
���������� �� �	�
�����
�����������������������	���������
�����������	�����������������������������������������
��������������
������ ������������������ �������
���������	�	�����
������������

�� ������������ ������������������������������������

� ���������
�������������������� �!�"�!�#

�$�����������������%�������������� �� ������������ �����������������&���!�"�!�#�&���� �	�
�����
�����������������������	���������
�����������	������������
���������������������������
���������������������� ������������������ �������
���������	�	�����
�������������&��� ���'
������������������ �����
���������������%���������������%�����(�&

�����	�������)���	���������
���������� �' ���
������������������������

�*���������� �+���!�"�!�#���������������� ������������ �����������&�������������	�����,�,�
�����������
���
���� �� �������&�������,
�����
�����������,���������
�������,�-�&�"�,

�' ���� �������������������� �!�"�!�.���"�/���/�0���"�.���"�/���!�/

�1������ �������� ��������������
�)������

�������	�����,�,�������&�������������&�������,�/�"�-�.�2�,�/�-�3�4�3

https://hdl.handle.net/10468/14979


Ollscoil na h�Eireann, Corcaigh
National University of Ireland, Cork

Upconverting Nanoparticles:
Pushing theory and technology
towards biomedical applications

Thesis presented by
Jean Souza Matias

ORCID: 0000-0001-6745-016X

for the degree of
Doctor of Philosophy

University College Cork

Physics Department

Head of Department: John McInerney
Supervisor: Stefan Andersson-Engels

Co-supervisor: Silvia Melgar
Research advisor: Katarzina Komolibus

2023



Upconverting Nanoparticles: Pushing theory and technology towards
biomedical applications

© 2023 Jean Souza Matias
All rights reserved

Biophotonics, Tyndall National Institute
Department of Physics
University College Cork, UCC
Ireland



"Frustra �t per plura quod potest �eri per pauciora."
"It is futile to do with more things that which can be done with fewer"

The principle of economy - William of Ockham





Abstract

Biophotonics faces a signi�cant challenge in developing non-invasive
imaging and interrogation techniques with high spatial resolution and
penetration depth for precise diagnosis and treatment. These techniques
rely on non-ionising radiation and non-toxic contrast agents possessing
excellent photo and chemical stabilities. Among the various non-ionising
wavelengths, the near-infrared (NIR) optical window o�ers the highest
tissue penetration due to its minimal scattering and absorption in liv-
ing tissues. Upconverting nanoparticles (UCNPs) possess the desirable
properties of absorbing and emitting NIR light, making them ideal con-
trast agents for biomedical applications. UCNPs have shown promise in
deep tissue imaging, optogenetics, photodynamic therapy, temperature
sensing, drug delivery, and super-resolution microscopy. However, the
e�ciency of upconversion (UC) in UCNPs, as quanti�ed by the quantum
yield (QY), remains a signi�cant challenge, particularly at low excitation
power densities (PDs) where the non-linearity of upconversion lumines-
cence (UCL) dominates. Furthermore, the lack of commercially available
devices and standardised protocols that account for the crucial parame-
ters a�ecting PD-dependent QY further complicates accurate characteri-
sation of these materials. To address these issues, this thesis presents the
design and construction of a comprehensive, broad-band, multi-variable
QY characterisation system. This opto-electronically engineered setup
enables simultaneous measurement of absorption and luminescence at
two selected wavelengths. In addition, the fully automated system in-
corporates capabilities for characterising excitation beam pro�les, scat-
tering, and the emission spectrum of luminescent compounds in aqueous
solutions. Accurate characterisation of the excitation beam pro�le is of
particular importance due to its in
uence on the PD-dependent QY be-
haviour of UCNPs. Varying beam pro�les lead to distinct QY values,
necessitating beam pro�le compensation to derive an intrinsic QY prop-
erty of the material independent of measurement con�guration. However,
achieving this compensation requires a comprehensive understanding of
the mechanisms governing each UC emission wavelength, which has not
yet been extensively studied across a wide range of PDs. Consequently,
this thesis also includes a detailed theoretical study based on the rates of
populating and depopulating the electronic energy states involved in UC
processes. The investigation successfully quanti�es the transition points
at which the UCL transitions from non-linear behaviour of di�erent or-
ders to linearity. The theoretical model is validated using experimen-
tal UCL data acquired from two distinct UCNP compounds at various
wavelengths. These combined theoretical and experimental studies are of
utmost importance for the accurate characterisation and engineering of
optimal UCNPs, representing a crucial advancement in the development
of high-resolution, deep-penetration biomedical techniques and devices.
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Introduction

0.1 Motivation

The signi�cance of upconverting nanoparticles is rooted in the fundamen-
tal requirements of Biophotonics. Biophotonics is a discipline that inves-
tigates optical processes occurring naturally or synthetically in bioengi-
neered materials within biological systems. It places particular emphasis
on sensing and imaging techniques facilitated by 
uorescent markers or
contrast agents, which enable drug delivery and the dynamic tracking of
living cells or tissues. Biomedical imaging plays a crucial role in non-
invasive tissue visualisation and characterisation techniques [1{3], en-
compassing various applications such as cancer diagnosis [4, 5], surgical
margin evaluation, intra-operative guidance [6], retinal disease diagnosis
[7], and preclinical imaging of small animals [8, 9]. Bioimaging tech-
niques are de�ned by their penetration depth and spatial resolution [10],
with no single technique fully encompassing both optimal characteristics
[2]. Microscopic techniques, including confocal microscopy (CM) and
multi-photon microscopy (MPM), o�er high spatial resolution but limited
penetration depth. On the other hand, macroscopic techniques like mag-
netic resonance imaging (MRI), positron emission tomography (PET),
computed tomography (CT), and single-photon emission computed to-
mography (SPECT) provide greater penetration depth but lower spatial
resolution [2, 3, 10]. Fig. 0.1 compares several imaging modalities in
terms of penetration depth and spatial resolution. Furthermore, certain
tomographic techniques employ potentially hazardous ionising radiation
and require minutes to hours to generate imaging results, limiting their
real-time visualisation capabilities [3].

The signi�cance of upconverting nanoparticles (UCNPs) stems from
their vital role in the �eld of Biophotonics. Biomedical applications heav-
ily rely on 
uorescence imaging techniques [11], which o�er advantages
such as low cost, high sensitivity, non-ionising radiation, rapid response
within milliseconds, and resolution down to tens of nanometres [11, 12].
However, conventional optical imaging predominantly employs visible
(VIS) light, which experiences signi�cant attenuation when interacting
with the surface of living tissues due to the high scattering and absorption
at VIS wavelengths [3, 11]. In contrast, near-infrared (NIR) 
uorescence
imaging exhibits a tissue penetration depth of around 1-2cm, which
surpasses the capabilities of VIS techniques [11, 13]. An ideal contrast
agent for enhancing the resolution and sensitivity of NIR 
uorescence
imaging should possess both excitation and emission within the NIR op-
tical window (700-1400nm) [14, 15]. While NIR 
uorescent organic dyes
and conjugated polymers have shown promise, maintaining satisfactory
brightness remains challenging due to issues such as photobleaching and
low stability when in contact with living tissues [3, 16]. Other materials,
such as single-walled carbon nanotubes (SWCNTs) and infrared quan-
tum dots (QDs), have also been explored for NIR 
uorescence imaging
applications [17, 18]. However, SWCNTs, with their large lengths and
needle-like structures, have been reported to cause tissue damage and

1



0.1 Motivation

Figure 0.1: A comparison of various bioimaging modalities in terms
of their penetration depth and spatial resolution. CM - Confocal mi-
croscopy; MPM - multi-photon microscopy; OCT - Optical coherence
tomography; LOT - laminar optical tomography; MFMT - Mesoscopic

uorescence molecular tomography; FDOT - Fluorescence di�use optical
tomography; FMT - Fluorescence molecular tomography; PAT - Photoa-
coustic tomography; SPECT - Single-photon emission computed tomog-
raphy. The arrow indicates an ideal technique with both high spatial
resolution and penetration depth. The image has been adapted from
[10].

chronic toxicity [19]. In comparison to these contrast agents, UCNPs
have garnered considerable attention as potential optical imaging probes
[2, 3, 11, 15, 20{29]. UCNPs exhibit photo and chemical stability, tun-
able multi-wavelength emissions ranging from ultraviolet (UV) to NIR,
including the VIS range [30, 31]. Their well-de�ned atomic-like electronic
transitions result in sharper emission lines (� 10-20nm full width at half
maximum) compared to QDs (� 25-40 nm) and dyes, which can span
over 100nm [3]. Furthermore, studies on di�erent surface modi�cations
have demonstrated that UCNPs can exhibit high biostability, low disso-
lution, and low toxicity in aqueous environments such as living tissues
[32]. Refer to Tab. 0.1 for a comparison of the characteristics of UCNPs,
dyes, and QDs. These appealing characteristics make UCNPs not only
promising for in vivo and in vitro biomedical imaging applications [33],
but also suitable for various biophotonic �elds such as optogenetics [34],
di�use optical tomography [35], biosensors [27], photodynamic therapy
[26], temperature sensing [36, 37], solar energy [38, 39], photocatalysis
[40], and super-resolution microscopy [41{44]. In fact,in vivo applica-
tions of UCNPs are still in their early stages, although recent advances
in super-resolution microscopy utilizing UCNPs with giant non-linearity
have marked a breakthrough in the �eld [25]. Researchers have achieved
spatial resolutions of approximately 70 nm, well below the previously
reported lower limit of 250 nm [45], enabling detailed visualisation of
subcellular structures [43]. Fig. 0.2 illustrates some of the vast applica-
tions of UCNPs.

Figure 0.2: Illustrative depiction
of select applications demonstrat-
ing the utility of UCNPs.

Despite their considerable potential, the upconversion e�ciency, also
known as quantum yield (QY), is diminished as the size of the parti-
cles decreases [46]. Consequently, to attain a discernible luminescence
signal, UCNPs necessitate high excitation power densities (PDs), which
are constrained in biological applications [47]. Nevertheless, the PD re-
quired for UCNPs imaging is signi�cantly lower than that needed for
multiphoton microscopy, as photons are absorbed sequentially in the up-

2
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Table 0.1: Advantages of employing UCNPs in biomedical applications
compared to dyes and QDs. UCNPs o�er numerous advantageous fea-
tures, although their inherent limitation of a relatively low QY presents
a critical challenge.

QDs Dyes UCNPs

Non-toxic % ! !
No auto
uorescence % % !
Penetration depth ! % !
Photo-stability ! % !
Chemical-stability ! ! !
Narrow emission line % % !
Functionalisation % ! !
Quantum Yield ! ! %

conversion (UC) process [48]. Furthermore, unlike 
uorescence, the UC
e�ciency is PD-dependent and diminishes markedly at low excitation
intensities due to the non-linear nature of upconversion luminescence
(UCL) in relation to the excitation PD [1]. Accurately evaluating the
UC e�ciency presents challenges in both experimental methodology and
analysis [1, 49, 50]. Nonetheless, a thorough examination of this property
is a critical prerequisite for engineering optimal UCNPs for biomedical
applications. Therefore, this study focuses on investigating the UC and
QY of UCNPs, exploring their non-linear PD dependence from both the-
oretical and experimental perspectives.

0.2 Structure of the thesis

The present thesis consists of an investigation into the UC processes and
QY in UCNPs. It involves the development of a theoretical model for
UC QY and the establishment of an in-lab QY setup for comprehen-
sive UCNP characterisation. The QY system and analytical model were
successfully used to study both NIR and VIS emitting UCNPs. The
following �ve chapters provide a summary of the conducted research:

Chap. 1 { Upconversion provides an overview of UCNPs and their
UC mechanisms. This chapter presents a summary of the historical back-
ground, tracing the evolution of UC discovery from theoretical to exper-
imental perspectives. A comparison of the various mechanisms respon-
sible for the UC phenomenon is presented, with particular emphasis on
the energy transfer upconversion (ETU) process, known for its high ef-
�ciency. Additionally, the chapter explores the characteristics of typical
UCNPs, including how di�erent structures and compositions in
uence
their emission spectrum and QY.

Chap. 2 { Time-resolved and steady-states of the population
densities of the energy levels involved in ETU processes presents
an extensive investigation of the ETU processes involved in the emission
lines of UCNPs. This study focuses on elucidating the non-linear charac-
teristics of UCL and QY. A rigorous analytical model is developed and
employed in numerical simulations to analyse the dynamics of population
densities and their steady state. The model encompasses ETU processes
of arbitrary order, enabling the explanation of UC in UCNPs with multi-
wavelength emissions. Furthermore, the chapter de�nes and quanti�es
transition points where the non-linear power of UC emission is altered,
facilitating a comparison between the distinctive behaviours of UCNPs
and their bulk upconverting crystal counterparts at the microscopic level.

3



0.2 Structure of the thesis

A concise summary of these �ndings is presented in PaperIII .
Chap. 3 { A semi-relative quantum yield system provides a

comprehensive background overview of di�erent experimental methods
used for evaluating the QY of UCNPs. The chapter also o�ers a detailed
description of the QY system developed in the laboratory. It is based
on the research presented in PaperII and Patent I . Instead of simply
presenting the contents of previously published papers and patents, this
chapter focuses on the subsequent improvements made to the system. It
explores technical aspects, measurement techniques, and analysis proto-
cols employed in QY evaluation.

Chap. 4 { The excitation beam pro�le-compensation and
high dynamic range of PDs examines the impact of beam-pro�le on
the UCL and QY. The chapter introduces a beam-pro�le compensation
technique for assessing the intrinsic e�ciency of UC, known as internal
QY. This compensation method utilises the developed model discussed
in Chap. 2, which encompasses ETU processes, including higher-order
processes such as ETU2, ETU3, ETU4, etc. An application of the study
focusing on the ETU2 process is presented in PaperI .

Chap. 5 { A complete QY characterisation of UC emissions
in the NIR and VIS ranges incorporating multiple ETU Pro-
cessesconcludes the thesis by providing a complete characterisation of a
multi-wavelength emitting UCNP spanning the VIS to NIR range. This
investigation includes the analysis of ETU transitions of di�erent or-
ders. The study demonstrates the successful application of the in-lab
QY system, as described in Chap. 3, for the thorough characterisation of
UCNPs. Additionally, the study e�ectively employs the analytical model
presented in Chap. 2 to determine the transition points of UCL and cal-
culate the beam-pro�le compensated internal QY for ETU2 and ETU3
processes. The �ndings of this �nal study are consolidated in PaperIV .
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Chapter 1

Upconversion

In contrast to 
uorescence, UC follows a di�erent scheme in terms of
energy conservation. Fluorescent emitters adhere to the Stokes princi-
ple, which states that the excitation photons possess higher energy than
the emitted photons. The energy de�cit is readily understood as losses
incurred during electronic transitions within the process. However, UC
entails emitted light with higher energy than the absorbed light, con-
stituting an anti-Stokes process. Anti-Stokes emissions were recognized
prior to the 1960s as a result of thermal 
uctuations on the order of a
few kT 1 above the excited states. In contrast, UC emissions can exceed
excitation energies by a factor of 100 timeskT . Despite its seemingly
contradictory nature, UC is a valid process, and the energy surplus can
be explained by the involvement of excited states in multi-photon ab-
sorptions before a single photon is emitted [48].

1.1 Upconversion Mechanisms

The �rst reported process of UC2, called Excited-state absorption (ESA),
was proposed by Bloembergen in 1959 while investigating a sensor known
as quantum counters. However, this process exhibited very weak emis-
sions. In 1966, Auzel observed visible green emissions while studying
Yb3+ {Er 3+ -codoped glasses excited by NIR light. This led to the demon-
stration that energy transfer (ET) processes3 could occur between the
excited states of rare earth (RE) ions Auzel. Subsequent experiments
were conducted on crystalline structures to enhance the e�ciency of this
phenomenon. As a result, blue emissions were achieved in Yb3+ {Tm 3+ -
codoped systems. The NIR and blue emissions were attributed to UC
processes involving the absorption of two and three photons, respectively.

In addition to the previously mentioned mechanisms, another signi�-
cant contribution to the understanding of UC came from Ovsyankin and
Feo�lov in 1966. Independently, Ovsyankin and Feo�lov proposed a third
mechanism involving cooperative processes between two ions while inves-
tigating quantum counters using ion pairs such as Yb3+ {Tm 3+ , Yb3+ {
Er3+ , and Yb3+ {Ho 3+ [54]. Currently, there exist multiple known mech-
anisms contributing to UC, either in isolation or in combination. The

1Unit of energy equivalent to 4.11 � 10� 21 J . Also written as kB T , it is the product
of the Boltzmann constant, k, and temperature, T .

2 In its initial stage, the term UC was not yet de�ned and the process was com-
monly named as anti-Stokes 
uorescence [51].

3At that time the process had di�erent names: summation of photons, infrared-to-
visible conversion, cooperative luminescence, anti-Stokes 
uorescence by ET, quantum
counting through ET, or APTE (for Addition de Photons par Transfert d'Energie)
named by Auzel, which later was referred as energy transfer upconversion (ETU) to
describe one of the mechanisms responsible for the UC process [48, 51].

5



1.1.1 Excited-state absorption (ESA)

subsequent sub-sections will provide detailed explanations of these prin-
cipal processes.

1.1.1 Excited-state absorption (ESA)

In 1959, Bloembergen proposed the concept of detecting and quantifying
infrared (IR) radiation using RE ions incorporated into a solid matrix
[52]. The underlying principle of this process involved using a photon
source to elevate electrons from the ions' ground state to an excited state,
which had been previously populated by IR photons4. However, due to
the weak UC emissions observed in early experimental demonstrations,
the practical realization of this proposition required the development of
laser technology. Fig. 1.1 illustrates the ESA process, wherein electrons
undergo ground state absorption (GSA), followed by excited-state ab-
sorption (ESA), resulting in the pumping of electrons to higher energy
states. Ultimately, the electronic radiative decay from the higher energy
state to the ground state emits a single photon with a shorter wavelength,
indicative of UC.

