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Abstract 

Upconversion nanocrystals (UCNCs) have become a sought-after delivery system 

for advanced biomedical and photonics applications since they have the unique ability 

to convert low energy infrared photons into high-energy visible and ultraviolet photons. 

In this work, the author has developed a number of approaches to the fabrication of 

UCNCs that are small in size and so are of much use in the field of biology and 

medicine. Since a long-pursued goal for UCNCs is the further enhancement of their 

upconversion efficiency and the generation of a stronger emission, the author also 

describes new procedures for the fabrication of particles that possess enhanced 

efficiency in their upconversion luminescence.  

To achieve the two aims, the author first investigated the nature of the interior 

crystal quality of these particles and how to enhance it. Experiments that formed part of 

this work demonstrated that smaller and more efficient UCNCs can be formed with 

improved interior crystal quality. In parallel to this line of investigation, the author also 

demonstrated the importance of controlling the NaYF4 transit stage from cubic phase to 

hexagonal phase. Following this, an efficient method for synthesizing sub-10nm 

UCNCs, and then fabricating a novel sandwich structure, was developed. The sandwich 

structure nanocrystal can realize size-tunable and doped maximum sensitizer ions. The 

author also found that the particles, when enclosed by an inert shell, were able to 

achieve minimal surface quenching as well.  Finally, the author shows that a photon-

avalanche-like effect plays the key role in bringing down the intensity requirement for 

stimulated emission depletion with high Tm3+

The three major results are presented in four publications. The author presents a 

summary and prospect chapter at the end as well. This thesis provided several good 

ways to solve the key problems of size-tunable and luminescence enhancement for 

UCNC

 ions doped nanocrystals s. The sensitizer 

ions present as a radial gradient distribute from the core to the surface. This kind of 

UCNCs offer efficient optical switching with saturation intensity at low power and 

provides a large contrast to conventional fluorescent probes used for super resolution 

stimulated emission depletion (STED) nanoscopy. 

S applications. It profound implications for the upconversion optical property 

exploration and realizes further bioimaging and biomedical applications. 
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CHAPTER 1 

INTRODUCTION 

Photoluminescence refers to the emission of photons from a material. A common 

example of this phenomenon is the Stokes shift where excitation by the material leads 

to the emission of lower-energy photons, as illustrated in Figure 1(a). This work, 

however, is concerned with the development of luminescence that is upconverted, a 

kind of anti-Stokes luminescence where the absorption of photons leads to emission of 

light from a material at a higher energy. 

1.1 Background to upconversion luminescence 

The emission of a high-energy photon (referred to in this work as upconversion 

luminescence) after the absorption of two low-energy photons is illustrated in Figure 

1.1 (b). Upconversion luminescence can be further divided into three different classes: 

excited-state-absorption (ESA), energy-transfer-upconversion (ETU) and photon-

avalanche (PA). 

 

Figure 1.1 Energy transitions of photons in (a) conventional luminescence and  

(b) upconversion luminescence processes1

1.1.1  A description of excited state absorption 

. 

ESA, first proposed by Bloembergen et al.2,3, sought to clarify the fundamental 

process of upconversion luminescence: in this model, a single ion absorbs photons over 
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time at its ground state and then enters a long-lived intermediate excited state. As 

illustrated in Figure 1.1 (b), an ion absorbs photon energy by a transition from ground 

state 1 to excited metastable state 2; the ion subsequently absorbs another photon and 

transitions from state 2 to higher excited state 3. Upconversion emission occurs when 

the ion transitions from excited state 3 to ground state 1, i.e. emits a higher-energy 

photon as a result of absorbing two lower-energy photons. Alternatively, the ions may 

achieve a higher energy state 4 or 5, leading to absorption of 3 or 4 photons. In the ESA 

process, emitted photon energy from a higher energy state is larger than any single 

absorbed photon energy, which means that the emission photon wavelength is shorter 

(i.e. the emitted energy is higher) than the excitation wavelength. 

1.1.2  Energy transfer upconversion 

Many UCNCs achieve upconversion luminescence emission through an energy 

transfer process4. There are four different types of energy-transfer-upconversion (ETU): 

successive-energy-transfer (SET), cross-relaxation (CR), cooperative-sensitization (CS), 

and cooperative-luminescence (CL). Figure 1.2 shows these processes.  In ESA (Fig 

1.2 (a)), energy is transferred from a sensitizer ion in the excited state to an activator 

ion in State 1 by energy transfer, followed by the promotion of the activator ion to 

metastable State 2. Final absorption occurs subsequently, resulting in promotion to 

excited State 3; the activator ion is thus promoted to State 3 through ESA. In SET (Fig 

1.2 (b)), only the sensitizer ion can absorb photons from the incident light. The 

activator ion is promoted to metastable State 2 and again to State 3 by two energy 

transfer processes. In CR (Fig 1.2 (c)), photons from incident light are absorbed by 

sensitizer ions and activator ions, promoting them to State 2. Another energy transfer 

subsequently promotes activator ion to State 3; at the same time, the sensitizer ion 

reverts to ground state. CS (Fig 1.2 (d)) is a kind of energy transfer accumulated from 

two sensitizers to a single activator ion followed by promoting of the activator ion to a 

higher excited state. CL is similar to CS, in that they are both cooperative effects. The 

CL (Fig 1.2 (e)) process, however, is the emission of one photon from two excited ions 

which interacted with each other. These two ions each act as sensitizer ion and activator 

ion4. 
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Figure 1.2 Schematic of (a) ESA and four different energy transfer modes: (b) SET; (c) CR; (d) 

CS; (e) CL; (f) PA5

1.1.3  The photon avalanche phenomena 

. 

Photon-avalanche (PA), shown in Figure 1.2 (f), was first proposed by Chivian et 

al.6: a sensitizer ion in State G is promoted to a State E1 by ground-state-absorption 

(GSA) and promoted to a State E2 subsequently by ESA. Since State E1 is metastable, 

CR occurs between the excited ion and a ground-state ion which neighboured. ESA 

results in an exponential increase in the number of photons on State E2 resulting in 

strong upconversion luminescence. 
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1.2 Rare earth based upconversion materials 

Auzel et al.7 investigated upconversion mechanisms of rare earth based 

nanomaterial in the 1970s. These workers proposed upconversion mechanisms such as 

additional energy transition, excitation absorption, and cooperative luminescence. 

Typically, upconversion nanomaterials are divided into those with single dopants and 

those with multiple dopant materials8–17

1.2.1  Host materials 

. The multiple dopant upconversion materials 

are most common since rare earth materials have an f-f forbidden transition which does 

not have high absorption cross section. For example, UCNCs of inorganic host 

materials, such as fluorides, oxides, oxysulfides, phosphates, and vanadates, are 

typically doped with lanthanide ions. 

Ideal host materials should display both low lattice phonon energy and high 

emission strength. Since nonradiative energy loss requires the assistance of photons 

which are present in the host lattice, the nonradiative loss should be minimized when 

choosing the host materials, while also choosing low lattice phonon energy materials. 

According to the efficiency of upconversion luminescence, the phonon energy level 

scales as follows: fluorides > oxides18–21. The material structure stability, however, 

scales as fluorides < oxides. From previous studies, a series of host materials such as 

LiYF4
22–25, NaYF4

11,26, NaGdF4
27,28, NaLuF4

29, BaYF5
30, KY3F10

16, BaGdF5
31, CaF2

32 

and SrF2
33,34

1.2.2  Lanthanide dopants 

 have been proposed as good host materials which have low phonon energy. 

Usually, an inorganic upconversion phosphor consists of a crystalline host, with 

lanthanide ions added (also referred to as doped) into it at low concentrations. In 

upconversion materials, the ion that emits the radiation is termed an activator and the 

donator of energy is termed a sensitizer. The distance between these ions and their 

spatial arrangement within the host is an important influence on the upconversion 

luminescence that results. Accordingly, processes used for the fabrication of particles 

with a high efficiency of upconversion luminescence allow for easy tunability to the 
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relationship between the host lattice, different dopant ions, and different doping 

concentrations 

1.2.1.1 Sensitizer ions 

As shown in Figure 1.3, the sensitizer ions are added to the host to serve as 

excitation sources for activator ions, which then radiate light. Yb3+ ions have a larger 

absorption area than lanthanide activators and so is often co-doped with Er3+, Tm3+ and 

Ho3+ ions to act as a sensitizer to enhance the upconverted luminescence of a composite. 

A 980 nm laser can be applied as the excitation laser to match the energy of the 2F7/2 

to 2F5/2, found in Yb3+

 

 ions. 

Figure 1.3 The electron configuration for lanthanide ions1

1.2.1.2 Activator ions 

. 

The activator is the source of luminescence for UCNCs. Most rare-earth ions 

(RE3+) have more than one excitation level and can be successfully used as UCNCs 

activators. The most frequently used upconversion crystal activators are Er3+, Tm3+ and 
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Ho3+ ions. A relatively low concentration of activator ions is usually doped to minimize 

the energy loss that can occur with cross relaxation4

1.2.3  The mechanism of upconversion emission using lanthanide doped 

crystals as a model 

. 

The most commonly used activators rare earth ions are Er3+, Tm3+ and Ho3+ as 

shown in Figure 1.4, 1.5 and 1.6 respectively. Li et al.35

 

 proposed the upconversion 

transition process from sensitizers to emitters for these ions, as described below.  

