emission intensity versus log laser power of the 2.4TC samples with Au loadings of 0.5-5.0 wt.% are given in Figure 10.6. The slopes of the lines of best fit can estimate the
number of photons involved for each upconversion emission, which are summarised in Table 10.1.
The slopes obtained for the two-photon emission at 800 nm of the Au-coated samples were
1.5-1.6, similar to its unmodified sample. This was also observed for the slopes of 1.7-2.2 for the
emissions at 645 and 475 nm. These indicated that there was no change with regards to the population dynamics of the emitting and intermediate states were observed for these emissions upon
deposition of Au nanoparticles. This suggested that the emission quenching may be due to the
depopulation pathways of the intermediate states, i.e. increased non-radiative relaxations. The
slopes obtained for the four-photon processes of 450 and 360 nm emissions showed a decrease in
the values compared to those of the 2.4TC sample. Slopes of 1.8-2.6 and 1.6-2.6 were obtained for
the emissions at 450 and 360 nm, respectively, with the lowest values obtained for the sample with
5.0 wt.% Au. The slopes for the five-photon emission at 345 nm was also pretty low, with values of
1.3-2.3, the lowest value for the sample with 5.0 wt.% Au. These showed increased quenching of
the intermediate states of the emissions at 450, 360 and 345 nm upon Au deposition.
Table 10.1: Table showing the slopes obtained from the log emission intensity versus log laser
power plots of the NaYF4 :Yb0.20 , Tm0.005 2.4TC samples prepared with different Au loadings of
0.5-5.0 wt.%.
Sample
0.5Au/2.4TC
1.0Au/2.4TC
2.5Au/2.4TC
5.0Au/2.4TC
2.4TC

800 nm
slope
1.6
1.5
1.5
1.5
1.5

645 nm
slope
2.0
2.0
2.0
1.7
2.1

475 nm
slope
2.2
2.1
2.1
1.9
2.1

450 nm
slope
2.6
2.4
2.6
1.8
3.1

360 nm
slope
2.6
2.2
2.5
1.6
3.0

345 nm
slope
2.3
1.8
2.0
1.3
3.0

290 nm
slope
2.9

236

Emissions measurements of NaYF4 composites

(a)

(b)

(c)

(d)

Figure 10.6: Plots of log emission intensity versus log laser (980 nm) power for
NaYF4 :Yb0.20 , Tm0.005 deposited with Au nanoparticles of (a) 0.5 wt.%, (b) 1.0 wt.%, (c) 2.5
wt.% and (d) 5.0 wt.%.
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The graphical representation of these slopes are shown in Figure 10.7, showing how these
changed with the amount of Au nanoparticles deposited on the sample. The slopes for the two
(800 nm) and three-photon (645 and 475 nm) emissions were similar across the different Au loadings. In contrast, the slopes for the four and five-photon processes were decreasing, especially for
the sample with 5.0 wt.%. As with the other unmodified samples studied in Section 3.1, no values
close to 4 and 5 were obtained.

Figure 10.7: The slopes obtained from the log emission intensity versus log laser power plots of
the upconverted emissions of NaYF4 :Yb0.20 , Tm0.005 2.4TC at different Au loadings.

10.2

Emission properties of SiO2 - coated NaYF4 :Yb0.20 , Tm0.005
upconverters

Coating the surface of the 2.4TC upconverters with SiO2 can improve emission intensities as
it decreases the number of surface quenching sites otherwise present without compromising its
absorption properties. Here, we discuss how the different amounts of TEOS added into the coating
process affected the upconverted emission profiles of the upconverters.

