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Abstract 

High-resolution characterisation of lanthanide-based luminescence complexes and 

nanomaterials provides in-depth insights to understand the details of energy-transfer 

process and photon luminescence mechanisms, guiding new designs for probes and 

methods for advanced sensing applications. Comparing many recent developments of 

lanthanide luminescent materials, current spectrometer-based instruments are 

insufficient in characterising the optical properties of nanoscale and micro-scale 

luminescence samples. This PhD program of optoelectronics engineering explores time-

resolved approaches through demonstrations of two purpose-built devices for 

comprehensive characterisation and advanced applications of long-lived luminescent 

materials. 

The first part of this thesis describes a design of a multi-colour time-gated 

luminescence (TGL) microscope. Implementing a high-speed Xenon flash lamp and 

synchronised time-gated detection unit, we suggest a practical approach to upgrade a 

commercial microscope for low-background time-gated luminescence imaging at low 

cost, with high stability and simplicity. We applied this system for simultaneous 

inspection of pathogenic micro-organisms and evaluated its detection sensitivity by 

imaging single luminescent nanoparticles.   

The second part of this thesis presents an imaging-spectroscopy platform for high-

resolution simultaneous characterisation of lifetimes and spectra of long-lived 

luminescence materials. Incorporating a multi-channel photomultiplier tube as a linear 

array detector behind a spectrometer, we realised a three-dimensional time-resolved 

spectrometer; coupling the 3-D spectrometer to a purpose-built laser scanning confocal 

microscope; we demonstrated a microscope-based device for characterisation of 

nanoscale and micro-scale luminescent samples.  

The third part of this thesis showcases new functionalities of the imaging-

spectroscopy system by nanophotonic characterisation of the new generation of colour-

coded upconversion micro-rods and single upconversion nanoparticles.  



x ABSTRACT 

In addition to the main result chapters, I have obtained some preliminary results on 

the exploration of the relationship between the excitation power and luminescence 

lifetime using our time-resolved spectroscopy system. Moreover, I have also succeeded 

in demonstrating two other optical characterisation systems for measurement of 

luminescence quantum yield of upconversion activators, and characterisation of 

upconversion polarisation properties. These results are also included in this thesis as 

three appendices.  

The advances brought to the characterisation systems in this thesis provide a set of 

new tools for exploring the rich optical properties of long-lived luminescence materials 

at the nanoscale and promoting novel luminescence materials for ultrasensitive and 

rapid sensing applications. 

The three key result chapters of this thesis are presented by publication of four 

peer-reviewed journal papers. The introduction chapter is presented as a manuscript of a 

review article and the conclusion chapter is followed by three appendices containing the 

results of my work in parallel during the last three and half years of PhD research.  

 

Key words: nanophotonics; fluorescence microscope; long-lived luminescence; 

lanthanide; nanoparticles; time-gated luminescence microscope; time-resolved; high 

throughput; high resolution 
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Thesis Outline  

Lanthanide-based luminescent materials have emerged as novel functional 

materials with unique optical properties, including a large Stokes shift (> 100 nm), long 

luminescence lifetimes in the microsecond to millisecond range, and multi-band sharp 

spectral emissions, suitable for a range of sensing applications. Major advances have 

been made in chemical synthesis, and both high-performance molecular probes and 

versatile nanoparticles have been demonstrated for the last decade. In addition, the 

unique excitation and emission spectra also require special consideration in designing 

characterisation schemes and implementing their applications through the use of 

advanced optical instruments that are not yet developed.    

This engineering-based PhD program therefore has been motivated by these urgent 

needs, and I have succeeded in demonstrating several advanced optical instruments and 

photonics techniques for characterisation and applications of lanthanide-based 

luminescent materials. Since the nature of developing each type of instrumentation 

requires a long cycle of experiments, my PhD program for the last three and half years 

has been designed and carried out following a parallel structure with three major optical 

techniques developed (chapters 2 to 5). With these purpose-built devices, we have 

demonstrated rapid and high-resolution characterisation of a range of emerging 

luminescent materials towards the applications in sensing and analytical biotechnology. 

This thesis is presented in the form of five journal manuscripts/publications as steps in 

my PhD research journey.    

Chapter 2 was presented as a published first-authored paper (Scientific reports 

2014) for practical implementation, characterisation and applications of a multi-colour 

time-gated luminescent microscope. The previously reported time-gated luminescence 

microscopes require sophisticated engineering and costly components, and are only 

available in a few research labs. Most of them only image one colour at a time in the 

monochromatic mode, significantly affecting the detection throughput when multiple 

types of biological targets exist in a complex sample. These issues hinder the broad 

implementation of the time-gated imaging technique. This work reports a new 

engineering scheme of pulsed excitation and synchronised time-delayed detection 
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through demonstrating an excitation unit and a time-gated luminescence detection unit. 

This allows commercial fluorescence microscopes to achieve low-background multi-

colour imaging at low cost, with high stability and simplicity. We realised the 

simultaneous dual-colour visualisation of two species of microorganisms, stained with a 

red-emitting europium-based probe and a green-emitting terbium-based probe 

respectively. We have further demonstrated a high detection sensitivity by imaging 

single europium-doped nanocrystals with size of around 150 nm.  

Chapter 3 is another published first-authored paper (RSC Advances 2013) 

reporting a time-resolved spectroscopy system capable of high-speed acquisition of the 

high-resolution time-resolved spectra from the lanthanide-doped luminescence materials. 

The emphasis of this chapter is on upconversion materials because the conventional 

lanthanide-based down-conversion probes require ultraviolet (UV) excitation, which is 

not biologically compatible with photo-bleaching issues and detrimental damage on the 

bio-samples. The new generation of upconversion nanocrystals has emerged during my 

PhD period, but there is a lack of robust instruments for advanced characterisation to 

understand their complicated upconversion process within a single nanocrystal. This 

work incorporates an integrated multi-channel photon-sensing device, a 32 channel 

PMT as a linear array detector behind a spectrometer, to replace the single-channel 

avalanched photodiode (APD) in our home-built laser scanning confocal system. To 

demonstrate the powerful utility of the system, some mono-dispersed hexagonal-phase 

NaYF4: Yb20%, Er2% upconversion nanocrystals with 40 nm size were tested. It took 

less than 1 min for the system to complete 50 acquisitions and construct the time-

resolved spectra with high spectral and temporal resolution. To the best of our 

knowledge, this is the first quantitative measurement showing the 3-D time-resolved 

emission spectra of upconversion nanocrystals.  

Chapter 4 combines more characterisation results that I contributed to another two 

published papers as the co-authors. I have successfully demonstrated nanoscale time-

resolved characterisation of multi-colour barcoded upconversion micro-rods (Journal of 

America Chemistry Society 2014) and wide-field imaging of single upconversion 

nanoparticles (Nature Nanotechnology 2013). Through the JACS project, I have 

developed a collaboration with a well-known research group in synthesising 

upconversion nanomaterials and carried out comprehensive optical characterisations of 
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the single colour-banded micro-rods. My data indicated that no energy transfer was 

observed between the neighbouring sections of rods doped by different lanthanide 

activators (Tm
3+

 and Er
3+

 ions).  I have demonstrated the multi-modalities of my system 

suitable for self-correlated imaging and analysis: the wide field microscope is useful in 

rapidly finding the points of interest; the laser scanning confocal microscope provides 

high resolution scanning of a detailed area (junction) of a single micro-rod, followed by 

lifetime measurements to provide the luminescence decay properties with high spatial 

resolution. In the Nature Nanotechnology project, I used my system to obtain the 

evidence that the brightness of highly-doped upconversion crystals is power dependent. 

This supports our core discovery in this paper that a high excitation irradiance can 

alleviate concentration quenching in upconversion luminescence when combined with 

higher activator concentration. I have also used my system and demonstrated the highly 

doped single nanocrystals were directly imaged through the wide field microscope.   

Chapter 5 summarises the key research outcomes and outputs of this thesis, and 

discusses the future prospects for developing advanced optical systems to explore the 

mechanisms and applications of the long-lifetime luminescence materials, including the 

effect of excitation power on the emission lifetime (Appendix I), quantum yield 

measurement for the doped activators in upconversion nanocrystals (Appendix II), and 

the emission polarisation measurement for upconversion micro-rods (Appendix II). 
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Flow chart for the thesis outline: 
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 Chapter 1: Introduction and Literature Review 

Time-resolved luminescence technique in the microsecond regime was first 

introduced to the field of analytical science more than 30 years ago[1, 2], and has been 

extensively applied for highly sensitive luminescence immunoassay[3], DNA 

hybridization assays[4], evaluation of enzyme activities[5], inspection of rare-event cell 

types [6], and detection of various intracellular analytes [7]. Taking advantage of long-

lived luminescence probes, such as lanthanide complexes and nanoparticles with typical 

lifetimes ranging from tens of microseconds to a few milliseconds, simple time-delayed 

gated detection can provide high signal-to-background contrast by suppressing short-

lived (in tens of nanoseconds) autofluorescence.   

Like the partnership of inks and printers, the luminescent materials and time-

resolved detection instrumentations have developed in parallel, resulting in great 

sensitivity, diversity, detection speed and analytical throughput for bioassays and bio-

imaging applications. Over the past two decades, a variety of novel long-lived 

luminescent probes including organic complexes, nanoparticles and nanocrystals, have 

been designed and synthesized with improved luminescence brightness, photo-stability, 

emission-tunability, bio-compatibility and functionalities [8-12]. Because their rich 

optical properties involve sophisticated photon energy transfer processes, multiple 

energy levels and different designs of materials, existing commercial detection systems 

capable of spectra and lifetime measurements frequently fail to provide sufficient in-

depth information for us to understand the photo-conversion mechanisms. Therefore, a 

range of purpose-built detection systems have been developed for characterisation and 

applications of luminescent probes [12-15].  

This review focuses on the advances made in instrumentation for long-lifetime 

luminescence materials. Based on a brief review of long-lifetime luminescent 

complexes and nanomaterials and their luminescent mechanisms, we present the time-

gated luminescence (TGL) techniques for spectroscopy and imaging applications; we 

then comprehensively review the methods for lifetime measurements in the 

microsecond regime, and then showcase the recent developments in time-resolved 

luminescence (TRL) techniques and perspective applications.   
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1.1 Long-Lived Luminescent Materials 

In this section, the basic mechanisms that lead to long decay lifetimes in 

luminescent materials are briefly illustrated, and long-lived luminescent probes are 

categorized into lanthanide-based materials, transition metal ligands complexes, and 

non-metallic phosphors.  

1.1.1 Mechanisms for long luminescent lifetime  

The luminescent lifetime refers to the average time that a fluorophore stays in the 

excited state after excitation. Depending on the different electron distributions, inner 

structures and different relaxation processes of the excited ions, the luminescent lifetime 

varies from femtoseconds [16-18] up to tens of seconds and even to several hours [19]. 

Time-resolved lifetime measurements in the range of femtoseconds to nanoseconds 

requires sophisticated systems and expensive hardware, while luminescence with very 

long lifetimes compromise the signal strength due to the reduced photon emission. 

Compared with short-lived luminescent materials with lifetime less than nanoseconds 

and the more afterglow long-persistent luminescent materials with emission lifetime 

longer than several seconds, luminescent materials with emission lifetimes in the range 

of microseconds to milliseconds have useful properties for high-contrast analytical 

science and offer a balance between hardware requirements and the speed of analysis.   

The long-lifetime luminescence phenomenon is governed by the electron spin 

selection rule and the Laporte selection rule in quantum mechanics. The spin selection 

rule states that electrons can only transit between energy levels with identical spin 

quantum number, while other transitions, e.g. between singlet states to triplet states, are 

spin forbidden. The Laporte rule is a spectroscopic selection rule that applies to 

centrosymmetric molecules and atoms. It states that in these cases, electronic transitions 

that conserve parity are forbidden, for instance, d-d transitions and f-f transitions. 

Allowed transitions must involve a change in parity, such as d-f transitions. 

In reality, however, such forbidden transitions can happen, although usually with 

much lower probability compared to allowed transitions. An example of a forbidden 

transition is the well-known phosphorescence which relies on the radiative transitions 

from triplet excited states to the singlet ground state. Figure 1-1 shows the Jablonski 
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diagram of a typical absorption, fluorescence and phosphorescence processes, which 

encapsulates the photoluminescence. Transitions which involve redistributions of 

electrons within the same subshell are also weakly allowed, because atoms cannot 

strictly maintain perfect symmetry, which may be perturbed due to a variety of reasons 

such as asymmetric vibrations and the Jahn-Teller effect. These processes have 

kinetically smaller probability of occurrence, i.e., once excited, electrons decay to the 

ground state very slowly with longer emission lifetimes.  

 

Figure 1-1. Jablonski diagram illustrates the process of photoluminescence in a 

singlet and triplet system. Reproduced from Ref. [20]. 

Based on these luminescent mechanisms, different types of long-lived luminescent 

materials have been designed and applied in many fields. These include the trivalent 

lanthanide doped materials and transition metal complexes, which show long lifetime 

emission via breaking the forbidden transitions, as well as some non-metal fluorophores. 

The detailed information for these long-lived luminescent materials is given in the 

following section. 

Table.1 summarises typical metal ions that are often used to synthesise the long-

lived luminescent materials. From the table, the long-lifetime (from several to hundreds 

of microseconds) of these luminescence materials arises either due to the energy transfer 

from the triple state to the singlet state or due to f-f transition, both of which are 

commonly considered as the forbidden transition processes as we discussed above. 

Considering the excitation and emission wavelengths, most of these rare earth ions 
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(except Yb-Tm and Yb-Er pairs of elements) exhibit down-conversion luminescence 

mechanism, absorbing excitation at shorter wavelengths and generating emission at 

longer wavelengths, when they are linked with organic frames/ligands. 
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1.1.2 Lanthanide-based luminescent materials 

1.1.2.1 Trivalent lanthanide ions  

The lanthanide based materials commonly used as long-lifetime probes (with 

lifetimes in the range from hundreds of microseconds up to milliseconds), are generally 

composed of trivalent lanthanide metallic ions, including the elements from Lanthanum 

(La) with atomic number of 57 to Lutetium (Lu) with atomic number of 71. These are 

generally referred to as “lanthanides” with the informal chemical symbol Ln, due to 

their chemical similarities. This stems from their similar electron configurations 

associated with the unique 4f orbitals, which are 

1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 3d

10
 4s

2
 4p

6
 4d

10
 4f

0~14
 5s

2
 5p

6
 5d

0~1
 6s

2
 

or in short [Xe]4f
 0~14

 5d 
0~1

 6s
 2
. Therefore, lanthanides are inclined to lose three outer-

shell electrons to form trivalent cations Ln
3+

 in the form of [Xe] 4f 
n
. Their chemical 

properties largely depend on the ionic radius, which decreases steadily from La
3+

 to 

Lu
3+

.  

1.1.2.2 Lanthanide-doped long-lived luminescent complexes and 

nanomaterials 

Lanthanide-doped luminescent materials can be divided into two types according to 

the luminescent mechanisms: downconversion and upconversion luminescent materials. 

Downconversion materials require excitation by high-photon-energy light and emit low 

energy photons; and upconversion luminescent materials, conversely, absorb low-

energy-photons and generate high-photon-energy emissions.  

Ln
3+

 ions downconversion probes are usually composed of Ln
3+

 ions and organic 

frames/ligands with different structures to label biological samples [36-38]. For 

example, Ln chelates consist of Ln
3+

 ions coordinated with organic ligands, as shown in 

Figure 1-2, where the ligands work as the sensitisers to absorb the excitation energy and 

subsequently transfer the energy to the Ln
3+

 ions. Many major developments of 

lanthanide complexes have occurred over the last two decades, with recent 

comprehensive review papers published recently [39-41], and a few of these 

development are presented here. In early 1990s, Selvin et al. synthesised different types 
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of water-soluble Terbium (Tb) chelates and European (Eu) chelates, with luminescence 

lifetimes of a few milliseconds and a few hundreds of microseconds, respectively [42]. 

In 1998, Yuan and Matsumoto synthesised a new teradentate β-diketone chelate, 4,4'-

bis(1'', 1'', 1'', 2'', 2'', 3'', 3''-heptafluoro-4'',6''-hexanedion-6''-yl) chlorosulfo-o-terphenyl 

(BHHCT) for Eu
3+

, with luminescence lifetime of 380 µs in an aqueous buffer (bound 

to BSA) [29]. In 2001, Yuan reported a new nonadentate ligand, N, N, N
1
, N

1
-[2, 6-bis 

(3'-aminomethyl-1'-pyrzaolyl)-4-phenylpyridine] tetrakis (acetic acid) (BPTA) to 

chelate Tb
3+

, with a luminescence quantum yield of 1.00 and lifetime of 2.681 ms [11]. 