Figure 1.4 (a) Er3+ ions upconversion luminescence process, (b) Er3+/ Yb3+ energy transfer 

process.35

Figure 1.4 shows the Er

 

3+, Yb3+ codoped upconversion luminescence process. The 

transition from 2H11/2 excited states to the 4I15/2 ground state can emit 520 nm green 

upconversion luminescence, and transfer from 4S3/2 excited states to the 4I15/2 ground 

state can emit 542 nm green upconversion luminescence. The transition from 4F9/2 

excited states to the 4I15/2 ground state can emit 660 nm red upconversion luminescence. 

Blue emission, from 4F5/2 excited states to the 4I15/2 ground state can emit 450 nm 

luminescence, 2P3/2 excited states to the 4I11/2 ground state can emit 470 nm 

luminescence, and 4F7/2 excited states to the 4I15/2 ground state can emit 450 nm 

luminescence. 
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Figure 1.5 (a) Tm3+ ions upconversion luminescence process, (b) Tm3+/ Yb3+ energy transfer 

process.35

Figure 1.5 shows Tm

 

3+and Yb3+ codoped upconversion luminescence processes. 

The transition from 1D2 excited states to the 3H6 ground state and 3P6 excited states to 

the 3F4 state can emit 365 nm and 345nm ultraviolet luminescence, respectively. The 

transition from 3H4 excited states to the 3H6 ground state can emit 800 nm near-infrared 

upconversion luminescence which is the most generally used upconversion process for 

Tm3+

 

. 

Figure 1.6 (a) Ho3+ ions upconversion luminescence process, (b) Ho3+/ Yb3+ energy transfer 

process.35

Figure 1.6 shows a Ho

 

3+, Yb3+ codoped upconversion luminescence process. The 

transition from the 4F3 excited states to the 5I8 ground state can occur at a 486 nm blue 

luminescence. The transition from the 5F4, 
5S2 excited states to the 5I8 ground state can 

emit a 510-570 nm green luminescence. The transition from the 5F5 excited states to 
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the 5I8 ground state can emit 647 nm red luminescence. The transition from the 5F4, 
5S2 

excited states to the 5I7

In this thesis, I chose NaYF

 state can emit a 751 nm near-infrared luminescence. 

4 as the host material which has low phonon energy, 

Tm3+ as the emitter ions, Yb3+

1.3 The outline of the thesis 

 as the sensitizer ions, and other ions to do other specific 

researchers. 

The focus of the research program undertaken and described here was to increase 

the luminescence emission intensity of rare earth ion-doped nanocrystals under specific 

illumination conditions. This thesis consists of an Introduction chapter, a Literature 

Survey chapter, three experimental methods, results and discussion chapters based on 

published work, and one Conclusion chapter. The results and discussion chapters are 

presented in the form of four journal publications (two first author papers and two co-

author papers) and comments on my input. 

Chapter 3 is presented as a published, first-author paper (The Journal of Physical 

Chemistry Letters, 2016, 7(16): 3252-3258). This examines the influence of crystal 

defects on upconversion luminescence. Here a unique quantitative method is described 

for the optical characterizations of single UCNCs so that the presence of interior defects 

within crystals could be identified. The importance of controlling the transit stage of α-

NaYF4 into β-NaYF4

Chapter 4 is presented as a published, first-authored paper (Nano Letters, 2017, 

17(5): 2858-2864). This focuses first on a novel method to decrease the UCNCs’ size. 

The synthesis of a novel sandwich structure, with an active interlayer which can be 

doped with a maximum number of sensitizer ions, is also described. By coating with a 

layer of inert shell, the crystals’ upconversion luminescence increases owing to a 

minimization of surface quenching. 

 was emphasized. UCNCs as small as 13 nm have been 

demonstrated by this work to exhibit high emission efficiency. 

Chapter 5 is presented as two co-authored papers (Nanoscale. 2017, 9: 7719-7726; 

Nature, 2017, 543: 229-233). This chapter focuses on the UCNCs’ uniformity detection 

and optical imaging applications in super-resolution nanoscopy. The sensitizer ions in 

the nanocrystals are shown to exhibit a radial gradient distribution in each single 
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UCNCs, by using synchrotron-based X-ray Photoelectron Spectroscopy (XPS) and 

Energy Dispersive X-ray Spectroscopy (EDX) measurements. UCNCs, highly Tm3+

Chapter 6 is a summary of the key research outcomes of my Ph.D. research, and a 

discussion of the future work prospects of UCNCs applications is given. 

 

doped with good crystal quality and small size, have good luminescence efficiency, 

demonstrated by low-power super-resolution stimulated emission depletion (STED) 

microscopy. These UCNCs offer efficient optical switching with saturation intensity at 

low excitation power. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 Upconversion nanomaterials’ applications 

2.1.1  Optical applications for UCNCs 

Upconversion nanomaterials convert near infrared (NIR) light into visible light. 

Upconversion nanomaterials hence can be used as lighting sources and in display 

devices, and for anti-counterfeiting and fingerprint analysis. 

2.1.1.1 Upconversion nanomaterials for lighting 

Bulk scale upconversion materials play an increasingly important role in lighting, 

such as lanthanide ion doped transparent glass1, films2–4, and polymers5

For most common silica-based glass, high transparency and high mechanical 

stability are advantageous. A new method for combining lanthanide ions with glasses 

was reported by Suzuki et al

. 

6. They proposed a flux coating method for coating NaYF4: 

Ln3+ (Ln3+=Yb3+, Er3+ and Tm3+

A sol-gel method has often been used for the production of inorganic thin films 

containing lanthanide UCNCs. For example, Sivakumar et al.

) nanocrystals onto glass, which provided a new route 

for constructing upconversion layers in functional devices more directly. 

7 proposed a SiO2 thin 

film incorporating LaF3 nanocrystals, to realize NIR to red and green upconversion 

emission8

Polymers such as polymethyl methacrylate (PMMA) and polydimethylsiloxane 

(PDMS), have been used as optical displays materials in recent years

. 

6. This kind of 

upconversion nanocomposites are stable, can be easily synthesized by an in-situ 

polymerization route and do not need any further postdeposition heating, as shown in 

Figure 2.1 (a) and (b). 
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Figure 2.1  Examples of UCNCs used for imaging: photographs of the β-NaYF4: Er3+/PMMA 

(a) and β-NaYF4: Tm3+/PMMA (b) under 980 nm laser excitation5; (c) fingermark 

through the use of UCNCs9; (d) Multicolour barcode red-green-blue (RGB) 

printing by using UCNCs10

2.1.1.2 UCNCs use in colour display devices and its use as anti-counterfeiting 

technology 

. 

Another anticounterfeiting application is fingerprint detection17–19.For example, 

Ma et al. proposed to use NaYF4
12 and YVO4

13

2.1.2  UCNCs use as an energy source 

 nanocrystals for fingermark detection, 

because it shows good sensitivity and selectivity. 

Upconversion materials can be used as a second excitation source because of their 

high upconverted photon energy. This has been developed in solar cells, reaction 

catalysts and data storage15–20

2.1.2.1 UCNCs applied to solar technology 

. 

Solar cells cannot fully utilize energy from sunlight because of spectral mismatch, 

especially in the lower energy range of NIR. Upconversion nanomaterials can improve 
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the efficiency of absorption by solar cells because they can convert this lower energy to 

higher energy. Recently, upconversion materials have been reported which, combined 

with silicon solar cells, are used in solar power applications21–23. The efficiency 

enhancement of solar cells by UCNCs remains small owing to the relatively low 

upconversion efficiency. For example, Gibart et al.22 reported 2.5 % enhancement in 

efficiency from a Ti-sapphire NIR laser under 891 nm, and Shalav et al.21 obtained the 

same effect of 2.5 % under 1523 nm laser by using NaYF4

Another kind of novel solar cells using upconversion nanomaterials, dye-

sensitized solar cells

 UCNCs. 

24,25, was proposed recently, but the photocurrent density increase 

not obvious as well. For example, Chen et al.25 proposed a film to introduce UCNCs 

into a conventional dye-sensitized solar cell, which achieved only 0.47 mW output 

under a 1W, 980 nm excitation laser. Hence, upconversion nanomaterials for solar cell 

applications still have several challenges to overcome23

2.1.2.2 UCNCs for use in photocatalysis 

. 

Semiconductor photocatalysis plays an important technical role in environmental 

remediation and solar energy conversion. UCNCs can serve as a light converter, 

providing a transfer of photons from NIR to ultraviolet (UV) and/or visible emissions. 

The most commonly used composite photocatalysts are UCNCs with TiO2, excited 

under 980 nm laser, because TiO2 is non-toxic, low cost, and chemically stable26,27. 

Other types of composite photocatalyst materials have been proposed such as CaF2: 

Ln3+/BiVO4 (Ln3+=Yb3+/ Tm3+/ Ho3+)28 and g-C3N4/NaYF4: Tm3+ 29

2.1.2.3 UCNCs for data storage 

, which can be 

activated under both visible light and NIR light by simulated sunlight. 