10.2.1

Emission measurements of SiO2 - coated NaYF4 :Yb0.20 , Tm0.005 upconverters

The SiO2 -coating process was outlined in Section 2.1.5, where the amount of the silicon
source, TEOS, was varied. The upconversion emission spectra of these upconverters are given in
Figure 10.8-10.10. The most intense emission observed across these upconverters was the peak at
475 nm, followed by the peak at 800 nm. This was consistent with what was observed for the unmodified sample (see Figure 4.21). Most of the emissions were observed at the lowest laser power
of 5 mW, but the emission at 345 and 290 nm was not observed until the laser power was increased
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to at least 10 mW. The 800/475 intensity ratios of the SiO2 -coated samples decreased with increasing laser power, with the intensities of these two emissions near equal at 30 mW. This decreasing
trends was also observed for the 475/450 and 360/345 intensity ratios, showing that the higher
energy emissions increased in intensity with laser power.

Figure 10.8: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.4TC) with 0.5 mL TEOS
collected at 980 nm and laser powers of 5–45 mW. (PMT = 1020 V)

Figure 10.9: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.4TC) with 1.0 mL TEOS
collected at 980 nm and laser powers of 5–45 mW. (PMT = 1430 V)
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Figure 10.10: Upconversion emission spectra for NaYF4 :Yb0.20 , Tm0.005 (2.4TC) with 2.0 mL TEOS
collected at 980 nm and laser powers of 5–45 mW. (PMT = 1030 V)
The relative emission intensities of the different upconverted emissions of the SiO2 -coated
2.4TC composites and the unmodified 2.4TC sample at laser powers of 45, 25 and 5 mW are shown
in Figure 10.5. For each sample, the emission intensities were normalised to the most intense emission measured at a laser power of 45 mW. At the laser power of 45 mW, the most intense emission
was the peak at 475 nm, followed by the peak at 800 nm. Additionally, the relative intensities of
these emissions were similar across the set of samples. The next most intense emissions were the
peaks at 450 and 360 nm, followed by the peaks at 645, 345 and 290 nm, with the latter peak the
least intense. The relative emission intensities were similar across this set of samples.
Decreasing the laser power to 25 mW, the emission intensities decreased by over half, with the
most intense emission at 800 nm followed closely by the peak at 475 nm. The relative intensities
decreased in the order 450, 360, 645, 345 and 290 nm, which were similar in intensities across the
set of samples. At the lowest laser power of 5 mW, emission intensities were less than 4% of the
intensity of the highest emission at 45 mW. The most intense emission was still the peak at 800 nm,
followed by the peak at 475 nm and then the peaks at 450 and 360 nm. Additionally, only the
sample prepared with 0.5 mL TEOS showed the 345 nm peak at this laser power.
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(b)

(a)

(c)

Figure 10.11: The different relative emission intensities of the SiO2 -coated NaYF4 :Yb0.20 , Tm0.005
(2.4TC) upconverters at laser powers of (a) 45 mW, (b) 25 mW and (c) 5 mW.
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Effect of laser power on emission intensities

The plots of log emission intensity versus log laser power for the 2.4TC samples coated with
SiO2 are given in Figure 10.12. The slopes of the lines of best fit for these samples are summarised
in Table 10.2.
The slopes of 1.4-1.5 obtained for the 800 nm emission were similar across the set of SiO2 -coated
2.4TC samples and its unmodified 2.4TC sample. This was also the case for the three-photon emissions at 645 and 475 nm with slopes of 1.8-2.1 and 2.0-2.1, respectively, for the SiO2 -coated and
unmodified 2.4TC upconverters. This showed that the same extent of quenching for the intermediate states were observed across the samples. The four-photon emissions at 450 and 360 nm
obtained slopes of 3.0 for the upconverters prepared with 0.5 and 2.0 mL TEOS, similar to those
obtained for the unmodified sample. In contrast, the upconverter prepared with 1.0 mL TEOS had
slopes of 2.5 and 2.6 for the emissions at 450 and 360 nm, respectively. This trend was similarly
observed for the five-photon processes at 345 and 290 nm, with slopes of 2.6 and 1.8, respectively,
for the sample prepared with 1.0 mL TEOS, while for the samples with 0.5 and 2.0 mL TEOS, these
slopes were 2.8-3.2. Overall, it appeared that increased quenching in the intermediate states was
observed for the sample prepared with 1.0 mL TEOS, over the other two composites. The FTIR in
Section 9.3.3 suggested that this sample had the most SiO2 present, compared to the sample prepared with 2.0 mL TEOS, which warrants further study. Alternatively, the nanostructures observed
on the surface of the 2.0 mL sample (see Figure 9.15(c)) may have been SiO2 nanoparticles formed
instead of a layer due to an excess of the TEOS added.
Table 10.2: Table showing the slopes obtained from the log emission intensity versus log laser
power plots of the SiO2 -coated NaYF4 :Yb0.20 , Tm0.005 2.4TC samples prepared with different
amounts of TEOS.
Amount of
TEOS
added
0.5 mL
1.0 mL
2.0 mL
2.4TC