In 2012, Yuan et al. reported another new tetradentate β-diketonate europium complex 

1,2-bis[4'-(1 '',1 '',1 '',2 '',2 '',3 '',3 ''-heptafluoro-4 '',6 ''-hexanedion-6 ''-yl)-benzyl]-4-

chlorosulfobenzene-Eu
3+

 (BHHBCB-Eu
3+

) with long-lived Eu
3+

 luminescence decay of 

500 µs and the quantum yield of 40% [43].   

 

Figure 1-2. Schematic diagram illustrates luminescence from a lanthanide complex 

(lanthanide ion chelated by an organic antenna ligand). The antenna ligand absorbs the 

excitation photons then transfers the energy non-radiatively to the lanthanide ion that 

emits long-lived luminescence. Reprinted from Ref.[44]. 
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Metal-organic frameworks (MOF) are an emerging class of porous material 

constructed from coordination networks of organic linkers that can hold and sensitise 

metals [45, 46]. In 2009, Bu et al. reported three synthesised 3D lanthanide anionic 

metal-organic frameworks {K5 [Ln5 (IDC) 4(ox) 4]} n• (20H2O) n in an octahedral 

structure with Ln = Gd, Tb and Dy, respectively. The fluorescent lifetimes were 

measured in the range of ~ 160 to 800 µs depending on the chosen solvents [47]. Sun et 

al. reported 1D linear coordination polymers with a luminescence lifetime of several 

microseconds for Sm
3+

 ions, several milliseconds for Eu
3+

 and Tb
3+

 ions, but highly 

dependent on the temperature. According to authors, when the temperature increased 

from 75 K to 430 K, their lifetime decreased from 0.57 ms (73%) and 1.36 ms (27%) 

down to 75 µs (74%) and 200 µs (26%) [48].   

Micro-emulsion wet chemistry techniques have been used to encapsulate lanthanide 

complexes and to make silica or polymer nanoparticles [49]. Other hybrid 

nanostructures have been explored to enhance the luminescence efficiency of lanthanide 

complexes, for example, nanoparticles using the noble metal of silver as core, silica as a 

spacer layer, and silica encapsulated lanthanide complex as the outer layer shell, as 

shown in Figure 1-3, have been synthesised. The localized nanoplasmonics effect can 

reduce luminescence lifetimes from hundreds of microseconds to tens of microseconds 

with enhanced brightness. Under the time-gated luminescence detection mode, the 

single high-brightness nanoparticles are visible to the naked eyes [50].  

Eu and Tb doped oxide inorganic nanocrystals have been developed. Lechevallier 

et al. synthesized a series of Eu doped oxide nanoparticles (RE2O3: Eu, RE=Y, Gd), 

which absorb 254 nm excitation and generate the emission at 611 nm with luminescence 

lifetimes of 770 µs and 1.55 ms for Y2O3: Eu and Gd2O3: Eu, respectively [51]. Banski 

et al. recently reported the sub-10 nm Eu doped nanocrystals (NaYF4:Eu
3+

) that have 

been demonstrated with long luminescence lifetimes of 2.686 ms at 556 nm and 7.782 

ms at 616 nm for 2% Eu  doped nanocrystals with 395 nm excitation [52]. Aarts et al. 

used a low-phonon frequency host (KPb2Cl5) to realise the downconversion emission 

for the well-known Er-Yb co-doped materials, which absorb the energy between 300 

nm and 400 nm, resulting in two broad emission bands centred around 430 nm and 

700 nm with a luminescence lifetime in the range of tens of microseconds[53].   
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Figure 1-3. BHHCT-Eu-DPBT-doped Ag@SiO2 nanocomposites. The silver core 

was first coated with a layer of silica with varied thickness (controlled using different 

amounts of tetraethyl orthosilicate (TEOS) catalysed by ammonia); and then 3-

amimopropyl (triethoxy) slilane (APS)-linked BHHCT-Eu-DPBT (APS-BHHCT-Eu-

DPBT) is covalently linked and embedded in the silica shell. Reprinted from Ref. [54].  

Upconversion nanomaterials are crystalline hosts generally doped by pairs of Ln 

ions acting as sensitizers and emitters (also called activators). Commonly used host 

materials include fluorides (NaYF4 [26, 55], NaGdF4 [56, 57], NaYbF4 [58, 59], NaLuF4 

[60]), and oxides (Y2O3 [61, 62], Gd2O3 [63]), where appropriate choice of the host can 

enhance the upconversion luminescence intensity. Among these nanocrystals, rare earth 

doped fluoride hosts have been universally considered as excellent host materials due to 

their low phonon energy, good thermal stability, optical stability, high transparency, 

high refractive index and high capacity for doping lanthanide ions [9, 64]. So far, most 

of the trivalent Ln ions (Er
3+

, Tm
3+

, Ho
3+

, Pr
3+

, Ce
3+

, Nd
3+

, Tb
3+

, Dy
3+

, Sm
3+

 and Eu
3+

) 

have been employed as activators to improve the luminescent efficiency and tune the 

emission wavelengths from upconversion processes [65-67]; however, only a few (Yb
3+

, 

Nd
3+

) have generated relatively efficient upconversion emission under the laser 

irradiation when used as sensitizers[68, 69]. Recently, the corresponding core-shell 

structured nanoparticles (neutral [70, 71] and active shells [72, 73]) with passivation 

effect have also been extensively exploited due to their higher luminescent intensity 

compared to that of the corresponding bare nanoparticles [74].  

Both core and core-shell upconversion nanocrystals absorb long-wavelength 

excitation, (~ 980 nm excitation), and generate short-wavelength emissions, as shown in 

Figure 1-4. The luminescence lifetime for these Ln
3+

 doped upconversion materials is 

typically hundreds of microseconds, but an increase in the shell thickness increases the 
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luminescent lifetime [75]. Furthermore, the luminescence lifetime also depends on the 

doping concentration and size of nanoparticles in addition to the effects of the 

surrounding medium. The increase of the Ln
3+

 ions doping concentration leads to a 

decrease of the luminescent lifetimes [75], while, for a fixed compositions and doping 

concentrations, the size decrease from 45 nm to 6 nm also leads to a reduction of the 

luminescent lifetime [26]. Furthermore, organic ligands can be covalently conjugated to 

functional biomolecules, or the surface of nanoparticles can be deliberately modified by 

ligand attraction [76], self-assembly [77], surface polymerization [78] or ligand 

engineering [79]. This biocompatibility enables them to be widely applied as the 

luminescent tags for a probe molecule for the targeted recognition, bio-detection and 

bio-imaging.  

 

Figure 1-4. Schematic illustration of the luminescence mechanism for upconversion 

nanocrystals with NIR excitation at 980 nm and visible emission.  

1.1.2.3 Optical properties 

Apart from the long luminescence lifetimes, Ln
3+

 doped materials have large Stokes 

or anti-Stokes shifts, and well-defined sharp emission peaks. Ln
3+

 doped 

downconversion materials generally require ultraviolet (UV) excitation, which is 

usually not favourable in bio applications because it can cause photo-damage and strong 

autofluorescence background. Upconversion materials require NIR excitation, which is 

advantageous in producing less photo-toxicity and negligible autofluorescence, as well 

as in offering deeper penetration in tissue samples through the so-called “biological 

window”. Generally speaking, Ln
3+

 doped luminescent nanocrystals have excellent 



INTRODUCTION AND LITERATURE REVIEW                                                       15  

 

photo-stability and brightness, but their intrinsic size and sophisticated surface 

conditions lead to challenges for specific bio applications.  

1.1.3 Other types of long-lived luminescence materials 

While the lanthanide-based luminescent materials dominate the long-lived 

luminescent materials, we here briefly introduce the other two types of long-lived 

luminescent materials, including the transition metal-ligand complexes and non-metal 

phosphors.  

1.1.3.1 Transition metal-ligand complexes  

Transition metal-ligand complexes (MLC) are complexes with a transition metal 

atom or ion element in the central position chelated by several ligands, as shown in 

Figure 1-5, taking Ru
2+ 

ions as examples. In general, more number of ligands yield 

stronger bonds and greater thermodynamical stability of the complex [45]. Due to their 

unfilled d or f orbital electrons in the valence shell, MLC have a strong capability to 

bind multiple types of ligands. Ligands are commonly divided into two types: ionic 

ligands including Cl
-
, H

-
, OH

-
, CN

-
, and neutral ligands such as CO, H2O and alkenes. 

This broad strong bonding feature enables MLC to be extensively involved in the 

catalysts [80, 81](e.g. polymers, pharmaceuticals), biochemistry (e.g. oxygen transport, 

photosynthesis, enzymes) [82, 83], organic chemistry methodology (e.g. M (CO) 3 

arenes, Pd catalysed C-X (X=C, N, and S and O)) [84, 85] and biological and chemical 

imaging fields [86, 87].   

 

Figure 1-5. The chemical structure of a metal-ligand complex containing a Ru
2+

 

ion is linked by other ligands. Reprinted from Ref. [88]. 
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Common transition metal ligand complexes include Re(I), Ru(II), Os(II) and Rh(III) 

ions with d
6
 electronic structures, Pt(II) ions with d

8
 electronic structures, and Au(I) and 

Cu(I) ions with d
10

 electronic structures; these constitute most of the MLC photo-

luminescent materials at room temperature [89]. In 2013, Buddha et al. reported that 

gold clusters in traditional fluorescence probes emit bright luminescence with short (up 

to 100 ns) and long lifetimes (up to 280 µs), and good photo-stability [90]. Wang et al. 

synthesised three novel 3D Cd(II) coordination polymers based on HIN as the organic 

linker: mononuclear-SBU([Cd(IN)2•H2O])n, [Cd2(IN)2(SO4)(DMF)2]n, 

([Cd3(IN)5.5]•0.5OH
-
])n. Three of them display luminescence with emission maxima in 

the deep blue, blue and green, respectively, with luminescent lifetime  around 10 µs [91]. 

Morris et al. studied the photo-physical properties of a Ruthenium (II) tris (2, 2‟-

bipyridine)-doped Zirconium UiO-67 metal-organic framework, with the emission 

decaying exponentially for the concentration Ruthenium (II) tris (5, 5′-dicarboxy-2, 2′-

bipyridine (Ru-DCBPY), but with non-exponential decay under high doping conditions 

[92].   

1.1.3.2 Non-metal phosphors with long-lifetimes 

Several non-metal complexes have been reported with long-lived luminescence 

emissions. In 2011, Asko Uri et al. developed protein-induced non-metal probes with 

luminescent lifetimes of 19 µs to 266 µs with flash excitation at 300-360 nm [93]. In 

2012, the same group reported another novel non-metal optical probe (Arginine-Rich 

Peptide (ARC)-1063) with long-lifetime luminescence (115 µs) induced by association 

with the target protein kinase, which was used to measure the concentration of a 

catalytic subunit of protein kinase in complicated biological solutions [94]. Recently, 

Peng et al. reported a pure organic fluorophore without rare earth metal ions or heavy 

atoms, which displayed long luminescent decay lifetime of 22.11 µs (in deaerated 

ethanol) in oxygen-free condition, and 4.30 µs in normal aqueous condition. The 

mechanism of this long luminescent decay was proposed to be the thermal activation for 

the transition from the triplet to singlet excited states, and it has been employed in bio-

imaging and bio-detection using time-resolved and confocal fluorescence imaging 

systems [95].  
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1.2 Time-Gating Instruments and Applications 

Long-lived luminescence emission provides two opportunities for sensing: 1) time-

gated luminescence (TGL) detection is simple and useful to suppress background 

interference from both optical systems and biological samples; 2) time-resolved 

luminescence (TRL) is useful in understanding the mechanisms of photon-luminescence 

and creating an additional optical dimension for multiplexed sensing applications.   

This section focuses on TGL technique, the basic form of time-resolved techniques 

that takes advantage of the exceptionally long lifetimes for background-free 

luminescence detection. The working principles and various TGL approaches are 

discussed first, and then typical instruments for both practical analytical and imaging 

applications are showcased. 

1.2.1 Time-gating techniques 

1.2.1.1 Principles  

As shown in Figure 1-6, time-gating techniques use periodical pulsed excitation and 

time-delayed detection to distinguish long-lived luminescence against a short lifetime 

background. That luminescent „ghost‟ image remained on the screen long after the 

traditional TV was switched off suggests the idea behind the time-gated luminescence 

detection.  A TGL detection cycle consists of an excitation phase, a time delay, and a 

detection phase. The pulsed excitation light only flashes during the excitation phase, 

while the photodetector is off. A time delay (typically from 1  to 10 µs) is preferred to 

allow the short-lived background, (such as autofluorescence and scattering of excitation 

light), to vanish promptly before the photodetector is rapidly switched on, so that only 

the luminescence signal at a relatively high level is detected with dramatically improved 

signal-to-background ratio [96]. Depending on the efficiency of the photodetector 

(electrical output per optical input), multiple TGL cycles are often required to 

accumulate sufficient luminescence. 
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Figure 1-6. Schematic diagram illustrating the principle of time-gated 

luminescence detection for long-lived luminescence materials. During the excitation 

pulse, the signal detection window is off, avoiding all light. Following the switch off of 

the excitation pulse, a short time delay of a few microseconds allows the short-lived 

background to vanish before the detection window is opened to detect the long-lived 

luminescence without the interference from the background of autofluorescence and 

excitation scattering backgrounds. Reprinted from Ref. [96]. 

1.2.1.2 Methods for TGL detection  

The key requirement enabling TGL detection is a pulsed excitation light source and 

a synchronised gated photodetector with accurate temporal control and rapid switching 

speed. A number of gating methods have been developed and are summarised in Table 

1-2. The goal is to enable TGL detection with high efficiency, stability, and 

compatibility to the existing system at low cost.  
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Table 1-2. methods and devices to realize TGL detection 

 
Gating 

strategies 
Gating components Ref 

Pulsed 

Excitation  

External gating 
Mechanical chopper  [33, 97-99] 

Acousto optical modulator  [30, 100] 

Internal gated 

sources 

Xenon flash lamp [36, 101-107] 

UV LED [96, 108-114] 

Pulsed laser [115] 

Time-gated 

Detection 

External shutters 

Optical disk [101] 

Mechanical chopper 
[36, 96, 97, 103, 107, 

112] 

Ferro-electric shutter [33, 98, 99, 106] 

Gateable EMCCD [113] 

Internal gated 

detectors 
Gateable CPMT/PMT/ APD [109] 

Internal gated 

cameras 

Gateable monochrome CCD  [111] 

Gated monochrome ICCD [114-116]  

Gateable EACCD [110] 

The most common TRL instruments in the recent decades have been time-gated 

luminescence microscopes. Either pulsed excitation or gated detection can be simply 

realised by using the gating methods shown in table 1-2. External gating methods based 

on acousto optical modulators (AOMs) or mechanical choppers are employed to 

produce pulsed excitation light from continuous Hg lamps or UV lasers; but more 

recently, new pulsed xenon flash lamps, pulsed solid-state lasers and current-switched 

UV light-emitting diodes (LEDs) have offered improvements.  Therefore, although the 

TGL microscope initially required external gating devices in both the excitation and 

detection paths, as shown in Figure 1-7 (a) [117], now it only requires a gating device 

for detection, with an example shown in Figure 1-7 (b). With a mechanical chopper to 

gate the detection, the chopper must also provide the synchronisation to trigger the 

pulsed excitation using a built-in sensor to generate the output signal when the chopper 

blade passes [118, 119]. Other optical shutters such as ferro-electric liquid crystal 

shutters can be used in TGL instruments but typically suffer high insertion loss for the 

signal intensity [33, 98, 99, 106]. Thus the rotating disc chopper is considered to be the 

most effective way for mechanical gating [112], and recently a new derivative with 

blades taking the form of 45° mirrors, called gated auto-synchronous luminescence 

detection (GALD), has been demonstrated[120], as shown in Figure 1-7 (c). 
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Figure 1-7. Schematic diagrams illustrate three types of mechanical time-gating. (a) 

reprinted from Ref. [117]; (b) reprinted from Ref.[112]; (c) reprinted from Ref. [120].  

Gating a single element high-gain detector is now considered straightforward with 

time-gateable photo multiplier tubes (PMTs), semiconductor channel PMTs, and single 

photon counting avalanche diodes (SPAD). Gated intensified-CCD (ICCD) cameras or 

microchannel photomultipliers (MCP) coupled CCDs offer an effective means of time-

delayed gating as fast as a few nanoseconds but are relatively expensive, with the 

problem of higher dark noise in low light sensing applications [100, 102, 104, 105, 114]. 