Upconversion emission signals can be read by confocal imaging, and can thus be 

used in an optical memory system for rewriting or re-reading. For example, Zhang et 

al.19 proposed a kind of re-writing using UCNCs with diarylethenes, which combine 

diarylethenes’ reversible photoisomerization properties with upconversion 

nanomaterials’ NIR readout window. An important topic currently for data storage is 

photoswitchable nanomaterials, using two types of lanthanide UCNCs for two-photon 

fluorescence microscopy15, as shown in Figure 2.2. 
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Figure 2.2 Bidirectional photoswitching of a Tetrahydrofuran (THF) solution of 

dithienylethenen, dispersed with Tm3+/Er3+ codoped core-shell-shell nanocrystals, 

by varying NIR light15

2.1.3  Biosafety and bioimaging applications of UCNCs 

. 

UCNCs have several advantages for bio-applications such as detection in an auto-

fluorescence free environment30, narrowband luminescence, non-blinking and long 

luminescence lifetimes31. At the same time, a number of in vivo toxicity studies have 

been reported32–38

2.1.3.1 Toxicity studies of UCNCs in biological systems 

.  

Most studies of upconversion nanomaterials’ toxicity have been reported in cell 

cultures and small animals39. For example, Xing et al.40 reported that NaYbF4 has no 

damaging or toxic effects on organs as a result of lengthy testing in vivo. Gd3+ based 

UCNCs can be used in magnetic resonance imaging (MRI) and their toxicity has been 

widely studied41–43. For example, Yang et al.35 proposed Sm3+ doped Gd(OH)3 
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nanorods as an MRI contrast agent: no adverse effect was reported in mice, in long-

term studies (150 days) by injection of up to 100 mg/kg of Gd(OH)3

Bio-functionalization or bio-conjugation upconversion nanomaterials, such as 

poly(ethylene glycol) (PEG)

 nanorods. 

44,45, poly(ethylene imine) (PEI)38,46, SiO2
47, poly(acrylic 

acid) (PAA)48, are reported to exhibit little or no toxicological effects; and are 

accordingly safe for bio-applications. Many studies have accordingly focused on the 

toxicity or safety of modified UCNCs. For Caenorhabditis elegans (C. elegans), 

typically, Chen et al.49 reported that no significant harmful effect on C. elegans was 

observed after treatment with 1 mg/mL NaYF4 coated with PEI was observed after 3 

hours. They also showed that it has no toxicological effect when there is a difference in 

size and shape or surface ligands of nanocrystals on C. elegans and their progeny. For 

zebrafish, Wang et al.50 reported that LaF3 coated with SiO2 nanocrystals has no 

toxicological effects after injection of up to 100 μg/mL into zebrafish. Jang et al.37 

reported no changes in zebrafish when injected with NaYF4

In a typical mouse study, Cheng et al.

 lanthanide doped 

nanocrystals, which showed 10 times lower toxicity than quantum dots (QDs) by 

comparison to the control group (Nanodot HE-series). 

51 reported that NaYF4 nanocrystals coated 

with PAA resulted in no organ damage or lesion occurrence in mice after injection with 

20 mg/kg. Chatterjee et al.38 proposed the NaYF4 nanocrystals coated with PEI 

accumulated and reduced in the lungs within 24 hours and were undetectable after 7 

days in mice. For determination of long-term of toxicity, Xiong et al.34 tested toxicity in 

mice after injection with NaYF4

2.1.3.2 The use of UCNCs for in vitro and vivo bioimaging 

 coated with PAA nanocrystals, for 24 hours, two 

weeks and four months. The results showed no apparent symptoms of health 

deterioration. 

Several kinds of small molecule-modified UCNCs have been selected as 

bioimaging probe candidates52. For example, SiO2
53–55 coated UCNCs are commonly 

used for imaging of living cells. Lanthanide nanocrystals coated with PEG56–58, PEI59, 

PAA59, polyvinylpyrrolidone (PVP)60 and 3-mercaptopropionic acid47 are also used as 

cell imaging labels. Among these surface modifications, surface charge can change the 

cell uptake significantly. Jin et al.61 proposed that positively charged polymer modified 
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nanocrystal displayed greatly enhanced cellular uptake compared with negatively 

charged nanocrystals. 

The upconversion luminescence bioimaging of living cells can be realized at the 

single crystal level since the crystals have no autofluorescence. For example, Zhang et 

al.62 used confocal microscopy to analyze UCNCs individually (Figure 2.3 (a, b)), and 

Shan et al.63 proposed visible emission at single nanocrystal-level cell imaging, by 

using PAA modified NaYF4

 

 nanocrystals, as shown in Figure 2.3 (c). 

Figure 2.3 (a) Reflection image of NaYbF4 nanocrystals on a glass substrate; (b) Confocal 

photoluminescence image of the crystals showed in (a)62, Scale bar is 25 mm and 

5mm for the (a) inset; (c) NIR imaging of NaYF4: Er3+ nanocrystals incubating 

with cells63

In addition to cells, C. elegans has developed to an important model in biomedical 

applications. Lim et al.

. 

36 first proposed NaYF4 UCNCs imaging in C. elegans (shown 

in Figure 2.4 (a-c)); several other researchers reported that higher crystal concentration, 
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smaller crystal size and longer incubation times result in brighter and longer imaging 

time in C. elegans bodies33,49. Two other widely-used models are the Lymphatic and 

Vascular systems. Lymphatic imaging can be created by UCNCs without extra 

postprocessing64,48. Vascular imaging has been reported in mice through a tail vein 

injection (shown in Figure 2.4 (d-e))65.  An optical sectioning depth of 100 μm can be 

obtained by using 800 nm upconversion emission of mice brain blood vessels. For 

small animals, whole-body upconversion imaging of nude mice66,67 and rabbit68

 

 have 

been proposed.  

Figure 2.4 (a-c): Two-photon images, under 980 nm excitation, of C. elegans after different 

periods of food deprivation: (a) 0 hour, (b) 4 hours, (c) 24 hours36; (d-e): Optical 

imaging of blood vessels with Y2O3 UCNCs under (d) 980 nm excitation  and (e) 

737 nm excitation65

2.1.3.3 UCNCs used as a luminary in tracking and targeting 

. 

Single nanocrystal tracking can help researchers to better understand the route of 

drug delivery, cellular dynamics, and transport phenomena69,70. Some tracking 

applications have been proposed by using QDs71 and carbon nanotubes71. Currently, 

UCNCs are reported to be used as tracking tools for cells. For example, Idris et al.72 

reported tracking in myoblast cells over 4 hours by using SiO2 coated NaYF4 
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nanocrystals. Xiang et al. demonstrated tracking processes in a tumor for 7 days53 and 

from the liver to the lung by using oligo-arginine modified NaYF4 nanocrystals54

Tumor diagnosis and therapy by tumor-targeted imaging

.  
73 is another application 

of upconversion nanomaterials. Usually, upconversion targeted imaging by using 

UCNCs conjugated with folic acid74,75, antibodies76–78 and peptide79,80. For example, 

Liu et al.81 reported that folic acid modified NaYF4 nanocrystals could target a tumor in 

a bearing athymic nude mice for more than 24 hours after being injected into HeLa. 

Wang et al.77 proposed SiO2 modified NaYF4 nanocrystals conjugated with anti-Her2 

antibodies for targeting SK-BR-3 cells. Kumar et al. used anti-claudin 4 and anti-

mesothelin modified NaYF4 nanocrystals for delivery to cancer cells in vivo78

2.1.4  The use of UCNCs as sensors 

. 

Upconversion nanomaterials can be used as luminescent probes for several kinds 

of the detector such as nanothermometers82, pH sensors83, small molecules84–86 and 

DNA/RNA87. Some workers have proposed that lanthanide ions are temperature 

sensitive and can be developed as nanothermometers. For example, Wang et at88. found 

that ZnO: Er3+ nanocrystals have thermal sensitivity and exhibit temperature-dependent 

upconversion luminescence phenomena.  Similar temperature sensitivity phenomena 

have been observed in liquids and cells89. Nanocrystals such as NaYF4
90,91, CaF2

92, 

Yb2Ti2O7
67 and Y2O3

93 have been reported as good candidates for nanothermometers, 

but none have been directly applied in vivo yet. UCNCs are also potentially useful as 

pH sensors. For example, Sun et al.94 reported that NaYF4 nanorods’ upconversion 

emission intensity can be affected by pH from 6 to 10, within 30 seconds. Zhang et al.83 

reported that NaYF4

Generally, the biomedical applications of upconversion have been widely 

researched in X-ray computed-tomography (CT) imaging

 assembled Au nanocrystals’ emission wavelength can be changed 

by changing the pH value: 619 nm emission under pH 3 can change to 523 nm by 

changing pH to 11. This results from the Au nanocrystals’ assembling and 

disassembling under different pH values. 

95–97, positron-emission-

tomography (PET) imaging98, single-photon emission computed tomography (SPECT) 

imaging99–101 and photodynamic therapy (PDT)74,75. 
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2.2 The fabrication and tunability of nanocrystals 

Several methods for synthesis of UCNCs are available, such as high-temperature 

solid state methods, sol-gel methods, co-precipitation methods, hydrothermal methods, 

thermal decomposition methods, combustion methods, and ionic liquids-based methods. 