Figure 1.1: UC due to the ESA
process. Electrons, pumped to
a higher energy level through
GSA and ESA, subsequently de-
cay to the ground state, emitting
a shorter-wavelength upconverted
photon.

1.1.2 Energy transfer upconversion (ETU)

The process of ETU occurs when the absorption and emission events
involve di�erent ions within a host matrix. In this process, one ion,
known as the sensitizer (S), absorbs a photon through GSA, exciting
an electron to an excited state. Upon returning to the ground state, the
electron releases energy either in the form of a photon (radiative process)
or a phonon (non-radiative process). As this energy propagates through
the matrix, it encounters an activator (A) ion. The ET from the sensitizer
to the activator promotes one of the activator's electrons to an excited
state. In 1966, Auzel demonstrated that the ET process was not limited
to interactions between an excited state and the ground state (referred to
as ETU1 process). It could also occur between excited states, resulting in
more e�cient upconverted emissions compared to the ESA process [53].
When the �nal excited state involved in the process is the second excited
state, and two photons are absorbed, the process is referred to as ETU2.
Similarly, for higher energy levels and the involvement of more photons,
higher-order energy transfer processes are named ETU3, ETU4, and so
on. Fig. 1.2 presents a schematic diagram illustrating the UC process
through ETU, involving an energy transfer to the ground state (ETU1)
and to an excited state (ETU2).

Figure 1.2: UC through the
ETU process. The sensitizer ab-
sorbs excitation photons and trans-
fers their energy to the activator
through phonons in the host ma-
trix lattice. Subsequent ETs pump
the activator's electrons to higher
energy levels, followed by direct de-
cay to the ground state, emitting
a shorter-wavelength upconverted
photon. The energy mismatches
(� E ) are associated with UC fa-
cilitated by multiple phonons.

Radiative transfers occur in resonant systems, where the energy di�er-
ence between the absorption levels of the sensitizer and the corresponding
levels involved in energy transfer in the activator is nearly identical. In
such cases, the emission spectrum of the sensitizer changes with the acti-
vator's concentration, while the lifetime of the sensitizer remains constant
as the photons are emitted regardless. Conversely, in non-radiative trans-
fers, the lifetime of the sensitizer is highly dependent on both the activa-
tor's concentration and the emission intensity. However, the shape of the
emission spectrum remains independent [48]. Non-radiative processes can
also occur through non-resonant mechanisms, aided by multi-phonons,
which account for the energy mismatch observed in Figure Fig. 1.2. A
special example of non-radiative transfer is cross-relaxation (CR), where
both ions involved are identical, resulting in the population of an inter-
mediate electronic level. Cross-relaxation is signi�cant as it can lead to
self-quenching of UC when the concentration of identical ions surpasses
a critical level. In such cases, the closely spaced identical ions enable this
process to occur [48].

4This two-step process is also referred to as two-step absorption.
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The interaction between the ions was initially investigated by F•orster
in 1948, where he considered the Coulomb interactions of Van der Waals
type and speci�cally examined dipole-dipole interactions. F•orster's theo-
retical treatment of these interactions was based on quantum mechanics
formalism [55]. Subsequently, Dexter proposed an extension of this the-
ory to include multipole interactions a few years later in 1953 [56]. This
development led to the formulation of the energy transfer probability pSA

between a sensitizer and an activator at a distanceR, which is given by
Eq. (1.1) in Auzel's work [51].

pSA =
(R0=R)s

� S
; (1.1)

where R0 is the critical distance for which excitation transfer and spon-
taneous deactivation of the sensitizer are equally probable,� S represents
the sensitizer lifetime and s is a positive integer, such as:

s =

8
><

>:

6; for dipole-dipole interactions
8; for dipole-quadrupole interactions
10; for quadrupole-quadrupole interactions.

In a macroscopic system composed of a large number of assembled
ions, a rigorous analysis of the UC process requires the application of rate
equations derived from statistical mechanics. These rate equations ac-
count for the population of particles in various energy states [57]. In such
systems, ET can occur between ions of the same type (sensitizer-sensitizer
or activator-activator) or between di�erent types (sensitizer-activator).
When ET takes place between ions of the same type, the energy can
propagate through the matrix in a stepwise manner over long distances
before UC occurs. This phenomenon, known as energy migration or en-
ergy di�usion, is in
uenced by the concentration of the ions involved.
By strategically placing sensitizers and activators in di�erent layers, it is
possible to engineer more e�cient materials and prevent concentration-
induced UC quenching [58]. However, it is important to note that high
dopant concentrations can lead to undesired processes such as back ET
from activator to sensitizer or deleterious ET between activators [51].

1.1.3 Cooperative upconversion (CUC)

In cooperative upconversion (CUC), multiple impurity centres partici-
pate in either sensitization or luminescence processes. In cooperative
sensitization, two excited ions transfer their accumulated energy to an-
other ion, which subsequently reaches an excited state and relaxes back
to the ground state, emitting the upconverted light. This process is illus-
trated in Fig. 1.3. On the other hand, cooperative luminescence involves
the emission of a single upconverted photon resulting from the inter-
action between two excited ions. The �rst observation of cooperative
luminescence was made by Nakazawa and Shionoya during the study of
Yb3+ emission in YbPO4 crystalline powder [59]. The energy diagram
in Fig. 1.4 provides an illustration of this process.

Figure 1.3: Cooperative sensitiza-
tion. In this process, two excited
ions collaborate to transfer their
accumulated energy to another ion,
exciting it to a higher excited state.
Subsequently, the ion relaxes back
to the ground state, emitting an
upconverted photon.

Figure 1.4: Cooperative lumines-
cence. It occurs when two excited
ions interact with each other, re-
sulting in the emission of a single
upconverted photon.

Cooperative processes are generally less e�cient compared to ETU
processes. The e�ciency of cooperative sensitization is approximately
10� 6, while cooperative luminescence has an e�ciency of around 10� 8

[48].
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1.1.4 Other types of UC processes

1.1.4 Other types of UC processes

Other types of less e�cient UC processes have also been identi�ed, includ-
ing second harmonic generation (SHG)5, and the two-photon absorption
(TPA) 6, shown in Fig. 1.5. In SHG, the electrons in the ground state are
excited to a virtual energy state, and the emitted light has exactly twice
the energy of the pumping light. This process does not involve absorp-
tion. On the other hand, TPA involves the absorption of two photons,
which excite the electrons to a real metastable state. From there, the
electrons can relax either to the ground state or to another intermedi-
ate state. A summary of the approximate e�ciency magnitudes for the
di�erent UC processes described in this section is presented in Tab. 1.1.

Figure 1.5: SHG on the left, and
TPA on the right. In SHG, the
electrons are excited to a virtual
energy state, whereas in the TPA
mechanism, the excitation occurs
to an existing state.

Table 1.1: Order of magnitude of
e�ciency for the main UC mecha-
nisms [48].

Mechanisms E�ciency
ETU � 10� 3

ESA � 10� 5

Coop. Sens. � 10� 6

Coop. Lum. � 10� 8

SHG � 10� 11

TPA � 10� 13

1.1.5 Photon avalanche e�ect (PA)

Another notable phenomenon associated with UC is the photon avalanche
(PA) e�ect, which was �rst observed by Chivian et al. in 1979 during their
investigation of ESA in LaCl3 and LaBa3 crystals doped with Pr3+ [63].
The researchers noticed a signi�cant increase in the emission intensity7

of Pr ions, accompanied by a decrease in transmission, when the crys-
tals were subjected to laser radiation slightly above a critical intensity
[48, 63]. The observed phenomenon was attributed to a CR process that
led to an enhanced population of an excited state. As a result, the elec-
trons were capable of absorbing photons from the laser pump and being
excited to a higher state, which subsequently emitted the upconverted
light. A simpli�ed schematic diagram illustrating the PA e�ect is shown
in Fig. 1.6. The speci�c mechanism responsible for the initial excitation
to the second excited state depicted in the �gure was not determined in
the original publication of this discovery.

Figure 1.6: PA e�ect occurs subse-
quent to resonant ESA and weak
GSA, triggering a CR process.
During CR, electrons in the second
higher excited state relax to an in-
termediate state, exciting electrons
from the ground state to the ex-
cited state where the ESA occurs.

The PA e�ect introduces a signi�cant non-linearity to UC processes
and o�ers a promising avenue for enhancing energy transfer mechanisms,
particularly ESA, thereby leading to improved UC e�ciency. In recent
developments, the PA e�ect has been identi�ed as a remarkable feature
in the �eld of imaging techniques, contributing to the advancement of
resolution capabilities. Lee et al.'s work demonstrated the potential of the
PA e�ect in achieving an impressive resolution of approximately 70nm,
surpassing the resolution limits of previously reported super-resolution
systems [25, 43, 45].

1.2 Upconverting nanoparticles (UCNPs)

Lanthanide UCNPs exhibit unique non-linear optical properties. They
possess a rich 4f electronic con�guration within the lanthanide ions
(Ln 3+ ), allowing for multi-wavelength emissions ranging from UV to NIR
[3]. The well-de�ned and tunable nature of the 4f electronic transitions
in lanthanide UCNPs is a consequence of the shielding provided by the
5s and 5p orbitals. These orbitals e�ectively protect the 4 f transitions
from photobleaching, making them resilient to the surrounding environ-
ment. In free RE3+ ions, electric dipole transitions between the 4f states
are forbidden. However, when embedded in a solid matrix, the crystal

5The SHG was �rst demonstrated by Franken et al. after the invention of lasers,
since the process requires high intensity coherent light [60].

6The same occurred for the TPA, which was originally predicted by G•oppert-
Mayer in 1931, but only experimentally observed 30 years later with the laser invention
[62].

7 In their original study, the authors did not observe upconversion (UC); instead,
they observed 
uorescence emission originating from an excited state transitioning to
another intermediate excited state.
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�eld slightly breaks the degeneracy of the energy levels, enabling 4f -4f
transitions to occur [64].

To facilitate upconversion processes, the lanthanide ions must be sep-
arated by a certain distance, and in the case of ETU, the energy transfer
occurs through phonons in the lattice. Therefore, the host matrix plays
a crucial role in maintaining the ideal separation distance between the
ions. UCNPs are not simple miniaturizations of their bulk counterparts;
their properties are strongly in
uenced by the surface-to-volume ratio.
In bulk crystals, dopant ions can occupy random lattice sites, resulting
in a homogeneous system where surface elements have minimal in
u-
ence. However, in crystalline nanoparticles, dopants are not randomly
distributed, and surface ions exert a proportional in
uence compared
to the embedded ions within the lattice [46]. During the synthesis of
UCNPs in solution, factors such as the concentration and ionic radii of
the reagents, as well as the growing particle size, in
uence the distribu-
tion of ions on the particle surface and in the solution. This leads to a
varying density of UCNPs along their radial coordinate [46]. This asym-
metry creates a non-homogeneous crystal �eld, known to in
uence the
emission probability in lanthanides and impart the UCNPs with their
unique luminescence properties. However, the surface e�ect also has a
negative impact on UCL, reducing its e�ciency as the particle size de-
creases. This phenomenon is known as surface quenching e�ect. To
mitigate this e�ect, a common technique is to add an inert shell without
RE elements involved in upconversion. Currently, the most e�cient UC-
NPs for UC at approximately 975 nm excitation are core-shell sodium

uoride particles with hexagonal symmetry. These particles are codoped
with Yb as a sensitizer and Tm, Er, or Ho as activators, represented as
� -NaYF4:Yb,X@NaYF4, where X = Er, Tm, or Ho. The inert shell typ-
ically has the same composition as the host matrix [65]. Fig. 1.7 shows a
cuvette containing UCNPs being irradiated by NIR beam and emitting
upconverted light in the blue and NIR wavelengths. Figure 1.7: A cuvette contain-

ing water-dispersed UCNPs doped
with Yb and Tm. The sample is
irradiated by a NIR laser beam,
resulting in a visible blue upcon-
verted emission. Although not vis-
ible to the naked eye, the purple
hue surrounding the blue emission
line represents the NIR emission
and scattered light captured by a
smartphone camera.

1.2.1 Upconversion Quantum Yield (QY)

One of the most important parameters in assessing the performance of
UCNP compounds is their QY, which quanti�es their e�ciency in con-
verting low-energy light to higher-energy light. However, evaluating QY
presents challenges both in terms of experimental methodologies and data
processing and analysis. Unlike 
uorescence, the QY of UCNPs is highly
dependent on the PD due to the involvement of multiphoton absorption
in the upconversion process. This non-linear PD dependence necessitates
considering the distortions caused by the excitation beam pro�le during
QY evaluation [1, 49, 66, 67].

Furthermore, at low power densities, the non-linearity of upconversion
becomes more prominent, resulting in a signi�cant reduction in QY. The
relatively weak upconversion signal requires sensitive and accurate de-
vices that are not readily available commercially. Some research groups
have calculated QY through absolute measurements using integrating
spheres to collect the upconverted emission from the sample in all di-
rections [68{71]. Others have evaluated QY relative to a 
uorescent
reference with a known QY [35, 49, 72, 73]. Additionally, the lack of
standardized protocols has led to variations in QY terminologies and
de�nitions. For instance, the external QY (eQY) is de�ned as the ratio
of emitted photons to incident photons on the sample. In contrast, the
internal QY (iQY) considers the number of absorbed photons instead of
incident photons, as shown in Eq. (1.2) [74],
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1.2.1 Upconversion Quantum Yield (QY)

� m ! j =
nm ! j

na
; (1.2)

where, � m ! j represents the iQY for electronic transitions from an en-
ergy state m to a lower state j , nm ! j is the number of photons emitted
through this radiative transition, and na is the number of photons ab-
sorbed by the sample.
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Chapter 2

Time-resolved and steady-states of
the population densities of the
energy levels involved in ETU
processes

The ETU process is currently recognized as the most e�cient among UC
processes. Although, there has been limited theoretical investigation into
the PD dependence of UC QY. In 2005, Suyver et al. initially calculated
the PD dependence1 of the population density of energy states involved
in UC through energy transfer between a sensitizer and an activator [75].
Building upon this work, Liu et al. extended the concept in 2013 by using
rate equations to calculate the PD-dependent iQY for a two-photon UC
process. They quanti�ed, for the �rst time, the PD transition point where
the UCL of an ETU2 process transitions from quadratic dependence to
linear [1].

This chapter focuses on studying the PD dependence of iQY for a
general ETUj process involving the absorption ofj photons. The tran-
sition points that de�ne the shifts between regimes with di�erent orders
of non-linearity in the UCL and QY will be introduced. Analytical solu-
tions for the steady states and dynamics of the process are investigated
by applying a simpli�ed rate-equations model.

2.1 ETU2 model proposed by Liu et al.

It is widely recognized that the UCL intensity, L [W=cm2], exhibits a non-
linear dependence on the PD,� [W=cm2]. This dependence varies from
an order j [� ] (i.e., � j ) at low excitation levels to an order of 1 (i.e., � ) at
high excitation PDs for an ETU j process, wherej photons are involved
in the absorption [76]. As a consequence, the iQY,� [� ], exhibits a
PD dependence order ranging fromj � 1 to 0, as the iQY is de�ned as
the ratio of emitted photons to absorbed photons, with absorption being
linearly proportional to PDs [71]. Eqs. (2.1) and (2.2) represent the PD
dependence of UCL and iQY, respectively, at low excitation PD limits,

L j / � j ; (2.1)

� j / � j � 1: (2.2)
1 In their paper, entitled "Anomalous power dependence of sensitized upconversion

luminescence", Suyver et al. refer to the e�ect as power dependence instead of PD
dependence.

11



2.1 ETU2 model proposed by Liu et al.

The PD dependence of the iQY arises from the interplay between
two main competing mechanisms responsible for the depopulation of the
excited states in the activators: the ET process and linear decay [1, 75].
Liu et al.'s model is derived from rate equations and considers a system
consisting of two ions, with the �rst ion having two levels (ground state
jai and excited state jbi ) for the sensitizer, and the second ion having
three levels (ground statej0i and two excited statesj1i and j2i ) for the
activator, as depicted in Fig. 2.1.

The rate equations describing this model are presented in Eqs. (2.3),

_Nb = ��N a � NbRb;
_N1 = W0N0Nb � W1N1Nb � N1R1; (2.3)
_N2 = W1N1Nb � N2R2;

Figure 2.1: Simpli�ed energy level
diagram illustrating a two-ion sys-
tem with a coupled two- and three-
level con�guration. The absorp-
tion process takes place in the S
ions, where electrons are excited
from the state jai to jbi upon ir-
radiation with a power density � .
The parameter � denotes the S ab-
sorption cross-section, which rep-
resents the probability of photon
absorption. ET occurs at rates W0
and W1 to the ground state j0i and
excited state j1i , respectively. The
decay rates from the excited states
to the ground states are indicated
by the R constants.

where N [cm� 3] represents the population density of the energy states,
which are denoted by indices such asa, b, 0, 1. The dot notation,
_N [cm� 3s� 1] signi�es the rate of change of the population density.

� [cm2J � 1] corresponds to the sensitizer's cross-sectional area, given
by the ratio of the absorption cross section,� [cm2], to the product of
Planck's constant, h [Js], and the resonant frequency,� [Hz ], associated
with associated with the energy di�erence between statesjai and jbi , as
shown in Eq. (2.4). The constant W [s� 1] represent the energy transfer
rates for an electronic transition from an energy state corresponding to
its index to another state immediately above it. The constant R [s� 1] is
the linear decay rate from the energy state corresponding to its index to
ground state, accounting for both radiative and non-radiative processes,

� =
�
h�

: (2.4)

Consequently, PD-dependent iQY is determined by solving the rate
equations to obtain the steady states2. The equation representing the
PD dependence of the iQY is given by Eq. (2.5),

� 2 = � s
�

� + � b
; (2.5)

where � b [W=cm2] represents the PD balancing point at which the iQY
is exactly half of the its maximum saturation value given by the constant
� s [� ] at high PDs, given by Eq. (2.6),

� s =
W0N0Rrad

2

RbR2
; (2.6)

where the symbol Rrad
2 [s� 1] represents the radiative decay rate from

the state j2i to the ground state j0i . The constant � b also de�nes the
transition point of the transition from non-linear to linear regimes of
UCL, and is given by Eq. (2.7),

� b =
R1Rb

W1�N a
: (2.7)

This simpli�ed model is applicable to UCNPs that exhibit single-
wavelength emission in an ETU2 process. It does not take into con-
sideration energy transfers to higher energy levels beyond the statej2i .
Liu et al. also made the approximation that the population density Na

remains constant at low excitation PDs, speci�cally when � � Rb=� 3.