800 nm
slope
1.5
1.4
1.4
1.5

645 nm
slope
2.0
1.8
2.0
2.1

475 nm
slope
2.1
2.0
2.1
2.1

450 nm
slope
3.0
2.5
3.0
3.1

360 nm
slope
3.0
2.6
3.0
3.0

345 nm
slope
3.1
2.6
3.2
3.0

290 nm
slope
2.8
1.8
2.8
2.9
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(b)

(a)

(c)

Figure 10.12: The slopes obtained from the log emission intensity versus log laser power plots
of the upconverted emissions of NaYF4 :Yb0.20 , Tm0.005 coated with (a) 0.5 mL, (b) 1.0 mL and (c)
2.0 mL TEOS.
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The graphical representation of the slopes obtained from the plots of log emission intensity
versus log laser power are given in Figure 10.13. The slopes of the two (800 nm) and three-photon
(645 and 475 nm) emissions were quite similar across the series of samples and suggested quenching in the intermediate states. The slopes obtained for the emissions at 450, 360 and 345 nm for the
samples prepared with 0.5 and 2.0 mL TEOS were slightly higher than what was observed for the
unmodified sample, while the slopes for the emission at 290 nm were less than the value for the
unmodified sample. Quenching in the intermediate states were still observed in these samples.

Figure 10.13: The slopes obtained from the log emission intensity versus log laser power plots of
the NaYF4 :Yb0.20 , Tm0.005 2.4TC upconverters coated with differing amounts of SiO2 .

10.3

Conclusion

The deposition of Au nanoparticles on the surface of NaYF4 :Yb0.20 , Tm0.005 upconverters suppresses visible and UV emissions under 980 nm excitation. This suppression can be attributed to
upconverted photon absorption by Au nanoparticles (in particular, the LSPR of the supported Au
NPs). The extent of suppression increased with Au loading.
Conversely, coating NaYF4 :Yb0.20 , Tm0.005 upconverters with SiO2 caused no suppression of
visible and UV emissions, since SiO2 does not absorb at the characteristic emission wavelength of
this type of upconverters.
Due