Some methods are for bulk materials and some are for solvent materials. In these 

approaches, controlling the outcome of nanocrystal fabrication has developed rapidly 

and enabled the tuning of nanocrystals to a specific size, shape and with specific 

surface properties necessary for their various applications. Some of these methods are 

described below in more detail. 

2.2.1  The coprecipitation approach to UCNCs fabrication 

Coprecipitation of particles is a common method used for the synthesis of 

nanocrystals that are lanthanide-doped. Compared to other approaches, it can be carried 

out with low-cost equipment. Veggel et al.102 used this method to synthesize LaF3 

nanocrystals. Yi et al.55 first reported using this method to synthesize NaYF4 UCNCs. 

With the development of this method, Heer et al.82 produced transparent and soluble β-

phase NaYF4 UCNCs by using a relatively low temperature. Li and Zhang103 

synthesized NaYF4: Yb3+, Er3+/Tm3+

 

 which does not need excessive amounts of 

fluoride reactants at high temperatures, thus decreasing volatile fluorinate: as a result, 

the nanocrystals’ morphology is much more homogeneous.  Nanocrystals synthesized 

by coprecipitation are shown in Figure 2.5. 

Figure 2.5  Transmission electron microscope (TEM) images of UCNCs. (a) LaF3 nanocrystals 

prepared by Veggel et al.102 (b) NaYF4 nanocrystals prepared by Yi et al.55 (c) 

NaYF4 nanocrystals prepared by Heer et al.82 (d)  NaYF4: Yb3+, Er3+/Tm3+ 

nanocrystals prepared by Li and Zhang103. Scale bar: (a) and (d) are 20 nm, (b) and 

(c) are 100 nm. 
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2.2.2  Thermal decomposition procedures for making UCNCs 

This is used to decompose one substance to two constituents on heating. It 

typically requires the use of an organic compound as a solvent. Zhang et al.104 first 

reported a synthesis of triangular LaF3 nanoplates by using this method. Mai et al.105 

subsequently reported the synthesis of high quality, monodispersed cubic phase 

NaREF4 (RE = Pr3+ to Lu3+, Y3+) by using acetate precursors. This process also allowed 

the synthesis of UCNCs of either α or β phase NaYF4. Mai et al. found that β-NaYF4 

can be formed from α-NaYF4 by an Ostwald ripening process106. Ehlert et al.107 

synthesized a series of rare earth ions codoped with NaYbF4 nanocrystals; Du et al.108 

synthesized a series of metal ions codoped with NaMF3 (M = Mn2+, Ni2+, Co2+, Mg2+) 

nanocrystals and LiMAlF6 (M = Ca2+, Sr2+) nanocrystals, also by using this method. 

Shan et al.109

oleic

 reported that tributylphosphine oxide could be used as the single solvent 

instead of  acid (OA)/1-octadecene (ODE) solvent or OA/ODE/oleylamine (OM) 

solvent. Chen et al.110 synthesized NaYF4 nanocrystals by using RE-oleate precursors. 

Nanocrystals synthesized by thermal decomposition are shown in Figure 2.6. 

javascript:void(0);�
javascript:void(0);�
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Figure 2.6 TEM images of UCNCs: (a) LaF3 nanoplates prepared by Zhang et al.104; (b-e) 

NaREF4 (ER= Nd3+, Eu3+, Y3+ and Yb3+) nanocrystals prepared by Mai et al.105 by 

using acetate precursors; (f-i) NaMF3 (M= Mn2+, Ni2+, Co2+, Mg2+) nanocrystals, (j) 

LiCaAlF6 nanocrystals and (k) LiSrAlF6 nanocrystals prepared by Du et al.108; (l) 

NaYbF4 nanocrystals prepared by Ehlert et al.107; (m) NaYF4 nanocrystals 

prepared by Shan et al.111 in TOPO at 360 ◦C; (n) NaYF4 nanocrystals prepared by 

Chen et al.110. 
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2.2.3  Hydrothermal methods for making UCNCs 

Hydrothermal synthesis methods use high temperatures and high pressures. Unlike 

the thermal decomposition method, hydrothermal methods can use water based systems 

and can be synthesized in inorganic materials. In this way, various morphologies of 

UCNCs can be synthesized and controlled. Classical work using this method has been 

reported by Liang et al.112, who prepared NaHoF4 and NaSmF4; and Zeng et al.113, who 

prepared NaYF4 nanocrystals dispersed in acetic acid and ethanol. Nanocrystals 

fabricated by hydrothermal methods can be synthesized in morphologies such as 

nanorods, nanotubes, nanodisks and flower shape nanocrystals114

 

 as shown in Figure 

2.7. 

Figure 2.7 Scanning electron microscope (SEM) images of NaYF4 nanocrystals with various 

morphologies: (a) nanorods, (b) nanotubes and (c) flower-patterned nanocrystals, 

prepared by Zhang et al.114

2.2.4  Sol-gel methods for making UCNCs 

. 

Sol-gel methods are widely used in oxide and fluoride nanocrystals. In this method, 

nanocrystals comprised of sol and agglomerate are added to another kind of gel which 

can form a large molecule. The crystal forms by subsequently removing the solvents 

from the gel by calcination. Patra et al. synthesized ZrO2
115, TiO2 and BaTiO3

116 by 

using titanium isopropoxide and barium acetate sol precursors. Other upconversion 

materials such as Gd3Ga5O12
117 and Lu3Ga5O12

118 also can also be synthesized by this 

method. As shown in Figure 2.8, the morphologies and sizes of these nanocrystals are 

not easily controllable and the crystals are likely to aggregate.  
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Figure 2.8  TEM images of (a) ZrO2 (b) TiO2 and (c) BaTiO3 nanocrystals prepared by Patra 

et al.115,116; (d) SEM image of Gd3Ga5O12 nanocrystals prepared by Daldosso et 

al.117; (e) TEM image of Lu3Ga5O12 nanocrystals prepared by Mahalingam et 

al.118 prepared by Sol-gel method; (f) NaYF4 nanocrystals prepared by Liu et al.119 

using the ionothermal method; (g) Y2O3 nanocrystals prepared by Ju et al.120

2.2.5  Other methods for making UCNCs 

 using 

a flame synthesis method. Scale bar: (a) 20 nm, (b) 200 nm, (c) 40 nm, (d) 500 nm 

and (e-g) 25 nm. 

A new method which is more environment-friendly, the ionothermal method, has 

been proposed by Liu et al.119. This method can synthesize water-soluble pure NaYF4

Combustion synthesis is a rapid synthesis method using exothermic reactions at a 

relatively low temperature. The combustion method can be used for the synthesis of 

upconversion phosphor powder such as Gd

 

nanocrystals, as shown in Figure 2.8 (f). The advantage of this method is that the 

synthesis process requires only a low vapor pressure and is nonflammable; the 

disadvantage is that the morphology of the synthesized nanocrystals is not easily 

controllable and there is a broad size distribution.  

3Ga5O12
121

, Er3Al5O12
122, Y2O3

123 and 

Gd2O3
124; the last mentioned is shown in Figure 2.8 (g). Another method which is 

widely used for the synthesis of upconversion phosphor powder is flame synthesis. 

Flame synthesis is a similar process which is faster and lower in cost. Flame synthesis 

has been reported by Ju et al. for the preparation of Y2O3
120, La2O3 and Ga2O3

125.  
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The new synthesis methods described above are quicker, more convenient and 

lower in cost than traditional synthesis methods, but the nanocrystal quality is not as 

good.  Crystal size and morphology is typically non-homogeneous; crystal aggregation 

occurs readily. As a result, these new methods are commonly used only to synthesize 

powder samples.  

2.3 The mechanism of nanocrystals nucleation and growth 
2.3.1  Classical nucleation 

In classical nucleation theory, nucleation can occur by homogeneous nucleation or 

heterogeneous nucleation. Homogeneous nucleation occurs in the pure material; 

heterogeneous nucleation relies on nucleation at impurities. Only homogeneous 

nucleation is described here. The free energy curve for nucleation shown in Figure 2.9. 

 

Figure 2.9 Free energy curve for nucleation95

Nanocrystal nucleation occurs owing to a reduction in Gibbs free energy

. 

96

∆𝐺 = ∆𝜇𝑉 + ∆𝜇𝑆                                                      (2.1) 

, defined 

by: 

Where ∆𝜇𝑉 is the change in volume energy and ∆𝜇𝑆 is the change in surface energy. 

They can be defined as: 

∆𝜇𝑉 = 4
3
𝜋𝑟3∆𝐺𝑣                                                       (2.2) 

∆𝜇𝑆 = 4𝜋𝑟2𝜎                                                          (2.3) 
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Where r is the radius,  𝜎 is the surface energy per unit area 

As Figure 2.9 shows, when r is small, the surface energy will dominate the 

reaction which means that ∆𝐺 will become more positive as r increases. When r is 

bigger than a critical size r*, the volume energy will dominate the reaction which 

means that ∆𝐺 will decrease as r increases. At the point r = r*, ∆𝐺 = ∆𝐺∗ is At the 

maximum. Deriving the critical size, r*: 

𝑑∆𝐺
𝑑𝑟

= 4𝜋𝑟2 ∙ ∆𝐺𝑉 + 8𝜋𝑟 ∙ 𝜎 = 0                                         (2.4) 

𝑟∗ = − 2𝜎
∆𝐺𝑉

                                                             (2.5) 

Therefore, when r < r*, the nucleus will dissolve into the solution. Nuclei smaller 

than r* are called embryos. When r > r*,  ∆𝐺 decreases, i.e. the system’s Gibbs free 

energy decreases.  The nucleus with r > r* is therefore stable and can continue to grow. 