2The steady state is reached when the population densities of the energy states
have reached equilibrium, indicated by _N = 0.

3 In the case of Yb as a sensitizer with a typical absorption cross-section of � �
10� 20 , and considering a range of values for Rb reported in the literature [77, 78], the
condition for low power densities is satis�ed when � � 5000 W=cm2 .
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Time-resolved and steady-states of the population densities of the energy levels involved in ETU
processes

Additionally, the depopulation of Nb due to ET is considered negligible
compared to the spontaneous emission rate.

2.2 ETU processes of higher order

In higher order ETU processes, the contribution of W2 cannot be ne-
glected, while still satisfying the conditions described by Eqs. (2.1) and
(2.2) for PD dependence. As a result, a general model can be developed
to describe a system with an arbitrary number of excited energy lev-
els, m, for the activator. Each excited level jj i is exclusively populated
through electronic transitions from the energy level immediately below
it, jj � 1i , via ET. Depopulation of each excited level can occur through
either linear decay to the ground state of the activator, j0i , or through an
electronic transition to the next excited state, jj + 1 i , facilitated by an
ET process. Fig. 2.2 depicts a simpli�ed energy level diagram illustrating
this process for thej th excited energy state.

The set rate equations that describes this general model is given by
Eqs. (2.8),

NS = Na + Nb;
_Nb = ��N a � NbRb;

NA =
mX

i =0

N i ; (2.8)

...
_N j = Wj � 1N j � 1Nb � Wj N j Nb � N j Rj ;

...

where j 2 f 1; 2; :::; mg.

Figure 2.2: Simpli�ed energy level
diagram illustrating a system con-
sisting of two ions with a cou-
pled two-level and m-level struc-
ture. In this system, an arbi-
trary excited state jj i is popu-
lated through ET from the sensi-
tizer, which pumps electrons from
the jj � 1i state. The jj i state is
depopulated through ET, exciting
electrons to the next excited state
jj + 1 i , and through a linear decay
process that leads to the ground
state j0i .

2.2.1 Population densities of the energy states and the
transition PD points

At the steady state, the population densities of the excited states are
given by Eqs. (2.9) and (2.10),

Nb =
��N S

Rb + ��
; (2.9)

N j =
Wj � 1N j � 1Nb

Wj Nb + Rj
: (2.10)

The solution provided in Eq. (2.10) is applicable to any excited state
below the statejj i . Therefore, the general solution, as given in Eq. (2.11),
is obtained by replacing the solution for the population density of the
state jbi and recursively substituting the solutions for the lower states
into Eq. (2.10),

N j =
W0N0� j

Wj

jY

i =1

1
� + � 0

i
; (2.11)

where� 0
i [W=cm2] represents the transition PD point given by Eq. (2.12),

� 0
i =

Ri (Rb + �� )
Wi �N S

: (2.12)
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2.2.2 The photon 
ux and upconversion luminescence (UCL)

The constant � 0
i is PD dependent, however, for the limit where� �

Rb=� , which is valid for most applications, � 0
i converges to the constant

� i , Eq. (2.13),

� i =
Ri Rb

Wi �N S
: (2.13)

The transition PD point quanti�es the threshold where the UCL ex-
hibits a transition between di�erent orders of non-linearity. Currently,
subjective terms such as "low PDs" and "high PDs" are used to di�er-
entiate between the non-linear and linear regimes [1, 21, 49, 79]. How-
ever, this approach is inaccurate because di�erent samples and emission
wavelengths undergo transitions at di�erent points. Moreover, higher or-
der ETU processes (e.g., ETU3, ETU4) have multiple transition points,
which are not accounted for in subjective descriptions.

2.2.2 The photon 
ux and upconversion luminescence
(UCL)

When electrons undergo radiative decay from the statejj i , photons are
emitted. The resulting photon 
ux, denoted as � j [cm� 3s� 1], is directly
proportional to the population density of the state jj i by a constant factor
Rrad

j . This constant factor represents the radiative decay rate from the
respective energy state, as shown in Eq. (2.14),

� j = � j o � j
jY

i =1

1
� + � 0

i
; (2.14)

where � j o [cm� 3s� 1] represents the saturation photon 
ux, de�ned by
the Eq. (2.15),

� j o =
W0N0Rrad

j

Wj
: (2.15)

Similarly, the UCL, L j [W=cm3], can be obtained by multiplying the
photon 
ux by the energy of each photon, as described in Eq. (2.16),

L j = � j h� j ; (2.16)

where the constant � j [Hz ] represents the frequency of the emitted pho-
tons.

2.2.3 Internal Quantum Yield (iQY)

The UC iQY is calculated by dividing the emission photon 
ux by the
absorption photon 
ux, as de�ned in Eq. (1.2). The absorption photon

ux can be expressed as the product of� , Na , and � . Therefore, the iQY
for the energy state jj i is determined by Eq. (4.5),

� j =
� j o

�N a
� j � 1

jY

i =1

1
� + � 0

i
: (2.17)

2.2.4 The PD limits

The slope of the UCL versus the PD plot, represented in a double loga-
rithmic scale, is a crucial parameter to evaluate as it relates to the number
of absorbed photons during the ETU process. The measurement of the
slope, denoted as� [� ], at low power densities provides the order of the
ETU process. The expression for obtaining� is given by Eq. (2.19),
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� j =
d

d ln( � )
ln(L j ): (2.18)

Thus, by solving the Eq. (2.18), the expression for� as given in
Eq. (2.19) is obtained,

� j = j �
jX

i =1

� (1 + ' i )
� (1 + ' i ) + � i

; (2.19)

where ' i is represented by Eq. (2.20),

' i =
Ri

Wi NS
: (2.20)

Low PD limit

Applying the limit to the UCL as the excitation PD tends to 0, i.e.,
� ! 0, or equivalently � � � i , the slope � j tends to the index j of the
excited energy state. In terms of UCL, the result of the low PD limit is
given by Eq. (2.21), which is consistent with experimental observations
[1, 67, 75, 76] and con�rmed in PaperI .

lim
� ! 0

L j / � j : (2.21)

As a consequence, applying the limit to the iQY gives a result of order
j � 1, as shown in Eq. (2.22),

lim
� ! 0

� j / � j � 1: (2.22)

High PD limits

At high PD limits, where � ! 1 or at least � � � i for all transition
points � i , the slope � j tends to 0, indicating that the UCL reaches a
saturation point, as shown in Eq. (2.23),

lim
� !1

L j / L s; (2.23)

where, the constant L s [W=cm3] characterises the luminescence satura-
tion. The saturation is a consequence of the the equilibrium between
the population and depopulation mechanisms of the energy level, which
depend on the population density of the sensitizer's excited statejbi .
Consequently, the iQY tends to 0 at this limit. Experimental measure-
ments of Er-Yb codoped micro particles have observed this saturation at
excitation PDs above 30W=cm2[80]. However, anomalous power depen-
dence has been observed in other upconverting systems, where the UCL
does not exhibit saturation even at PDs on the order of 103 W=cm2 Pa-
per I , 104 W=cm2[75], and 105 W=cm2[67]. These experimental results
indicate that the minimum slope at high PDs is 1, indicating linearity in
the UCL and saturation of the iQY.

According to the simpli�ed model presented here, the anomalous be-
haviour observed in certain upconverting systems indicates that one of
the transition points � i is signi�cantly larger than the excitation PDs
used in the experiments. This can be expressed by the inequality shown
in Eq. (2.24),

� i � � (1 + ' k ): (2.24)
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2.2.5 A detailed comparison with the model proposed by Liu et al.

2.2.5 A detailed comparison with the model proposed
by Liu et al.

Applying the general solution to an ETU2 process, the iQY can be ex-
pressed by Eq. (2.25)4,

� 2 =
� 2o

�N a

�
(� + � 1)( � + � 2)

; (2.25)

where� 1 and � 2 represent the transition points of the ETU2 luminescence
with respect to the excitation PD. The solution suggests that for PDs
below both transition points, the UCL exhibits predominantly quadratic
behaviour. However, between the two transition points, the UCL be-
comes linear and saturates above both transition PD points. It should
be noted that in practical cases, such as in bulk upconverting particles,
the saturation of the UCL is typically not observed, suggesting that one
of the two transition PD points 5 is above the experimental ranges of PDs.

When comparing the results to the model proposed by Liu et al. [1], it
is observed that the transition PD point related to the �rst excited energy
state j1i , denoted as� 1, is equivalent to the value of � b found in their
study. However, in Liu et al.'s model, they neglected the ET coe�cient
W2, which is responsible for exciting the activator's electrons to the state
j3i 6. By disregarding W2, the slope � 2 at high PDs was found to have
a minimum value of 1, consistent with the anomalous PD dependence
observed in various UCNPs. This approach is valid for systems where
no UCL arises from an ETU3 process. However, many UCNPs exhibit
a mixed emission spectrum involving both ETU2 and higher processes.
For these systems, it is crucial not to neglectW2, therefore both � 1 and
� 2 are present in the solution. Although it may be presumed that � 1 is
small and the PDs in reported measurements for ETU2 never reached
� 2, observations of downconversion luminescence indicate that the UCL
from the �rst excited state j1i exhibits linear behaviour throughout the
observed range. On the other hand, the UCL from the second state
j2i transitions from quadratic to linear behaviour. This implies that � 2

is indeed reached, while� 1 represents the larger transition PD point.
Further discussion and analysis are presented in PaperIII .

2.2.6 A numerical example

A numerical approach was employed to simulate the ET process in a
sodium 
uoride UCNP system codoped with 20% Yb3+ and 1% Tm3+

ions (� -NaYF4:20%Yb3+ ,1%Tm3+ ). The selection of the concentration
and structure was based on typical highly e�cient UCNPs[81, 82]. The
total electronic population densities of the sensitizers and activators were
calculated based on the given concentration, assuming a hexagonal unit
cell with typical lattice parameters: a = 5.91 �A and c = 3.53 �A[83]. UC-
NPs with this composition are known to exhibit light emission at multiple
wavelengths, involving processes ranging from ETU1 to ETU4. The ab-
sorption cross-section and decay times of the excited states of the Tm3+

ions were obtained from Villanueva-Delgado et al.[77]. The ET constant
W0 was taken from the work of Liu et al.[21], while the other ET constants
were calculated based on the transition PD points obtained by �tting the
experimental UCL data to the general model. The determined transition
PD values are approximately � 1 = 20 kW=cm2, � 2 = 40 W=cm2, and
� 3 = 190 W=cm2. The constants used in the simulation, along with their
respective sources, are summarized in Tab. 2.1.

4The approximation � � Rb=� was taken into account.
5One of the two because � 1 is not necessarily lower than � 2 .
6For sanity test, one can replace W2 by 0 in the Eq. (2.25) and verify that it

reduces to the iQY equation proposed by Liu et al., Eq. (2.5).
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Table 2.1: Simulation UC constants and their respective source. NS

and NA represent the total electronic population densities of Yb3+ and
Tm3+ , respectively. � denotes a typical absorption cross-section for the
electronic transition from the ground state to the excited state of Yb3+

under 976nm excitation light. � j and Wj correspond to the decay time
and ET rate for the excited state jj i , where j 2 f 1; 2; 3; 4g.

Quantity Source
NS 1.87 � 1021 cm� 3 Calculated
NA 9.36 � 1019 cm� 3 Calculated
� 1 � 10� 21 cm� 2 [77]
� b 2.3 � 10� 3 s [77]
� 1 12 � 10� 3 s [77]
� 2 2 � 10� 3 s [77]
� 3 675 � 10� 6 s [77]
� 4 500 � 10� 6 s [77]
W0 1.6 � 10� 18 cm� 3s� 1 [21]
W1 1.9 � 10� 19 cm� 3s� 1 Calculated
W2 5.9 � 10� 16 cm� 3s� 1 Calculated
W3 3.7 � 10� 16 cm� 3s� 1 Calculated
W4 � 0 cm� 3s� 1 ETU5 neglected

Using the numerical values of the constants listed in Tab. 2.1, the
Eqs. (2.9) and (2.10) were implemented in a computational script using
the Python programming language. This script was used to calculate
the population density of the energy levels in their steady states. The
population density of the activator's ground state j0i was assumed to
be constant and equal to the total electronic population density of the
activator NA across the entire PD range studied, which ranged from
10� 3 to 103 W=cm2. The results are shown in Fig. 2.3 using a double
logarithmic representation.

Figure 2.3: Population densities of
the energy states of the Yb 3+ and
Tm 3+ ions are shown in the plot,
covering a PD range from 10 � 3 to
103 W=cm2 . The plot is displayed
on a double logarithmic scale. The
highlighted slopes � represent the
behaviour of the population densi-
ties in the low PD limit. The pop-
ulation density of the ground state
j0i of the activator ions, denoted as
N0 , is assumed to be constant and
equal to NA .At PDs below � 2, the slope � is equal to the index of the excited

state, re
ecting the number of absorbed photons involved in the ETU
process. As the PD increases above� 2 and � 3, � transitions from its
maximum value to its minimum value of 1 for states j2i and j3i , and to
2 for state j4i . The minimum slope of state j4i does not reduce to 1 due
to the approximation W4 � 0, which results in an in�nite value of � b;4.
Therefore, the minimum value of � for state j4i is 2.

Figure 2.4: Normalised iQY for
the UC of the activator's excited
states. The slopes of the iQY
curves versus PD are highlighted
in the graph, which is plotted in
a double logarithmic scale.

The iQYs, calculated using equation Eq. (1.2) and normalised by
their maximum value � o, are depicted in Fig. 2.4. In the low PD limit,
the slopes of the iQY curves in a double logarithmic representation are
equal to the index of the excited state minus 1, as the number of absorbed
photons exhibits a linear dependence on PD. At high PDs, the iQY curves
reach a saturation point represented by the constant� i;o for states j2i
and j3i . In the case of statej4i , the slope reaches its minimum value of
1 at high PDs.

One limitation of this model arises in the high PD limit due to the
assumption of a constant population density N0 for the ground state.
In Fig. 2.3, it can be observed that the population density of state j1i
becomes very close to that of the ground statej0i at extremely high PDs,
which occurs above 103 W=cm2 for the constants used in this simulation.

2.3 Dynamics

Applications in biophotonics involving UCNPs often require the use of
laser beams for nanoparticle excitation. However, due to safety consid-
erations, living tissues have an average exposure limit of a few hundred
mW=cm2 [84, 85], which is signi�cantly below the maximum iQY satu-
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ration level � o of UCNPs. When photons are absorbed by tissue, they
locally increase the temperature, which is primarily dissipated through
the bloodstream [86]. CW excitation delivers photons continuously to
the tissue, while pulsed laser excitation applies light for a short duration
followed by a dark period, allowing the tissue to cool down. By increasing
the excitation power while reducing the laser-on time, the average deliv-
ered power can be kept constant. The average excitation powerPavg for
a pulsed laser, as a function of the peak powerPpeak , on-time duration
� t, and pulse periodT, is given by Eq. (2.26),

Pavg = Ppeak
� t
T

; (2.26)

where the ratio of � t to T represents the duty cycle, which is commonly
expressed as a percentage. Pulsed excitation o�ers advantages due to the
unique non-linear characteristics of UC. For instance, when using pulsed
excitation with a peak power Ppeak that is twice as high as the average
power Pavg and a duty cycle of 50%, the average power remains constant.
However, in the case of an ETU3 process, the UCL should increase by
a factor of eight (23) during the on-time duration � t. This holds true if
� t is su�ciently long to allow the excited levels to populate and reach
their steady state.

Therefore, gaining an understanding of the mechanisms involved in
populating and depopulating the energy levels in UC processes is crucial
for various applications in biophotonics, including PDT and optogenet-
ics. Additionally, this understanding is necessary for obtaining highly
accurate measurements of the iQY.

2.3.1 Numerical approach

Obtaining analytical solutions for the rate equations in the time domain
can be complex. Therefore, a numerical procedure based on the Euler
method was implemented to calculate the rise and decay times of the
energy states in an UC process. The Euler method involves discretising
the time domain into smaller intervals, denoted as �t . Using smaller
intervals leads to improved precision and accuracy of the results [87].
By applying the mathematical de�nition of a derivative, the following
relation for a general statejj i can be derived, as shown in Eq. (2.27):

lim
�t ! 0

N j (t + �t ) = lim
�t ! 0

�
�t

dNj (t)
dt

+ N j (t)
�

; (2.27)

whereN j represents the population density of statejj i and �t is the time
interval. The rate dN j

dt is given by the set of rate equations de�ned by
Eq. (2.8). By knowing the initial state, i.e., the population density of
the energy states at t = 0, the subsequent values ofN j after intervals
of �t can be determined. Thus, this relation allows for the numerical
evaluation of the rate of change of the population density over time.

Using the aforementioned de�nition, the model was implemented
in a Python script to simulate the behaviour of the sodium-
uoride
UCNP system, which is co-doped with 20% Yb3+ and 1% of Tm3+

(� -NaYF4:20%Yb3+ ,1%Tm3+ ), as described in the previous subsection.
The simulation utilized the constants listed in Tab. 2.1. A laser pulse
with a power of 500mW=cm2 and an average frequency of 5Hz, with a
duty cycle of 50%, was prepared. The time interval�t was set to 1�10� 5 s.
By iterating through the simulation, the population density of the energy
states was calculated at each time step. The resulting population density
values were then plotted against time on a logarithmic scale along the
simulated laser pulse, as illustrated in Fig. 2.5.

Figure 2.5: Population density of
the energy states, represented in
the logarithmic scale of the y-axis,
is shown in the top plot. The bot-
tom plot displays the pulse pro�le
of the simulated excitation. De-
spite the fact that all energy states
reach their steady state within a
time interval of less than 100 ms,
the excited state j1i exhibits a
signi�cant population remaining
within the same time frame after
the laser excitation is switched o�.