For the last decade, rapid developments in semiconductor technologies have made the 

electron multiplying charge coupled devices (EMCCDs) quieter, with a threefold 

improvement in quantum efficiency and with reduced cost, these currently dominate 

most low-light imaging applications. The design of EMCCDs requires an external 

shutter mechanism for longer exposure times to accumulate multiple TGL cycles of 

detection [113], and therefore external gating approaches are still essential, particularly 

if a multiple colour imaging is required. In contrast, recent optical approaches based on 

mechanical choppers can be practically implemented with existing imaging systems and 

cameras at low cost [97, 101, 103], and therefore they are more accessible to end-users 

in the biological, materials or chemical laboratories.  
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1.2.2 TGL fluorimeters and plate-readers 

Fluorimeters are commonly used for fundamental characterisations of fluorescence 

and luminescence materials. These include an excitation source for irradiating the 

samples, a sample holder, and detectors for measuring luminescent intensity, 

absorbance, excitation spectrum, emission spectrum and luminescence lifetime. Due to 

their long lifetimes, the rotational motion of luminescent complexes and nanomaterials 

leads to non-polarised emission even under polarised excitation [121], so that the 

polarisation properties are usually not characterised. Band-pass filters simply select 

excitation wavelengths from a broad-band light source, and suitable band-pass emission 

filters are used to collect the emission. To achieve high accuracy and resolution, a 

monochromator is required to transmit a mechanically-selectable wavelength from the 

broad-band light source for excitation and a spectrometer is used for emission collection.   

In the 1970s, time-resolved fluorimeters were introduced to measure long-lived 

luminescent complexes of rare earth ions (Eu, Tb, Sm, Dy) for immunoassays with high 

signal-to-noise ratio (SNR) [122, 123] , and commercial systems, such as PerkinElmer 

VICTOR™ EnLite™, Edinburg FS5, have been broadly used as fundamental tools for 

characterisation of novel long-lived luminescence materials [124]. To achieve high 

analytical throughput, plate readers with an array of sample containers/wells carried by 

a motorized stage are suitable for consecutive measurement of different samples. 

Commercial plate readers, such as the Spectramax series from Molecule Devices USA, 

FLx800 Fluorescence Microplate Reader from BioTek Cor, support time-resolved 

luminescence measurement [125].  

Different types of time-resolved bioassay techniques based on lanthanide probes 

have been generated, including dissociation-enhanced lanthanide fluoroimmunoassay 

(DELFIA)[126-128], time-resolved amplified cryptate emission (TRACE)[129], 

multiple-label time-resolved fluoroimmunoassay (TR-FIA)[130], and enzyme amplified 

time-resolved fluorimeter[131]. Most of commercial time-resolved bioassays are based 

on the long-lived downconversion luminescence of Eu
3+

 or Tb
3+

 chelates, which require 

UV excitation.   

Lanthanide-doped upconversion nanoparticles (UCNP) have been adapted as 

probes for bioassay methods recently due to their long luminescent lifetimes, high 
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photo-stability and visible/NIR excitation [10, 75, 132]. In 1999, Zijlmans et al. 

reported the first use of UCNPs in a bioassay, in which oxysulfide UCNPs were applied 

as analytical markers for detecting cells and tissue surface antigens using 

immunocytochemistry and immunohistochemistry [133]. In 2001, Hampl et al. 

demonstrated that erbium oxysulfide UCNPs could be applied in lateral flow assays as 

reporter particles to detect the human chorionic gonadotropin (hCG) [134]. In 2012, 

Chen et al. applied ultra-small CaF2: Ce, Tb nanoprobes with sub-10 nm size for 

sensitive detection of avidin in homogenous time-resolved (TR) FRET and 

heterogeneous TRPL bioassays [135]; in 2014, Chen at al. developed a LiLuF4: Ln
3+ 

UCNP with higher quantum yield of 5.0% for Er
3+

 and 7.6% for Tm
3+

 for sensitive 

detection of the β subunit of human chorionic gonadotropin (β-hCG), an important 

pregnancy and tumor marker, for the heterogeneous upconversion luminescence 

bioassay[136].  

1.2.3 TGL conventional microscopes   

The first TGL microscope was reported by Beverloo et al. in 1991 by measuring 

Y2O2S: Eu particles with a luminescent lifetime of hundreds of microseconds [137]. The 

low brightness of the probes and slow TGL repetition rate at ~100 Hz resulted in a long 

signal accumulation times of tens of seconds for high quality image acquisition. In the 

late 1990s, highly efficient luminescent probes, particularly the lanthanide chelating 

complexes which can be functionalised with specific antibodies for cell staining, were 

reported [29]. The availability of these probes stimulates development of TGL 

techniques for high contrast imaging. Figure 1-8 displays an example of using time-

gated luminescence microscopy to detect long-lifetime luminescence probe labelled 

cells among spectrally contaminated samples [112], with non-time-gated imaging 

shown in Figure 1-8(left) and time-gated imaging shown in Figure 1-8 (right).  
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Figure 1-8. Non time-gated (A) and time-gated luminescence (B) images of a Eu
3+

 

complex labelled Cryptosporidium parvum oocyst within fruit juice concentrate. 

Reprinted from Ref.[112]. 

The high cost has been a barrier to the extensive applications of TGL microscopes, 

although rapid evolutions in both excitation and detection have reduced cost [111, 137-

139]. In 2011, Jin et al. reported a low-cost time-gated luminescence microscope with 

high detection efficiency, with the schematic diagram shown in Figure 1-7 (b). This 

work realised real-time observation of lanthanide labelled microorganisms by the naked 

eye or camera, with 18-fold improvement signal-to-noise ratio (SNR), compared to the 

non-time-gated mode [96]. Three independent approaches to build robust versions of 

time-gated luminescence microscopes for biological and material applications by 

modifying standard fluorescent microscopes to have been summarised into step-by-step 

protocols [140]. Although this low-cost time-gated luminescence microscope can carry 

out true-colour, high sensitivity detection for micro-organisms, the complicated 

assembly and low detection efficiency due to single colour detection hinder their wide 

spread adoption for biological imaging.  

Further improvements of this TGL microscope with low cost, convenient operation 

and high compatibility were achieved by designing and engineering an excitation unit 

which was synchronised to a purposed-built time-gated luminescence detection unit. 

Both excitation and detection unit have been demonstrated with high compatibility and 

easy adaption to any commercial microscope to perform time-gated luminescence 

detection, with the detection unit shown in Figure 1-9. In addition, high throughput 

detection has also been demonstrated by simultaneously performing multi-colour 

imaging for different microorganisms [36].  
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Figure 1-9. The time-gated detection unit consists of two eyepieces, one chopper 

and one camera, all of which are mounted on a common frame. Top: the schematics; 

Bottom: a photo of the real system. Reprinted from Ref. [36]. 

1.2.4 TGL scanning microscope 

Lu et al. have developed and established a new generation of TGL techniques for 

automated, high speed, sensitive, quantitative and multiplexing bio-detection [6]. They 

first developed a wide-field scanning method to transform a manual TGL microscope 

into an automated workstation suitable for rare-event detection and counting. Figure 1-

10 shows the schematics of the TGL scanning microscope.  
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Figure 1-10. Prototype time-gated luminescence scanning microscope modified 

from a commercial inverted microscope (Diaphot-TMD, Nikon) with epi-fluorescence 

configuration. It uses a long-lived luminescence bioprobe to label the target 

microorganisms, so that a time-gated luminescence detection (shown in the dashed 

frame) renders both the scattered excitation light (purple) and autofluorescence 

background (green) invisible during the gated-detection phase. When a slide carrying 

the specimen is scanned in a grid pattern, instead of analysing each grid element, a 

single-element time-gated detector is capable of selectively determining and marking 

the “elements of interest” by the positive time gated pulses, so that the computer-guided 

system returns only to those elements for detailed imaging studies. In our prototype 

instrument, the time-gated detection was simply achieved by synchronizing a pulsed UV 

LED excitation to a compact optical chopper. Scanning was demonstrated by a 

computer-controlled 2-D mechanical stage. Reprinted from Ref. [6]. 

Using TGL detection, they applied the temporal rather than spectral discrimination 

to locate and identify target organisms. They used lanthanide-based bioprobes with 

luminescence lifetime of greater than 100 µs to label the target microorganisms. Instead 

of recording and analysing large numbers of images from the specimen, they applied a 

single-element time-gated photomultiplier tube (PMT) to rapidly scan all the samples on 

a small (75×75 µm
2
) grid. Because time-gated detection renders the autofluorescence 

background invisible to the PMT, the long-lived luminescence from target organisms 

present in an individual element much have sufficient SNR to identify with certainty the 
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presence of a rare target event in any element of the certain 15 ×15 mm
2
 sample. The 

microscope-computer system can determine the location of any grid element that 

appears to contain a target organism and return to only those elements for more detailed 

imaging studies. The method greatly reduces requirements for data storage, scene 

segmentation, analytical complicity and analysis time. 

They then improved the TGL scanning system with rapid scanning of luminescence 

probe labelled cells with high sensitivity[141]. This is realised by invention of a new 

strategy called Orthogonal Scanning Automated Microscopy (OSAM). A novel two-

step orthogonal scanning strategy was provided to realise on-the-fly, time-gated 

detection and precise location of targets, as shown in Figure 1-11. The resulting high-

speed localisation of targets was demonstrated by scanning a 15 ×15 mm
2
 slide area in 

only 3.3 minutes instead of 47 mins for detecting 1-µm lanthanide-doped microspheres 

distributed on the slide. The extremely low background levels achieved in OSAM have 

been realised to allow the collection of TGL signals as weak as 123 photoelectrons per 

100 µs to be distinguished from background with high contrast and precise target 

locations. Lanthanide labelled Giardia cysts have also been analysed with two orders of 

magnitude improvement in the signal to noise ratio. Low-expressed cell surface 

antigens have been resolved using this high speed OSAM system [142]. The reduced 

sample scan time together with enhanced sensitivity and locational accuracy indicates 

that OSAM represents a very practical approach to high speed analysis for biological 

cell samples. 



INTRODUCTION AND LITERATURE REVIEW                                                       27  

 

 

Figure 1-11. A schematic diagram showing the two-step orthogonal scanning 

method to discover and localise targets of interest. (a) The sample is first examined in a 

serpentine pattern, with continuous movement along X axis to obtain precise X 

coordinates and rough Y coordinates for each target. (b) the one target moves into the 

field of view (FOV), on-the-fly TGL scanning gives the X coordinates of P1 and P2, so 

that the precise X coordinate of the particles at (P) is obtained; (c) the targets are then 

scanned sequentially at precision X coordinates along Y-axis to obtain precise Y 

coordinates. (d) The precise X coordinate obtained in the first step scanning ensures 

that each target translates in the exact middle of the FOV. Since on-the-fly TGL 

scanning provides the Y coordinates of P3 and P4, the precise Y coordinate of the 

particle (at P’) is determined. Reprinted from Ref.[141].  

1.2.5 Pinhole-based TGL microscope   

In 2008, Ramshesh et al. provided another type of TGL microscope using the 

pinhole shift method to gate the detection. This is the core technique in pinhole-shifting 

lifetime imaging microscopy (PSLIM). This is realised by the software-controlled 

pinhole displacement in both orthogonal and parallel directions, corresponding to the 

rastering the laser spot, according to the schematic diagram shown in Figure 1-12 [143]. 
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When the detection pinhole is adjusted to the crossover of the rasting laser spot, the 

short-lived luminescence passes through the pinhole and then to the photodetector 

(Figure 1-12 A). However, when the pinhole is shifted in a suitable decay time 

regarding to the rasting laser spot, the long-lived luminescence is collected with 

rejection of short-lifetime luminescence (Figure 1-12 B). Therefore, this method is 

equivalent to the above mentioned time-gating technique. Furthermore, this method can 

also be applied to measure the fluorescent lifetime, as explained in the lifetime 

measurement section (section 4). Nevertheless, the requirement of laser beam scanning 

blocks the wide application. 

 

Figure 1-12. Schematic diagram of the pinhole shifting lifetime imaging 

microscope. A: without pinhole shifting for short-lived luminescence collection; B: with 

pinhole shift for long-lived luminescence collection. Revised from Ref. [143].  

1.2.6 TGL flow cytometry   

Flow cytometry is an automated technique capable of rapidly identifying rare cells 

contained within a large amount of samples. It relies on scattering or fluorescence 
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measurements that are generated when the cells or particles pass, usually in a single file, 

through a capillary flow cell.  

Commercial flow cytometry instruments equipped with multiple spectral channels 

are capable of real-time rapid analysis with rates reaching 10,000 cells/s [144]. However, 

detecting very rare cells poses significant challenges in terms of accuracy due to the 

strong autofluorescence background from non-target particles/cells in the complex 

biological samples [144-147]. To overcome this issue, time-gated flow cytometry was 

proposed by Leif et al. to open up new opportunities using lanthanide chelates as 

fluorescent probes [148, 149]. A detailed theoretical analysis and discussion of TGL 

flow cytometer design concepts was presented by Condrau et al. in 1994 [150, 151] by 

using Eu chelates as probes with luminescence lifetime in the range from 10 µs to 2 ms 

[150]. However, the long luminescence lifetime of the probes required a slower flow 

rate than most commercial systems, which does not allow sufficient throughput to detect 

rare events in a reasonable period of time. Moreover, the laser system coupled with 

acousto-optic modulation resulted in a bulky, expensive and complex instrument.  

Spatial-delay TGL flow cytometry was demonstrated in 2007. This provides many 

new opportunities to achieve high-speed cell analysis rates with 100% detection 

efficiency [152-154]. Figure 1-13 shows a schematic illustrating spatial-delayed TGL 

flow cytometry. The detection window is positioned downstream from the excitation 

with the openings and interval distance determined by the ratio of the temporal 

sequence and the sample speed. When the labelled cells travel in a rapid-flow stream, 

following excitation, the rapid flow spreads the long-lived emission spatially for 

detection.   
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Figure 1-13. Temporal and spatial delay based TGL detection. (A) The general 

theory of TGL detection operation showing the large difference in luminescence decay 

in the temporal domain, where an appropriate time-gated detection window can 

eliminate both scattering and autofluorescence background; (B) Long-lifetime 

biomarkers in rapid flow can convert the temporal luminescence decay to a spatial 

decay along the flow axis (assuming luminescence lifetime τ=500 s and flow velocity 

ν=5 m/s). Correspondingly, the time-gated detection window in the temporal domain is 

analogous to the spatially resolved luminescence (SRL) aperture. Reprinted from 

Ref.[140].  

However, in addition to the autofluorescence background, excitation light can be 

scattered along the flow stream, and this may be much brighter than the faint 

luminescent signal from the target organisms, rendering this simple approach 

impractical. A further implementation of TGL flow cytometry based on a spatial TGL 

system was carried out by adding a time-delay function to the detection, with the 

schematics of spatial and time-delay TGL flow cytometry shown in Figure 1-14.  
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Figure 1-14. Schematics of TGL flow cytometry geometry. The detection of long-

lifetime biomarker labelled target cells in the flow involves three steps (pulsed 

excitation, gate delay and gated detection) with both temporal and spatial 

considerations: During the period of pulsed excitation (e.g. 0 s to 100s shown in top), 

both autofluorescence from non-target particles and signal luminescence from target 

cells were detectable at the excitation spot, but the detector was positioned downstream 

from the excitation spot and switched off (bottom left).  After an appropriate gate delay 

time, both light scattering and autofluorescence ceased and only long-lifetime 

luminescence from target cells remained to be detected. Revised from Ref. [153]. 

The labelled target organisms as well as other autofluorescence non-target cells 

were firstly illuminated by pulsed excitation in the excitation spot, during which the 

detector was switched off, as shown in Figure 1-14 (left). Once the excitation pulse is 

extinguished, the autofluorescence rapidly fades within 1 s but the fluorescent signal 

from the target organisms/cells is almost unaffected. The opportunity for the time-

delayed detection of the target cells exists at some point beyond the excitation zone, so 

the signal can be detected against a theoretically zero background with both temporal 

and spatial displacement, as shown in Figure 1-14 (right). To achieve a high target-

organism count rate, the observation aperture was situated to permit a much shorter 
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luminescence measurement time (e.g. < 50 s) rather than the typical ~1ms for 

luminescence from lanthanide chelates.  

TGL flow cytometry using long-lived probes has the advantage of very high speed 

for rare event detection, high detection signal-to-noise ratio with the time-gated 

technique [154, 155] and high throughput detection by designing multi-channel 

simultaneous detection [156].  However, it requires a sophisticated labelling process 

(e.g. multi-colour staining) [157] and calibration quality controls [158, 159]. 