If the nucleus r = r*, it can be dissolved or grow bigger, depending on whether extra 

energy is available. The nucleation process must thus overcome the energy barrier ∆𝐺∗ 

to form a stable nucleus. This critical energy ∆𝐺∗ can be defined with Equation 2.1 and 

2.5: 

∆𝐺∗ = 4
3
𝜋(− 2𝜎

∆𝐺𝑉
)2 ∙ ∆𝐺𝑉 + 4𝜋 �− 2𝜎

∆𝐺𝑉
�
2
∙ 𝜎 = 1

3
(4𝜋𝑟∗2 ∙ 𝜎)                   (2.6) 

From Equation 2.6, it can be seen that the nucleus reaches the critical energy 

when the nucleation energy reaches 1/3 of the surface energy. 

Every unit volume of changing Gibbs free energy depends on the solution 

concentration.  

∆𝐺𝑉 = − 𝑘𝑇
𝜕
𝑙𝑛

𝐶
𝐶0

                                                         (2.7) 

Where𝜕  is the atomic volume, 𝐶  is the solute concentration,  𝐶0  is the equilibrium 

concentration. This equation shows that nucleation occurs spontaneously when 𝐶>𝐶0.  

The mechanism of crystal nucleation and growth was proposed by LaMer and 

Dinegar in 195097. Commonly, this is divided into 3 stages, as Figure 2.10 shows.  
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Figure 2.10 LaMer diagram schematic97

In Stage Ⅰ, the concentration of solute increases rapidly, but no nucleation occurs. 

Nucleation occurs when time increases (and the solute concentration increases).  In 

Stage II, the solute becomes supersaturated and the nucleus forms. In Stage Ⅲ, growth 

occurs. With the solute concentration and supersaturation decreased, the volume Gibbs 

free energy will be reduced and no more nuclei formed. 

. 

2.3.2  Crystal nucleation and growth explained  

The Au nanocrystal synthesis process proposed by Polte et al.126 represents the 

classical nucleation and growth process, as shown in Figure 2.11. First, the initial Au 

salt forms nucleation crystals which are less than 2 nm in diameter. Second, the 

nucleation crystals grow by aggregation to about 3 nm, i.e. reach the critical radius, and 

further grow to about 6 nm by Ostwald ripening127

 

. Finally, the crystals grow to about 8 

nm by precipitation from the supersaturated solution. 

Figure 2.11 Schematic of gold nanocrystal formation and growth process126.  
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The Ostwald ripening mechanism mentioned above was first proposed in 1897 by 

Ostwald98. The theory of Ostwald ripening is, small nanocrystals are more likely to 

dissolve into a solution, whereas large nanocrystals are likely to grow bigger by using 

the salt from the dissolved small crystals. The precondition for this phenomenon is that 

the two kinds of crystals should have a large size difference since the volume Gibbs 

free energy should be significantly different128. Gao et al.129 proposed that the NaYF4: 

30% Mn2+, 1% Er3+ bundle-shaped microtube synthesis is based on the Ostwald 

ripening process. Similarly, Johnson et al.130 proposed that homogeneous NaYF4

 

 

nanocrystals can be fabricated with layer-by-layer epitaxial growth, based on Ostwald 

ripening, as shown in Figure 2.12. 

Figure 2.12 Schematic of NaYF4: 15% Yb3+, 2% Er3+ nanocrystal grow process via Ostwald 

ripening130. (A) NaYF4 core nanocrystals, (B) after injection of α-NaYF4 shell 

nanocrystals, (C) after self-focusing NaYF4

2.3.3  The nucleation of NaYF

 core-shell nanocrystals and (D) size 

distribution of the core and core-shell nanocrystals. 

4 

For NaYF

nanocrystals 

4 nanocrystals, two different phases can be synthesized: a cubic (α) 

phase and a hexagonal (β) phase. The α-NaYF4 phase is metastable at a high 

temperature and the β-NaYF4 is thermodynamically stable at high temperature. In 



MACQUARIE UNIVERSITY PhD THESIS                                                                   CHAPTER 2  LITERATURE SURVEY 

- 32 - 
 

NaYF4 the change from α to β is thus thermodynamically governed when it is heated to 

298 ◦C. As reported by Suter et al, Figure 2.13 shows NaYF4 changing from α to β 

phase as it is heated to this temperature.131

 

 

Figure 2.13 TEM images of β-NaYF4 during the synthesis process, at different temperatures: (a) 

T = 179 ◦C; (b) T = 245 ◦C; (c) T = 298 ◦C for 33 min; (d) T = 298 ◦C for 77 min; (e) 

T = 298 ◦C for 94 min; (f) T = 298 ◦C for 124 min; (g) T = 298 ◦C for 140 min131

The NaYF

.  

4

 

’s crystals’ growth mechanism differs from the classical mechanism 

model because of the α-β phase change it undergoes as it is heated and this is shown in 

Figure 2.14. 

Figure 2.14 A schematic of the free energy as a function of the reaction coordinate for NaYF4 

nanocrystals is shown105

The α-NaYF

. 

4 nanocrystals’ nucleation energy barrier is lower than α-β NaYF4, 

hence the synthesis of β NaYF4 requires the input of additional energy. 
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2.4 Nanocrystals with different phase, morphology, and size 

2.4.1  Different phases in NaYF4

UCNCs’ phase can change not only with temperature change but also with 

changes in the ratio of dopant ions or changes in the reaction solution.  

 nanocrystals 

Mao et al.132 proposed that different Li+ and Na+ dopant ratios can change LixNa1-

XYF4 nanocrystals from the hexagonal phase to the tetragonal phase, as shown in 

Figure 2.15 (g). With greater Li+ doping, the phase was reported to change from 

hexagonal phase (<30% Li+) to tetragonal phase (>70% Li+). Mao et al.132 proposed 

two reasons for this phase change. (1) The alkalinity of the solution is weakened by 

doping with LiOH since NaOH’s alkalinity is stronger than LiOH. The growth of β 

NaYF4 occurs along the [0001] facets through selective adsorption. (2) The ionic radius 

of Li+ is smaller than that of Na+ so that on the addition of further Li+

 

, the octahedron is 

enclosed by lower energy planes (111), which means it can easily form the tetragonal 

phase. 

Figure 2.15 (a)-(f), SEM images of LixNa1-XYF4 nanocrystals: (a) x = 0; (b) x = 0.15; (c) x = 

0.30; (d) x = 0.50; (e) x = 0.70; (f) x = 0.85. (g) schematic of the formation process 

of different morphologies of synthesized LixNa1-XYF4 nanocrystals132

Shan et al.

. 

133 proposed that a different oleic acid (OA) to tributylphosphine (TOP) 

ratio can change the NaYF4 nanocrystals’ phase from cubic phase to hexagonal phase, 

as shown in Figure 2.16. Increased TOP is seen in Figure 2.16 (f) to cause the phase to 
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change from α-NaYF4 to β-NaYF4. Shan et al.133

 

 reported that the OA can react with 

TOP at high temperature, allowing the formation of a ligand with different coordination 

properties. This can reduce the phase transfer energy barrier, and hence favor formation 

of the hexagonal phase. 

Figure 2.16 (a)-(e), TEM images of NaYF4 with different OA/TOP solution ratios: (a) TOP=0; 

(b) OA/TOP=4:1; (c) OA/TOP=1:1; (d) OA/TOP=1:4; (e) OA=0. (f) Schematic of 

synthesis of NaYF4 shows (f) as a function of the TOP reaction coordinate in 

OA/ODE133. 
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2.4.2  Different morphologies of nanocrystals  

The morphology of nanocrystals can change as a result of the dopant concentration 

of different rare materials such as Nd3+, Yb3+, Er3+ doped material134,135 as shown in 

Figure 2.17, different ratios of solvent136 and different pH values135

 

. 

Figure 2.17 Schematic of the formation mechanism of different morphologies of NaYF4 

nanocrystals through different ratios of OA/Ln3+ and F-/Ln3+ 134

Shang et al.

. 

134 proposed that increasing the ratio of F-/Ln3+ can gradually change 

the nanocrystals’ growth towards a longitudinal direction since the high F-/Ln3+

Na et al.

 ratio 

can let top and end surface become smoothly and higher crystallization. And the OA 

amount changing can influence the growth rate of facets of (0001) and (101�1), which 

will change the directions of nanocrystals’ growth. 

136 proposed that different OA/ODE ratios can change nanocrystals’ 

morphology since a large amount of OA reduces opportunities for the monomers to 
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attach to the nucleus, as shown in Figure 2.18. OA preferentially adsorbs onto the 

crystallographic planes (10 1� 0) and (01 1� 0), leading to the longitudinal growth of 

nanocrystals when the OA amount is high. 

 

Figure 2.18 TEM and HRTEM (insert) images of β-NaYF4 nanocrystals synthesized with 

different OA/ODE ratio: (a) =2:19, (b) =6:15; (c) =15:6, (d) =19:2. The scale bar is 

50 nm136

Ding et al.