The results reveal that the population densities of the excited states
are at least three orders of magnitude lower than those of the ground
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Figure 2.6: Normalised population densities of the excited states of the
sensitizer and activator are depicted in the left and right plots, respec-
tively, representing the �rst 50 ms of the rise and decay processes. The
laser pulse pro�les are shown at the bottom of the plots. Arrows indicate
the time it takes for the population densities to reach 63% of the steady
state level during the rise process and to decay to 37% of the steady state
level during the decay process.

states for both the sensitizer and activator. Additionally, the absolute
value of the slope of the decay curve for the excited states increases
with higher energy states, as observed in the steady state results for the
logarithmic population densities versus the logarithmic PDs.

Fig. 2.6 illustrates the population densities of the excited states, nor-
malised by their maximum values at steady state. In Fig. 2.6.a, the
population densities are shown during the �rst 50 ms of the rise process,
while Fig. 2.6.b displays the �rst 50 ms of the decay process. The pulsed
laser pro�le is depicted at the bottom of each plot.

The rise time r � and decay time d � , shown in Fig. 2.6, were deter-
mined based on the ratio of population densities relative to their satu-
ration level. In the decay of a two-level system pumped by a resonant
photon, the depopulation of either state can be described by a simple
exponential equation, e� t=� . When the time t is equal to the lifetime � ,
the population of the state reaches approximately 37% of the total elec-
tronic population. Similarly, the population of the state being populated
accounts for the remaining 63%. This relationship holds true for the sen-
sitizer's energy states, resulting in equal rise and decay times. However,
for the activator's excited states, the mechanisms of population and de-
population depend on the population densities of the energy statejbi and
the immediately lower energy state from which the electrons are excited,
jj � 1i , as given by the product in Eq. (2.28),

Wj � 1N j � 1Nb: (2.28)

Hence, the use of a simple exponential equation is inadequate for deter-
mining the rise and decay times of these energy states. This is evident
from the shapes of the curves in Fig. 2.6. The population density of en-
ergy state jbi exhibits a decreasing slope during the populating process,
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Table 2.2: Rise and decay times for each of the excited energy lev-
els are compared to their respective natural lifetimes, which were ob-
tained through lifetime measurements at the tail of the decay curves by
Villanueva-Delgado et al.[77].

Energy state Natural lifetime � Rise time r � Decay time d �
jbi 2.3 ms � 2.3 ms � 2.3 ms
j1i 12 ms � 14.5 ms � 14.5 ms
j2i 2 ms � 17 ms � 4.4 ms
j3i 675 �s � 17 ms � 2.5 ms
j4i 500 �s � 18 ms � 2 ms

while the population densities of the remaining energy states initially
increase with time before eventually decreasing towards their saturation
level. Due to the lack of an analytical equation that accurately describes
the rise and decay curves, the rise and decay times were de�ned as the
points where the population densities reached 63% and 37% of their sat-
uration level, respectively. The obtained results are visually depicted in
Fig. 2.6 and compared to the decay times used as input in the simulation,
as shown in Tab. 2.2.

During the populating process, the rise curves of the activator's ex-
cited states are strongly in
uenced by the rise curve of statej1i . An
excited state jj i of the activator only reaches the saturation level when
the energy state immediately below it, jj � 1i , and the energy statejbi
are in their steady states. This correlation arises due to the ET process
described by the product in Eq. (2.28). As the excited statejbi reaches its
steady state before the excited statej1i , the latter becomes the limiting
factor for the higher excited states to reach saturation, hence the strong
correlation with excited state j1i . On the other hand, during the decay
process, the activator's excited states can still be populated through ET
while the energy state jbi is relaxing, even in the absence of excitation
light. The activator's excited states will only exhibit relaxation when the
product in Eq. (2.28) becomes zero, which can be achieved by either one
of the states involved becoming zero. SinceNb decays faster thanN1, the
energy states abovej1i show a strong correlation with the energy state
jbi instead of state j1i .

Therefore, the ET term explained by Eq. (2.28) accounts for the dif-
ference between the rise and decay times of the energy states abovej1i .
In contrast, the rise and decay of statej1i are the same because this state
primarily depends on the population of the ground state, which remains
relatively constant for the applied excitation PD.

2.4 Summary

In summary, this chapter presents a comprehensive analytical model to
describe the PD dependence of UC and QY in ETU processes. The model
is based on the concept of transition PD points and iQY saturation,
providing a framework for the characterisation of upconverting materials.
By utilizing the steady-state solutions provided by the model, one can
e�ectively compensate for the in
uence of the excitation beam pro�le
on iQY, thereby eliminating its impact on the �nal results to obtain
the UC e�ciency as an intrinsic material characteristic. The challenges
associated with QY characterisation of UCNPs, including the limited
availability of commercially viable equipment capable of capturing all
pertinent QY parameters, will be further explored in the subsequent
chapter.
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The numerical approach employed in this study provides valuable in-
sights into the disparities between rise and decay times. These �ndings
hold signi�cant importance for applications involving pulsed laser exci-
tation of UCNPs in living tissues. Conventionally, the pulse duration is
matched with the emission wavelength's lifetime. However, the results
presented in this chapter demonstrate the inaccuracy of this approach,
as the limited lifetime interval fails to ensure full population of excited
states, given the considerably shorter decay times compared to the cor-
responding rise times.
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Chapter 3

A semi-relative quantum yield
system

Despite signi�cant e�orts to enhance the e�ciency of UCL, evaluating the
QY of UCNPs experimentally remains a challenging task due to several
factors that a�ect the measurement. At low PDs, the UCL signal is rel-
atively weak, and its non-linearity becomes more pronounced. Accurate
beam pro�le compensation is required to address the strong dependence
of QY on excitation PD. Additionally, power losses caused by scattering
pose challenges, particularly for powder samples and colloidal samples
with particles suspended in water. Water itself exhibits high absorption
in a wavelength range that overlaps with the absorption of Yb3+ , which
is the most commonly used sensitizer for UCNPs. Furthermore, tem-
perature exerts opposing e�ects on small and large UCNPs, with UCL
being enhanced at higher temperatures for particles smaller than 20-
30 nm, while being quenched for larger particles [88]. Currently, there is
no commercially available system that comprehensively addresses all of
these critical parameters and provides accurate QY evaluations for UC-
NPs across a wide dynamic range of excitation PDs, spanning from the
non-linear to the linear range. The typical QY evaluation involves us-
ing two separate setups: an absorption spectrometer and a luminescence
spectrometer. For luminescence measurements, two distinct approaches
are recommended, as per standard protocols, which are explained below
[89].

3.1 Absolute QY evaluation

Absolute measurements have been the most commonly used technique
to measure the resulting UCL of UCNPs [49, 89]. Referred to as "abso-
lute QY measurement" or simply "absolute QY", this technique involves
collecting the emitted light in all directions from a transparent sample
positioned at the centre of an integrating sphere, combined with a com-
mercial 
uorometer [70]. In recent years, the importance of this method
has grown as standalone integrating spheres have become commercially
available, eliminating the need for a standard sample with a known QY
as a reference [89]. Despite this advantage, the e�cient re
ections in-
side the sphere make it impossible to accurately assess the PD of the
excitation light reaching the sample.

3.2 Relative QY evaluation

Another method for determining the UC e�ciency of UCNPs is the rela-
tive method, which involves comparing the UCL of a sample to a reference
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sample with similar optical properties, and a known QY, measured under
identical conditions [89]. Typically, 
uorescent dyes are used as standard
samples, although they have limitations such as decreased e�ciency over
time and susceptibility to photo-bleaching, necessitating dark and refrig-
erated storage. This requirement leads to the need for freshly prepared
standard samples for each characterisation. Relative measurements rely
on 
uorometers and have been extensively employed to characterise the
QY of 
uorescent materials. Unlike absolute measurements, only a frac-
tion of the emitted light within a small solid angle of detection is collected
in relative measurements. Although this technique is more complex to
implement, it o�ers greater control over the PD across the excitation
beam and allows for easy assessment. A detailed explanation and com-
parison of these methods are presented in a protocol reported by W•urth
et al. [89].

3.3 A semi-relative multi-characterisation setup

Given the critical importance of controlling and characterising the excita-
tion beam pro�le, a QY system was initially developed in the laboratory
based on a previously reported relative QY setup for UCNPs by [49].
The authors followed the protocol for QY characterisation of transpar-
ent samples reported by W•urth et al., but they incorporated a CCD
camera at a 90o angle from the excitation path. A beamsplitter was
carefully positioned equidistant from the sample centre and the camera,
enabling the measurement of the excitation beam pro�le in addition to
the UCL and transmission, which are essential for computing the QY
of UCNPs. In their study, the authors experimentally demonstrated the
signi�cance of beam pro�le compensation by comparing QY results with
non-compensated ones for the 804nm emission wavelength of a Yb-Tm-
codoped UCNP [49]. This paved the way for exploring the QY of speci�c
ET processes in UCNPs as an intrinsic characteristic of the compound,
rather than simply the UCL e�ciency of the sample.

Therefore, a semi-relative multi-characterisation QY setup was de-
signed to integrate other important characterisation functions into their
system, addressing the following key improvement points:

(i) Expanded dynamic range of excitation PDs to allow exploration of
both the non-linear and linear regimes of UCL;

(ii) Multi-variable characterisation, including absorption, scattering,
and emission spectra, to compensate for their in
uence on UCL;

(iii) Speckle-free excitation beam pro�le;

(iv) High signal-to-noise ratio (SNR) in the low PD range;

(v) Fine resolution step size of laser excitation power to discern subtle
features and enhance understanding of the UCL process;

(vi) Fully automated and well-controlled experimental setup for consis-
tent excitation and acquisition of transmission and emission under
the same conditions at various PDs;

(vii) Simultaneous or individual characterisation of multiple emission
wavelengths for di�erent excitation PDs;

(viii) Simultaneous transmission measurements of the UCNP sample and
a blank compound as a reference to determine the absorbed power
by the UCNPs alone;

(ix) Simultaneous measurement of UCL and emission spectra at di�er-
ent excitation PDs;
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(x) Time-domain measurements of UCL to study the dynamics of UC
processes;

(xi) Reduced reliance on a reference dye by implementing stable setup
calibration, performed only when necessary.

3.3.1 The system

Initially, a preliminary version of the QY system was implemented, incor-
porating the enhancements outlined in points (i) to (vi), as described in
detail in Paper II . Subsequently, a second iteration of the system was de-
veloped, integrating additional improvements as speci�ed in points (vii)
to (xi). To protect the engineering aspects of the speckle-free excitation
beam shaping, a patent was also published. This advancement is cru-
cial for enabling the characterisation of materials exhibiting non-linear
responses to the excitation PD.

A simpli�ed diagram of the most recent iteration of the QY setup is
depicted in Fig. 3.1. For a comprehensive overview of the optical elements
in the diagram, refer to Tab. 3.1. The QY setup consists of two primary
macro-components: the illumination component, encompassing the colli-
mation pack and beam shaping pack, and the measurement component,
comprising various arms for beam pro�ling, absorption, scattering, trans-
mission, emission spectra, and luminescence. The measurement macro
component is constructed within a cage system utilizing 30mm dark
tubes to support both optical and non-optical elements. This con�gu-
ration ensures alignment of the components and prevents external light
from interfering with the measurements. Lens L6 is situated in an open
space but securely attached to the cage system, allowing �ne adjustment
of the beam focus at the centre of the cuvette holders. The illumina-
tion macro component consists of multiple cage systems, each housing
the necessary optical elements and facilitating precise beam guiding and
alignment via free-space assembled mirrors. Thecollimation pack in-
corporates three distinct narrow wavelength lasers used for both UCNP
sample excitation and reference dye excitation. The excitation lines are
transmitted from the collimation pack to the measurement component
using silver mirrors assembled in free space. Thebeam shaping pack
o�ers the option of speckle-free excitation with a wider beam pro�le,
which is particularly advantageous for low PD measurements as it en-
hances the SNR. Thebeam pro�le arm diverts a fraction of the light
from the main laser path towards a CMOS camera, enabling the capture
of the excitation beam pro�le reaching the centre of the cuvette con-
taining the UCNPs. The blank arm serves as a reference for absorption
measurements in conjunction with thetransmission arm . The scatter-
ing arm , in combination with a broad-band white light source (WL) and
two narrow-band lasers, is utilized to measure the scattering spectrum of
the UCNPs. The emission spectra arm is responsible for capturing the
emission spectra of the UCNPs or dyes. Lastly, theluminescence arm
facilitates the measurement of UCL dynamics and steady-state. Further
details of the individual components, as well as comprehensive descrip-
tion of the system's characterisation and calibration, will be presented in
following subsections.

Collimation pack

The collimation pack was assembled to generate collimated laser beams
at three speci�c wavelengths, allowing for their subsequent manipulation
and shaping based on the experimental requirements at both low and
high PDs. Each laser arm within the collimation pack serves the pur-
pose of exciting a di�erent type of compound. The 976nm excitation
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Figure 3.1: Simpli�ed diagram depicting the most recent iteration of
the QY setup, showcasing the optical components and laser lines em-
ployed for the excitation of UCNPs and reference dyes. The highlighted
groups of components enable complete characterisation of UCNPs within
a uni�ed system. This characterisation encompasses UCL, absorption,
scattering, emission spectra, dynamics across various excitation PDs, as
well as the excitation beam pro�le for subsequent compensation of the
iQY.
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Table 3.1: List of optical components with their part code and descrip-
tion. All the components used in the QY system were procured from
Thorlabs Inc.

Comp. Part code Details
BS1 CM1-BP108 98:2 Pellicle beam splitter
BS2,3 BSN11R 90:10 beam splitter plate
DM DMLP550R 550 nm cut-on dichroic mirror
FM, M PF05-03-P01 Silver mirror
L1 AC254-050-AB AB-coated lens f. 50mm
L2,3,5,7-15 AC254-030-AB AB-coated lens f. 30mm
L4 AC050-008-B-ML AB-coated lens f. 8mm
L6 AC508-300-AB AB-coated lens f. 300mm
ND NDUV40B Neutral density �lter OD4
P1 LPNIRB100 Speckle free B-coated Lin. Polariser
P2,3,7 LPNIRE100-B B-coated Lin. Polariser
P4,5,6 LPVISE100-A A-coated Lin. Polariser
� 1=2 WPH05M-980 Half-wave plate

is necessary for UCNPs, while the other two wavelengths are utilised
for standard dye excitation. The 785 nm excitation is employed to ex-
cite a dye emitting in the NIR range, while the 405 nm excitation is
used for a dye emitting in the visible range. Both dyes are necessary
for calibrating the avalanche photodiodes (APD1 and APD2) within the
high responsivity detection range. The 976nm and 785nm arms consist
of temperature-stabilized, single-mode �bre-coupled diode lasers (Thor-
labs, BL976-PAG500 and Thorlabs, FPL785S-250) with emission peaks
at 976 nm and 785nm, respectively. These diode lasers are mounted on
a Thorlabs CLD1015 compact laser driver. The laser in the 405nm arm
is a Thorlabs L405P150 laser diode with an emission peak at 405nm,
connected to a Thorlabs SR9B-DB9 protection and relief cable, which is
then connected to a Thorlabs LDC205C current controller.

The lasers were mounted within a cage system at the focal point of
lenses, which served to collimate the laser beams. Speci�cally, lenses L1,
L2, and L3 were carefully selected, along with lens L6 in the main exci-
tation path, to achieve a resulting beam waist of approximately 100�m
at the focal point in the centre of the cuvettes (CH1 and CH2). Fine
adjustments to the beam waist can be made by moving L6 along the
illumination path. This �ne adjustment is only possible because L6 has
a large focal length of 300mm, meaning that small changes in the focal
point within the cuvette do not signi�cantly alter the symmetry of the
beam waist in the central volume of the cuvette.

Two polarisation-dependent optical elements were positioned in front
of the lens along the collimated path for two purposes. Firstly, they
provide polarised light, which, when combined with a polariser placed
in the luminescence arm oriented at a magic angle (54.7o) relative to
the excitation polarisation, ensures that the measurement results are
independent of any anisotropy in the UCNPs [89, 90]. Secondly, they
enable precise control of the excitation intensity by rotating the optical
element preceding the polariser at the end of the collimation arm. To
facilitate the rotation of these optical elements, precise rotation mounts
(Thorlabs, CRM1T/M) were utilised during the assembly.

The selection of optical elements in the collimation pack was based on
factors such as cost, wavelength range of operation, and quality. There-
fore, the half-wave plate and polariser P1 were chosen for the 976nm
excitation arm as they do not introduce speckles to the transmitted beam,
although they are relatively more expensive compared to polarisers P2
and P3. Mirrors M1 to M3 and 
ipping mirrors FM1 and FM2 were
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strategically positioned within the collimation pack in free space to align
and orient the beams towards the main excitation path. The choice of
which laser line is used to excite the sample in the cuvette holders can
be easily made by 
ipping the appropriate mirror (FM1 or FM2) up or
down. Further details regarding the optical elements can be found in
Tab. 3.1.

Centre illumination path

The core of the QY setup is the centre illumination path, to which all
the other measurement arms are attached at a 90o angle. This path is
constructed within a two-inch cage system and spans from iris I1 to iris
I4, incorporating iris I2, two lenses (L6 and L8), cuvette holder CH1
(Thorlabs, CVH100), and beam-splitter plates BS2 and BS3. The beam-
splitter plates are mounted in kinematic cubes, allowing for the inter-
changeability of optic elements (Thorlabs, DFM2/M). Lens L6 focuses
the collimated excitation beam precisely at the centre of the cuvette hold-
ers CH1 and CH2 (Thorlabs, CVH100). Following its passage through
CH1, lens L8 collects the diverging transmitted beam from the laser
source and collimates it, thus preventing signal loss, until it reaches the
transmission arm.