1.2.7 Summary  

TGL based instruments have been widely used for bio-detection and bio-imaging 

by taking advantage of the long-lifetime probes to suppress the short-lived 

autofluorescence. This section reviews TGL based optical instruments and their 

applications in fluorimeters/plate-readers for measuring fluorescence intensity, spectrum, 

or lifetime et al.; several generations of TGL microscopes towards low-cost, high 

compatibility and high-speed detection, including scanning and pinhole-based TGL 

microscopes; and TGL flow cytometry for high-speed detection of rare events.   

Apart from TGL-based optical instruments as discussed in this section, 

instruments/methods for characterising the luminescence lifetime also play an important 

role in materials science. This is because the luminescence lifetime offers information 

on the dynamic process, energy transfer, and intramolecular interactions for the 

luminescent materials. In the next section, we consider techniques and instruments for 

fluorescence lifetime measurement and lifetime-based applications.  

1.3 Time-Resolved Methods, Instruments and 

Applications 

Beyond basic time-gated detection, advances have been made to further measure 

the luminescence lifetimes. Not only do the lifetimes of slow-decaying luminescence 

indicate material characteristics and luminescence mechanisms, but also they offer 

distinctive optical signatures that can be used to distinguish different analytes for 

nanoscale sensing and high-throughput multiplexing applications. This section covers 
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the general principles for lifetime measurement in the microsecond region, the 

development of state-of-the-art instrumentation and a perspective on applications.  

1.3.1 Principle of lifetime measurement 

Conventionally, luminescence lifetimes can be obtained in either the time domain 

or the frequency domain. Both have mature techniques for short lifetimes in the 

nanosecond range [160-162], but these may be limited in practice for measuring long 

lifetimes in the microsecond range and beyond. Moreover, the slow decays of long-

lived luminescence provide a unique opportunity to obtain the luminescence lifetime in 

the spatial domain. Here, we summarise the techniques that are applicable to long-lived 

luminescence materials.   

1.3.1.1 Time-domain techniques  

In general, the time-domain method aims to acquire the decay signals following 

pulsed excitation, from which lifetime values can be calculated. Based on different 

types of photodetectors, the following four techniques have been developed:  

(a). The most straightforward approach is to record the entire decay curves, typically by 

a photodiode or a photomultiplier tube (PMT). The curve is then fitted to an exponential 

function via common algorithms such as least-squares or maximum likelihood, so that 

the lifetime parameters can be obtained. In the simple case of mono-exponential decay, 

the lifetime is the slope of the decay curve in log scale, as shown in Figure 1-15. 

 

Figure 1-15. Experimental data (black line) and fitted decay curve (red line). The fitting 

formula and results are inserted in the figure with the absolute value of the gradient b, 

being the reciprocal of the luminescence lifetime.  
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 (b). For image sensors, including charge-coupled devices (CCD) and complementary 

metal-oxide-semiconductor (CMOS), it is not feasible to record the entire decay curves; 

rather, they collect all photons arriving in a predetermined exposure period and convert 

them to one intensity value for each pixel. Providing that a series of intensity values are 

acquired from different exposure windows along the decayed signal, the luminescence 

lifetimes can be derived. For example, assuming that two exposure windows (A & B) 

with the same length are used on a mono-exponential curve without offset, as shown in 

Figure 1-16 (left). The integrated intensities AN and BN  at these two detection windows 

are: 
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Therefore, the lifetime value  is given by: 
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Figure 1-16. Decay sampling measurement. Left: the simplified sampling method 

with two detection windows. Right: the top curves show the excitation pulse (blue curve) 

and fluorescence signal (green curve); the bottom shows the sampling on the 

fluorescence signal as a function of time. Reprinted from [163].  



INTRODUCTION AND LITERATURE REVIEW                                                       35  

 

To improve the accuracy, more than two detection windows along the decay signal 

are usually employed, as shown in Figure 1-16 (right), leading to different formulae to 

acquire the lifetime values, with a systematic derivation found in Ref [164]. In 

particular, using a digital delay gate generator (DGG) device for determining the 

delayed TTL pulses to trigger detectors, the luminescence decay can be sampled in a 

stroboscopic format as a function of time, with gate (time-delay) across the whole 

fluorescence decay [163, 165-167].  

In addition to image sensors, this technique can also be applied with single-element 

detectors to reduce the data storage requirement and improve the processing speed.  

(c). the above two techniques can also be implemented with photon counting devices, 

which present the luminescence intensity in an inherently discrete form. For example, a 

single-photon avalanche photodiode (SPAD) can be used to collect the emitted photons 

after pulsed excitation, and bin them to a series of time intervals, shown in Figure 1-17 

[75]. Even if the entire decay is recorded, the lifetime can be obtained in an approach 

similar to the sampling technique, though curve fitting can be used as well. Apart from 

SPADs, intensifier CCDs (ICCD) that are capable of photon counting at ultrahigh frame 

rates have also been demonstrated for measuring lifetimes in the microsecond-region 

[168].  

 

Figure 1-17. A scheme illustrates the principle of the time-gated photon tracking 

method for measuring luminescence lifetimes in the µs region. (a) Shows the 

distribution of emitted photons (blue line) in terms of time after excitation (red); and (b) 

shows the decreased numbers of collected emission photons at fixed time intervals with 

the increase of time after excitation. Reprinted from Ref. [75]. 
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Note: for techniques (a)-(c), in principle only one excitation-detection cycle is 

required to recover the decay curves. Nevertheless, multiple cycles are often required to 

accumulate the signal and average the noise for probes with insufficient brightness.  

(d). time-correlated single photon counting (TCSPC) has been extensively used to 

measure fluorescence lifetimes [163]  through commercially available systems coupled 

with spectrometers, confocal and multi-photon microscopes. While the detailed 

principle can be found elsewhere [169, 170], briefly, it measures the statistics of the 

time interval between the pulsed excitation and the first emission photon, to obtain an 

equivalent decay curve in a statistical manner, as shown in Figure 1-18.  The lifetime 

values can then be extracted via curve fitting to exponential functions.   

 

Figure 1-18. A scheme illustrates the traditional TCSPC method, which relies on 

statistical measurements of a single photon arrival time following pulsed excitation of 

picoseconds or even femtoseconds over many cycles to obtain a single lifetime decay 

curve. Reprinted from Ref. [163].  

Nevertheless, TCSPC requires repetitive measurement of the photon arrival time, 

which on average is proportional to the luminescence lifetime. Moreover, to avoid 

distortion of decay curves, low excitation power has to be used to ensure no more than 

one photon is emitted per excitation pulse. Therefore, data acquisition using TCSPC 

becomes extremely slow for long-lived luminescence. Another critical issue when 

measuring long lifetimes using TCSPC is the increased possibility of false events due to 

optical and electronic noise, leading to biased results and reduced lifetime values. Noise 
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must be minimized, as straightforward compensation via deconvolution is not 

applicable to TCSPC, which is essentially a nonlinear measurement. Additionally, the 

repetition rate of the excitation pulses need to be adjusted accordingly, which 

complicates the instrumentation, especially with femtosecond-pulsewidth Ti: sapphire 

lasers that are commonly used in TCSPC systems. Nevertheless, the commercially 

available systems, especially for fluorescence-lifetime imaging microscopy (FLIM), 

have promoted the use of this technique with long-lived luminescent probes as a simple 

demonstration.   

1.3.1.2 Frequency-domain techniques 

The frequency-domain (FD) method applies modulated excitation to obtain the 

lifetime parameters from the phase delay and the modulation depths between the 

excitation and the emission [171]. As shown in Figure 1-19 (a), the excitation light 

source typically takes a sine-wave intensity modulation,  

 (t) bsin( t)I     (4) 

where  is the angular frequency of modulation, and b a represents the modulation 

depth.  

The emission exhibits the same oscillation frequency, but with a phase shift φ and a 

different modulation depth due to the time lag between the absorption and emission, 

       (t) A Bsin( t )N      (5) 

where 
B A

b a
 is the modulation depth of emission.

B A
M

b a
  is the demodulation factor. 

Assuming the impulse response of the fluorophore is a mono-exponential decay, it can 

be derived that [163] ,  

 1
( ) tan 
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To improve the measurement accuracy, especially for those with multi-exponential 

lifetimes, the phase angle and modulation are measured over a wide range of 

frequencies, as shown in Figure 1-19 (b-c), to give the frequency response of the sample. 
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In multiple frequency measurement, when the modulation frequency is increased, the 

phase angle increases from 0 to 90 degree, and the modulation decreases from 1 to 0. 

However, the range of modulation frequencies required to recover the intensity decay 

depends strongly on the fluorescence lifetimes, which is the most critical when the 

phase is around 45 degree, because it is difficult to measure the phase angle 

approaching 90 degree according to Eq (6) [171].  

 

Figure 1-19. (a)Principle schematic for measuring lifetime using the FD 

measurement. Reprinted from Ref. [163]; (b) and (c) are multiple frequency 

measurements for calculating the lifetime with both modulation depth and phase. 

Reprinted from Ref. [172]. 

As early as 2006, Danielle et al. applied the FD method to measure the lifetime of 

conventional ruby with lifetime of 3 ms. Meanwhile, they mentioned that the required 

instrumentation in FD method is minimal and affordable by many laboratories [172]. In 

2010, Iko Hyppanen et al. used the FD method to explore the temporal characteristics 

for two different Eu chelates in different solvents and under different temperatures. 

Their luminescence lifetimes for emission at 615 nm and 540 nm were in the range of 

several to hundreds of microseconds, measured using a modulated excitation beam with 

200 modulation frequencies between 10 Hz and 100 kHz [171].   
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By comparing with the time-domain method, which is more accurate for low 

concentration lanthanide fluorophores due to the better signal-to-noise ratio, the FD 

method dominates when measuring multilevel systems or fluorescent materials with two 

or more closely spaced lifetimes [171]. 

1.3.1.3 Spatial domain methods 

Apart from the time and frequency domain methods, the luminescence decay time 

of long-lived luminescence materials can also be measured on the basis of 

transformation of spatial domain to temporal domain. The spatial domain method uses 

the physical space shift to perform the lifetime measurement. To date, there are two 

types of spatial domain methods: pinhole shift method and microfluidic space domain 

method. 

(1) Pinhole shift method  

The pinhole shift method provides a spatial method to perform both luminescence 

lifetime measurements and background-free imaging. Here, we focus on the lifetime 

measurement.  It relies on shifting the pinhole of a laser scanning confocal microscope 

with respect to the spot of laser beam scanning across the sample to detect the signal, 

with the schematic diagram shown in Figure 1-12. The collected lifetime ( collected ) for 

different pinhole shifts can be expressed by: 

  (m 1)collectedm t t      (8) 

where m is the pinhole shift in Airy units, corresponding to the diameter of the Airy 

disk projected on the pinhole plane; t is the dwell time of the laser spot. To test this 

method, the Eu microspheres with diameter of 1 µm were characterised with an average 

lifetime of 270 ± 2.8 µs [143]. At least two pinhole positions were needed to extract the 

lifetime in this method. 

The pinhole shift method provides a faster method to measure the long 

luminescence lifetimes. However, it is not precise because only a few experimental 

points are captured with limited pinhole lags. Moreover, it depends on the use of a laser 

scanning confocal microscopes. 
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(2) Microflow space domain method  

The microflow space domain method provides a simple and fast approach for 

exploring millisecond and sub-millisecond photo-kinetics. This method relies on the use 

of laminar microflows for time-resolved emission measurements with steady state 

excitation and detection. Passing a laminar flow through a short illuminated section of a 

microchannel provided an approach for pulsed-like photoexcitation of the moieties 

carried by the fluid. Imaging the microchannel flows carrying the photo-excited 

lanthanide chelates allowed us to extract their excited-state lifetimes from the spatial 

distribution of the changes in the emission intensity [173], as shown in Figure 1-20.  

 

Figure 1-20. Microflow space domain method for lifetime measurement. 

Continuous-waveform (CW) illumination of a short stretch of a microchannel caused a 

pulse-like excitation of chromophores carried by the flow through the illuminated 

region, shown as white spots. Epi-fluorescence imaging of microflows after such 

confined CW illumination revealed the progress of radiative deactivation of the excited 

states of long-lived complexes. Reprinted from Ref.[173].   

In 2013, Nunez et al. reported the microfluidic space domain method for studying 

time-resolved properties of long-lived Tb (III) and Eu (III) chelates with Pyridine-2, 6-

dicarboxylate with lifetimes ranging from 500 µs to around 2 ms. According to the 

authors, simplicity and speed are the attractive features of this space-domain 

microfluidic technique. It is well-suited to the measurement of long lifetimes due to its 
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ability to discriminate against short-lived autofluorescence or scattered excitation beam 

[173].   

1.3.2 Advanced systems and applications 

The coordination chemistry used to design organic chelate complexes has also been 

broadly applied to design a series of molecularly-specific biosensors, to probe 

biomedical important molecules and ions, including the reactive oxygen/nitrogen 

species (such as singlet oxygen and nitric oxide) [174, 175], biomolecules (such as 

cysteine, homocysteine, and glutathione) [176], cations and anions (such as Hg
2+

, S
2-

, 

and Zn
2+

). With the rapid development of bioprobes and similar luminescent materials, 

there are requirements for more specialized optical instruments for characterisation.   

Based on the abovementioned principles of lifetime measurement, many optical 

instruments have been designed and developed for performing lifetime-related 

characterisation and sensing applications. In this section, we focus on these lifetime-

based optical instruments and their applications.  

1.3.2.1 Lifetime-based characterisation systems  

(1) Commercial Time-Resolved Spectroscopes 

On the basis of lifetime measurement methods mentioned above, commercial 

optical instruments have been developed for measuring the luminescent lifetimes in the 

range of hundreds of microseconds to several seconds.  For example, the Delta Flex and 

Delta Prof from Horiba Corporation can measure the luminescence lifetimes in the 

range of several nanoseconds to 11 seconds based on the TCSPC technique; the 

EasyLife
TM

 X also from Horiba can capture luminescence lifetime from 50 picoseconds 

to 3 microseconds using the stroboscopic technique; the FLS920-m module and 

LifeSpec II spectrometer from Edinburgh Instruments measure the luminescence 

lifetimes from several picoseconds to 10 seconds using the TCSPC technique.   

These commercial optical instruments provide a convenient measurements of 

luminescence lifetimes, especially for short-lived and intense luminescence signals. 

However, for long-lived luminescent materials, in particular for the lanthanide doped 

materials, they lack a suitable NIR excitation laser or suffer from low detection 

sensitivity. Consequently, some home-built optical systems have been designed and 
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established to meet the requirements of long-lifetime luminescence measurements. For 

example, Qin et al. used a modulated continuous wave (CW) visible laser to measure 

the time-resolved fluorescence spectra for the trivalent rare earth ions, Ho
3+

 (49 µs at 

414 nm and 95 µs at 550 nm,) and Tb
3+

 (2 ms at 542 nm and 1. 9 ms at 1020 nm) [177]. 

Li et al. used a home-built laser scanning confocal system with 980 nm excitation to 

demonstrate Yb
3+

-sensitised upconversion nanocrystals as luminescent labels [178].  

(2) Time-Resolved Spectroscopy System 

Time-resolved spectroscopy system provides a high-throughput and high-resolution 

method for simultaneous measurement of luminescence lifetime, spectrum and intensity 

for long-lifetime luminescence materials [179]. This incorporates an integrated 

multichannel photon-sensing device, a 32-channel PMT as a linear array detector 

attached to a spectrometer, to replace the single photon avalanched photodiode (SPAD) 

in the home-built laser scanning confocal microscopy system.  

To demonstrate the robust capability of this system, the hexagonal-shaped 

upconversion nanocrystals NaYF4:Yb20%, Er2% with 40 nm size were tested using 980 

nm laser as excitation source.  It took less than 1 minute for the system to complete 50 

acquisitions and construct the three-dimensional time-resolved spectra with high 

temporal and spectral resolution, as shown in Figure 1-21[180].  

 



INTRODUCTION AND LITERATURE REVIEW                                                       43  

 

Figure 1-21. Time-resolved spectra for the upconversion nanocrystals (NaYF4: 

Yb20%, Er2%). Reprinted from Ref.[180]. 

This time-resolved spectroscopy system provides an advanced characterisation 

modality to study long-lived lanthanide doped luminescence materials with high 

throughput, simultaneously measuring the temporal and spectral information with high 

resolution to resolve two neighbouring sections doped with different lanthanide emitters 

and high sensitivity for directly imaging single highly-doped upconversion nanocrystals. 

However, this requires further optimisation towards a fully automatic system with self-

correlated functionalities to perform advanced nanoscale characterisations of 

luminescent materials.  