to

time

constraints,

studies

attempting

the

coupling

of

Au

nanorods

to

NaYF4 :Yb0.20 , Tm0.005 or NaYF4 :Yb0.20 , Er0.005 upconverters to realise plasmon-enhanced upconverters were not attempted.
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YF3 :Yb0.20 , Tm0.005 , NaYF4 :Yb0.20 , Tm0.005 and NaYF4 :Yb0.20 , Er0.005 upconverter particles were
prepared via hydrothermal treatment with either citric acid (CA) or trisodium citrate (TC) as the
structure regulating agent and NaF concentrations of 0.4–2.4 M. Upconverters prepared with CA
varied in phase composition, crystal habit and size with NaF concentration. Diamond-like YF3
nanoparticles were obtained with 0.4 M NaF, while spherical α-NaYF4 nanoparticles for 0.6 M NaF.
Increasing the NaF concentration to 0.8–1.2 M resulted in mixed phase α, β-NaYF4 irregular microparticles, while at NaF concentrations of 1.4–2.4 M, the obtained upconverters were pure-phase
β-NaYF4 irregular microparticles. In contrast, the upconverters prepared with TC were phase-pure
β-NaYF4 hexagonal nanoparticles across the NaF concentrations of 0.6–2.4 M.
The differences in crystal size, structure and phase compositions for the NaYF4 :Yb0.20 , Tm0.005
upconverters prepared with either CA or TC were reflected in the upconversion emission properties. No clear trend was observed for the upconverters prepared with CA when the NaF concentration was increased. Intense upconversion emissions at 800, 645, 475, 450, 360, 345 and 290 nm
were observed with the samples prepared with 0.6 2 4M, particularly the UV-Visible peaks over
the laser powers of 5–45 mW. Of these, the sample prepared at 1.6 M NaF (1.6CA) showed promising overall emission intensities, with relatively intense emissions at 450, 360, 345 and 290 nm. The
upconverters prepared with TC were easier to compare, where emission intensities increased with
increasing NaF concentration. Overall, these emissions were weaker than those obtained from the
samples prepared with CA, due to the smaller particle sizes which otherwise introduce more surface quenching sites. Of this series, the most intense emissions, particularly at shorter wavelengths
of 450, 360 and 345 nm, were obtained from the upconverters prepared with 2.4 M NaF (2.4TC).
This was also observed for the NaYF4 :Yb0.20 , Er0.005 upconverters prepared with TC, where the intensities of the emissions at 655, 540, 528, 408 and 380 nm increased with NaF concentration, with
the most promising emissions obtained from the sample prepared at 2.4 M NaF (Er-2.4TC).
The morphology of the NaYF4 :Yb0.20 , Tm0.005 upconverters were modified by changing the
pH of the solution prior to hydrothermal treatment. Samples prepared with CA and 1.2 M NaF
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changed from irregular microparticles (pH 4.6, prior to pH adjustment) to hexagonal prisms with
concave ends (pH 5-8) and to hexagonal prisms with convex ends (pH 9-11) when the pH of the
solution was increased. Increasing the solution of the pH ≥5 changed the phase composition from
mixed α, β-NaYF4 to single phase β-NaYF4 . When the pH of the solution was increased to 12,
the hexagonal morphology and crystallinity was lost. The upconversion emission profiles of the
samples prepared with pH 5-7 were similar to each other and to the unmodified sample, but further increase of the pH led to quenching of the emissions, particularly the UV-Visible peaks at
450, 360, 345 and 290 nm. The pH of the sample prepared with TC and 1.2 M NaF was increased to
10, which resulted in shorter nanoparticles, and to 12, where crystallinity of sample was lost, both
of which quenched the upconverted emissions.
The reaction time of the hydrothermal synthesis of the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) upconverters was changed to 2–16 h. This was not observed to affect the phase purity (β-NaYF4 ), crystallinity
or optical properties. Despite no visible differences in the upconverters prepared at various reaction times, the intensities of the upconversion emissions increased with increasing reaction time.