Beam shaping pack

The beam shaping pack provides the option to excite the sample using a
larger beam waist by 
ipping up the mirrors FM3-4. The mirrors M4-5
and FM-4 are assembled in free space, while the lenses L4-5 are mounted
in a cage system for easy alignment. The lenses are positioned at a �xed
distance from each other so that their focal points overlap, resulting in
collimated laser light after passing through them. The focal lengths of
the lenses are chosen to produce a resultant beam waist with a diameter
of 500 �m at the centre of the cuvette holders. The larger illumination
area inside the cuvette enables the UCL that reaches the APDs to cover
a greater portion of their sensors, thereby increasing the SNR of the
luminescence measurements. Fine adjustment of the beam waist at the
centre of the cuvette holders can be achieved by moving lens L4 slightly
along the axis parallel to the excitation path.

Beam pro�ler arm

The beam pro�ler arm consists of a pellicle beam-splitter BS1 (Thor-
labs, CM1-BP108) that re
ects approximately 2% of the excitation light
at a 90o angle from the excitation path directly to the NIR monochrome
CMOS camera (Thorlabs, DCC3240M). The camera is precisely posi-
tioned at the same distance from BS1 as the distance between BS1 and
the centre of CH1. This ensures that the excitation pro�le captured by
the camera accurately represents the pro�le that is illuminating the cen-
tre of the cuvette containing the sample. The vertical arrangement of
the arm is necessary due to the strong polarisation dependence of the re-

ectance of BS1. As a result, the arm is assembled based on the vertical
polarisation angles of P1, P3, and P5, which are set and �xed in a vertical
orientation. To prevent saturation and potential damage to the CMOS
sensor, a neutral density (ND) �lter is placed in front of the camera to
attenuate the beam intensity. Additionally, a shutter (ST), which is a
diaphragm iris with no transmission when fully closed, remains closed
during high PD measurements to protect both the sensor and the ND
�lter from damage.

28



A semi-relative quantum yield system

Blank arm and trasmission arm

The blank arm and transmission arm serve distinct purposes in the QY
setup. The blank arm comprises CH2 and a photodiode sensor (Thor-
labs, S121C) connected to a digital optical power metre PM2 (Thorlabs,
PM100D). It functions as a reference arm for absorption measurements.
This segment of the setup is designed based on a double beam absorption
spectrometer concept. In this con�guration, the transparent compound,
dispersed or dissolved in a solvent, is exposed to a fraction of the excita-
tion power of the beam, while the blank (consisting of the solvent only)
is irradiated by the remaining small fraction [89]. To ensure accurate
measurements, CH2 and BS2 are strategically positioned to maintain
equidistance between BS2 and both cuvette holders CH1 and CH2. This
alignment guarantees that the beam pro�les at the centre of both cuvette
holders are identical. PM2, positioned behind CH2, captures the trans-
mitted beam, while PM1 (identical to PM2), located at the transmission
arm, measures the transmitted beam after passing through CH1. By
comparing the signals obtained from both power metres and referencing
the transmitted signal when the cuvette holders are empty, one can quan-
titatively assess the absorbed power attributed solely to the compound.

Emission spectrum arm

The emission spectrum arm consists of two lenses, L9 and L10, with
an optical �lter slot positioned between them. The selection of the �l-
ter is based on the speci�c requirements, such as eliminating stray light
from the excitation source and/or choosing a speci�c wavelength range
for emission measurements. At the end of this arm, a commercial spec-
trometer (Bundle QEPro ABS) is connected using a 200�m multi-mode
optical �bre (Thorlabs, BFL200LS02), which is precisely aligned with the
focal point of the outermost lens L10.

Scattering arm and the white light source

The scattering measurements are conducted in transmission mode using
a broadband stabilized tungsten-halogen white light WL source (Thor-
labs, SLS201L/M). The WL source is connected to an aperture in front
of BS2 via a 200�m multi-mode optical �bre (Thorlabs, BFL200LS02)
and a �bre adapter with a lens mount (Thorlabs, CVH100-COL). BS2
re
ects the WL towards CH1, and the iris I5 can be adjusted to achieve
an optimal aperture size, controlling the intensity of the WL and mini-
mizing internal re
ections within the cuvette containing the sample. An-
other 200 �m multi-mode optical �bre is used to connect a spectrometer
(Bundle QEPro ABS) to the optical output positioned in front of lens
L11, which collimates the diverging transmitted light from cuvette holder
CH1.

Luminescence arm

The luminescence arm is designed to simultaneously measure two distinct
wavelengths of the UCL at di�erent sensors by utilizing a combination
of a dichroic mirror and speci�c optical �lters. UCNPs typically emit
light at narrow band wavelengths due to a series of ETU processes. The
luminescence arm allows for the investigation of the complexity of di�er-
ent ETUs individually and how they interact with each other at various
excitation PDs.

The arm comprises a set of lenses L12-16, a slit S, a kinematic cage
cube for interchangeable optics (Thorlabs, DFM2/M), such as dichroic
mirrors or beamsplitter plates, as well as round spectral �lters and/or po-
larisers. Additionally, it includes two APDs labelled as APD1 (Thorlabs,
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APD410A/M) and APD2 (Thorlabs, APD440A2), all assembled within
a 30 mm cage system with light-shielding tube connectors.

L12, positioned at the focal distance from the centre of cuvette holder
CH1, collects the luminescence signal. L13 focuses the light onto a
1.0 mm wide vertical slit S (Thorlabs, VA100C/M), which suppresses
any light originating from regions outside the excitation focal volume at
the centre of the cuvette. This ensures that the detected luminescence
originates within the waist of the excitation beam. The aperture of the
slit is set to match the diameter of the APDs' sensors, maximizing light
detection across the entire sensor area. L14, located at the focal distance
from the slit aperture, collimates the light before it passes through a
series of �lters and polarisers. These optical elements are placed inside
the optical slots of the kinematic cage cube, as well as additional slots
positioned before and after the cube OS2-4 (Thorlabs, CFH2R). The se-
lection of �lters and polarisers is based on the sample to be analysed, the
wavelengths to be measured by the APDs, and the excitation wavelength.

A dichroic mirror plate, arranged at a 45o angle within the cube,
re
ects a speci�c range of wavelengths to APD2 while allowing the re-
maining emission spectrum band to transmit to APD1. Lenses L15 and
L16, situated just before the APDs, focus the light onto the round sen-
sors. An opportunity for improvement here is to replace lenses L15 and
L16 with lenses of shorter focal length. This adjustment would decrease
the ratio of the illuminated area on the APD's sensor to the aperture of
the slit, enabling the aperture to be increased and allowing for greater
collection of luminescent light from the centre of the cuvette. Since UC-
NPs have relatively low upconversion intensity, this enhancement would
enable the system to detect weaker signals and accurately characterise
the UC QY at lower excitation PDs.

The long focal length of lens L6 minimizes signi�cant distortions of the
beam waist along the 1cm excitation path inside the cuvette. As a result,
the slit aperture can be expanded to accommodate larger dimensions.

Data acquisition and equipment control

Each function module of the QY system has its own method of data
acquisition and control, but can be integrated into a single system when
necessary. The laser drivers (Thorlabs, CLD1015 for the 976nm and
785 nm lasers, and Thorlabs, LDC205C for the 405nm laser) in the
collimation pack are connected to an analogue input (AI) channel of a
USB data acquisition card (DAQ) (National Instruments, NI-USB6218)
via a BNC cable. Only one analogue output (AO) channel of the DAQ
is used to control one laser driver at a time, so the cables are switched to
a di�erent driver as needed. A feedback of the AO signal is established
through a tee BNC connector and a BNC cable linking the AO to a
separate AI channel. The feedback signal is used to monitor the voltage
set for laser driver modulation.

For beam pro�ling, the CMOS camera is connected to the laptop
via USB, and the data acquisition and control are performed using the
camera's software, which can be downloaded from the manufacturer's
website. The QEPro Spectrometer used for broadband measurements
(scattering arm and emission spectrum arm) is connected to the laptop
via a USB port. Simple data acquisition for a speci�c PD of excitation
is done using a software provided by the manufacturer, while a Python
script is written to automate the acquisition of emission spectra for a
range of PDs of excitation. The script combines a spectrometer con-
troller (using the seabreeze Python library along with the Visual Stu-
dio developer tools with C++ libraries) with a DAQ controller (using the
nidaqmx Python library), which modulates the laser. This setup allows
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for setting a routine to vary the laser power and subsequently request
the spectrometer to acquire and transfer data to the laptop.

There are various variables related to UCNPs that can rapidly change
and in
uence their absorption and luminescence, such as temperature
and scattering. Therefore, simultaneous measurement of transmission
and luminescence is required to monitor these fast changes. The APDs
and power meters are connected to four independent AI channels of the
DAQ, and a Python controller with a simple terminal interface is de-
veloped. The controller utilises the speci�c Python library nidaqmx to
communicate with the DAQ drivers and establish control over AO and
AI channels, as well as certain functions of the DAQ. The terminal in-
terface allows the user to adjust measurement settings, run the routine,
and visualise the data before saving.

A typical routine for UCL measurement as a function of PDs of ex-
citation involves setting a laser power range to be ramped up in �xed
steps. The time per step must be long enough for the UCNPs to reach
a steady state and for the power meters to stabilise, which may take a
few milliseconds. The APDs are much faster, with the slowest (APD2)
having a sampling rate of 100kHz . Once the routine is con�gured and
the controller is running, the script sets an initial voltage modulation
through the AO (corresponding to an initial laser power) and requests
a predetermined number of data points from all connected AI channels.
The data is then stored locally in the laptop's memory, and the script
repeats the process by incrementing the voltage modulation by one step.
The process continues until the maximum voltage is set and the last
data points are collected. The maximum modulation voltage depends on
each laser driver, and it is important to know this in advance to avoid
damaging the laser diodes with excessive current.

Another measurement mode is the pulsed mode, which can be used
to study the dynamics of the populating and depopulating mechanisms
involved in UCL. The pulsed mode allows for quick visualisation of the
process, but it is limited by the sampling rate of the DAQ. Therefore, a
function generator and an oscilloscope are more suitable for faster mea-
surements.

3.3.2 Alignment of the excitation and luminescence
beams

This step is crucial to ensure the long-term stability of the system's cal-
ibration. Proper alignment guarantees that all laser beams travel along
the same path in the centre illumination arm and are focused on the cen-
tre of the cuvette. In addition, the luminescence image originating from
the centre of the cuvette must be accurately projected onto the APD sen-
sors for precise detection. Therefore, the setup alignment should follow
the following steps:

(i) Firstly, adjust lens L1 to achieve long-distance collimation of the
976 nm laser line.

(ii) Next, align the laser line with respect to the irises I1 and I4 using
mirrors M1 and M6, while keeping only the necessary FM's active.

(iii) Place a four-window quartz cuvette containing a sample of UCNPs
in cuvette holder CH1, and select the appropriate �lters in the cage
cube of the luminescence arm. Then, maximize the voltage signals
from the APDs by �ne-tuning the mirrors and the position of lens
L6. Real-time veri�cation of the APDs' signals can be done using
an oscilloscope.

31



3.3.3 Calibration

(iv) Turn on the CMOS camera and adjust its x-y position to ensure
that the beam spot remains at the centre of the image. Make a
note of the position of the centre of the beam spot for aligning the
other laser lines.

(v) Flip up mirrors FM3 and FM4, and use mirrors M4 and M5 to
align the laser beam with respect to iris I1 and the position of the
centre of the previous beam spot in the CMOS camera image. Fine
alignment is achieved by using a cage x-y stage to orient the centre
axis of lens L4 along the laser beam path.

(vi) Repeat steps (i), (ii), and (iii) for the other two laser lines, but
use the annotated position of the centre of the previous beam spot
instead of I4 in step (ii). In step (iii), change the �lters accordingly
and use the appropriate dye for each laser beam instead of the
UCNPs sample.

3.3.3 Calibration

Not all functions of the QY setup need to be calibrated, only those re-
lated to the QY evaluation, namely transmission (which determines the
number of absorbed photons) and luminescence. Therefore, the power
metre sensors and the APDs were calibrated appropriately, as described
in the following subsections.

Power metre sensors

Power metre sensors are well calibrated by the manufacturer, with the
calibration curves provided with the power metre devices. This allows for
quick and accurate readings of laser light on the device's screen. However,
when connected to the DAQ via a BNC connection, the raw signal is
provided in units of volts and requires calibration to rescale the reading
values. The voltage output ranges from 0 to 2.0V regardless of the power
range and detection wavelength.

To calibrate the power metre readings, several power ranges were ini-
tially selected to ensure complete detection range for the system's lasers
at wavelengths of 976nm, 785 nm, and 405nm. A table was prepared
with recorded laser powers (readings from the power metre screen) and
their corresponding voltage outputs. These data points were �tted to lin-
ear curves, as illustrated in Fig. 3.2. The angular coe�cients m and the
coe�cients of determination R2 for the calibration curves are presented
in Tab. 3.2. The angular coe�cients represent the calibration factors
that convert the voltage readings to power values in milliwatts mW .

Table 3.2: Calibration coe�cients and respective coe�cients of deter-
mination for both power metre sensors at di�erent power ranges and
wavelengths.

Power-metre Wavelength Range mP M R2

PM1 976 nm 60 mW 30.4 mW=V 0.999990
PM1 976 nm 600 mW 304 mW=V 0.999995
PM1 785 nm 9.1 mW 4.60 mW=V 0.999976
PM1 405 nm 0.23 mW 0.115mW=V 0.999999
PM2 976 nm 61 mW 30.7 mW=V 0.999902
PM2 785 nm 0.95 mW 0.478mW=V 0.999980
PM2 405 nm 2.2 mW 1.13 mW=V 0.999999
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APDs

The calibration of the APDs involved the use of two standard dyes with
known QY: DY-785, an organic dye with a main emission peak at 804nm,
for APD1, and DY-405, another organic dye with a main emission peak
at 470 nm, both obtained from Creative Diagnostics and characterised
following the IUPAC protocol [89]. The choice of dyes was based on
the spectral detection range of each APD, as detailed in Subsect. 3.3.1.
Calibrating the APDs required special attention. Although the voltage
response of the APD is linear with respect to the incident light intensity,
its sensitivity is dependent on the wavelength. This wavelength depen-
dence must be taken into account due to the wide spectral range of dye
luminescence. Moreover, the parameter of interest for calibration is the
integrated luminescence from all directions originating from the volume
at the centre of the cuvette, rather than the fraction of luminescence
reaching the APD sensor. The light emitted from the central volume of
the cuvette travels through the liquid solution, undergoing wavelength-
dependent reabsorption1. Subsequently, only a fraction of the light is
collected within a small solid angle of detection. In addition, the lu-
minescence signal is attenuated by various optical components along the
path to the APD sensor in the luminescence arm. Therefore, all these pa-
rameters were properly considered, and the following steps were followed
to calibrate APD1 and APD2 consecutively:

(i) System preparation - Firstly, the laser at 785 nm was powered on
and left to stabilise at the required temperature while preparing the
dye solution. To narrow down the range of wavelengths reaching the
APDs' sensors and minimise distortions in their voltage response,
the band-pass �lter BP800 (Thorlabs, FB800-10) was inserted into
the optical spectrometer OS3.

(ii) Sample preparation - A total of 1 mg of the DY-781 dye was
fully dissolved in 10 ml of high purity ethanol to create a mother

1This process, known as spectral colouring, is also of particular interest in photoa-
coustic imaging due to its signi�cant impact on the interpretation of output signals
[91].

Figure 3.2: Calibration curves of the sensors at various wavelengths and
power ranges. The left plot shows the curves for sensor PM1, while the
right plot shows the curves for sensor PM2.
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solution. Subsequently, 1ml of ethanol was added to each of two
four-window quartz cuvettes (Thorlabs, CV10Q35F). One cuvette
was designated as a reference (blank cuvette) for absorption mea-
surements, while the other cuvette was used to prepare a diluted
dye sample. The latter cuvette was placed in the cuvette holder
CH1, and the laser was set to its maximum power. The mother
solution was then added to the ethanol in small increments using a
pipette while monitoring the voltage output of APD1 with an os-
cilloscope. The addition of the mother solution continued until the
voltage signal reached approximately 1V (the maximum voltage
signal of the APDs is 2V before saturation).

(iii) Voltage output and transmission acquisition - APD1 was
reconnected to the DAQ, and the laser power was set to 0. The
cuvettes containing the dye solution and reference sample were ini-
tially set aside for background measurements with empty cuvette
holders. Next, the excitation laser power was incrementally in-
creased from 0 to its maximum using the Python controller, which
simultaneously recorded data from the power metres, and APDs.
The acquired data was saved, and the same process was repeated
with the dye sample in CH1 and the reference sample in CH2.

(iv) Emission spectra - The luminescence spectrum of the dye was
attenuated by the BP800 �lter in the luminescence arm. The trans-
mission factor, which accounts for the fraction of transmitted light
as a function of wavelength, needed to be determined for subsequent
analysis. To accomplish this, the optical �bre OF1 was connected
to the spectrometer, and the laser power was set to an intermediate
value su�cient to observe a well-resolved spectrum. Measurements
were taken with the optical spectrometer OS1 empty and with the
BP800 �lter inserted. The ratio of the areas under the curves of
these two spectra provided the transmission factor.

(v) Absorption spectrum - The absorption spectrum was obtained
by illuminating the sample in transmission mode using broadband
white light. The optical �bre OF2 was connected to the spectrom-
eter, and spectra were acquired �rst with the blank cuvette in CH1
and then with the sample cuvette. This measurement was essen-
tial to determine the reabsorption ratio for the APD calibration,
particularly for the DY-781 dye, which exhibits signi�cant overlap
between its absorption and emission spectra.

(vi) The previous steps were repeated to calibrate APD2 using the DY-
415 dye and the band-pass �lter BP470 (Semrock, FF02-472/30-
25).

With all the data collected, the following analysis was conducted.
According to the manufacturer's manual, the voltage response of the
APD to light is given by Eq. (3.1),

Vout =
Z � 1

� 0

G � S(� ) � P� d�; (3.1)

where G is the internal impedance constant represented in ohms (
),
S(� ) is the wavelength-dependent sensitivity in amperes per watt (A=W)
shown in Fig. 3.3, andP� is the power reaching the APD's sensor at the
wavelength � .