(3) Quantum Yield Measurement of Lanthanide Activators 

Lanthanide activators here refer to the lanthanide acceptors doped in upconversion 

crystals or linked by organic ligands. The quantum yield (QY) of these lanthanide 

doped activators contributes to the calculation of the energy transfer efficiency between 

sensitisers and acceptors, and the photo-physics of the lanthanide materials. To date, an 

indirect method has been used to measure this quantum yield LnQ by using one QY-

known sample as the acceptor for the whole lanthanide ions doped/linked sample. 

In 2001, Selvin et al. reported a simple and robust method to measure the quantum 

yield of lanthanide ions in a lanthanide chelate[181]. They considered the lanthanide 

chelate as a “black box”, the sensitiser, and used fluorescein, whose quantum yield is 

known, as the acceptor, as shown in Figure 1-22. aQ is the quantum yield of fluorescein; 

E is the energy transfer efficiency between the acceptor and the lanthanide chelate.  
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Figure 1-22. LnQ measurement of Tb
3+

ions in the chelate (within the square) using 

quantum yield known acceptor. E is the efficiency of energy transfer between the 

chelate and acceptor. Reproduced from Ref.[181]. 

By comparing the spectral and lifetime measurements, the acceptors and sensitisers 

have the same E, which can be calculated from the lifetime of the donor luminescence 

(Eq 9, middle term) or lifetime of the sensitised emission (right-hand term of Eq 9), 

where sensitised emission is the delayed acceptor fluorescence due only to energy 

transfer from the sensitised emission[181]:   
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da  and d  are excited state lifetimes of donors in the presence and absence of acceptors, 

and ad is the lifetime of sensitised emission. Here, ad can be measured without 

interference from donor emission or from direct acceptor emission; donor emission 

lifetime can be obtained by time-gating method since the direct emission from acceptor 

is very short (ns) compared to sensitised emission (hundreds of microseconds to 

milliseconds).  

The efficiency of energy transfer E can also be determined by measuring the 

intensity of sensitised emission ( adI ) and comparing it to the residual donor emission 

with acceptor ( daI ):  
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E

Q Q Q
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Eq (10) shows E is defined as the number of donor excitations that lead to acceptor 

excitations, divided by the total number of donor excitations. The numerator in Eq (8) is 

the number of excitations of the acceptors due to energy transfer; the denominator is the 

total number of excitations of the lanthanide donor, obtained from lanthanide donor 

excitations leading to donor emission without energy transfer da LnI Q  and lanthanide 

excitations leading to energy transfer for exciting acceptors ad aI Q . From Eq (8) and (9), 

we can obtain the QY value for the doped lanthanide ions[181].  

   ( ) ( )Ln a da d ad ad adQ Q I I        (11) 

To measure daI , adI and lifetimes d  and ad , Selvin et al. used a home-built 

spectrometer system capable of measuring time-gated emission spectra and excited state 

lifetimes. For the time-gating measurement using a CCD as detector, a mechanical 

chopper was included in the emission path, generating a TTL signal to trigger the laser. 

When using the PMT as a detector, a function generator synchronised the laser and 

detector [182]. 

This method provides a simple and robust method for measuring the quantum yield 

of doped/linked lanthanide ions, with excellent precision. However, it strongly depends 

on the accuracy of the value of aQ .  

1.3.2.2 Lifetime-based application techniques 

(1) Lifetime-Based Imaging Microscopy  

Lifetime imaging microscopy (LIM), commonly called fluorescence lifetime 

imaging microscopy (FLIM), is an imaging technique for generating an image on the 

basic of the different fluorescence lifetimes from probes.  

To capture one LIM image, three steps are required. Firstly, to capture the 

luminescence decay curves. All lifetime measurement methods can be employed for 

each pixel, including TCSPC, time-gating photon tracking method and phase 

modulation method, decay sampling method and pinhole shift method. Note that the 

LIM system using the decay sampling method to capture lifetime decay is also called 



46                                                       INTRODUCTION AND LITERATURE REVIEW 

temporal sampling lifetime imaging microscopy (TSLIM); and the LIM system using 

the pinhole shift method is named pinhole shift lifetime imaging microscopy (PSLIM). 

Secondly, to extract lifetime values from the captured decay curves using the least 

squares iterative re-convolution method or called rapid lifetime determination (RLD) 

methods. Finally, it is the transformation of luminescence lifetimes into a colour code, 

so that different lifetime values are expressed by different colours and shown in one 

image, from which the obvious contrast among the mixture fluorophores can readily be 

distinguished.  

In 2010, Frida et al. demonstrated that the frequency domain FLIM can be applied 

to monitor the long-lived (several microseconds) excited states of Ruthenium complex 

enantiomers in live and fixed cells [183]. The Maury group applied a TSLIM and 

PSLIM combined system to image cells stained by Eu based long-lived luminescence 

bio-probes [Na] 3[EuL
1G

3] with millisecond luminescence lifetime [184]. Dragavon et al. 

applied FLIM-based detection of oxygen-sensitive porphyria microspheres with lifetime 

of tens of microseconds to study the effect of pathogenic bacteria on living 

macrophages [185]. In 2011, Becker et al. provided a lifetime imaging technique that 

simultaneously recorded fluorescence and phosphorescence lifetime images in laser 

scanning systems, which is based on modulating a high-frequency pulsed laser. Within 

one cycle, a high frequency pulsed laser is turned on only for a short period at the 

beginning of each pixel, and is turned off for the rest of the pixel time. This short period 

of laser “on” time allows the generation and collection of shorted-lived fluorescence 

decay, meanwhile building up the long-lived phosphorescence. When the laser is turned 

off, the phosphorescence decay can be collected [186]. In 2014, Baggaley et al. 

described “two-photon time-resolved emission imaging microscopy (TP-TREM)” based 

on a LIM system with the capability of discrimination between shorted-lived fluorescent 

and long-lived phosphorescent labels in multiply-stained cells and tissues. This system 

is a fluorescence/phosphorescence lifetime imaging microscope employing multiphoton 

excitation. The system was demonstrated by imaging long-lived (several microseconds) 

PtL
1
Cl and short-lived (2.2 ns) Hoechst-33342 co-labelled live CHO-K1 cells in 

different detection windows, with lifetime images from constructed during 0~50 ns and 

50~2000 ns  timescales exactly matched with their corresponding intensity images [187]. 
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Lifetime imaging systems are relatively unaffected by variations in chromophore 

concentrations or attenuation due to the sample absorption and the effect of photon 

scattering in thick layers of sample. Moreover, pulsed illumination allows the 

background free-detection for long-lived luminescence detection in each pixel. The 

detection resolution, accuracy and speed depend on the methods of lifetime 

measurement.  

(2) Lifetime-Based Multiplexing Technique   

The lifetime multiplexing technique takes advantage of different luminescence 

lifetimes instead of different emission colours to distinguish different probes or targets, 

adding a new dimension to multiplexing techniques [75].  

In 2014, Lu et al. provided this new multiplexing concept by creating a temporal 

coding and decoding dimension. To demonstrate this concept, they first deliberately 

synthesised a series of sensitiser (Yb
3+

) and activator (Tm
3+

) doped upconversion 

nanocrystals with luminescence lifetimes in the range from tens to hundreds of 

microseconds, as shown in Figure 1-23, by adjusting the dopant concentrations of either 

activator (Tm
3+

) or sensitiser (Yb
3+

). They then applied three types of upconversion 

nanocrystals with three different lifetimes to demonstrate the lifetime decoding 

capability for document security as a blended picture composed of superimposed 

images printed by three different types of nanocrystals doped with different emitter 

concentrations as ink, as shown in Figure 1-24 (a). These three images could be 

distinguished separately using lifetime decoding method, shown in Figure 1-24 (b), but 

could not be distinguished by their intensities [75].  
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Figure 1-23. Lifetime encoded population of microspheres with unique lifetime 

identities. Emitter (Tm) variation within 0.2-8 mol% with constant Yb sensitizer (20 

mol%) resulted in lifetime changes from 25.6 µs to 662.4 µs in the blue band. While 

when the Yb dopant concentration increased from 10 to 30 mol% with constant doping 

of Tm emitters (1 mol %), the blue emission remarkably decayed from 206.7 µs to 120.2 

µs. Reprinted from Ref.[75]. 

According to the authors, several advantages of the lifetime multiplexing technique 

based on lanthanide doped nanocrystals can be summarised. Firstly, optical photo-

stability resulting from the lanthanide probes; secondly, background-free detection 

deriving from the time-resolved detection of long-lived luminescence, avoiding the 

autofluorescence; thirdly, lifetime decoding is independent of the intensity, therefore 

less sensitive to the electronic noise, signal collection efficiency and other intensity-

related factors; fourthly, combination with existing technique FLIM enables effective 

bio-imaging or bio-diagnostics; and finally, a simple optical system is required. One of 

the limitations of this technique is that the lanthanide probes must be individually 

synthesed with distinctive lifetimes.  
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Figure 1-24. Demonstration of lifetime-encoded document security and photonic 

data storage. a: three overlapping patterns were prepared by three different 

nanocrystals with different emission lifetimes; b: decoded image using lifetime decoding 

method; c: pseudo-colour is applied to indicate the luminescence lifetimes. Reprinted 

from Ref. [75].   

1.3.3 Summary   

In this section, we review the commonly applied optical instruments/techniques 

from lifetime measurement to the long-lifetime based applications.We introduced the 

working principles and then some typical applications for both optical characterisation 

and sensing/bio-imaging application purposes.  
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1.4 Conclusions 

Long-lived luminescence materials with good photo-stability, long luminescence 

lifetime and sharp narrow linewidth emission lines have been extensively explored and 

developed for lasers, sensing, bio-detection and bio-imaging applications. This has 

driven the rapid innovation and development of optical techniques for characterising 

their detailed luminescence properties and exploring their potential applications in 

different sensing and lighting fields.  

We review the wide range of time-resolved luminescence techniques in the 

microsecond region aiming to provide a comprehensive and accurate introduction to the 

state of art optical instruments suitable for characterisation and application of long-lived 

luminescence materials. We first gave a brief review of long-lifetime luminescent 

materials and their luminescent mechanisms, and then illustrate the TGL technique 

based optical instruments. Further, we reviewed methods for lifetime measurements in 

the microsecond region, followed by showcasing the recent developments of time-

resolved luminescence (TRL) techniques and relevant applications. This work aims to 

provide an overall introduction to techniques using long-lived luminescence materials 

as probes for researchers who are involved in this field, and a general understanding for 

those beyond this field. 
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Chapter 2 

Lanthanide-based luminescent materials with long lifetimes in the microsecond 

range have been demonstrated for time-gated luminescence microscopy imaging [1, 2]. 

This technique has advantages in suppressing the autofluorescence background while 

offering high contrast for detection of rare event cells and pathogens [3, 4]. Several 

advances have been made in the recent years to reduce the system costs with improved 

simplicity, but the system is not yet accessible routinely to biological labs and only 

operates in the monochrome mode for single colour imaging.  

This chapter describes a practical method to build a multi-colour time-gated 

luminescence microscope system, and the experimental evaluations to resolve multiple 

species of microorganisms in the background-free condition. We first designed and 

engineered an excitation unit based on a high-speed Xenon flash lamp that was 

synchronized to a purpose-built time-gated luminescence detection unit. We 

demonstrated that both units were highly compatible and easily adapted to any 

commercial microscope to perform the time-gated luminescence detection modality. We 

then carried out dual-colour low-background imaging experiments for simultaneously 

resolving two pathogenic micro-organisms (Giardia lamblia stained with a red 

europium probe and cryptosporidium parvum with a green terbium probe) under a 

pulsed UV excitation (320-400 nm). We have achieved a better imaging quality by 

comparing with the UV LED excitation in terms of both signal intensity and imaging 

contrast. Moreover, we performed an experiment to evaluate its sensitivity and achieve 

background-free imaging of the single europium-doped Y2O2S nanoparticles with 

average size of 150 nm.   

This work was conducted and completed during my first year of PhD candidature 

based on some earlier achievements in developing earlier versions of time-gated 

luminescence microscopes in our labs. The uniqueness of my work lies in its simplicity 

and reproducibility showing a clear reproducible protocol for constructing a multi-

colour time-gated imaging modality based on a commercial microscope. The 

comprehensive evaluation was reported in the form of a peer-reviewed paper in the 

open-access journal of Scientific Reports (by the Nature Publication Group). Following 
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the success of this work, my colleagues and I have built an identical system at the 

Dalian University of Technology in China for our collaborators to evaluate their new 

luminescent probes in the biological systems (our system has been used in their recent 

paper: Anal. Chem., 2014, 86 (23), pp 11883–11889).  
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2.1 Contribution to Paper 1 

TABEL 2-1 Author contribution summary for paper 1 
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My supervisors have primarily conceived the concept of this work, and I 

implemented the experimental design. My colleague Xianlin Zheng and I established 

the optical system and conducted the experimental work. Prof Jingli Yuan, Prof 

Zhiqiang Ye and Dr Wei Deng provided the lanthanide complexes and supervised me in 

preparation of biological samples. Our French collaborators, Prof Marc Verelst’s group, 

have synthesized and provided the europium nanoparticles. Dr Yiqing Lu and I have 

analysed the data and wrote the manuscript. In this project, I have around 80% 

contribution covering the system design and establishment (20%), sample preparation 

(20%), data collection (10%), data analysis (20%) and manuscript writing (10%).  

2.2 Paper 1 

Lixin Zhang, Xianlin Zheng, Wei Deng, Yiqing Lu, Severine Lechevallier, 

Zhiqiang Ye, Ewa M. Goldys, Judith M.Dawes, James A. Piper, Jingli Yuan, Marc 

Verelst and Dayong Jin, "Practical Implementaion, Characterization and Applications of 

a Multi-Colour Time-Gated Luminescence Microscope" Scientific Reports, 2014, 

DOI:10.1038/srep06597.  



66                                                                                                                     CHAPTER 2 



CHAPTER 2                                                                                                                    67 

 



68                                                                                                                     CHAPTER 2 



CHAPTER 2                                                                                                                    69 

 



70                                                                                                                     CHAPTER 2 



CHAPTER 2                                                                                                                    71 

 

 

  



72                                                                                                                     CHAPTER 2 

Practical Implementation, Characterization and Applications of a Multi-Colour 

Time-Gated Luminescence Microscope 

Lixin Zhang
1
, Xianlin Zheng

1
, Wei Deng

1
, Yiqing Lu

1*
, Severine Lechevallier

2
, 

Zhiqiang Ye
3
, Ewa Goldys

1
, Judith M. Dawes

1
, James A Piper

1
, Jingli Yuan

3
, Marc 

Verelst
2
, Dayong  Jin

1*
 

1
Advanced Cytometry Labs, ARC Centre of Excellence for Nanoscale BioPhotonics (CNBP), 

Macquarie University, Sydney, NSW 2109, Australia 

2
Centre d'Élaboration de Matériaux et d'Etudes Structurales (CERMES - CNRS), Paul Sabatier 

University, France 

3
State Key Laboratory of Fine Chemicals, School of Chemistry, D alian University of 

Technology, Dalian 116024, China 

*
Email: yiqing.lu@mq.edu.au; or: dayong.jin@mq.edu.au 

 

 

 

S1. Xenon lamp excitation spectrum 

200 300 400 500 600 700 800 900

0

500

1000

1500

2000

2500

3000

 

 

In
te

n
s

it
y

 (
a

.u
.)

wavelength (nm)

 

Figure S1.  The excitation light from the xenon flash lamp has a spectral region from 

320 nm to 400 nm, after passing through a UV band-pass filter (U-360, Edmund) 
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S2. Modification of chopper blades 

 

Figure S2. The induced time delay between the sensor trigger blade and the detection 

blocking blade in the modified chopper 
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S3. Correction of optical distortion  

 

Figure S3. A wide-field image with barrel distortion (left), and its improved image 

without barrel distortion (right), after all optical components are aligned to be exactly 

coaxial. Each grid represents 50×50 µm
2
. 



CHAPTER 2                                                                                                                    75 

 

S4. Image analysis to determine the signal-to-background ratio 

The average signal and background levels for the red and the green channels of the 

images captured under the non-time-gated mode and the time-gated mode were 

analysed based on the procedures illustrated below, with the two images in Figure S4 as 

the example. Matlab was used in this study, but other image processing software, such 

as ImageJ, can also be used.  

  

Figure S4. The non-time-gated (left) and time-gated (right) dual-colour images to be 

referred to in the image analysis demonstration.  

S4.1 Analysing signal levels in time-gated images 

The time-gated colour image was split into the red, green and blue channels. Figure 

S4.1-1 shows the monocolour images of the red and green channels, while the blue 

channel was not considered in the following analysis.  