In particular, the emissions at 450, 360, 345 and 290 nm were relatively more intense for the upconverters prepared at longer reaction times, with the sample prepared at 16 h showing the most
intense upconverted emissions.
NaBiF4 :Yb0.20 , Tm(0.005,0.02) and NaBiF4 :Yb0.18 – 0.20 , Er0.005 – 0.04 upconverters were prepared via a
facile precipitation method with varying degrees of success. Upconverters prepared with a higher
NH4 F content (4F) had improved crystallinity over the upconverters prepared with a lower NH4 F
content (2F). Additionally, less variation was observed in the crystal shape and size was observed
with higher NH4 F content. Increasing the temperatures of the solutions during synthesis from
room temperature to 30–50 ◦C also produced upconverters with less variations in the crystal shape
and size. This was similarly achieved when the addition rate of the NH4 F-ethylene glycol solution
was decreased (from rapid addition to one drop per second). The upconversion emission spectra
for the NaBiF4 :Yb0.20 , Tm0.005 upconverters prepared with 2F were similar to those obtained from
the NaYF4 -type upconverters. In contrast, the upconverters prepared with 4F (added either rapidly
or at one drop per second) exhibited relatively more intense peaks at 450, 360, 345 and 290 nm
compared to the NaYF4 -type upconverters, suggesting these upconverters were more favourable
for applications requiring UV-Visible photons. The increase of the Tm3+ dopant concentration to
2% (NaBiF4 :Yb0.20 , Tm0.02 ) did not affect the crystallinity of the upconverters, but exhibited highly
quenched emissions, particularly with the peaks at 450, 350, 345 and 290 nm, due to concentration
quenching.
NaBiF4 :Yb0.20 , Er0.005 upconverters were similarly prepared, with similar crystal shapes and
sizes observed. The samples prepared with 2F and 4F added rapidly were similar in intensities,
with more intense emissions at 540 nm compared to the NaYF4 -type upconverters (where most
intense emission was at 655 nm). These upconverters also exhibited more intense emissions compared to those prepared with 4F at a rate of one drop per second. The crystallinity and structure
of the NaBiF4 upconverters were similarly not affected when the Yb3+ :Er3+ concentration ratios
were varied (20-18:2-4, total RE concentration = 22%). Similar upconverted emission profiles were
obtained across these samples, except for the NaBiF4 :Yb0.18 , Er0.04 upconverter.
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As mentioned in earlier emission chapters, the upconverted emission spectra at different
laser powers of 5–45 mW for each sample were optimised to the emissions obtained at 45 mW,
which made direct comparisons between samples difficult. For this, the normalised upconversion emissions spectra collected at 980 nm at 45 mW of NaYF4 and NaBiF4 -type upconverters
were compared. The Tm3+ -doped upconverters with promising upconverted emissions for the
different sets were the 1.6CA, 2.4TC and 0.5Tm4F1d50 samples, and the normalised emission
spectra for these upconverters are given in Figure 11.1. For the 1.6CA sample, the peaks at
475, 450, 360, 345 and 290 nm were intense, considering that these emissions require at least three
NIR photons and the emitting states of the lower energy emissions were intermediate states of the
higher energy emissions. In comparison, these peaks were not as intense for the 2.4TC sample,
except for the emission at 475 nm. These differences in the emission profiles can be attributable
to the size differences observed between these two samples, where larger microparticles were
observed for 1.6CA (average length = 5.5 µm) versus the 2.4TC nanoparticles (average length
= 575 nm). The 0.5Tm4F1d50 sample showed the most promising upconverted emissions of the
NaBiF4 :Yb0.20 , Tm0.005 upconverters. The upconverted emission spectra observed for this sample
exhibited intense peaks at 450, 360 and 345 nm and relatively weaker emissions at 800 and 475 nm.
For applications which require UV-Visible upconverted emissions, the 1.6CA and 0.5Tm4F1d50
samples exhibited the desired profiles.