On the other hand, the power reaching the APD can be represented
in terms of the resultant luminescence by Eq. (3.2):

P� = L r � Tf � (1 � � � ) � g � �; (3.2)
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Figure 3.3: Wavelength-dependent sensitivities of the APDs utilised for
luminescence detection (Data provided by Thorlabs). The vertical bands
indicate the selected wavelength ranges in which the calibrations were
conducted using two distinct 
uorescent dyes.

where L r is the resultant luminescence integrated in all directions and
originated from the volume in the centre of the cuvette. � � is the re-
absorption coe�cient, Tf represents the transmittance of the band-pass
�lters that are only present in the luminescence arm during calibration
and not during the measurement of UCL, g is the geometry factor that
accounts for the narrow solid angle of detection, and� is the coe�cient
of light attenuation due to the remaining common optics while measur-
ing the luminescence of dyes or UCNPs. The use of a band-pass �lter
eliminates the wavelength e�ect on the results by narrowing down the
wavelength range of detection, thus reducing Eq. (3.1) to Eq. (3.3),

Vout = G � S(� 0) � P� 0 : (3.3)

Thus, by rearranging the equations, one can establish the relationship
between the resultant luminescence and the APD's voltage output, as
shown in Eq. (3.4),

L r � Tf � (1 � � � 0 ) = m0 � Vout ; (3.4)

where the left-hand side of the equation represents the integrated lumi-
nescence in all directions, corrected for the reabsorption coe�cient and
the transmittance coe�cient of the �lters. On the right-hand side, m0

represents the calibration coe�cient at the calibration wavelength � 0.
This coe�cient encompasses all the parameters present in the lumines-
cence arm, as de�ned in Eq. (3.5),

m0 =
1

g � � � G � S(� 0)
: (3.5)

Finally, the wavelength-dependent calibration curve for the lumines-
cence arm can be retrieved by the Eq. (3.6),

35



3.3.3 Calibration

mAP D (� ) =
m0 � S(� 0)

S(� )
: (3.6)

Determining L r - The determination of the resultant luminescenceL r

involves calculating the total number of photons absorbed by the volume
in the centre of the cuvette and multiplying it by the QY of the dye. In
terms of power, L r can be expressed using Equation Eq. (3.7):

L r = � D � Pabs �
� e

� a
; (3.7)

where, � D represents the QY of the dye,Pabs is the total absorbed power
by the volume at the centre of the cuvette, and� e and � a are the wave-
lengths at the peak of emission and absorption, respectively. For more
information on the measurement and calculation ofPabs , refer to the
measurement protocol (Subsect. 3.3.4) and the analysis protocol (Sub-
sect. 3.3.5), which provide detailed procedures for measurements and
data analysis.

Determining the transmission coe�cient of the �lters Tf - The
transmission coe�cient Tf of the band-pass �lters represents the fraction
of light transmitted through the �lters. It can be obtained by comparing
the integrated emission spectrum measured after the �lters to the inte-
grated emission spectrum measured without any �lter. The spectra of
both dyes, along with the signal �ltered by the narrow band-pass �lters
used for calibration, are shown in Fig. 3.4. The resulting transmission
coe�cients are presented in Tab. 3.3.

Figure 3.4: Emission spectra of the dye DY-415 (on the left) and DY-781
(on the right) are compared to curve of emission transmitted through the
a band-pass �lters used in each measurement.

Table 3.3: Filter transmission fac-
tors for the dyes DY-781 and DY-
415.

Dye Tf

DY-781 10.34%
DY-415 14%

Determining the reabsorption ratio � r - The reabsorption ratio
was determined through a two-step process. Firstly, the absorption co-
e�cients � a were calculated for both dyes at the wavelengths of the
excitation lasers used during the luminescence measurements. Secondly,
the normalised absorption spectra, provided by the manufacturer, were
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scaled proportionally to the absorption coe�cients obtained at the corre-
sponding wavelengths. The rescaled absorption spectra were then used to
calculate the emitted spectra after undergoing reabsorption within the
liquid path. This calculation was performed using the Beer-Lambert's
law, as shown in Eq. (3.8),

L 0(� ) = L r (� )e� � a ( � ) l= 2; (3.8)

where L 0(� ) represents the equivalent intensity of the resultant lumi-
nescence originating at the centre of the cuvette,L r (� ) represents the ini-
tial luminescence,l is the length of the cuvette, and � a is the absorption
coe�cient of the dye in units of cm� 1. Please refer to the Subsects. 3.3.4
and 3.3.5 for detailed information on the measurement procedure and the
calculation of � a . Figure Fig. 3.5 illustrates the absorption spectra and
normalised emission spectra (represented by solid lines) for both dyes.
The dashed lines depict the calculated attenuated emission spectra af-
ter passing through the cuvette. The reabsorption ratios, de�ned as the
fraction of the area between the attenuated emission curves with respect
to the emission curve without attenuation, are presented in Tab. 3.4.

Figure 3.5: Emission and absorption spectra of the dye DY-415 (on the
left) and DY-781 (on the right). The dashed curves represent the amount
of light leaving the cuvettes after the reabsorption attenuation. Because
of minimum overlap of the absorption and emission spectra of the DY-
415, only 2% of the total emission is reabsorbed by the dye.

Table 3.4: Reabsorption ratios
calulated for both dyes utilised on
the calibration of the luminescence
arm.

Dye � r

DY-781 19.7 %
DY-415 2 %

Determining the calibration coe�cient m0 - The calibration co-
e�cients m0 are obtained for a narrow range of wavelengths de�ned by
the band-pass �lters. This process involved �tting the resultant lumi-
nescenceL r , corrected for the reabsorption ratio � r and the �lter trans-
mission ratio Tf , against the raw voltage output of the APDs to a lin-
ear curve described by equation Eq. (3.4). The calibration data and
their corresponding �tted curves are depicted in Fig. 3.6 using a double-
logarithmic representation. The calibration coe�cients, along with the
calibration parameters and their respective coe�cient of determination,
are presented in Tab. 3.5.

Finally, the wavelength dependent coe�cients of calibration mAP D (� )
were retrieved according to Eq. (3.6) and plotted in the Fig. 3.7.
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Figure 3.6: Calibration curves of the luminescence arms ending at APD1
and APD2.

Figure 3.7: Wavelength dependent coe�cients of calibration dor the lu-
minescence arm ending on APD1 and ADP2. These coe�cients convert
the APD signals from units of volts (V ) to micro-watts ( �W ).
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Table 3.5: Calibration coe�cients and respective coe�cients of determi-
nation for both APDs at their respective wavelengths of calibration.

APD Wavelength range Gain m 0 R 2

APD 1 800 � 10 nm 100 4.92�W=V 0.99994
APD 2 470 � 10 nm 50 0.48�W=V 0.99984

3.3.4 Measurement protocol

Sample preparation

The QY setup is designed for liquid solutions of UCNPs, therefore the
UCNPs need to be dispersed in a solvent (such as water or toluene) and
prepared according to the following steps:

(i) Transfer approximately 1 ml (or enough to �ll a volume where the
laser light can pass through the sample without being a�ected by
surface re
ections) of the solution into a cuvette with four clear
sides.

(ii) Prepare another cuvette with the same amount of pure solvent (this
will be used as a reference for absorption measurements).

(iii) Sonicate the cuvette containing the UCNPs for approximately 15
minutes. This will disperse any aggregates present in the solution.

Emission spectrum

(i) Place the cuvette containing the UCNPs in CH1.

(ii) Keep mirrors FM1-4 
ipped down.

(iii) Connect the OF1 to the QEPro spectrometer.

(iv) Place the short-pass �lter (SP890 Semrock, FF01-890/SP-25) in
OS1.

(v) Turn on the 976 nm laser. The laser power can be manually selected
on the display of the laser driver according to the experimental
requirements.

(vi) Connect the spectrometer to a computer using a USB cable. The
QEPro has its own software for data acquisition that can be in-
stalled and easily used. For power dependence measurements, the
measurement process can be automated using a Python script avail-
able for download on Github, Appendix ii .

The Fig. 3.8 shows an example of a measurement performed with
the QY system, depicting the emission spectrum of a Yb-Tm-codoped
UCNP.

Figure 3.8: Example of emission
spectrum acquired with the QY
system.

Beam Pro�le

For the beam pro�le measurements the polarisers in the collimation pack
are used to attenuate the laser light and prevent damage to the sensor of
the camera.

(i) Set a low power directly on the display of the laser driver for the
expected wavelength to be measured.

(ii) Attenuate the light by rotating the polarisers in the collimation
pack. The power can be read on the display of PM1.
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(iii) Select the narrow or wide beam pro�le by 
ipping up or down
mirrors FM3 and FM4.

(iv) Connect the CMOS camera to the computer using a USB cable.
The ThorCam software, available for download from the manufac-
turer's website, is used for image acquisition.

(v) With ThorCam running, open the shutter in front of the camera
and acquire the images.

Figure 3.9: Example of beam pro-
�le acquired with the CMOS cam-
era. The image was croped around
the beam spot.

Light attenuation measurements

For the scattering measurements, the WL source is utilised.

(i) Ensure the lasers are switched o� and turn on the WL source.

(ii) Connect the spectrometer to OF2.

(iii) Take a measurement of the spectrum of the WL source.

(iv) Place the cuvette with the solvent in CH1.

(v) Repeat the measurement for the solvent.

(vi) Place the cuvette with UCNPs in CH1.

(vii) Repeat the measurement for the UCNPs.

Figure 3.10: Example of raw data
of the broadband light measure-
ment. The dip in the DY-781 curve
represents the attenuation due to
absorption process of the dye.

Simultaneous luminescence and transmission measurements are con-
ducted using the Python controller, which can be downloaded from
Github. The transmission measurements are used to calculate the atten-
uation of light as it passes through the sample. In some UCNP samples,
high scattering can be present, and its contribution can be subtracted
based on the measurements from the previous sub-section. Therefore,
the remaining contribution to the attenuation is due to absorption.

(i) Switch on the 976 nm laser, the power meters, and the APDs. En-
sure that they are all connected to the DAQ channels, and connect
the DAQ to the computer using its USB cable.

(ii) Open the Python controller and adjust the sweep settings as re-
quired. For improved SNR, it is recommended to set the option
samples per stepto 1000, which instructs the DAQ to acquire 1000
data samples for each step of excitation power.

(iii) Perform a measurement with empty cuvette holders (CH1 and
CH2) to obtain the power of the laser before it reaches the cu-
vettes.

(iv) Place the cuvette containing the UCNPs in CH1 and the cuvette
containing the solvent in CH2.

(v) Run the measurement and plot the data using theplot option before
saving the results.
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3.3.5 Analysis protocol

The analysis protocol involves the evaluation of the UCL and transmis-
sion data to determine the QY of UCNPs. Additionally, it covers the
compensation of beam pro�les and the determination of transition PD
points. These aspects of UCNPs characterisation consist of several steps
that will be explained in detail in the following subsections. The UC
emission spectrum, which is necessary for identifying the centre wave-
lengths of the main UCL and selecting appropriate spectral �lters for the
APDs, is straightforward to obtain. Therefore, no further details will be
presented in this section.

Backgroung removal

The background level of the transmitted power measurements (voltage
output of the PMs) and UCL signal (voltage signal of the APDs) is
determined by calculating the average of data points when the laser is
switched o�. Similarly, for beam pro�le measurements, the background
is obtained by averaging the intensities of a dark region in the image
captured by the CMOS camera. Subsequently, the background values
are subtracted from their respective data sets.

Noise treatment

The UCL luminescence signal can be very weak at low PDs, which is why
multiple data samples are acquired using the DAQ for each excitation
power step. To reduce noise in the signal, the data points for each step
are averaged. However, this process requires attention. Both the PMs
and the samples take a few milliseconds to reach stability and the steady
state, respectively. Therefore, the averaging of data points is performed
only after the curves have reached the 
at portion for each step.

Calibration of the PM and APD channels

The signal output obtained from the PMs and APDs is measured in volts
(V) and needs to be converted to power units using the calibration con-
stants that have been previously determined and are provided in Tab. 3.2
and Tab. 3.5.

Absorbed power

The calculation of the absorbed power is performed for a speci�c volume
located at the centre of the cuvette, corresponding to a 1mm length
along the excitation path where the UCL is collected by the APDs. The
absorbed power, denoted asPabs, is determined by multiplying the power
at the centre of the cuvette, Pc, by the absorption coe�cient of the
UCNPs, � a , and the excitation path length, l = 0.1 cm. This relationship
is expressed in Eq. (3.9),

Pabs = Pc� a l; (3.9)

wherePc represents the square root of the product of the incident excita-
tion power Po to the power transmitted through the sample P, as shown
in Eq. (3.10),

Pc =
p

PoP; (3.10)

and � a is obtained from the Beer-Lambert's law by subtracting the con-
tribution of scattering 2, which can be present in some turbid samples,
Eq. (3.11),

2 � s is obtained from WL transmission measurements. A detailed example of this
calculation can be found in the supplementary material of the Paper I

41



3.3.5 Analysis protocol

� a = ln
Po

P
� � s: (3.11)

External QY

The external QY is a measure of the e�ciency of UCL in relation to the
absorbed power. It is determined by the ratio of UCL powerL r to the
total absorbed powerPabs at the centre of the cuvette, normalised by the
excitation � ex and emission� em wavelengths, as described by Eq. (3.12),

� =
L r � em

Pabs � ex
: (3.12)

It is important to note that the QY curves obtained from di�erent
measurements using distinct beam pro�les are not expected to overlap
when plotted against the PDs of the laser beam. This is due to the non-
linear weighted sum of UCNPs experiencing di�erent local PDs across
the beam pro�le. To obtain the UCNPs e�ciency independent of the
excitation beam pro�le, it is necessary to perform beam pro�le compen-
sation. Detailed information and explanations regarding beam pro�le
compensation methods will be presented in the next chapter.

The transition PD points

The �nal steps of the analysis involve determining the transition PD
points and the saturation level of the QY from the measured luminescence
data as a function of excitation power at the centre of the cuvette. To
obtain these parameters accurately, it is necessary to �t an equation
that considers beam pro�le compensation to the experimental data. The
transition points heavily depend on the power pro�le of the beam, and
underestimating the QY saturation level can occur, as demonstrated by
Mousavi et al. and discussed in PaperI .

A detailed explanation of the steps to obtain the beam-pro�le com-
pensated resultant luminescence will be presented in the next chapter.
However, assuming that the equation for the beam-pro�le compensated
resultant luminescence is known at this point, the analysis should be
conducted as follows.

First, �t the resultant luminescence emitted from the lowest energy
level. Then, use the results of this �tting as boundary conditions to �t
the resultant luminescence from higher levels, if necessary. Lower energy
levels typically have fewer free parameters to adjust, making it easier for
the results to converge to a solution. For example, consider a sample
of UCNPs with emissions from ETU1, ETU2, and ETU3. The ETU1
process has only two parameters to �t, but it often exhibits a linear
behaviour with respect to the excitation power density due to anomalous
power density dependence. Consequently, the transition point for ETU1
may be extremely large and may not be detectable within the range
of power densities used in the measurement. The absence of the �rst
transition point can be used as a boundary condition in �tting ETU2.
The ETU2 curve has three parameters, but with the boundary condition,
it is reduced to two free parameters to �t. Once the ETU2 luminescence
curve is adjusted, the same strategy is applied to ETU3 and so on.

Internal quantum yield iQY

Finally, the iQY, which is an intrinsic characteristic of the material, is
independent of the beam pro�le. It can be represented in terms of the
transition PD points and the saturation level of the QY, as shown in
Chap. 2. The beam-pro�le compensation, which will be explained in the
next chapter, utilises the locally calculated PDs at each pixel level of the
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CMOS camera. Therefore, the iQY is obtained by applying the beam
pro�le-independent equation for the QY to all the local PDs, using the
transition PD points and saturation levels obtained in the previous step.

The complete analysis can be extensive; however, a Python module
has been developed to facilitate the process. This module can be im-
ported into another script or a Jupyter notebook, and its methods can
be used individually. The code is available on GitHub, and an example
of its application in a Jupyter notebook for a comprehensive analysis is
provided in the appendix.

3.4 Summary

This chapter describes the development of a semi-relative QY system for
characterising upconverting materials in liquid solutions. The innovative
system incorporates various features necessary for comprehensive char-
acterisation of the iQY across a wide range of PDs. Additionally, the
setup is designed to reduce reliance on a reference dye while still allow-
ing assessment of the excitation beam pro�le. Unlike existing relative
and absolute QY systems, the engineered device overcomes critical chal-
lenges and enables characterisation of the iQY as an intrinsic property
of upconverting materials.

The compensation of beam pro�le e�ects on the iQY measurement is
an important consideration, and the assessment of the excitation beam
pro�le represents the initial step in this process. The compensation re-
quires a thorough understanding of the UC behaviour with respect to
PDs, as presented in Chap. 2. The subsequent chapter will provide de-
tailed explanations of beam pro�le compensation and present an example
of iQY characterisation for an ETU2 process in an UCNP sample using
the developed QY setup.
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Chapter 4

The excitation beam
profile-compensation and high
dynamic range of PDs

Experimental evaluation of iQY requires precise compensation of the
excitation beam pro�le. An unmodi�ed laser beam typically exhibits a
Gaussian shape or the presence of speckles across its cross-section, leading
to variations in the PD distribution. Consequently, di�erent regions of a
sample experience di�erent PDs, and the non-linear relationship between
iQY and PD results in signi�cant variations in UC emissions depending
on the position within the sample.

From an experimental perspective, accurately representing the QY
as a function of excitation PD requires a precise de�nition of the beam
radius. PD is determined by the ratio of power to the illuminated area.
However, for a typical non-modi�ed laser beam with a Gaussian-like pro-
�le, measuring its radius is often subjective and lacks standardisation.