. 

135 proposed using trisodium citrate (Na3Cit) to synthesize β-NaYF4 

nanocrystals since Na3Cit plays a role as a chelating agent that slows the nucleation of 

β-NaYF4 nanocrystals and also selectively adsorbs to the top and bottom {0001} planes 

and this lowers their surface energy, as shown in Figure 2.19. The addition of more 

Na3Cit dopant will induce the nanocrystals to grow in the [0001] direction. Ding et 

al.135 also found that the pH value of the reaction solution influences nanocrystal 
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morphology; Cit3- ions will combine with H+ ions at a low pH and this decreases the 

ability of Cit3- ions and Y3+ ions to form a complex. The capping ability of Cit3-

 

 allows 

the nanocrystal to grow faster from the {0001} plane in the [0001] direction than in the 

transverse direction. 

Figure 2.19 (a)-(f): SEM images of β-NaYF4 nanocrystals synthesized at different ratios of 

Cit3-/Y3+ is shown; (a) without Cit3- ; (b) 0.5:1; (c) 1:1; (d) 2:1; (e) 4:1; (f) 8:1. (g)-

(j): SEM images of β-NaYF4 nanocrystals synthesized at different pH values is 

shown: (g) pH=3; (h) pH=5; (i) pH=7; (j) pH=9. (k) A schematic of the synthesis 

of different morphologies of β-NaYF4 nanocrystals under various experimental 

conditions is given135

2.4.3  The fabrication of different sized nanocrystals 

. 

UCNCs can be synthesized in a wide size range, from a few nanometres137–139 to 

several hundred nanometres140,141. The size can be influenced by several factors such as 

the amount of dopant ions142,143,  temperature144, and solvent ratio145

Kang et al.

.  

143 reported that the NaLuF4 nanocrystal size decreased when Y3+ 

doping concentration increased, as can be seen in Figure 2.20. They point out that the 

smaller ionic radius of the Lu3+ ions has a lower electron charge density than the larger 

ionic radius (Y3+ ions146. Lower electron charge density on the nanocrystal surface 

accelerates the diffusion of the negatively charged F- ions to the surface. This changes 

how the nanocrystals are formed and leads to an increase in their size. In contrast, 



MACQUARIE UNIVERSITY PhD THESIS                                                                   CHAPTER 2  LITERATURE SURVEY 

- 38 - 
 

doping with Y3+ ions, which have a higher electron charge density, decreases the final 

size of the NaLuF4

 

 particles. 

Figure 2.20 (a)-(h), TEM images of NaLuF4 nanocrystals with different amounts of Y3+ ion 

dopant: (a) = 0%, (b) = 10%, (c) = 20%, (d) = 30%, (e) = 40%, (f) = 60%, (g) = 

20%. (h): High resolution transmission electron microscope (HRTEM) image of 

(e). (i): Growth of Y3+ ion doped nanocrystals143

A similar trend in the dependence of size on doping was proposed by Lei et al.

. 

142 

and Damasco et al.147, who doped Ca2+ ions into NaGdF4 nanocrystals and Gd3+ ions 

into NaYbF4 nanocrystals, respectively. This is shown in Figure 2.21. A similar 

explanation was also proposed by Wang et al.11: different ionic radius ions have 

different electron charge density. Smaller ionic radius ions have lower electron charge 

density, which increases the diffusion of negatively charged ions (F-) onto the surface. 

Subsequently, this forms larger nanocrystals (and vice versa). 
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Figure 2.21 A: TEM images of NaGdF4 nanocrystals with x % Ca2+ doping: (a) x = 0, (b) x = 

10, (c) x = 20, (d) x = 25, (e) x = 30, (f) x = 40142. B: TEM images of NaYbF4 

nanocrystals with y % Gd3+ doping: (a) y = 0, (b) y = 7, (c) y = 10, (d) y = 20, (e) y 

= 30, (f) y = 40, (g) y = 50, (h) y = 70 147

Ostrowski et al.

. 

145 proposed tuning nanocrystals size by using a different amount 

of OM solvent, as shown in Figure 2.22. These researchers used a nuclear magnetic 

resonance (NMR) study to show that different surfactants have different affinities for 

the surfaces of nanocrystals doped with rare earth cations. 
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Figure 2.22 (A) Scanning transmission electron microscopy (STEM) images of β-NaYF4 

nanocrystals with OM concentration of  1.12 M, 0.75M, 0.38 M and without OM; 

(B) their corresponding size distribution (B)145

2.5 Growth method for extending crystals 

. 

Researchers have proposed a variety of methods to synthesize nanocrystals with 

various morphologies and sizes as described in the previous section. Most of these are 

one-pot production methods. Currently, research efforts are directed towards control of 

nanocrystals’ morphologies and sizes, and towards growth in specific directions for 

particular applications and functionalities, by creating core-shell structures. In these, 

growth may occur either in specific directions or homogeneously. 

2.5.1  The one-pot temperature increase method 

The one pot, temperature increase method is a kind of seed-mediated shell growth 

method, first proposed by Mai et al.148 and refined by Qian et al.149, as shown in Figure 

2.23. The advantage of this method is that synthesis is relatively simple. 
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Figure 2.23 TEM images of (a) α-NaYF4 core  and (b) β-NaYF4 core-shell nanocrystals11; (c) 

β-NaYF4: Yb3+, Tm3+ core  and (d) β-NaYF4: Yb3+, Tm3+@ β-NaYF4: Yb3+, Er3+ 

core-shell nanocrystals148

The heat up method developed more completely

. 

151 and became the most 

commonly used method to synthesize core-shell structures. The disadvantage is that 

core-shell nanocrystals fabricated by this method are not homogeneous when the shell 

is thicker than about 5 nm150, as shown in Figure 2.24. When this is the case, the 

crystals prefer anisotropic growth which, due to the different orientations of surface 

facets, have different binding strength with surfactants, which leads to crystal growth 

along preferred directions152. 
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Figure 2.24 TEM images of NaYF4 @ NaGdF4 nanocrystals with different shell thickness: 4 

nm (a and d); 8 nm (b and e); 10 nm (c and f)150

2.5.2  The hot injection method 

. 

The hot-injection method was developed in order to improve control of 

nanocrystal growth153. Using this method, nanocrystals can be synthesized with more 

homogeneous shells, and the shell thickness can be controlled within a relatively large 

range. For example, successive shells of around 1 nm have been reported by Johnson et 

al.130, as shown in Figure 2.25.  Shells of up to 8 nm have been reported by Li et al.154

 

, 

as shown in Figure 2.26. 

Figure 2.25 TEM images and size distribution of NaYF4 core-shell nanocrystals with different 

size after shell growth are given: A = 20 nm; B = 21.4 nm; C = 22.6 nm; D = 23.5 

nm; E = 24.3 nm130. The scale bar represents 20 nm. 
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Figure 2.26 TEM images and size distribution of NaGdF4 core-shell nanocrystals at different 

sizes is given: A = 4.56 nm; B = 10.38 nm; C = 13.97 nm; D = 19.95 nm154

Another advantage of this method is that nanocrystals can be synthesized with 

different functional layers of shells. For example, Wen et al.

. 

155 proposed four different 

layers of shells on upconversion nanorods to realize the efficient transfer of visible 

upconversion luminescence, as shown in Figure 2.27. Wang et al.156 proposed three 

different layers of shells on sub-15 nm upconversion spherical nanocrystals to realize 

the efficient transfer of upconversion luminescence, as shown in Figure 2.28. When 

using the hot-injection method, the shell precursor could be a salt solution150 or α-

NaYF4 nanocrystals130

 

. The disadvantage of this method is that the procedure is more 

complex than the heat up method since the shell precursors should be prepared in 

advance. 

Figure 2.27 TEM images of nanocrystals obtained at different synthesis stages and the 

proposed upconversion energy of the multi-shelled nanocrystals155. 
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Figure 2.28 TEM images of nanocrystals abstained at different synthesis stages and the 

proposed upconversion energy in the multi-shelled nanocrystals156

2.5.3  Achieving longitudinal growth 

. 

For NaYF4

For example, Wen et al.

 nanocrystals, growth is commonly considered in two orthogonal 

directions since the stable crystal is a hexagonal phase. The [100] direction is always 

named as the longitudinal direction. Longitudinal growth can be produced by both the 

heat up method and the hot injection method.  

155 observed longitudinal growth in NaYbF4@NaGdF4 

nanocrystals with the heat-up method. They proposed that the NaGdF4 shell procedure 

prefers (100) planes when grown from the NaYbF4 core, as Figure 2.29 shows. Liu et 

al.157 reported NaYF4

 

 nanorods synthesized by the hot injection method, and this is 

shown in Figure 2.29. 
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Figure 2.29 TEM images of the processing of longitudinal growth NaYF4 nanorods with 

different hot-injection shell amount157

2.5.4  Achieving transverse growth 

. 