Figure 11.1: Normalised upconversion emission spectra for selected NaYF4 :Yb0.20 , Tm0.005 and
NaBiF4 :Yb0.20 , Tm0.005 upconverters collected at 980 nm, laser power of 45 mW.
Normalised upconversion emission spectra of the Er3+ -doped upconverters with promising
emissions profiles, which were the Er-2.4TC, 0.5Er2F and 0.5Er4F samples, are given in Figure 11.2.
There were not as many differences in the upconverted emission spectra obtained between the
series of samples, which may be due to the efficient energy transfers between the activator Yb3+
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and emitter Er3+ ions. The upconverted emission spectra for the Er-2.4TC sample showed intense
emissions at 655 and 540 nm. On the other hand, the upconverted emission spectra of the 0.5Er2F
and 0.5Er4F samples showed intense 540 nm emissions, while the intensities of the peak at 655 nm
were similar to that of the 528 nm. This showed that the 0.5Er2F and 0.5Er4F showed more intense
red emissions.

Figure 11.2: Normalised upconversion emission spectra for selected NaYF4 :Yb0.20 , Er0.005 and
NaBiF4 :Yb0.20 , Er0.005 upconverters collected at 980 nm, laser power of 45 mW.
The attempts in preparing Au nanorods were most successful with the seed-mediate growth
method with the surfactants CTAB and BDAC. This method allowed for the synthesis of Au
nanorods with longitudinal LSPRs at

980 nm, the absorption wavelength of Yb3+ ions in

NaYF4 :Yb0.20 , Tm0.005 (2.4TC) upconverters. This would be the first step for the production of Au
nanorods on NaYF4 :Yb, Tm/Er composites for plasmon-enhanced upconversion of 980 nm radiation. Another step taken towards the preparation of these composites is the direct deposition of Au
nanoparticles (0.5-5.0 wt.%) on the surfaces of the NaYF4 :Yb0.20 , Tm0.005 (2.4TC) upconverters. The
upconversion emission spectra of these upconverters showed suppression of the UV-Visible emissions, which is attributed to the absorption of these upconverted emissions by Au nanoparticles
(in particular, the LSPR of the supported Au NPs).
Another strategy taken to improve the upconversion emission intensities of the NaYF4 upconverting nanoparticles SiO2 coating on the surface of the upconverters by reducing the amount
of surface quenching sites otherwise present. This coating process did not affect the crystallite
structure, morphology and absorption properties of the upconverters. These were observed in the
upconversion emission spectra obtained, where no suppression of the UV-Visible emissions were
observed.

Future work
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Future work

Although the size and structure variation of the NaBiF4 -type upconverters were decreased by
increased NH4 F content and decreased rate, improvements to the method still need to be made.
Future work would be directed at the improvement of the synthesis method for monodisperse
particles and allow for scalability.
The difficulty in reproducibly preparing gold nanorods by the two methods investigated
(Nikoobakht and El-Sayed method and surfactant-free method) warrants further investigation into
alternative methods. One attempt would be to use the Au nanoparticles present on the surface of
the upconverters as the seeds for seed-mediated growth methods. Alternative procedures for affixing these gold nanorods to the upconverters also need to be investigated. Following on from this,
it would be expected that more complex upconverter composites could be prepared and studied
further.

Appendices

251

A

A.1

Appendix

Gold nanorods prepared with Nikoobakht and El-Sayed method

Transmission electron microscopy was performed on a FEI Tecnai 12 transmission electron
microscope, operating at an accelerating voltage of 120 kV, equipped with a 4 megapixel undermount CCD camera. Powdered samples were dispersed in ethanol, ultrasonicated and then transferred onto a carbon coated copper grid for analysis. Gold nanorods in aqueous solutions were
diluted with absolute ethanol, ultrasonicated and then similarly transferred onto a carbon coated
copper grid.
The transmission electron micrographs of some of the gold nanorods prepared by the seedmediated growth method detailed by Nikoobakht and El-Sayed (NE) [117].
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(a)

(b)

(c)

Figure A.1: Selected TEM images of gold nanorods prepared by the NE method, where the amount
of ascorbic acid added into the growing solution was (a) 60 µL, (b) 80 µL and (c) 100 µL. The concentration of BDAC was fixed to 1.0 M, the amount of CTAB to 0.05 g and the amount of AgNO3
to 100 µL of 10 mM

Gold nanorods prepared with Nikoobakht and El-Sayed method
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(a)

(b)

(c)

(d)

(e)

Figure A.2: Selected TEM images of gold nanorods prepared by the NE method, where the amount
of CTAB added to the growing solution was (a) 0.05 g, (b) 0.08 g, (c) 0.10 g, (d) 0.15 g, and (e) 0.20 g.
The concentration of BDAC was fixed to 1.0 M, the amount of AA to 70 µL of 100 mM and the
amount of AgNO3 to 100 µL of 10 mM.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure A.3: Selected TEM images of gold nanorods prepared where the amount of AgNO3 added
to the growth solution was (a) 0 µL, (b) 20 µL, (c) 40 µL, (d) 100 µL, (e) 120 µL, and (f) 200 µL.

Gold nanorods prepared with surfactant-free method
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Gold nanorods prepared with surfactant-free method

The following figures show the UV-Visible absorbance spectra of the other attempts at preparing gold nanorods by the surfactant-free method as detailed in ref. [118].