The beam width of a Gaussian pro�le is commonly quanti�ed as the
full width at half maximum (FWHM), which represents the width of an
equivalent pro�le with a uniform PD distribution and the same total
power as the Gaussian pro�le. This de�nition is suitable for determining
the total luminescence of materials exhibiting a linear response to the
excitation PD, as the luminescence and excitation normalised pro�les
perfectly overlap. Consequently, a top-hat excitation pro�le with the
same radius as the FWHM of a Gaussian pro�le will produce the same
total luminescence.

However, for non-linear systems such as UC, the luminescence and
excitation pro�les di�er. Therefore, the FWHM de�nition for calculat-
ing the excitation PD does not accurately represent the UCL of UCNPs
irradiated with a top-hat illumination of the same PD. An attempt to
address this issue was proposed by May and Berry, who introduced an al-
ternative approach for de�ning the excitation beam width in the context
of two-photon-process UC. Instead of considering the FWHM diameter,
they found that taking the beam width at a distance equal to 1.8 stan-
dard deviations (1.8� ) from the centre of the cross-section yielded better
results[92].

It is important to note that this approach is only valid for the UC
non-linear ETU2 regime. As UCNPs transition to the linear regime,
the method deviates, and the FWHM once again becomes the preferred
choice. Fig. 4.1 illustrates a simulation comparing the luminescence pro-
�les of ETU processes at two di�erent regimes. The top panel depicts the
excitation pro�le with maximum PD below the �rst transition PD point,
where the non-linearity of UC is at its maximum for all emission wave-

45



4.1 The excitation beam pro�le compensation

lengths. In contrast, the bottom panel represents the excitation pro�le
with maximum power above the detectable transition PD points. Under
this regime, the ETU2 and ETU3 processes exhibit linearity across most
PDs within the cross-section of the excitation beam, while the ETU4
process shows quadratic behaviour, assuming neglect of the ETU5 tran-
sition (W4 is considered null, leading to� 4 approaching in�nity). This
simulation was implemented using the rate equations and rate constants
presented in Chap. 2.

Figure 4.1: Pro�les of the excita-
tion beam and luminescence inten-
sities for ETU2, ETU3, and ETU4
processes are shown. The continu-
ous lines represent the normalised
luminescence pro�les under the
same excitation beam, which has a
Gaussian pro�le represented by the
dashed lines. The excitation beam
has a maximum PD at the peak
of the beam equal to 1 W=cm2

(top panel), which is below the �rst
transition PD point of 40 W=cm2 ,
and 1 kW=cm 2 (bottom panel),
which is above the detectable tran-
sition PD points and below the last
transition PD point (considered in-
�nite due to W4 being considered
null).

Another beam pro�le compensation strategy was initially proposed
by Mousavi et al., who conducted a detailed comparison between a non-
compensated QY curve and a compensated one for the 800nm emission
in an ETU2 process[49]. The approach by Mousavi et al. was based
on the model proposed by Liu et al. for the ETU2 process[1]. In the
following section, the concept introduced by Mousavi et al. is applied
to a general ETUj process using the model presented in Chap. 2. This
approach o�ers advantages as it is valid for the entire PD range, including
both the non-linear and linear regimes, as well as the transitions between
them.

4.1 The excitation beam pro�le compensation

Consider an arbitrary volume V of UCNPs emitting light in all directions.
The total power emitted by the UCNPs at a certain wavelength � em due
to an ETUj process, denoted asL r j , can be calculated by integrating the
local UCL L j over the entire volume, as shown in Eq. (4.1),

L r j =
Z

V
L j dV; (4.1)

where L j is determined using Eq. (4.2), which is obtained from the ex-
pansion of Eq. (2.16). In Eq. (4.2), the photon 
ux � j is replaced with
Eq. (2.14), and the equation is rewritten in terms of the absorption co-
e�cient � a as well as the excitation and emission wavelengths,� ex and
� em , respectively,

L j =
� j o

�N a
� a

� ex

� em

jY

i =1

� (x; y; z)
� (x; y; z) + � 0

i
: (4.2)

Let us consider a collimated excitation beam that traverses the sam-
ple along the z-axis, covering a path length denoted byl. Assume that
the length l is su�ciently small so as to neglect any attenuation of the
beam along its path. In this scenario, the volume integral in Eq. (4.1)
can be simpli�ed to an integral over the cross-sectional area of the beam
multiplied by the path length l . Furthermore, the experimental measure-
ment of the beam pro�le is performed discretely using a CMOS camera
sensor, which captures the intensity values at multiple pixels. Since the
area of each pixel, denoted byApx , is much smaller compared to the
overall illumination area, it is reasonable to approximate the local power
density measured at each pixel, denoted by� px , as approximately con-
stant over the area Apx . As a result, the volume integral can be further
simpli�ed by summing over all m pixels that constitute the illuminated
area on the xy-plane of the de�ned volume. This simpli�cation can be
mathematically expressed as shown in Eq. (4.3),

L r j =
� j o

�N a
� a

� ex

� em
Apx l

mX

px

jY

i =1

� px

� px + � 0
i
: (4.3)

In order to determine the local power density � px , it is necessary to
calculate the product of the total power at the cross-section of the beam
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pro�le at the centre of the cuvette, denoted as Pc, with the intensity
measured at the pixel px, normalised by the total intensity of the ex-
citation beam measured by the camera. This normalised pro�le can be
represented as a matrix � with m elements, 
 px . Mathematically, the
expression for� px can be written as shown in Eq. (4.4),

� px = Pc
 px : (4.4)

By replacing � px in Eq. (4.3) with the expression given in Eq. (4.4)
and �tting the resulting luminescence data against the power at the cen-
tre of the cuvette, the constants � j o and � 0

i , which correspond to the
transition PDs, can be determined. These constants play a crucial role
in determining the iQY of the UCNPs, independent of the excitation pro-
�le. The equation representing the iQY, as derived in Chap. 2, is given
by Eq. (4.5),

� j px =
� j o

�N a
� j � 1

px

jY

i =1

1
� px + � 0

i
: (4.5)

The main distinction between the beam pro�le compensation ap-
proach presented in this section and the approach proposed by Mousavi
et al. is that the authors of the previous study performed compensa-
tion by �tting the non-compensated QY curve with the excitation PD
obtained from the FWHM de�nition of the beam radius. While their ap-
proach is suitable for highlighting the issues associated with using non-
compensated QY for evaluating UC e�ciency and comparing di�erent
samples, it is less practical in terms of analysis and introduces additional
errors to the results due to unnecessary calculation steps.

4.2 Expanding the PD dynamic range of the
excitation illumination

It is important to note that the method described in this section enables
the retrieval of the UCL at a local level, speci�cally at the pixel level.
This is achieved by utilising the excitation PD distribution across the
cross-section of the illumination area to �t the resulting luminescence
curve. This approach e�ectively extends the dynamic range of the PD
evaluation by combining the dynamic range of the camera (represented
by various � px values) with the dynamic range of the laser (represented
by various Pc values).

Each Pc value is distributed over a speci�c area of illumination, which
is measured by the camera. Consequently, the evaluation at the pixel
level allows for the study of the UCL and the QY of the UCNPs at
lower PDs. Furthermore, high PDs can be achieved by con�ning the
laser power within a small beam pro�le, while low PDs can be attained
by distributing the power over a larger area of the beam pro�le. This
approach increases the SNR of the measurement.

By combining the aforementioned method with two distinct measure-
ments { one using a narrow beam pro�le and another using a wide pro�le
{ one can e�ectively study the properties of UCNPs across a wide range
of power densities. This approach allows for the investigation of the non-
linear and linear regimes of UCNPs, as well as the transitional range
between them.

4.3 An example study

Figure 4.2: SEM image of the UC-
NPs.

To illustrate this type of strategy, a water-soluble � -
NaYF4:Yb3+ ,Yb3+ Tm core-shell UCNP in aqueous solution, optimised
for the 804 nm emission (an ETU2 process), was characterised using
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4.3 An example study

Figure 4.3: Luminescence spectra of the UCNPs under 976nm excitation.
The PDs shown in the legend of the �gure were calculated using the
FWHM de�nition of beam radius.

the �rst version of the QY system, as described in Paper II . The
comprehensive results of this study were published in PaperI and are
summarised as follows.

The morphology, structure, and size distribution of the UCNPs were
analysed using a scanning electron microscope (SEM). The acquired im-
age, shown in Fig. 4.2, displays hexagonal nanoparticles with an average
size of 36nm. To improve imaging, the UCNPs were coated with a thin
layer of AuPd to prevent discharge.

The emission spectra were measured for the UCNP sample under
various excitation PDs ranging from 100 W=cm2 to 2000 W=cm2. The
results are presented in Fig. 4.3, which also includes a diagram illustrating
the electronic transitions commonly found in Yb-Tm-codoped UCNPs.
The absence of any signi�cant emission lines other than the 804nm peak
suggests that the UC process in this sample is predominantly governed
by an ETU2 process. Therefore, the model proposed by Liu et al.[1] was
employed for beam pro�le compensation. Consequently, the Eqs. (4.3)
and (4.5) were simpli�ed to Eqs. (4.6) and (4.7), respectively,

L 2r = 2 � b� a
� ex

� em
Apx lP 2

c

mX

px


 2
px

Pc
 px + � b
; (4.6)

� 2px = 2 � b
� px

� px + � b
: (4.7)

The underlying physical mechanism behind the balancing PD point
� b, as proposed by Liu et al., has not been discussed or investigated in
this study. It is worth noting that regardless of whether � b corresponds to
the transition point � 1 or � 2, it leads to the same calculated iQY results.

The luminescence emitted by the UCNP sample was measured for
various excitation powers ranging from 0 to approximately 200 mW ,
with an increment of 1.5 mW . The experiment was conducted twice,
using two di�erent beam pro�les: a narrow beam referred to as BP1
and a wide beam referred to as BP2, with diameters of 106�m and
530 �m , respectively. It is important to note that the beam diameters
were determined based on the FWHM for reference purposes at this stage.
The normalised pro�les of the two beam pro�les are illustrated in Fig. 4.4.
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Figure 4.4: Pro�les of the excitation beams (a) BP1 and (b) BP2 are
shown in the �gures. The histograms depict the number of pixels with
identical intensities, which are also visualised by the 3D Gaussian surface
in the inset. In the bottom-right corner of the �gures, the original images
captured by the CMOS camera were cropped to highlight the beam spots,
with a length of 1.25 mm, for size comparison.

Table 4.1: Adjusted parameters obtained from the �tting of the resultant
luminescence versus power at the centre of the cuvette for the UCNPs
under BP1 and BP2 illumination.

Beam pro�le � b (%) � b (W=cm2)
BP1 2.28 � 0.02 43.7� 3.2
BP2 2.29 � 0.06 43.8� 2.0

The resultant luminescence obtained under both pro�les is presented
in Fig. 4.5 as a function of the absorbed power at the centre of the
cuvette, expressed in terms of power per unit volume. Despite being
irradiated with the same power, the sample exhibited di�erent emission
characteristics. These �ndings clearly demonstrate the dependence of
the UCL on the excitation beam pro�le, underscoring the signi�cance of
accurate beam pro�le compensation in determining the iQY of UCNPs.

By adjusting the parameters � b and � b, the curve described by
Eq. (4.6) was �tted to the experimental luminescence data as a func-
tion of the power at the centre of the cuvette. The �tted results are
presented in Tab. 4.1, and the corresponding �tted curves are repre-
sented by solid lines in Fig. 4.5. The close similarity and accuracy of
the �tting parameters for both pro�les demonstrate the consistency of
the model in describing the underlying physics of the UC process. This
justi�es the application of the model to calculate the iQY as an intrinsic
characteristic of these particles.

For PDs below the balancing point � b = � 44 W=cm2, the UCL ex-
hibits a predominantly quadratic dependence on the PD. However, above
� b, the UCL demonstrates a linear behaviour.

4.4 Detailed comparison of di�erent compensation
approaches

By applying the adjusted parameters to the iQY equation, Eq. (4.7), for
the PDs at the pixel level � px obtained from both BP1 and BP2 mea-
surements, the compensated iQY curve (represented by the square data
points) was derived. This curve was then plotted in a double-logarithmic
scale in Fig. 4.6. The PDs (� px ) at each pixel were used as the x-axis
values for the iQY.

In addition, other curves in Fig. 4.6 were obtained by calculating the
QY using di�erent de�nitions for the beam radius, such as the FWHM,

49



4.4 Detailed comparison of di�erent compensation approaches

Figure 4.5: Resultant UCL measured under the BP1 and BP2 pro�les
as a function of the total power absorbed by the sample. The discrete
circles represent the experimental data, while the continuous lines are
the best �tted curves obtained from Eq. (4.6). The �tted constants are
shown in the Tab. 4.1.

Figure 4.6: The compensated iQY of the UCNPs is compared to the non-
compensated QY (with the beam radius de�ned as the FWHM), as well as
to partially compensated QYs using di�erent de�nitions of beam radius
proportional to the standard deviation of the Gaussian representation of
the beam pro�le (1� , 1:8� , 2� , and 2:53� ).

and various distances from the centre of the beam proportional to the
standard deviation of the Gaussian distribution. The power densities for
these curves were determined based on di�erent beam width de�nitions.
Considering the iQY as the reference QY for a uniform power density
illumination, the associated errors for each beam width de�nition were
calculated and plotted at the bottom of Fig. 4.6.

The partially compensated QYs provide a more accurate approxima-
tion to the iQY compared to the non-compensated approach (FWHM),
resulting in reduced errors. The FWHM method underestimates the QY
by up to 75% at low PDs. The representation using 2� as the beam ra-
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dius shows the lowest absolute error at PDs around 10W=cm2. However,
at lower PDs, the error increases slightly due to the sample exhibiting a
deviation from quadratic behaviour in the non-linear regime. Conversely,
as the PD increases, all the methods tend to converge towards the sat-
uration QY, leading to a rapid decrease in errors towards zero. The
compensation method proposed by May and Berry[92] using 1:8� pro-
vides a good approximation in the non-linear regime, as it is optimised
for the quadratic PD dependence of the UCL. However, as the power
density increases and the UCL transitions to the linear regime, the error
increases.

4.5 Summary

The beam pro�le compensation method presented in this chapter expands
upon the work of Mousavi et al. for an arbitrary order ETU process. By
utilising the model described in Chap. 2, the general equation was applied
to experimental UC data of UCNPs measured using the initial version
of the QY system. The results presented for the ETU2 process serve as
an illustration of how the dynamic range of the camera can be combined
with the use of two di�erent beam pro�les to extend the range of PDs over
which the iQY is evaluated. Further details are provided in Paper I . In
the last chapter the reader will �nd a comprehensive iQY characterisation
of an UCNP sample exhibiting UCL at multiple wavelengths, including
both ETU2 and ETU3 processes. The results were obtained from UC
data measured using the �nal version of the QY system and analysed
using the beam pro�le compensation method presented in this chapter.
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Chapter 5

A complete QY characterisation
of UC emissions in the NIR and VIS
ranges incorporating multiple
ETU Processes

This concluding chapter presents a detailed QY characterisation of UC-
NPs that emit light simultaneously at di�erent wavelengths, involving
an ETU2 and two ETU3 processes. The study exempli�es the successful
application of the QY system described in Chap. 3 and demonstrates the
use of the general model developed in Chap. 2 for the analysis. This ana-
lysis enables the determination of the PD points and QY saturation for
the energy levels involved in the UC processes. The iQY of the UCNPs is
then calculated by applying the beam pro�le compensation method pre-
sented in Chap. 4. The comprehensive analysis and results are presented
in detail in Paper IV and summarised as follows.

5.1 Methodology

A � -NaYF4:Yb3+ ,Tm3+ UCNP was selected for the measurements, ex-
hibiting main emission peaks at 800nm, 650 nm, 470 nm, and 450nm.
The 800 nm emission corresponds to an ETU2, while the 650nm and
470nm emission lines correspond to ETU3 processes. The 450nm emis-
sion is an ETU4, but it is only detectable by the system at PDs above
1 kW=cm2. The UCNP sample, purchased from Creative Diagnostics,
was characterised following the measurement and analysis protocols de-
scribed in Subsects. 3.3.4 and 3.3.5 in Chap. 3. The detailed methodology
and results are presented in PaperIV and summarised in this chapter.

Initially, the emission spectra of the sample were measured as a func-
tion of PD to determine the appropriate selection of spectral �lters for
each APD in order to isolate a single transition per measurement. Sub-
sequently, the UCL and absorption measurements were performed under
976 nm excitation using a Gaussian-shaped laser beam with a FWHM
of 96 �m , denoted as BP1.

The UCL at 800 nm and 470 nm wavelengths were measured using
APD1 and APD2, respectively, with the corresponding spectral �lters:
LP700 (Thorlabs, FELH0700), and BP470 (Semrock, FF02-472/30-25).
Then, the UCL at 650 nm wavelength was acquired using APD1 with
a bandpass �lter BP650 (Thorlabs, FBH650-40). To ensure consistency,
the 470 nm UCL wavelength was measured again with APD2 as a refer-
ence to the initial data acquisition. These measurements were repeated
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5.2 Characterisation

Figure 5.1: Pro�les of the excitation beams, labelled as a) BP1 and b)
BP2, are depicted. The pictures of the pro�les, captured with the CMOS
camera, are shown at the bottom right of the plots. The corresponding
3D surface plots illustrate the Gaussian shape of the beams. The his-
tograms represent the distribution of the number of pixels with identical
normalised intensities. BP1 and BP2 have beam widths of 96�m and
300 �m , respectively, both measured as the FWHM.

using a second Gaussian beam pro�le, denoted as BP2, with a wider
beam width of 300 �m (FWHM). The beam pro�les were designed to
cover a wider dynamic range, following the same principles outlined in
the previous chapter.

Fig. 5.1 illustrates the pro�les of the excitation beams, with BP1 on
the left and BP2 on the right. The bar charts depict the histograms
of intensity distributions at the cross-sections of the beams, where the
x-axes represent the number of pixels with identical intensities. The
3D surface insets display the Gaussian shapes of the beams, with the
normalised intensities represented by the colour scale bar. The bottom
right of the plots show pictures of the beam pro�les taken with the CMOS
camera, cropped around the beam spots.