The other dominant growth direction for hexagonal phase nanocrystals is the [110] 

direction which is always named as transverse growth. As with longitudinal growth, 

transverse growth can be produced by both heat up and hot injection methods. For 

example, Zhang et al.158 proposed transverse growth of NaYF4@NaGdF4 nanocrystals 

synthesized by the heat-up method. This is the first report providing direct evidence of 

core-shell nanostructure imaging using cryo-TEM microscopy. During the epitaxial 

growth of the NaGdF4 shells, surface defects of the nanocrystals were gradually 

passivated by homogeneous shell deposition, and this is shown in Figure 2.30.  
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Figure 2.30 Cryo-TEM images and histograms of the NaYF4 crystals (a-d) with different 

NaGdF4 shell thickness, (f)-(i): thickness is 0.86 nm; (k)-(n): thickness is 1.64 

nm; (p)-(s): thickness is 2.40 nm. (e, j, o, t) shows the composite color map of 

different elements, blue indicates yttrium atoms and yellow indicates gadolinium 

atoms158

In another example, Liu et al.

.  

157 reported the synthesis of NaYF4@NaGdF4 

nanoplates synthesized by the hot injection method. They believed the major cause of 

transverse growth is the specific adsorption of OA on nanocrystals faces. The OA 

etches the deposited shell at high temperature. The OA preferentially adsorbed on the 

{0001} faces, causing the <0001> direction growth to slow down. This then means that 

further nanocrystal growth is predominantly in the transverse direction, shown in 

Figure 2.31. 
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Figure 2.31 TEM images and size distribution of the processing of transverse growth 

NaYF4@NaGdF4 nanplates157

2.5.5  The hybrid growth approach 

. 

The hybrid growth of core-shell structures is a novel method that can combine 

different materials of different compositions and structures. In other words, two or 

more materials which have different properties and functions can be synthesized 

together and play more effective roles. 

The hybrid core-shell nanostructure has been researched in a variety of areas such 

as metals and semiconductors (e.g. Au-CdSe159, Au-PbS160), alloys and semiconductors 

(e.g. FePt-CdSe, FePt-CdS161, Au2Cd-CdSe162) and metallic oxides and metals (e.g. 

Fe3O4-Ag153,163). These hybrid core-shell structures are formed by fusing the two kinds 

of nanocrystals at a matched facet, subsequent nucleation, and further growth onto the 

second component on the core nanocrystals164

For the synthesis of hybrid UCNCs, two kinds of materials combining an 

upconversion property with another function, are widely used in optoelectronic 

sensing

.  

165, enhanced upconversion luminescence166,167, near-infrared light sensing by 

phototransistors168 and magnetism169, as shown in Figure 2.32. The hybrid structure of 

metal and UCNCs often depends on small crystal lattice mismatch. If the core and shell 

have a large crystalline mismatch, an intermediate material is applied to link them. 
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Figure 2.32 Hybrid UCNCs for different applications: (a) NaYF4 with graphene nanosheets for 

optoelectronic sensing164,165; (b) NaYF4 with Au nanocrystals for enhanced 

upconversion luminescence166; (c) NaGdF4@SiO2@Au nanocrystals for enhanced 

upconversion luminescence167; (d) NaYF4 with quantum dot nanocrystals used by 

near-infrared light sensing164,168; (e) NaGdF4 with Au nanocrystals for enhanced 

magnetic properties169

2.6 Approaches to increasing upconversion luminescence 

. 

Since upconversion luminescence is an anti-stokes phenomenon, the emission is 

not as easy as the more common downconversion luminescence; and its efficiency is 

not as high. How to enhance the upconversion luminescence, i.e. increase the 

upconversion efficiency, has been widely studied. Selected methods for increasing 

upconversion luminescence are presented here. 

2.6.1  Enhancement of the luminescence by phase transition 

Many researchers have studied methods to enhance upconversion luminescence in 

α-NaYF4
106 or β-NaYF4

113,170 nanocrystals individually. The upconversion efficiency 

of these two phases is different;  John et al.131 and Som et al.171 reported that the 

upconversion luminescence increased rapidly on changing from α phase to β phase, as 

shown in Figure 2.33. 
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Figure 2.33 Upconversion emission intensity change as a result of phase transition131,171

2.6.2  Core-shell structure enhancement to the efficiency of 

upconversion luminescence 

.  

There are two main factors for the low luminescence seen in UCNPs: Firstly 

emission can be quenched by high-energy oscillation in defects that occur at a 

nanocrystal’s surface. Secondly, the interior excitation energy of an ion can be 

transferred to the nanocrystal surface through adjacent ions via non-radiative cross 

relaxation (as described in Chapter 1, 1.2)172

Lezhnina et al.

. 
173 first proposed core-shell structure nanocrystals in 2006, 

reporting that the shell can effectively protect the nanocrystal’s surface, to enhance 

upconversion luminescence by avoiding surface defects. Subsequently, Yi et al.60 

reported that NaYF4: Yb3+, Er3+(Tm3+)@NaYF4 core-shell structure can enhance the 

luminescence of naked core nanocrystals, by 7 times (Er3+ doped) and 29 times (Tm3+ 

doped). Since then, a core-shell structure has become the most popular and efficient 

way to enhance upconversion luminescence, since it is the most direct way to decrease 

the surface defects. A large variety of core-shell structures have been reported, 

including  NaYF4 @ NaGdF4
174,175, YOF @ YOF176, NaYF4 @ NaYF4

82,177, NaGdF4 
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@ NaGdF4
137–139, NaGdF4 @ NaYF4,154,174 CeF3 @ LaF3

209, NaYF4 @ NaYbF4
150, 

NaGdF4 @ NaYbF4
141, NaGdF4 @ NaYF4 @ NaYbF4

141, CaF2 @ NaYF4
179, NaGdF4 

@ NaYbF4 @ NaGdF4
155, and NaYF4 @ CaF2

180

Research by Zhang et al.

. 

158

 

 in 2012 presents direct images of the core-shell 

structure by cryo-transmission electron microscopy, instead of indirect evidence from 

measuring nanocrystal size. They showed that the shell thickness has an influence on 

upconversion luminescence, which increases linearly with increasing shell thickness as 

shown in Figure 2.34.  

Figure 2.34 (a): Calculation for the NaGdF4 shell grown from 1st to 6th layer is provided. (b): 

Upconversion luminescence spectra for NaYF4: 20 % Yb, 2 % Er @ NaGdF4 

nanocrystals with different layer of NaGdF4 shell158

This phenomenon, of a linear increase in upconversion luminescence, was also 

reported by Johnson et al.

 is shown. 

130 (in NaYF4: Yb3+, Er3+ @ NaYF4 nanocrystals synthesized 

by the heat up method) and Li et al.154 (in NaGdF4: Yb3+, Er3+ @ NaYF4

 

 nanocrystals 

by one-pot hot injection method) as shown in Figure 2.35. 

Figure 2.35 (a): Upconversion emission spectra of core-shell nanocrystals using different shell 

layer130 are shown; (b): schematics are given of the one-pot synthesis of core-shell 

nanocrystals that use different shell layers to create different emission spectra154

 

. 
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2.6.3  Size and morphology dependent upconversion luminescence     

The most common reason given for size-dependent upconversion in nanocrystals 

is their surface defects. Smaller nanocrystals have a larger surface to volume ratio than 

larger nanocrystals; this is generally accepted to be the reason that nanocrystals have 

lower emission intensities than bulk materials181,182. Another reason for the Influence of 

nanocrystal size on the emission of nanocrystals is that small nanocrystals restrict 

photon relaxation because of the phonon confinement effect, which leads to low 

phonon energy pathways are unavailable175

Nanocrystal morphology also plays an important role in luminescence intensity. 

UCNCs can be synthesized by a variety of morphologies, such as nanorods 

and

. 

 nanoplates134-136,157, nanotubes183, nanaowires184, spherical nanocrystals144,145,185, 

unformed nanocrystals181, nanostars186, dumbbell nanocrystals187, and octahedra134

 

. 

Most of the reports elsewhere indicate that the influence of morphology on 

upconversion intensity arises from changes in the ratio of particle surface area to its 

volume. A large surface area usually has more surface defects, and this then decreases 

the intensity of its emission. As reported, several morphologies, such as micro rods and 

rod-shaped nanocrystals, have a much smaller surface area compared to other shapes, 

as shown in Figure 2.36. 

Figure 2.36 Upconversion luminescence spectra of NaYF4 nanocrystals with various 

morphologies excited by (a): 808 nm laser134; and (b): 980 nm laser135

 

. 
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2.6.4  Concentration-dependent upconversion luminescence 

Rare earth ions doped into nanocrystals can be activator ions or sensitizer 

ions188,189.  Yb3+ is the most used sensitizer ion for transfer of energy from a 980 nm 

excitation laser; the usual Yb3+ (dopant) concentration is 20 %. Researchers have 

traditionally used this concentration of Yb3+ ions because too great a concentration of 

Yb3+ results in quenching of luminescence190,191.  More recently however, scientists 

have found that Yb3+ can be doped at concentrations greater than 50 % when using high 

excitation power192. Chen et al.193 reported that the near-infrared (NIR) to NIR 

upconversion luminescence increased about 8.6 times by increasing Yb3+ from 20 % to 

100 % with codoped with Tm3+. Hao et al.194 reported that Pr3+ ions can be enhanced by 

Yb3+ ions, increasing by 3.4 times when Yb3+

 

 increased from 10 % to 70 %, as shown 

in Figure 2.37. 