  

Figure S4.1-1 The red (left) and green (right) channels of the time-gated image.  
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Image masks with thresholds equal to 0.3 times the maximum intensities in respective 

channels were applied on these monocolour images to effectively select target cells, as 

shown in Figure S4.1-2.  

  

Figure S4.1-2 The time-gated monocolour images with masks to select target cells, for 

the red channel (left) and the green channel (right). 

The maximum, minimum and average signal intensities were obtained for the masked 

areas.  

S4.2 analysing background levels in time-gated images 

The above masks were reversed and then applied to the images in Figure S4.1-1 again, 

to select the non-target areas, as shown in Figure S4.2, before the maximum, minimum 

and average background intensities were calculated. 

  

Figure S4.2 The time-gated monocolour images with background areas masked for the 

red channel (left) and the green channel (right).  
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S4.3 Analysing signal levels in non-time-gated images 

The non-time-gated colour image was split into the red, green and blue channels, as 

shown in Figure S4.3-1 (again, the blue channel was ignored).  

  

Figure S4.3-1 The red (left) and green (right) channels of the non-time-gated image.  

The same masks used in S4.1 were applied to select the areas that contained target cells, 

and the maximum, minimum and average signal intensities were calculated. 

  

Figure S4.3-2. The non-time-gated monocolour images with masks selecting target 

cells, for the red channel (left) and the green channel (right). 

S4.4 analysing background levels in non-time-gated images 

The same masks used in S4.2 were applied to the images in Figure S4.3-1, to select the 

non-target areas, as shown in Figure S4.4, before the maximum, minimum and average 

background intensities were calculated. 
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Figure S4.4. The non-time-gated monocolour images with background areas masked 

for the red channel (left) and the green channel (right). 
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Table S1. Signal and background levels of the red channel for ten pairs of images under 

non-time-gated and time-gated modes.  

Luminescence from Eu complexes measured in the red channel 

 
Image 

No. 
S_max S_min S_avg B_max B_min B_avg 

N
o
n
-t

im
e-

g
at

ed
 m

o
d
e 

1 252 75 167 255 11 82 

2 221 74 147 183 14 51 

3 168 42 105 126 0 29 

4 239 63 150 254 20 81 

5 219 37 112 107 0 26 

6 217 31 112 182 0 42 

7 219 34 122 109 0 23 

8 219 38 114 118 0 28 

9 226 34 129 173 3 42 

10 208 35 105 128 2 33 

T
im

e-
g
at

ed
 m

o
d
e 

1 228 69 133 68 0 15 

2 220 67 130 66 0 10 

3 205 62 133 61 0 8 

4 222 67 144 66 0 12 

5 220 67 137 66 0 11 

6 221 67 141 66 0 9 

7 220 67 147 66 0 8 

8 222 67 142 66 0 12 

9 222 67 132 66 0 14 

10 222 67 127 66 0 11 
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Table S2. Signal and background levels of the green channel for ten pairs of images 

under non-time-gated and time-gated modes. 

Luminescence from Tb complexes measured in the green channel 

 
Image 

No. 
S_max S_min S_avg B_max B_min B_avg 

N
o
n
-t

im
e-

g
at

ed
 m

o
d
e 

1 252 46 144 255 11 84 

2 221 38 101 213 14 52 

3 108 23 71 168 0 29 

4 241 57 190 254 20 82 

5 102 23 58 219 0 27 

6 217 18 79 217 0 43 

7 131 17 41 219 0 24 

8 219 19 64 219 0 30 

9 226 16 107 226 3 44 

10 103 18 58 208 2 34 

T
im

e-
g
at

ed
 m

o
d
e 

1 194 59 91 58 0 15 

2 111 34 45 33 0 11 

3 178 54 80 53 0 9 

4 114 35 47 34 0 11 

5 206 62 91 61 0 10 

6 184 56 74 55 0 9 

7 181 55 66 54 0 11 

8 188 57 78 56 0 11 

9 179 54 73 53 0 11 

10 189 57 89 56 0 10 
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S5. Imaging results under UV LED excitation 

 

Figure S5. Imaging results under UV LED excitation. (a) Dual-colour time-gated image 

of Eu-labelled Giardia and Tb-labelled Cryptosporidium, with an exposure time of 15 

seconds. (b) Pixel intensity histograms of the signal and background levels in the red 

and green channels. (c) Bar chart showing the average signal and background levels. 

The signal-to-background ratios are 70:5.6 for the red channel and 37:4.2 for the green 

channel.  
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 S6. Calculation of the crosstalk 

In addition to time gating, accurate quantification of the luminescence intensities for the 

two pathogens requires calibration of the crosstalk between the red and green channels, 

which is caused by the satellite emission peaks of the Eu and Tb complexes.  

The relative responsivity curves for the red, green and blue channels of the Olympus 

DP71 camera can be found in its user manual available online, as shown in Figure S6.1. 

The curves were digitized using the GetData Graph Digitizer software. 

 

Figure S6.1 Relative responsivity curves for the Olympus DP71 camera. 
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Figure S6.2 Emission spectra of the Eu and Tb complexes. 
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The emission spectra of the Eu and Tb complexes, as shown in Figure S11, were 

multiplied by the three responsivity curves, respectively, followed by normalisation, to 

calculate their contribution proportions to the three colour channels. The results are 

given in Table S3.  

Table S3. The contributions of the Eu and Tb emission to the colour channels of the 

camera. 

 Red Channel Green Channel Blue Channel 

Eu emission 78.6% 13.6% 7.8% 

Tb emission 19.2% 59.9% 20.9% 
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S7. Co-localization analysis of the nanoparticle images  

The time-gated luminescence image of the Eu nanoparticles and its corresponding TEM 

image were compared using the colocalization function in the ImageJ software. The 

images were first resized to ensure they covered the identical area, before transformed 

into 8-bit grey-scale, as shown in Figure S7.  

 

Figure S7. Grey-scale images of the original time-gated luminescence image (left) and 

the TEM image (right) of the Eu nanoparticles. 

They were imported into the colocalization plugin to generate the co-localisation image, 

as shown in Figure 4d in the main text. 
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2.3 Remarks 

A low-cost dual-colour time-gated luminescence microscope has been realised in 

this chapter, based on the design and construction of an excitation unit and its 

synchronized time-gated luminescence detection unit. Both units are low cost and have 

high compatibility so they can be easily adapted to any commercial microscope to 

perform time-gated luminescence detection. The system has been applied to 

simultaneously resolve two pathogenic micro-organisms from complex bio-samples 

with high contrast. Its high detection sensitivity was further demonstrated by imaging 

single nanoparticles. This work provides an easy-to-use and low-cost option for 

biologists and chemists investigating long-lifetime luminescent probes for high 

sensitivity imaging.  

The current system further indicates the need for high-power pulsed excitation 

sources, such as solid-state light emitting diodes in the 310 nm-330nm region, or new 

multi-colour luminescent probes with excitation in the visible/near infrared (IR) 

wavelength range.  The latter is desirable to overcome the problem of photo-bleaching 

of molecular complexes and the detrimental effect on bio-samples induced by the 

required UV excitation.  

This chapter also suggests future work to integrate other measurement and 

characterisation functionalities to the microscope to collect high-resolution spectral and 

temporal information of lanthanide probes, materials or labelled cells. 
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Chapter 3 

Lanthanide-doped upconversion materials, which show good photo-stability, long 

luminescence lifetime and narrow linewidth emission spectra, have been extensively 

investigated and developed for lasers, sensing and lighting applications [1-4]. The last 

10 years have witnessed major developments in nanomaterials, leading to mono-

disperse upconversion nanocrystals for bio-medical applications [5, 6]. However, the 

details of the upconversion mechanisms remain unclear, due to their multiple energy 

levels, the interplay of multiple dopants as sensitizers and activators, and complex 

photon-relaxation process. Normally the spectra and lifetimes of upconversion emission 

are measured independently; this characterization process is slow and does not provide 

in-depth relationships between different optical parameters.   

This chapter describes an integrated time-resolved spectroscopy and imaging 

system for simultaneous measurements of temporal and spectral information from 

luminescent materials. Time-resolved spectroscopy has been realised by incorporating 

an integrated multichannel photon-sensing device, a 32-channel PMT as a linear array 

detector attached to the spectrometer to replace the conventional CCD camera. A high-

resolution imaging system has been realized by using a single avalanche photodiode 

(APD) in our home-built laser scanning confocal microscopy system. The time-resolved 

measurements, data acquisition process and inter-system switching have been 

synchronized automatically by LabVIEW-based programming. To demonstrate the 

powerful utility of this system, a sample of mono-disperse hexagonal-shaped 

upconversion nanocrystals (NaYF4: Yb20%, 2%) with 40 nm diameter were tested. It 

took less than 1 minute for the system to complete 50 data acquisitions and construct a 

time-resolved 3-dimensional graph (lifetime, spectrum and intensity). Moreover, guided 

by the imaging modality, the system has been demonstrated for site-specific slide-based 

characterization of upconversion luminescence at different excitation power intensities.  

This work was implemented and completed during my second year of PhD study. 

This instrumentation project is a timing development for high speed, efficient and high-

resolution characterisation of the new generations of lanthanide-doped upconversion 

nanoscale and micro-scale materials. The experimental design and evaluation results 
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were published in the journal of RSC Advances in 2013. To further demonstrate the 

broad utility of my setup, some additional but unpublished data on the characterization 

of down-conversion luminescence using this system are also appended to the end of this 

chapter.   

3.1 Contributions to Paper 2 

TABLE 3-1 Author contribution summary for paper 2. 

 L.Z A. M D.J. 

Project idea ●  ● 

Experimental Design and system setup  ●   

Data Acquisition ● ●  

Data Analysis ● ● ● 

Main text writing   ● ● ● 

Figures and Supporting Info ●  ● 

 

My supervisor A/Prof Dayong Jin conceived the core concept, and I devised the 

whole optical and electronics control system as well as the performance evaluations, 

occupying 40% of the whole contribution. My co-supervisor Dr Aaron Mckay 

supervised me in the LabVIEW programming to realise the system synchronization and 

data acquisition, with contribution of 25%. My supervisors and I analysed the data and 

wrote the manuscript, occupying 20% of the whole contribution.  In this project, I have 

more than 80 % contributions.  
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3.2 Paper 2  

Lixin Zhang, Aaron McKay and Dayong Jin. “High-throughput 3-dimensional time-

resolved spectroscopy: simultaneous characterization of luminescence properties in 

spectral and temporal domains”. RSC Advances, 2013, 3, 8670-8673. 
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3.3 Additional information (unpublished results) 

Apart from the three-dimensional time-resolved spectra we presented in the 

published paper, their corresponding two dimensional figures are shown here: intensity 

in terms of spectrum (upper figure), and intensity in terms of lifetime (lower figure) 

 

 

Figure. S3-1 two dimensional information for the NaYF4: Yb2%, Er2%: intensity vis 

wavelength (upper) and intensity vis lifetimes (lower).    
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Apart from the characterisation for the lanthanide doped upconversion nanocrystals, 

I have used this system to characterise long-lived down-conversion luminescence and 

sensitized luminescence based on the luminescence resonance energy transfer (LRET) 

process from europium complex doped microspheres. These luminescence lifetime 

coded microspheres are useful in simultaneous analysis of multiple biomolecules and 

analytes in a single test. The original work was published by my colleagues at the 

Advanced Cytometry Labs at Macquarie (Nature Communications, DOI: 

10.1038/ncomms4741).  The microspheres were prepared by my colleagues using 

europium complex BHHCT as donor and a hexafluorophosphate salt of cationic 

coumarin as acceptor dyes encapsulated into porous polystyrene beads. By pulsing an 

ultraviolet (UV) light emitting diode as the excitation source, my setup was modified to 

excite the down-conversion microspheres at 365 nm. The time-resolved spectroscopy 

system supports the collection of the time-resolved long-lifetime emissions in red. The 

figures below recorded the 3-D time-resolved spectra from two different batches of 

LRET microspheres at different donor-to-accept doping ratios. The UV pulses are 78 µs 

at repetition rate of 250 Hz. From the comparison figures of time-resolved spectra, the 

luminescence lifetime for microspheres with donor/acceptor ratios of 1:0.25 is longer 

than the one with donor/acceptor ratios of 1:1.2 due to the less LRET effect.   

The purpose of this experiment was to use the comprehensive time-resolved 

spectral data to calculate the energy transfer efficiency within a single microsphere. But 

due to the inaccuracy and difficulty of controlling the acceptors’ distribution and 

uniformity as well as the photo-bleaching problem, this experiment was not concluded 

by the time of my PhD thesis submission.  
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Figure. S3-2 time-resolved spectra of 15 µm LRET microspheres with donor/acceptor 

ratios of 1:0.25 (top) and 1:1.2 (bottom).    
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3.4 Remarks 

The high-throughput time-resolved spectroscopy system has been described in this 

chapter. This engineering work is based on the careful design and application of a multi-

channel PMT linear array detector as well as integration and synchronizations of 

different measurement modalities. This system can simultaneously measure temporal 

and spectral luminescence intensities from long-lived luminescent materials with both 

high speed and high resolution. We have verified its performance in studying both 

upconversion nanocrystals using the 980 nm laser excitation and down-conversion 

microspheres using the pulsed 365 nm UV LED excitation.  

The current system still requires further optimization and the integration of other 

characterization modalities towards a fully automatic system with self-correlated 

functionalities to performance advanced nanoscale characterization of luminescent 

nano- and micro- materials. A mathematical algorithm should be developed and applied 

via the control programming to calibrate the experimental data in both intensity and 

corresponding wavelength values, instead of the current manual operation.  

Apart from the high throughput feature of this system for building 3-D time-

resolved spectra, this robust system can also implement imaging characterisation for the 

lanthanide doped materials by incorporating the laser scanning confocal microscope and 

wide field microscope. The extension of this work with additional features has been 

presented in the next chapter.  
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Chapter 4  

The sophisticated energy transfer and luminescence mechanisms that lead to many 

unique optical properties of lanthanide materials are still not completely quantified. This 

requires both novel design to synthesize new materials and robust setups for advanced 

characterisations under different external conditions with high resolution.   

While Chapters 2 and 3 studied the unique optical properties of photon down-

converting and photon upconverting materials in both spectral and lifetime domains, 

Chapter 4 here explores the optical properties of lanthanide materials with high spatial 

precision (resolution) and under the different excitation power intensities.   

We first designed and synthesized a library of colour-barcoded upconversion 

micro-rods (the synthesis was done by our collaborators at National University of 

Singapore), and I further upgraded my characterization system by adding a laser 

scanning confocal imaging modality. The laser confocal scanning microscopy method 

can provide high resolution for characterizing selected sections on a single micro-rod 

for nanoscale time-resolved analysis. I carried out comprehensive measurements for 

different designs of micro-rods and confirmed no energy transfer happening between 

the neighbourhood sections in one rod doped by different lanthanide acceptors (Tm3+ 

and Er3+). In this system, I realized a self-correlated method for imaging and analysis: 

the wide field microscope is useful for rapid identification of the targets/areas of interest, 

and the laser scanning confocal microscope is used to inspect a specific area with high 

resolution, which is followed by the application of lifetime measurement. This work has 

been published in the prestigious Journal of America Chemistry Society 2014 with my 

role as the 2nd author in charge of optical characterisations. 

Moreover, closely working with my colleagues at the Advanced Cytometry Labs at 

Macquarie University, I have also contributed my characterisation platform for the 

power dependence study of upconversion materials, which has led to another co-

authored paper published in the prestigious journal of Nature Nanotechnology. In this 

work I characterised the power-dependent properties of the highly doped upconversion 

crystals (Supplementary Figure S6). This provides further evidence that a high 

excitation irradiance can moderate the concentration quenching for brighter 
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upconversion materials. I have further applied my system and demonstrated that highly-

doped single nanocrystals could be directly imaged by the wide field microscope 

(Supplementary Figure S10). 
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4.1 Contributions to Paper 3 

TABLE 4-1 Author contribution summary for paper 3. 

 
Y. 

Zhang 

L. 

Zhang 

R. 

Deng 

J. 

Tian 

Y. 

Zong 

D. 

Jin 

X. 

Liu 

Experiment Design ●       

Material Synthesis ●  ● ● ●   

Optical Characterisation  ●    ●  

Data Analysis ● ● ●  ●  ● 

Main Manuscript ● ●    ● ● 

Figures and Supporting 

Info 
● ● ● ● ●   

 

In this project, I contributed the optical characterisation aspect of this project by 

upgrading the system developed in Chapter 3 by adding a laser scanning confocal 

microscope. I carried out all the optical characterisations, data collection and data 

analysis, which takes account of around 30 % of the whole contribution.  
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4.2 Paper 3 

Yuhai Zhang, Lixin Zhang, Reren Deng, JingTian, Yun Zong, Dayong Jin and 

Xiaogang Liu. “Multicolor Barcoding in a Single Upconversion Crystal”, J. Am. Chem. 