Figure A.4: UV-Visible absorbance measurements of the GNR solution prepared with 300 µL of the
25 mM HAuCl4 solution following the method by [118], one where it was added first (labelled:
seed mediated method) and one where it was added dropwise and another solution where 250 µL
of the 25 mM HAuCl4 solution. All solutions were diluted two-fold.
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Figure A.5: UV-Visible absorbance measurements of the GNR solution prepared with 300 µL of
the 25 mM HAuCl4 solution following the method by [118], one where it was added first and one
where it was added dropwise and another solution where 250 µL of the 25 mM HAuCl4 solution.
All solutions were diluted five-fold.

Figure A.6: UV-Visible absorbance measurements of the GNR solution prepared with 250, 200 and
150 µL of the 25 mM HAuCl4 solution dropwise. All solutions were diluted two-fold.
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chart/graph/table/figure

Number of charts/graphs
/tables/figures

1

The requesting
person/organization is:

Aubrey Dosado/University of Auckland

Title or numeric reference of Figure 2
the portion(s)
Title of the article or chapter Optical temperature sensing of rare-earth ion doped phosphors in
the portion is from
RSC Advances
Editor of portion(s)

Russell J Cox

Author of portion(s)

Xiangfu Wang, Qing Liu, Yanyan Bu, Chun-Sheng Liu, Tao Liua and
Xiaohong Yan

Volume of serial or
monograph.

5

Page range of the portion

86221

Publication date of portion

2015

Rights for

Main product

Duration of use

Life of current edition

Creation of copies for the
disabled

no

With minor editing privileges no
For distribution to

Worldwide

In the following language(s) Original language of publication
With incidental promotional
use

no
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The lifetime unit quantity of Up to 499
new product
Title

Upconversion phosphors for efficient solar energy harvesting

Institution name

University of Auckland

Expected presentation date

Mar 2019

Total (may include CCC user 0.00 USD
fee)
Terms and Conditions

TERMS AND CONDITIONS
The following terms are individual to this publisher:
None
Other Terms and Conditions:
STANDARD TERMS AND CONDITIONS
1. Description of Service; Defined Terms. This Republication License enables the User to
obtain licenses for republication of one or more copyrighted works as described in detail on
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. (“CCC”)
grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means the
inclusion of a Work, in whole or in part, in a new work or works, also as described on the
Order Confirmation. “User”, as used herein, means the person or entity making such
republication.
2. The terms set forth in the relevant Order Confirmation, and any terms set by the
Rightsholder with respect to a particular Work, govern the terms of use of Works in
connection with the Service. By using the Service, the person transacting for a republication
license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on
behalf of User, and (b) shall inform User of all such terms and conditions. In the event such
person is a “freelancer” or other third party independent of User and CCC, such party shall
be deemed jointly a “User” for purposes of these terms and conditions. In any event, User
shall be deemed to have accepted and agreed to all such terms and conditions if User
republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1 All Works and all rights therein, including copyright rights, remain the sole and
exclusive property of the Rightsholder. The license created by the exchange of an Order
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not
expressly granted are hereby reserved.
3.2 General Payment Terms: You may pay by credit card or through an account with us
payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable
upon their delivery to you (or upon our notice to you that they are available to you for
downloading). After 30 days, outstanding amounts will be subject to a service charge of
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise
specifically set forth in the Order Confirmation or in a separate written agreement signed by
CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights
licensed immediately upon issuance of the Order Confirmation, the license is automatically
revoked and is null and void, as if it had never been issued, if complete payment for the
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license is not received on a timely basis either from User directly or through a payment
agent, such as a credit card company.
3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is
“one-time” (including the editions and product family specified in the license), (ii) is nonexclusive and non-transferable and (iii) is subject to any and all limitations and restrictions
(such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the
licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at
the end of such period).
3.4 In the event that the material for which a republication license is sought includes third
party materials (such as photographs, illustrations, graphs, inserts and similar materials)
which are identified in such material as having been used by permission, User is responsible
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be
used.
3.5 Use of proper copyright notice for a Work is required as a condition of any license
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: “Republished with permission of
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice
must be provided in a reasonably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice
results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated
damages for each such failure equal to twice the use fee specified in the Order Confirmation,
in addition to the use fee itself and any other fees and charges specified.
3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.
4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and
their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR
INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
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DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their
respective employees and directors) shall not exceed the total amount actually paid by User
for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of
a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price
therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most
closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses
incurred in collecting such payment.
8. Miscellaneous.
8.1 User acknowledges that CCC may, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
User by electronic mail or otherwise for the purposes of notifying User of such changes or
additions; provided that any such changes or additions shall not apply to permissions already
secured and paid for.
8.2 Use of User-related information collected through the Service is governed by CCC’s
privacy policy, available online here: http://www.copyright.com/content/cc3/en/tools/footer
/privacypolicy.html.
8.3 The licensing transaction described in the Order Confirmation is personal to User.
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any kind) the license created by the Order Confirmation and these terms
and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in the new material which includes the Work(s) licensed
under this Service.
8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
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whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.
8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.
v 1.1
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Mar 25, 2019