5.2 Characterisation

Morphology, dispersion, and size distribution of the UCNPs were inves-
tigated using a scanning transmission electron microscope (STEM) to
capture nanoparticle images. The UCNPs exhibited a hexagonal mor-
phology with an average size of 16� 2 nm, as shown in Fig. 5.2. The size
distribution, presented as a histogram in the plot, was derived from the
analysis of 100 nanoparticles.

Emission spectra were recorded across a range of PDs from
0.2 kW=cm2 to 2.7 kW=cm2 and are displayed in Fig. 5.3. The energy
level diagram of Yb3+ , the sensitizer, and Tm3+ , the activator, highlights
the electronic transitions involved in the UC processes. The UCNPs ex-
hibited a prominent emission peak at 800nm, resulting from the ETU2
transition from the energy level 5H4 to the ground state 3H6. The sec-
ondary peaks at 470nm and 650nm corresponded to ETU3 processes,
involving electronic decay from the 3G4 energy level to the ground state
3H6 and to an intermediate state 3F4, respectively.

Additionally, an ETU4 process at 450 nm was observed, arising from
the electronic decay from the3D2 energy level to the intermediate state
3F4. Due to the relatively low intensities of the ETU4 transition, its QY
was not evaluated in this study.

Figure 5.2: STEM image of the
UCNPs exhibiting a hexagonal
morphology. The nanoparticles
displayed excellent dispersion with
no clustering observed. The inset
depicts the size distribution of 100
randomly selected UCNPs, as de-
termined through post-image ana-
lysis.
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Figure 5.3: The energy level diagram displayed in the left panel highlights
the electronic transitions involved in the ETU processes, while the right
panel shows the emission spectra with distinct peaks at wavelengths of
800nm, 650nm, 470nm, and 450nm, corresponding to these electronic
transitions.

5.2.1 The transition PD points

The transition PD points for the UCNPs under BP1 and BP2 illumina-
tions are illustrated in Fig. 5.4. The transitions at 470 nm (top panel),
650 nm (middle panel), and 800nm (bottom panel) are presented. The
y-axes depict the emitted power from the UCNPs within the central
volume of the cuvette, while the x-axis represents the total excitation
power. The �lled markers represent measurements taken under BP1 il-
lumination, while the empty markers correspond to BP2 illumination.

By comparing the y-axes of the three graphs in Fig. 5.4, it is evident
that the 800 nm transition exhibits the highest intensity, followed by
the 470 nm and 650 nm transitions. This is consistent with the rela-
tive intensities of the peaks observed in the emission spectra shown in
Fig. 5.3. Similar to what has been discussed in Chap. 4, the displacement
of the curves in each plot indicates the dependence of the UCL on the
beam pro�le, resulting from the non-linear behaviour of the UC process.
The similar shape of the 470nm curves with the 650 nm curves under
the same beam pro�le suggests that both transitions have the same PD
dependence, in agreement with the theoretical expectation that the PD
dependence is determined by the order of the ETU process, with both
being ETU3 transitions. In contrast, the 470 nm and 650 nm curves
di�er from the 800 nm curve, which corresponds to an ETU2 process.
Furthermore, it can be observed that the 800nm UCL reaches linearity
earlier than the ETU3 curves under the same beam pro�le illumination.
This can be attributed to the lower order of the ETU process for the
800 nm transition.

The continuous lines in Fig. 5.4 represent the �ttings of Eq. (4.3) to
the experimental data. It is evident from the almost perfect overlap-
ping of the �ttings with the data points in that the theoretical model
accurately describes the ETU processes involved in these UCNPs. This
is further supported by the similarity of the �tted coe�cients shown in
Tab. 5.1 for di�erent emission wavelengths and beam pro�les.

To determine the transition PD points and saturation iQY values for
each emission line, the free parameters of Eq. (4.3) were adjusted to the
UCL data. In the case of the 800nm emission, the ETU process order
j was considered to be 2, while for the 470nm and 650 nm curves, j
was considered to be 3, corresponding to the orders of the ETU processes
governing the UCL at each wavelength.

The �tting of each curve was performed independently, with an initial
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Figure 5.4: UCL measurements at 470nm, 650 nm, and 800 nm are
depicted. The �lled markers represent measurements taken under BP1
illumination, while the empty markers correspond to BP2 illumination.
The continuous curves represent the �tting curves with the best param-
eters, which are detailed in Tab. 5.1.
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guess for the transition point � 1 above 5 kW=cm2 as a boundary con-
dition. This initial assumption was made due to the typical anomalous
power density dependence observed in UCNPs. Alternatively, the same
initial principle could be applied to � 2 instead, yielding similar �ttings.
This interchangeability of � 1 and � 2 arises from the symmetry of these
parameters in Eq. (4.3) for j > 1.

The determination of whether � 1 or � 2 corresponds to the larger pa-
rameter can only be concluded by measuring downconverted lumines-
cence (luminescence wavelength higher than the excitation wavelength),
if it is detectable for these UCNPs. If the downconverted luminescence
curve exhibits a transition point from quadratic to linear behaviour co-
inciding with the transition point of the 800 nm emission curve, then the
observed transition point corresponds to� 1. On the other hand, if the
downconverted luminescence curve does not show any transition at this
point, then the transition point of the 800 nm emission corresponds to
� 2.

Table 5.1: Adjusted parameters obtained from �tting the resultant lumi-
nescence versus power at the centre of the cuvette for the UCNPs under
BP1 and BP2 illumination, as shown in the Fig. 5.4.

� em � 1 � 2 � 3 � S

B. Prof. (nm) (W=cm2) (W=cm2) (W=cm2) (%)

BP1 470 5.7� 104 31 3.7� 102 0.30
BP1 650 5.6� 104 31 3.6� 102 0.14
BP1 804 6.2� 104 31 - 0.82
BP2 470 6.1� 104 31 4� 102 0.28
BP2 650 6.0� 104 31 4� 102 0.14
BP2 804 6.2� 104 33 - 0.78

The lowest transition PD point was found to be approximately
31 W=cm2, followed by the second lowest value,� 3, which was ap-
proximately 4� 102 W=cm2, and �nally the largest value, around
6� 104 W=cm2. The order of magnitude di�erence between � 3 and � 2

is consistent with the low intensity of the ETU4 emission line. � 3 is
directly proportional to the ratio of the decay rate R3 (from the third
excited state) to the ET rate W3 (from the third excited state to the
fourth excited state). A larger ratio indicates a lower population density
of the fourth excited state, resulting in fewer emitted photons for the
ETU4 process, which explains the weak intensity of the 450nm emis-
sion peak. The precise value of� 1 requires further analysis for accurate
determination as it falls outside the measured excitation PD range.

The parameter that was �tted with a reasonable con�dence interval
in the analysis is the saturation iQY, � S . This constant is de�ned as the
ratio of the UCL saturation to the largest transition PD point, L S=� 1.
Therefore, there exist multiple solutions for L S and � 1 that satisfy the
saturation level of the iQY. Regardless of the exact value of� 1, it is
su�ciently large to remain undetected within the measurement range.
This �nding is consistent with the lower QY observed in UCNPs com-
pared to bulk materials, which typically do not exhibit the anomalous
PD dependence.

Reducing � 1 can be achieved by decreasing the decay rate from the
�rst excited state R1 or increasing the ET rate from the �rst excited state
to the second excited stateW1. Both scenarios lead to higher population
densities in all energy states above, resulting in increased quantum yield
for the ETU processes. Therefore,� 1 not only a�ects the linearity/non-
linearity of the UCL at all wavelengths but also contributes to the low
quantum yield of the UCNPs.
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Figure 5.5: iQY curves of the 470nm, 650 nm and 800 nm transitions
of the UCNPs under the excitation pro�les BP1 and BP2. The full
markers correspond to the BP1 illumination whereas the empty markers
correspond to the BP2. The vertical dashed lines indicate the transition
PD points, and the horizontal lines represent the iQY saturation levels
of the curves.

The impact of decay rates and ET rates on the QY of upconversion
is well known among condensed matter researchers striving to engineer
more e�cient UCNPs. However, the quanti�cation and formal relation-
ship between QY and the PD dependence of UC is presented here for the
�rst time using the general model introduced in this study.

5.2.2 The beam pro�le compensated iQY

Finally, the iQY curves were obtained by substituting the �tted values
from Tab. 5.1 into the constants of Eq. (4.5), corresponding to the various
local excitation PDs measured at the CMOS camera pixels. As previously
mentioned, j was set to 2 for the 800nm wavelength, and i was set to 3
for the 470 nm and 650nm wavelengths. The iQY curves for the three
emission wavelengths are presented in Fig. 5.5. The discrete hexagons
represent the iQY values, while the vertical dashed lines indicate the �rst
and second transition PD points. The �rst transition point is relevant for
all three wavelengths, while the second transition point only applies to the
470 nm and 650nm wavelengths, corresponding to the ETU3 processes.
The horizontal dashed lines represent the iQY saturation levels for each
wavelength.

Within the PD range of the measurement, the iQY for the 800 nm
emission reaches its saturation level at high PDs. On the other hand, the
iQY for the other two wavelengths is still transitioning towards saturation
at the highest PDs achieved with the narrow excitation pro�le BP1.

Below the �rst transition point, the iQY for the 800 nm emission pre-
dominantly exhibits a linear behaviour, while the iQYs for the other two
wavelengths demonstrate a quadratic power density dependence. This is
a direct consequence of the PD dependence of the QY, which is one order
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lower than the PD dependence of the UCL.
Above the �rst transition point � 2, the iQY for the 800 nm emission

undergoes a transition and eventually reaches saturation. The second
transition point � 3 primarily a�ects higher ETU transitions. The 470 nm
and 650nm emissions exhibit linearity within a limited range of PDs bet-
ween the two transition points. As the excitation PD increases beyond
� 2, the ETU3 emissions transition to linearity and quickly become in-

uenced by the second transition point � 3. Consequently, the slope of
the iQY curves for both wavelengths, represented in a double logarithmic
plot, changes from 2 to values lower than 1 as the PD approaches and
exceeds the second transition point.

5.3 Summary

This chapter provides a summary of the research conducted during the
PhD project. The comprehensive iQY characterisation of the UCNPs
sample with multiple wavelength emissions demonstrates the capabil-
ity of the QY system to perform simultaneous measurements at di�er-
ent wavelengths. The UCL data showcase the high resolution and wide
dynamic range achieved in excitation PD through the successful imple-
mentation of the system, coupled with accurate analysis and theoretical
modelling. Furthermore, the congruent results obtained for the transi-
tion PD points and the excellent agreement between the �tted curves
and empirical data strengthen the analytical solutions for representing
iQY in terms of transition points and saturation levels. However, the
determination of whether � 1 or � 2 is the larger parameter remains an
open question, which can be resolved by evaluating the downconverted
light. Nevertheless, the improved understanding of the UC process opens
up opportunities for further exploration, and the engineering of optimal
UCNPs.
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The low QY remains a signi�cant barrier to the widespread utilisation
of UCNPs in biomedical applications, and limited research has been con-
ducted thus far to understand the PD dependence of UC and its rela-
tionship to QY. Non-linearity is an intriguing property of UC, but its
characterisation has proven to be a circular problem, where the devel-
opment of equipment capable of measuring non-linearity depends on a
thorough understanding of UC behaviour. Conversely, the study of such
behaviour typically requires an in-depth empirical investigation into the
physical nature of UC and UCNPs.

Over the course of the past four years, this research has systematically
addressed these challenges by breaking down the problem into smaller
tasks. The initial version of the QY system provided valuable relative
QY results measured under di�erent excitation beam pro�les. These data
were extensively compared to various mathematical models, including
complex analytical and numerical solutions that represented potential UC
behaviours as a function of excitation PDs. Only with the development
of the second version of the QY setup was a complete analytical model
achieved.

The optimal model, as demonstrated in Chap. 2, is the simplest one,
encompassing only the population and depopulation rates of the elec-
tronic energy states of the ions involved in the ETU processes. The
second version of the QY system, described in Chap. 3, not only in-
troduced new features, such as simultaneous measurements at di�erent
wavelengths, but also implemented important improvements to optimise
the analysis process. The software controller of the system enabled in-
stant visualisation of results as data were acquired. This step was crucial
for alignment and calibration, which needed to be performed before each
UCNP sample characterisation.

The presented analytical model elegantly connects microscopic char-
acteristics of the RE elements embedded within the host matrix with
macroscopic luminescence observations. The determination of transition
PD points enables the quanti�cation of boundaries that delineate distinct
regimes of PD dependence for various ETU processes. The mathematical
solutions o�er a wide range of possibilities for future research, ranging
from characterisation and simulations to the study of population and
depopulation dynamics of energy levels in upconverting materials.

Time-resolved analysis, particularly of the rise time, is critical for
biophotonics applications. The rise time of an UC process tends to be
longer than the decay time due to the multiple steps required to populate
an energy state, while radiative decay occurs in a single step, resulting
in a shorter decay time. The utilisation of pulsed laser light can reduce
heating of living tissues during exposure while increasing the amount of
UC light delivered to cells. This is a consequence of the non-linearity of
UC, where a one-order-of-magnitude increase in PD results in a three-
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order-of-magnitude gain in UCL for the cubic regime of an ETU3 process,
for example. However, such gains can only be achieved by matching the
laser pulse duration with the rise time of the energy states responsible
for UC emissions. Research in this direction is of utmost importance,
particularly for higher-order ETU processes, such as those applied in
optogenetics, which bene�t from the blue emission of UCNPs.

In conclusion, the �ndings presented in this thesis represent a critical
and substantial contribution to the advancement of the UC �eld, bridging
the perspectives of condensed matter physics and biophotonics. These
two disciplines must work together for the successful utilisation of UCNPs
in biomedical applications.
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Comments on the Papers

I Evaluation of relative beam-pro�le-compensate quantum
yield of upconverting nanoparticles over wide dynamic
range of power densities
This paper presents a beam pro�le compensation method based
on rate equations for a two-photon energy transfer upconversion
process (ETU2). The method was applied to evaluate the 800nm
emission of a Yb-Tm-codoped upconverting nanoparticle (UNCP)
over a wide dynamic range of power densities. The measured in-
ternal quantum yield (iQY) results were compared to the non-
compensated and partially-compensated quantum yields to empha-
size the signi�cance of accurate measurements and evaluation in
studying and comparing the e�ciency of di�erent UCNPs. During
the validation phase of the quantum yield system, I proposed this
method after conducting an extensive analysis of the upconversion
data under distinct excitation pro�les. I was primarily responsi-
ble for data collection and performed all data analysis, including
coding the scripts for data pre-processing. Additionally, I took the
lead in writing the manuscript.

II Multi-variable compensated quantum yield
measurements of upconverting nanoparticles with high
dynamic range: a systematic approach
This paper describes the development of a quantum yield (QY) sys-
tem for measuring the e�ciency of the upconversion process in the
near-infrared emission range of UCNPs. The initial setup was based
on a device previously constructed by the group in another research
centre. I made signi�cant contributions to the assembly, testing,
validation, and data collection stages of the system. Moreover,
I performed all data analysis and contributed to the manuscript
writing. It is important to note that the latest version of the QY
system is not discussed in this paper.
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III Generalised analytical model of the transition power
densities of the upconversion luminescence and quantum
yield
This work presents an analytical model for evaluating the quan-
tum yield (QY) of a general energy transfer upconversion process
in upconverting nanoparticles (UCNPs). While initially studying
the model for a two-photon process, I discovered that it could not
accurately describe the two-photon process in UCNPs with mul-
tiple wavelength emissions, including higher-order processes such
as Tm-UCNPs with near-infrared and blue emission. This led to
the expansion of the existing model to include other wavelengths,
resulting in the QY characterisation based on transition power den-
sity points. The study includes a detailed analysis of microscopic
quantities and their relationship to the distinct properties observed
in UCNPs and their bulk counterparts. I derived the mathemati-
cal solutions and was responsible for data collection, analysis, and
manuscript preparation.

IV Beam-pro�le compensation for quantum yield
characterisation of Yb-Tm codoped upconverting
nanoparticles emitting at 474 nm, 650 nm and 804 nm
(Submitted for publication)
In this study, the analytical general model was applied to perform
beam-pro�le compensation and obtain the internal quantum yield
(iQY) of an upconverting nanoparticle (UCNP) material with mul-
tiple wavelength emissions, including ETU2 (800nm emission) and
ETU3 processes (470nm and 650nm emissions). Transition power
density points and QY saturation levels were determined and com-
pared among the di�erent ETU processes. I was responsible for
building the latest version of the quantum yield system used for
these measurements, which involved project planning, assembly,
testing, and validation. In addition, I developed the automated
Python controller for data acquisition and storage. The data ana-
lysis was conducted by me, and I wrote the manuscript.
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Comments on the Patents

I Optical system and method
To date, there is currently no commercially available system ca-
pable of accurately measuring the quantum yield of upconverting
materials. The non-linear nature of upconversion necessitates the
shaping and evaluation of the excitation beam pro�le prior to quan-
tum yield analysis. As a result, this patent has been granted, cov-
ering the apparatus and method for conducting optical characteri-
sation of luminescent particles within a sample.
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Appendix

1. Github repos with some of the codes developed along
the research

(i) QY DAQ Interface { Python code to control the QY system and
acquire data.

https://github.com/Biophotonics-Tyndall/
QY-DAQInterface.git

(ii) QEPro Controller { A simple Python controller to help on
automating data collection with a QEPro spectrometer. https:
//github.com/Biophotonics-Tyndall/QY-QEProControler.git

(iii) QY Virtuallab { A python script to simulate ETU processes.
It allows one to study the dynamic and the steady states of
the energy levels.https://github.com/Biophotonics-Tyndall/
QY-VirtuaLabForUCNPs.git

(iv) QY analysis framework { A Python framework to
help on the analysis of the data acquired with the QY
System https://github.com/Biophotonics-Tyndall/
QY-AnalysisFramework.git

2. Quantum yield analysis example

The following pages contain a Jupyter notebook with an example
of the QY analysis utilizing the QY analysis framework available to
download and installation on GitHub, link above.
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