Soc. 2014, 136, 4893-4896. 
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4.3 Additional information (unpublished results) 

To characterise these novel multi-colour barcoded upconversion materials, the 

optical system with high resolution capability and high detection efficiency was 

required. Here, we provide the self-correlated imaging function in my home-built 

characterisation system for accurate and fast determination of targets. We firstly applied 

the wide field microscope to rapidly find the targets (micro-rods with two ends doped 

by activators Er
3+

 and middle section doped by activators Tm
3+

), as shown in figure 

S4.1 (a) with three positions labelled by P1, P2 and P3, and then applied the laser 

scanning confocal microscope to provide detailed areas by zooming in these three 

specific positions, as shown in figure S3.1 (b-left) for P3, (c) for P1 and (d) for P2, with 

imaging resolution of 408 nm shown in figure b (right). 

 

(a)Wide field imaging for micro-rods with positions labelled by P1, P2 and P3 

 

(b)Confocal imaging for position P3 (left) and the imaging resolution of 408 nm (right) 
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(c)Confocal imaging for P1                                      (d) confocal imaging for P2  

Figure S4.1 wide field imaging micro-rods and corresponding confocal imaging (colour 

in figure b-d means intensity) 

To study the energy transfer between two neighbouring sections in a single rod 

doped with different activators (Er
3+

 and Tm
3+

), we firstly distinguished the different 

doped sections using laser scanning confocal modality in preparation for the lifetime 

measurements at each doped section. Figure S 4.2 (a) shows the confocal imaging for 

one micro-rod with all the emissions (the red colour means intensity).  

  

(a) Imaging for full emissions                                     (b) imaging for red emission 
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(c)Imaging for blue emissions                              (d) imaging for green emission 

Figure S4.2 confocal imaging for determination of different doped sections. Here, blue 

emission (455nm and 475 nm) from doped Tm
3+

 ions; the green emission 545 nm and 

red emissin from Er3+ ions; both ions have red emission at 650 nm but with red 

emission from Tm
3+

  much weaker). 

Due to the different emissions of these two doped activators (Tm
3+

 and Er
3+

), the 

different doping sections can be recoginised by implementing a confocal imaging scan 

with different emission filters. Figure S4.2 (b) is the confocal image for red emission 

with two ends (Er
3+

 doped) stronger than the middle part (Tm
3+ 

doped); figure S4.2 (c) 

shows the confocal image with blue emission from Tm
3+ 

ions; and figure 4.2 (d) is the 

confocal image with green emission from doped Er
3+

ions. Clearly, the doped sections 

could be observed and determined, and then the lifetime measurement at these two 

doped sections and their junction was closely followed to determine whether there is 

energy transfer between these two doped activators.  
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4.4 Contributions to Paper 4 

TABEL 4-2 Author contribution summary for paper 4 

 J.Z. D.J. E.P.S. Y.L. Y.L. A.V.Z. Z.L. J.M.D. P.X. J.A.P. E.M.G. T.M.M. 

Project Design  ●          ● 

Materials ●     ●       

System Setup  ● ● ● ● ●    ●   ● 

Data 

Collection 
● ● ● ● ●  ●      

Analysis ● ● ● ● ● ● ● ● ● ● ● ● 

Manuscript & 

Figures 
● ● ● ● ●   ●  ● ● ● 

Modelling ● ●         ●  

Supplementary 

Information 
● ●    ● ●    ●  

 

In this work, I built the upconversion wide-field microscope, and did the power-

dependent imaging analysis leading to Figure S6 and single nanoparticle imaging shown 

as Figure S10.  I contributed 5% of data collection and 5% data analysis, occupying 10% 

of the whole contribution. 
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4.5 Paper 4 

Jiangbo Zhao, Dayong Jin, Erik P. Schartner, Yiqing Lu, Yujia Liu, Andrei V. Zvyagin, 

Lixin Zhang, Judith M. Dawes, Peng Xi, James A. Piper, Ewa M. Goldys and Tanya M. 

Monro. “Single-nanocrystal sensitivity achieved by enhanced upconversion 

luminescence”, Nature Nanotechnology, DOI:10.1038/NNANO.2013.171. 
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4.6 Additional information (unpublished results) 

Apart from the single nanoparticle imaging shown in published paper, we actually 

carried out imaging of single nanoparticles using our upconversion wide field 

microscope. The figure S 4.3 shows the wide field imaging with five single 

upconversion nanocrystals (NaYF4: Yb20%, Tm 4%) with size of 40 nm: the original 

fluorescence imaging is inserted (left top corner), and their corresponding intensities are 

shown in three-dimensional figure by using ImageJ software. The figure S4.4 shows 

another wide field imaging for upconversion nanocrystals and their corresponding TEM 

pattern for confirmation of single/multiple nanocrystals. These provide the extra 

evidence that the high brightness could be obtained for these densely doped 

upconversion materials under the high excitation power. 

 

Figure S 4.3 single upconversion nanoparticle (NaYF4: Yb20%, Tm4%) imaging. The 

inserted figure on the left top corner shows the wide field imaging for the single 

nanocrystals, and their intensities are displayed in the 3-D figure by ImageJ software. 
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Figure S4.4 wide field imaging for upconversion nanocrystals (left) under 980 nm 

excitation; and corresponding TEM pattern (right).      
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4.7 Remarks  

Our optical system has been further upgraded and applied to characterise lanthanide 

based upconversion micro-rods and nanocrystals at high resolution and under different 

excitation power intensities. I first used the system to characterise upconversion micro-

rods, and with high optical resolution and lifetime measurements I confirmed there is no 

energy transfer between two closely sections doped with different activators. The self-

correlated imaging and analysis functions incorporated in one system can rapidly find 

the points of interest, and then accurately zoom in to inspect an area to measure the 

luminescence lifetime. The wide field microscope was useful to study the power-

dependent properties of highly-doped upconversion nanoparticles with single 

nanoparticle sensitivity, which provides further evidence that the high excitation 

irradiation alleviates the problem of concentration quenching in lanthanide-doped 

upconversion nanocrystals.  

The current system has scope for further optimization and integration of other 

optical modalities towards more powerful and comprehensive characterisation. For 

example, the confocal scanning range can be ideally increased to achieve large area 

detection, and ideally the system would be automatically controlled with multi-channel 

detectors applied to increase the sample analysis throughput. Meanwhile, the targets of 

interest from wide field imaging would be conveniently and automatically selected for 

further confocal imaging with higher resolution.   

In the view of upconversion materials, some other optical parameters, such as 

energy transfer efficiency, excitation dipole orientation and emission polarization, are 

still unclear. Therefore, the corresponding measurements should be carried out by 

designing an efficient optical system. The Appendix presents two current projects for 

the measurement of energy transfer efficiency and emission polarization for 

upconversion materials. 
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Chapter 5. Conclusions and Perspectives 

5.1 Summary  

Lanthanide complexes and luminescence nanomaterials have been intensively 

developed over the last decade for bio- sensing and imaging applications. Their unique 

optical properties, including long luminescence lifetime (microseconds), large stokes 

and anti-stokes shifts and sharp spectral emission lines, are highly attractive for 

achieving ultra-sensitive detections, but only when appropriate design of excitation 

source, optics, and detection systems with control electronics is implemented. From the 

perspective of fundamental research, the details of the luminescence mechanisms 

involving multiple energy levels and complicated photon relaxation process are still 

unclear, due to the lack of effective optical systems for comprehensive characterisation.    

To address these demands, my thesis has focused on developing and implementing 

advanced optical systems based on the time-gated luminescence and time-resolved 

luminescence approaches in the microsecond region. Two prototype instruments have 

been successfully engineered and validated by applications.  

To ensure high throughput, compatibility and stability but also reduce the 

complexity and cost for the time gated luminescence (TGL) imaging applications, I 

designed and built a multi-colour TGL microscope for simultaneous observation of 

multiple species of microorganisms stained with long-lived complexes. We first 

designed and engineered an excitation unit based on a high-speed Xenon flash lamp that 

was synchronised to a purpose-built time-gated detection unit. Both units feature high 

compatibility and can be easily adapted to any commercial microscope for TGL 

imaging. We then demonstrated dual-colour background-free imaging of two types of 

micro-organisms stained with red-emitting europium complex and green-emitting 

terbium complex respectively. Moreover, we verified the detection sensitivity by 

imaging the single 150 nm europium-doped nanoparticles.  This engineering work 

provides a clear protocol for constructing a multi-colour time-gated imaging system 

which is low-cost, simple and reproducible, and easily accessible for biological and 
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chemical laboratories. As result, this system has been recently duplicated for 

biochemical research at our collaborators’ labs at Dalian University of Technology in 

China.  The majority of results from this work have been reported in the paper published 

in Scientific Reports 2014. 

In parallel, to comprehensively characterise lanthanide-based luminescent materials, 

I have designed and built a time-resolved spectroscopy system based on a multi-

modality fluorescence microscope capable of high-speed acquisition of high-resolution 

time-resolved spectra from both down-conversion and upconversion  lanthanide-doped 

luminescence materials. We first applied an integrated multi-channel photon-sensing 

device (a 32 channel PMT as a linear array detector) to replace the traditional camera in 

the spectrometer for simultaneously collecting the spectra and the lifetimes at each 

wavelength. We then replaced the single-channel avalanche photodiode (APD) with this 

purpose-built time-resolved spectrometer for signal collection in our home-built laser 

scanning confocal microscopy system. Using this system, we acquired the first 3-

dimensional time-resolved spectra from a sample of mono-disperse hexagonal-phase 

NaYF4: Yb20%, Er2% upconversion nanocrystals. It took less than 1 minute for the 

system to complete 50 data acquisitions to construct a time-resolved spectrum with high 

spectral and temporal resolution. Moreover, we showed the information-rich self-

correlated time-resolved spectra obtained by this system were valuable to study the 

luminescence resonance energy transfer (LRET) efficiency for down-conversion doped 

single microspheres. To the best of our knowledge, this is the first quantitative 

measurement of spectra and lifetime decay curves from luminescent lanthanide 

materials. The majority of results from this work have been reported in the paper 

published in RSC Advances 2013.  

To provide nanoscale characterization capabilities to explore the sophisticated 

photon-emitting mechanisms in lanthanide nanomaterials, I upgraded my system for 

time-resolved luminescent lifetime detection using a laser scanning microscope and a 

wide field microscope. This was verified to study the energy transfer effects on the 

boundary of colour-barcoded heterogeneous upconversion micro-rods. The laser 

scanning confocal microscope provides high resolution scanning of selected sections on 

a micro-rod for time-resolved lifetime analysis. We implemented comprehensive 

measurements to compare lifetime changes from different designs of micro-rods and 
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confirmed no energy transfer happening between two neighbourhood sections doped 

with different activators. Moreover, we demonstrated that self-correlated imaging and 

analysis functions incorporated in the system can rapidly localize the points of interest 

before a zoom in analysis by the laser scanning confocal microscope to measure the 

luminescence lifetime. Furthermore, using my upconversion wide-field microscope I 

demonstrated single particle sensitivity achieved by directly imaging highly doped 

upconversion nanocrystals. The system is also suitable for an analysis of power-

dependence to study highly doped upconversion crystals with higher emission intensity 

under intense power irradiation. This work provides an advanced characterisation 

modality to study lanthanide doped luminescence materials with high resolution. The 

majority of results from this work have been reported in the papers (my role as co-

author) published in Journal of American Chemical Society 2014 and Nature 

Nanotechnology 2013.  

In summary, my PhD program for the last three and half years focused on 

instrumentation engineering, and I have advanced both time-gated luminescence 

approach and time-resolved characterization methods in the context of integrated 

microscopy and spectroscopy systems. My work has transformed robust microscopy 

designs and provided stable reproducible devices for end-users in material chemistry 

and cell biology labs.  My work has also resulted in advanced characterization systems 

to enable high-speed high-resolution acquisition of temporal and spectral luminescence 

properties from long-lived luminescence materials, leading to new tools for fundamental 

research to study photon luminescence mechanisms. There is large scope for further 

optimization of this multi-modality optical characterization system towards automatic, 

high-throughput and high-sensitivity characterization by incorporating multichannel 

detection and manipulation capabilities.  
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5.2 Future Work  

The results of this multidisciplinary research program also suggest a range of future 

opportunities in exploring advanced optical instruments/techniques towards better 

understanding of luminescence mechanisms for lanthanide-doped nanomaterials. We 

have identified three opportunities for the near future. These include exploration of 

emission lifetimes of upconversion nanomaterials at different excitation power levels, 

quantitative measurement of the energy transfer efficiency between the sensitizers and 

activators within upconversion nanocrystals, and emission polarisation properties of 

lanthanide doped up-conversion crystals.  

Indeed, for each of these opportunities, I have established new instrumentation and 

methods, and obtained some preliminary results, which form three appendices presented 

at the end of this thesis.   

 



APPENDIX I 137 

 

Appendix I.    

The upconversion luminescence lifetimes are independent 

of the excitation power 

6.1 Introduction  

Luminescence lifetime, as an important indicator for understanding the photon-

emission mechanisms of luminescence materials, has also been extensively applied in 

the application field of photonics sensing recently. For example, fluorescence lifetime 

imaging microscopy (FLIM) and lifetime-barcoding multiplexing techniques take the 

advantage of the lifetime signatures to distinguish different targets stained by probes 

with different lifetimes [1, 2]; the luminescence resonance energy transfer (LRET) 

scheme can be used to tune the lifetimes [3] or measure the lifetime changes in absence 

or presence of acceptors to calculate the energy transfer efficiencies. Lifetime 

measurement is much more robust than intensity measurement due to the fact that it is 

independent to intensity of emitters. There is a knowledge gap to characterize the 

dependence of luminescence lifetimes in the microsecond region on the excitation 

power intensity.   

Recently, Schuck et al reported the decrease of luminescence lifetimes for 

upconversion nanocrystals (NaYF4: Yb20%, Er2%) when power density increased from 

1 W/cm
2
 to 1 MW/cm

2 
[4]. The authors applied the band-pass emission filters (540±20 

nm and 650 with ±20 nm) to separately select green and red emissions for lifetime 

measurement. Nevertheless, each emission band involves different photon relaxation 

processes or/and different excited states, therefore the filter-based lifetime measurement 

only gives an average result. To study the relationship between the excitation power and 

emission lifetime, it is desirable to extract the emission lifetimes from each excited state 

and analyse its dependence on a large range of excitation power intensities.  

In this proof-of-the-principal study, I applied a microstructure optical-fibre based 

spectroscopy system based on the time-resolved spectrometer established in Chapter 3 

and examined the luminescence lifetimes of two different types of upconversion 
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nanocrystal (NaYF4: Yb20%, Er2% and NaYF4: Yb30%, Tm0.5%, Nd1%). The 

microstructure optical fibre provides a large dynamic range of excitation power 

intensities, and the 3-D time-resolved system provides a high resolution of 3 nm for the 

accurate high-throughput lifetime measurement of emissions covering the visible 

emission region.  After extracting the narrow-band (3 nm) lifetime decay curves with 

various excitation power intensities, the luminescence decay curves did not show 

obvious changes.  

6.2 Materials and Methods 

6.2.1 Upconversion nanocrystals  

Sample I: the β-phase dual-doped upconversion nanocrystals NaYF4: Yb20%, Er2% 

with simplified energy level diagram shown in Figure 6-1(a).   

Sample II: the β-phase tri-doped upconversion nanocrystals NaYF4: Yb30%, 

Tm0.5%, Nd1% with typical emission spectrum shown in figure 1(b). 

 

      Figure 6-1. Emission spectra for two types of upconversion nanocrystals: (a) 

emission spectrum for NaYF4: Yb20%, Er2% upconversion nanocrystals with three 

main emission bands with emission peaks at 409 nm, 545 nm, and 650 nm; (b) emission 

spectrum for NaYF4: Yb30%, Tm0.5%, Nd1% with four main emission bands with 

emission peaks at 455 nm, 475 nm, 650 nm and 780 nm. 

6.2.2 Optical characterisation system  

Our slide/fibre-based time-resolved spectroscopy system was applied to perform the 

time-resolved spectra measurement, as shown in Figure 6-2.  
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Figure 6-2. Slide/fibre based time-resolved spectroscopy system. For slide based 

system, the samples are excited on a glass slide with a three-dimensional stage, while 

for fibre based system, the samples are excited inside the microstructured optical fibre 

(MOF). The switch between these two systems is realized by a Flip Mirror 1.    