This Agreement between Aubrey Dosado ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number

4556121249423

License date

Mar 25, 2019

Licensed Content Publisher

John Wiley and Sons

Licensed Content Publication Advanced Materials
Licensed Content Title

Ultrafast Synthesis of Novel Hexagonal Phase NaBiF4 Upconversion
Nanoparticles at Room Temperature

Licensed Content Author

Pengpeng Lei, Ran An, Shuang Yao, et al

Licensed Content Date

Apr 3, 2017

Licensed Content Volume

29

Licensed Content Issue

22

Licensed Content Pages

4

Type of use

Dissertation/Thesis

Requestor type

University/Academic

Format

Print and electronic

Portion

Figure/table

Number of figures/tables

1

Original Wiley figure/table
number(s)

Scheme 1

Will you be translating?

No

Title of your thesis /
dissertation

Upconversion phosphors for efficient solar energy harvesting

Expected completion date

Mar 2019

Expected size (number of
pages)

260

Requestor Location

Aubrey Dosado
School of Chemical Sciences, The University of Auckland, Pri

Auckland, other 1142
New Zealand
Attn:
Publisher Tax ID

EU826007151

Total

0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
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Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.
You are hereby granted a personal, non-exclusive, non-sub licensable (on a standalone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=5fb8be53-caf7-4c5b-9de1-d72dd3665a4c
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=5fb8be53-caf7-4c5b-9de1-d72dd3665a4c
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these terms and conditions shall prevail.
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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ELSEVIER LICENSE
TERMS AND CONDITIONS
Mar 26, 2019

This Agreement between Aubrey Dosado ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance
Center.
License Number

4556290516666

License date

Mar 26, 2019

Licensed Content Publisher

Elsevier

Licensed Content Publication Journal of Fluorine Chemistry
Licensed Content Title

Citric acid-assisted phase controlled synthesis of NaYF4:Yb3+,Tm3+
crystals and their intense ultraviolet upconversion emissions

Licensed Content Author

Tao Jiang,Weiping Qin,Jun Zhou

Licensed Content Date

Dec 1, 2013

Licensed Content Volume

156

Licensed Content Issue

n/a

Licensed Content Pages

6

Start Page

177

End Page

182

Type of Use

reuse in a thesis/dissertation

Intended publisher of new
work

other

Portion

figures/tables/illustrations

Number of
figures/tables/illustrations

1

Format

both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating?

No

Original figure numbers

Scheme 1

Title of your
thesis/dissertation

Upconversion phosphors for efficient solar energy harvesting

Expected completion date

Mar 2019

Estimated size (number of
pages)

260

Requestor Location

Aubrey Dosado
School of Chemical Sciences, The University of Auckland, Pri

Auckland, other 1142
New Zealand
Attn:
Publisher Tax ID

GB 494 6272 12

Total

0.00 USD

Terms and Conditions
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1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
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