The slide-based measurement was used to capture the decay curves of NaYF4: 

Yb20%, Er2% nanocrystals under three different excitation intensities (5, 10 and 15 

MW/cm
2
).  The fibre-based system was applied to measure the tri-doped nanocrystals 

with five excitation power intensities ranging from 20 kW/cm
2
 to 200 kW/cm

2
.
 
 

6.3 Results and Discussions 

Shown in Figure 5-3, under the excitation power intensities of 5 MW/cm
2
, 10 

MW/cm
2
 and 15 MW/cm

2
, we compared the luminescence decay curves at 545 nm 

(Figure 6-2 a) and 650 nm (Figure 6-2b), respectively, and found no obvious changes 

for either emission peaks from NaYF4: Yb30%, Er2% upconversion nanocrystals. 
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Figure 6-3. Comparison of luminescence decay curves under different excitation 

intensities at two different emission wavelengths (a) 409nm, (b) 545 nm and (c) 650 nm 

from the NaYF4: Yb30%, Er2% upconversion nanocrystals.  

Shown in Figure 6-4, under the excitation power intensities of 20kW/cm
2
, 30 

kW/cm
2
, 50 kW/cm

2
, 100 kW/cm

2
, 200 kW/cm

2
, we compared the luminescence decay 

curves at 455 nm, 475 nm, 650 nm and 780 nm, and did not observe obvious changes on 

the decay curves for each emission peaks from the tri-doped upconversion nanocrystals 

NaYF4: Yb30%, Tm0.5%, Nd1%, 
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Figure 6-4. Comparison of luminescence decay curves under different excitation 

power densities at four different emission wavelengths 455 nm, 475 nm, 650 nm and 

780 nm from the NaYF4: Yb30%, Tm0.5%, and Nd1% tri-doped upconversion 

nanocrystals.  

6.4 Conclusions 

Using our time-resolved spectroscopy system by simultaneously collecting the 

luminescence decay curves at each visible emission wavelengths (spectral resolution of 

3.3 nm), we provided evidence that the luminescence decay lifetime is independent of 

the excitation power intensities for two different types of upconversion nanocrystals. 

These results were obtained with excitation power intensities ranging from 20 kW/cm
2
 

to several MW/cm
2
. These results are controversial to the reported results by Schuck et 

al [4]. Our experiments using relatively higher power intensity range that may reach the 

saturation excitation for upconversion nanocrystals, and therefore, more comprehensive 

investigations are needed to study the effect of lower excitation power intensities on the 

luminescence lifetimes.  
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Appendix II.  

Activators’ quantum yield measurement in upconversion 

nanocrystals 

7.1 Introduction  

Lanthanide-doped upconversion nanocrystals are typically doped with ytterbium 

(Yb
3+

) sensitizer ions, which absorb infrared radiation and non-radiatively transfer their 

excitation to activator ions such as erbium (Er
3+

), thulium (Tm
3+

) or holmium (Ho
3+

). 

Upconversion nanocrystals have been extensively studied in the recent decade due to 

their excellent optical properties, including long lifetime, sharp emission spectra, good 

photo-stability and large anti-stokes shift.  

One of the current bottleneck challenges lies in its relatively low upconversion 

efficiency. Strategies, such as coating nanocrystals with an inert shell to minimize 

surface quenching [1], using noble metal nanostructures to enhance the energy transfer 

rate by surface plasmon resonance [2], and using high efficient  crystal host to minimize 

the internal energy loss [3], have been reported to enhance the upconversion efficiency. 

The upconversion process involves sophisticated process of photon absorption by 

sensitizer ions, energy transfer and back transfer, internal and external quenching, and 

photon emissions from multiple excited states of activators. Strategies to improve the 

upconversion efficiency requires techniques to diagnose where the photon energy gets 

lost. Advanced measurements for quantum yield (QY), radiative rates and non-radiative 

rates have become a challenge.  

In this work, we applied the micro-cavity based photonics method to directly 

measure the QY of activators (Er
3+

 ions) doped in upconversion nanocrystals (NaYF4: 

Yb20%, Er2%). By measuring the luminescence lifetimes and studying the variations of 

radiation rates at different cavity lengths, this method can be used to obtain the absolute 

QY of activators (Er
3+

) at different emission bands. Since the overall QY is a result of 

energy transfer efficiency times the QY of activators, this method also provides a means 

to measure the energy transfer efficiency from the sensitizer to the activators. Therefore, 
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the method provides a diagnostics tool for understanding the upconversion 

luminescence process and efficiency.  

7.2 Materials and Methods 

7.2.1 Upconversion nanocrystals  

The hexagonal-phased NaYF4: Yb20%, Er2% upconversion nanocrystals with 

average size of 40 nm are measured by TEM, and their TEM image and simplified 

energy levels are shown in Figure 7-1 with emission spectra shown in Figure 6-1 (a).  

 

Figure 7-1. The hexagonal-phased NaYF4: Yb20%, Er2% upconversion 

nanocrystals with size of 40 nm: (a) their TEM image; and (b) simplified energy level. 

7.2.2 Micro-cavity and sample preparation  

Illustrated in Figure 7-2 (a), the micro-cavity is formed by one plano-convex lens 

and one coverslip. The plano-convex lens was coated by a thin layer of silver (thickness 

80 nm) on the curved surface providing a high reflectivity of approximately 95%; and 

the glass coverslip (thickness 170 µm) was coated by a thin layer of silver (thickness 30 

nm) providing an  efficient excitation and emission with a transmission of 

approximately 25% [4]. The spherical surface of the lens on the top provides a tunable 

cavity length by laterally moving the micro-cavity with respect to the laser focus 

controlled by the nanoscale positioning stage.  

The procedure of preparing micro-cavity samples involves five steps after the silver 

coating by vapour deposition method. 1) well mix the upconversion nanocrystals and 

UV-curable optical glue by ultra-sonication for 20 minutes; 2) drop 10 µL of the 
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mixture onto the silver coated coverslip; 3) place the convex lens on the top of the 

mixed sample to form a sandwich structure; 4) illuminate the sandwich structured 

sample with UV light for 30 minutes to cure the mixture solution into solid; 5) test the 

quality of this sandwich structured sample by wide field image with white light 

illumination (a successful sample preparation was shown in Figure 7-2 (b) with regular 

interference rings).  

  

Figure 7-2. Schematic diagram of micro-cavity (left): the microcavity is formed by 

one plano-convex lens and one coverslip with nanoparticles sandwiched. Wide field 

image of micro-cavity sample under white light illumination with regular interference 

rings (right).  

7.2.3 Optical characterisation setup  

 

Figure 7-3. Scheme of experimental setup, including a laser scanning confocal 

microscope for selectively imaging a targeted area through the micro-cavity, a time-
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resolved optical detection system for the lifetime measurement, and a spectrometer 

system for determination of the cavity length. 

As illustrated in the schematic Figure 7-3, the setup is based on a home-built laser 

scanning confocal microscope, a time-resolved detection using a single photon counting 

detector, and a spectrometer. The laser scanning confocal system is used to determine 

the position of different cavity lengths for lifetime measurement. And selected positions 

of interest were marked by lines on the confocal images, shown in Figure 7-4 (a) and 

Figure 7-4 (b) for the green emission band (through a band pass filter (FF01-540/20) ) 

and red emission band (through a band pass filter 641/50) respectively. Time-resolved 

measurements were carried out with luminescence lifetime decay curves captured at 

each pixel along the marked lines, and the spectrometer was then used to determine the 

cavity lengths for these pixels of interest by capturing the maximum transmission 

spectra of white light illumination.  

 

Figure 7-4. Confocal images with selected positions marked by red lines for 

lifetime measurement.  (a) Confocal imaging for green emission band (530 nm to 550 

nm) (b) confocal imaging for red emission band (615 nm to 661 nm). 

7.3 Results and Discussions    

Figure 5-9 shows the relationship between the luminescence lifetimes (y axis) of 

each pixels of interest with different cavity length (x axis), measured according to the 

red (Figure 5-9 a) and green (Figure 5-9 b) emission bands for the NaYF4:Yb20%, Er2% 

upconversion nanoparticles. The increase of cavity length led to decreased upconversion 

luminescence lifetime.  According to the theoretical modelling and curve fitting analysis 
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shown by solid lines in Figure 7-5, we obtained the Er
3+

 activators’ quantum yield 

values for both green and red two emission bands. For green emission around 545 nm, 

the quantum yield was measured as 13.7 ±2%; for red emission around 650 nm, the 

quantum yield was measured as 15.2±2%. The system also resulted in the calculated 

free space lifetime 129 ± 3 µs and 219± 6 µs for green emission and red emission bands 

respectively, which values are consistent to the literature reports [5, 6]indicating the 

accuracy of the micro-cavity based method. Moreover, we applied the bootstrapping 

calculations to obtain the average values and standard deviations of quantum yields by 

randomly choosing 70% of experimental data points for curve fitting, with results 

shown in Figure 7-6.  

    

 

Figure 7-5. Luminescence lifetimes vs cavity lengths for the measurement of NaYF4: 

Yb20%, Er2% upconversion nanocrystals sandwiched within the micro-cavity. (a) 

Lifetime curves for green emission (x nm to xx nm); (b) lifetime curves for red emission 

(x nm to xx nm). Blue circle dots are the experimental data and dark lines are the 

theoretical fitting curves. 
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Figure 7-6.  Bootstrapping calculation to obtain the average QY values and lifetime 

values for both green and red emissions.  

7.4 Conclusions    

Micro-cavity based method provides a direct QY measurement for doped activators 

(Er
3+

) in upconversion nanocrystals (NaYF4: Yb20%, Er2%). The method is both robust 

and accurate in determining the activators’ QY and free space lifetimes, which benefits 

from the statistics analysis using pixel by pixel based lifetime measurements within a 

series of varied micro-cavity length. Since the overall QY can be measured using the 

traditional methods[7-9], the activators’ QY values will provide an opportunities to 

measure the upconversion luminescence process through quantitatively calculation of 

the energy transfer efficiency between Yb and Er ions, non-radiative rates and radiation 

rates from excited states. This provides a new nanoscale characterisation tool for 

upconversion materials science aiming to deliberately synthesize high quality more 

efficient nanoparticles. 
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Appendix III.  

Characterisation of luminescence polarisation properties 

of upconversion micro-rods and nanocrystals 

8.1 Introduction 

Under a polarised excitation, a single emitter will generally emit polarised 

luminescence. However, the emission polarisation property will get lost for multiple 

emitters randomly distributed even under a polarised excitation beam. Therefore 

anisotropic emissions are observed in most cases. When multiple rare earth ions as 

luminescence photon sensitisers and emitters are co-doped within a sodium yttrium 

fluoride crystal by randomly replacing the yttrium ions[1, 2], we would expect that the 

polarised emissions from multiple single emitters superimpose in a non-coherent 

manner and become unpolarised as a whole. But recently Zhou et al. observed the 

polarisation property of luminescence emissions from the NaYF4: Yb20%, Tm2% 

upconversion micro-rods by rotating wavelength-sensitive half wave plate placed before 

one polariser and the detector[3]. This result makes us to think whether the individual 

emitters at a certain concentration (distance) and crystal orientation have already started 

to interact with each other.  

With this interesting question, we design a new characterisation system and 

conducted a series of experiments for comprehensive and quantitative characterisations 

of a variety of upconversion materials. We first built a wide-field upconversion 

microscope based on a layout of two identical objectives, instead of epi-fluorescence 

configuration. This layout avoids possible polarisation changes at each reflecting 

surface. Among different effects we account for mismatch reflection for each 

polarisation and a change of phase due to the different depth that the electromagnetic 

field undergoes at each mirror. We then carried out a comprehensive study on the 

emission polarisation of upconversion micro-rods (length 2 µm and diameter 150 nm). 

We measured both the orientation of the linear polarisation and the elliptical 

polarisation component of the emission signal. These measurements are done at each 

wavelength in order to quantitatively determine their polarisation directions. Moreover, 
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we explored the relationship between doping concentration and emission polarisation by 

synthesising a series of upconversion micro-rods with different sensitiser/activator 

concentrations. Furthermore, we have also examined the effect of excitation 

powers/polarisations on the emission polarisation of upconversion micro-rods.  

8.2 Materials and Methods 

8.2.1 Upconversion materials  

Two series of upconversion micro-rods (NaYF4:Yb, Tm) were prepared with (i) six 

different Yb doping concentrations from 10 % to 60% with the Tm doping 

concentration fixed at 2 mol%; and (ii) two different Tm concentrations from 0.5% and 

8 % with the Yb concentration fixed at 5 mol%. Figure 8-1 shows the typical 

morphology, typical emission spectrum and fluorescence images of upconversion 

micro-rods with length of 2 µm and diameter of 150 nm.   

 

Figure 8-1. (a) scanning electron microscope (SEM) image for upconversion 

micro-rod with length of 2 µm and diameter of 150 nm; (b) the typical emission 

spectrum of NaYF4:Yb, Tm upconversion micro-rods; (c) fluorescence image of one 

micro-rod at 802 nm emission.  
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8.2.2 Optical characterisation system 

Figure 8-2 shows the schematic diagram of our characterisation system. The 

excitation source is a linear polarised beam from a laser diode (BLP976-PAG900, 

Thorlabs). The output of the laser beam is collimated. Thus the beam is in paraxial 

regime that allows selecting the different polarisations after crossing a half wave plate 

(HWP) (AHWP05M-980, thorlabs) and a quarter wave plate (QWP 1) (AQWP05M-980, 

Thorlabs). The polarised excitation beam excites the sample (S) slide on a piezo nano-

poistioning stage with three translation axis (MAX311D, Thorlabs) after being focused 

by an objective lens (60×, 0.75 NA, Edmund) (Ob1). The generated upconversion 

luminescence signal is collected by another identical objective lens (Ob2) placed 

exactly opposite to the Ob1. The fluorescence will then pass through a polariser for 

measuring linear polarisation component before being captured by camera (Lu165, 

Lumenera). To measure the elliptic component in the fluorescence signal, a quarter 

wave plate (QWP 2) is required before the polariser and the camera, as shown in Figure 

8-2. 

Accurate alignment of the emission optical path with respect to the excitation path 

is critical to this experiment. The system alignment for excitation and emission paths 

was carried out independently. The optics in the excitation part allows any linear 

polarisation based on tuning the half waveplate and the quarter waveplate: horizontal, 

diagonal, vertical, anti-diagonal, right circular and left circular polarised directions. The 

alignment of the optics for the emission collection was carried out in an auxiliary setup. 

The polariser is aligned just in front of the CCD. Its rotation allows analysing each 

polarization component. The quarter wave plate (QWP 2) is calibrated for each 

particular emission wavelength of interest. After calibration, the polariser and the 

quarter wave plate are added to the principal system. 

This system without the quarter wave plate is used for measuring the linear 

component of the polarisation via the first two Stokes parameters. The quarter wave 

plate (QWP 2) allows measuring the third Stokes parameter - the ellipticity component 

of the polarisation. This complete set of measurements give us a full description 

quantitatively and qualitatively of the emission polarisations. 
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Figure 8-2. The schematic diagram of wide-field imaging system for polarisation 

characterisation. HWP: half waveplate at 980 nm; QWP 1: quarter waveplate at 980 

nm; Ob1 and Ob2 are identical objective lens; S: sample; QWP2: quarter waveplate.  

8.3 Results and Discussions 

We used different polarised excitation beam to carry out the measurement, with 

preliminary result shown in Figure 8-3. It is worth to mention that the amplitude range 

in Figure 8-3 is from 0.90 to 1. Therefore, there is a slightly linear polarisation at 802 

nm emission by measuring first two stokes parameters of emission from NaYF4: 

Yb30%, Tm2% micro-rod. To fully determine the polarisation, we need to carry out 

further measurement for the third Stokes parameter. Due to the slightly linear 

polarisation, if the sum of the three Stokes parameters is close to ±1, the emission would 

be almost circularly polarised; while if it is close to zero, this means the fluorescence 

signal is fully or almost depolarised.  
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Figure 8-3. Emission polarisation at 802 nm under excitations with six polarised 

directions shown in Cartesian coordination. AD: anti-diagonal polarisation; D: 

diagonal polarisation; H; horizontal polarisation; LC: left circular polarisation; RC: 

right circular polarisation.   

8.4 Conclusions 

The slight linear polarised emission at 802 nm can be observed from the 30% Yb 2% 

Tm upconversion micro-rods. This may indicate an exciting optical phenomenon for the 

rare earth ions doped upconversion materials. More comprehensive characterisations are 

needed to explore the mechanisms driving such an interesting phenomenon. More 

evidence needs to be collected to reveal whether different doping concentrations 

induced different emission polarisation.  
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