Figure 2.37   UCNCs luminescence of (a) NaYF4: 2% Tm3+ with Yb3+ concentration from 20% 

to 100%193, (b) NaYF4: 0.5% Pr3+ with Yb3+ concentration from 10% to 70%194, 

(c) NaYF4: 20% Yb3+ with Tm3+ concentration from 0.2% to 8% with different 

excitation irradiance until 2.5×106 W/cm2 69, (d) NaYF4: 10% Yb3+, 0.5% Pr3+ 

with pump power from 0.27 mW to 2.25 mW194. 
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For activator ions, the upconversion luminescence can be enhanced by increasing 

the activator concentration, but concentration quenching has also been observed192–196. 

The most common explanation of this is the decrease in distance between activator ions 

when dopant concentration is increased, which enhances the probability of cross-

relaxation and leads to more energy loss. Similarly, the activator ion dopant 

concentration can be increased by enhancing excitation power194 or by novel 

nanostructure197. For example, Zhao et al.69 proposed that the Tm3+ dopant 

concentration can be enhanced to 8% by using a suspended-core fiber with relatively 

high excitation irradiance of 2.5×106 W·cm-2. Hao et al.194 proposed that Pr3+

2.6.5  Surface plasma resonance (SPR) enhancement to upconversion 

luminescence 

 ions’ 

luminescence can be linearly enhanced by a power increase from 0.27 W to 2.25 W. 

A novel method, SPR enhancement, can be used to increase upconversion 

luminescence. The most frequently used metal nanocrystals for SPR are gold and silver 

at present198–204. Researchers have found that for metal and UCNCs, the upconversion 

luminescence is not always enhanced but is sometimes quenched. This is the result of 

different distances between the luminescent material and the metal surface. If the 

UCNCs is brought into contact with the metal surface, the luminescence will be 

quenched. Control of the distance between the metallic surface and luminescent 

nanocrystals such as organic dyes199, quantum dots205, organic molecules206 and 

silica203,205 have accordingly become a hot topic in recent years. Schietinger et al.198 

proposed that single NaYF4: Yb3+/Er3+ nanocrystals can be enhanced 3.2 times by Au. 

Zhang et al.203 proposed that the average photoluminescence can be enhanced 4 times 

by Ag SPR enhancement. Saboktakin et al.200 proposed that the upconversion 

luminescence can be enhanced with a 3 D metal-oxide-UCNCs trilateral structure, as 

shown in Figure 2.38. With different oxide layers, Au and Ag nanocrystals can 

enhance the luminescence 5.2 and 45 times, respectively. Au nanohole arrays can 

enhance the upconversion luminescence up to 35 times204. Overall, the SPR 

enhancement of upconversion luminescence is still in infancy; much more research is 

needed in this area. 
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Figure 2.38 Upconversion luminescence of 3D metal-oxide-UCNCs with different thickness of 

Al2O3 layer200: (a) Au-Al2O3-NaYF4: Yb3+, Er3+; (b) Au-Al2O3-NaYF4: Yb3+, 

Tm3+; (c) Ag-Al2O3-NaYF4: Yb3+, Er3+; (d) Ag-Al2O3-NaYF4: Yb3+, Tm3+; (e) Au 

nanocrystals and (f) Ag nanocrystals, the green solid lines and green dashed lines 

correspond to the 540 nm and 650 nm emission band in NaYF4: Yb3+, Er3+, 

respectively. The blue solid lines correspond to the 475 nm emission band in 

NaYF4: Yb3+, Tm3+

 

. 
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2.6.6  Energy migration and interactions in UCNCs 

The basic model of energy migration upconversion was established several 

decades ago207. This process occurs between two neighboring ions and is usually named 

the “short-range energy migration model”208. Recently, a new energy migration process 

has been widely reported which partially or completely separates the donor and 

acceptor ions in space. This kind of novel energy migration can have brighter 

upconversion luminescence than the traditional energy migration forms which are 

commonly used by the core-shell structure. Wang et al.84 named this kind of energy 

migration process the “long-range energy migration model” in 2011. They designed a 

core-shell structure for energy migration with four types: type Ⅰ for sensitizers (Yb3+), 

type Ⅱ  for accumulators (Tm3+), type Ⅲ  for migrators (Gd3+), and type Ⅳ  for 

activators (X3+ = Eu3+, Tb3+, Sm3+, Dy3+

 

), as shown in Figure 2.39. 

Figure 2.39 (a) Schematic diagram showing the design of nanocrystals for the energy migration 

upconversion process; (b) The proposed energy migration upconversion process 

mechanism and a scheme doped with four types of rare earth ions209

Without the Gd

. 

3+ layer to bridge between sensitizer and activator, the X3+ 

(X3+=Eu3+, Tb3+, Sm3+, Dy3+) cannot emit because of the probable multiphonon 

emission and cross relaxation. When NaGdF4 is chosen as the bridge between them, 

the 6P7/2 energy state which belongs to Gd3+ can transfer the energy to X3+ and 

minimize energy loss to realize the X3+ emission. Su et al.85 further coated a layer of 

inert NaYF4

Researchers subsequently found that Yb

 shell outside of this type of core-shell energy migration structure and 

enhanced the upconversion luminescence more efficiently. 
3+ ions have similar properties to Gd3+ 

when acting as the energy migration bridge84,208. Nd3+ ions have been found to be good 
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sensitizer ions by energy migration. For example, Zhong et al.86 designed the energy 

migration of a core-shell-shell structure which can transfer energy from activator ions 

X3+ (X3+ = Er3+, Tm3+, Ho3+) to sensitizer Nd3+ ions, as shown in Figure 2.40 (a, b). 

Wen et al.155 designed a similar structure which can transfer energy from activator ions 

Y3+ (Y3+ = Tb3+, Eu3+, Dy3+) to sensitizer Nd3+

 

 ions, as shown in Figure 2.40 (c). 

Figure 2.40 (a) Schematic diagram of core-shell-shell structure UCNCs; (b) The proposed 

energy migration process under 800 nm excitation86; (c) The proposed energy 

migration process in core-shell-shell nanocrystals155

  

. 
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CHAPTER 3 

Probing the Interior Crystal Quality in the 

Development of More Efficient and Smaller 

Upconversion Nanoparticles 

The research in this chapter was initially developed to study the crystal quality of 

UCNCs. It had been postulated that upconversion luminescence could be enhanced by 

increasing a number of sensitizer ions, increasing the nanocrystal size, and/or 

increasing excitation power1–4

 

. I postulated that decreasing the number of defects could 

enhance upconversion in nanocrystals, and found that both external defects and internal 

defects influence the upconversion luminescence. By studying the material synthesis I 

found that the heating profile during synthesis of nanocrystals can both result in more 

morphologically and well monodispersed small nanocrystals and can also improve the 

interior crystal quality. With the co-authors listed below developed a unique 

quantitative method for the optical characterization of single nanocrystals upconversion. 

This not only confirmed that the synthesis method taken produced highly uniform 

nanocrystals, but also that the internal quality greatly influenced the efficiency of 

particle emission. This work is presented in the form of a journal publication from The 

Journal of Physical Chemistry Letters. 
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3.1 Contribution to Paper 1 

The author contribution for paper “Probing the interior crystal quality in the 

development of more efficient and smaller upconversion nanoparticles” are shown in 

Table 3.1. 

Table 3.1 Author contribution summary for paper 1 

Name Experiment 
Design 

Material 
Synthesis 

Data 
Collection Analysis 

Figures 
and 

Tables 
Manuscript 

Chenshuo Ma √ √ √ √ √ √ 
Xiaoxue Xu           √ 
Fan Wang       √     
Zhiguang Zhou       √     
Shihui Wen       √     
Deming Liu       √     
Jinghua Fang       √     
Candace I Lang           √ 
Dayong Jin       √   √ 
 

This work was supervised by my supervisors, Dayong Jin and Candace I Lang, 

during my first year of Ph.D. I carried out the majority of experimental work, including 

sample measurements and data collection. Fan Wang and Zhiguang Zhou set up the 

optical system; Xiaoxue Xu and Jinghua Fang assisted with some of the material 

measurement.   Analysis of results was carried out in collaboration with the co-authors 

listed above. I prepared all the figures and tables and the manuscript draft; Dayong Jin, 

Candace I Lang and Xiaoxue Xu then made modifications. I prepared the final 

manuscript for publication. 
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3.2 Paper 1 

Chenshuo Ma, Xiaoxue Xu, Fan Wang, Zhiguang Zhou, Shihui Wen, Deming 

Liu, Jinghua Fang, Candace I Lang, and Dayong Jin. “Probing the interior crystal 

quality in the development of more efficient and smaller upconversion nanoparticles”, 

The Journal of Physical Chemistry Letters, 2016, 7(16): 3252-3258. 
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3.3 Remarks on Paper 1 

This work reported the importance of controlling the synthesis conditions to 

optimize the nanocrystal size, which directly affects the upconversion luminescence. 

Good crystallinity that is crystals that are highly regular and contain few defects, plays 

an important role together with deactivations to its surface in the efficiency of its 

emission. The single nanocrystal luminescence measurement provides evidence that 

internal defects influenced the upconversion intensity for each single nanocrystal. This 

work further provided a route to produce nanocrystals which have both small size and 

efficient upconversion luminescence, by optimizing both internal defects and external 

defects. 
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CHAPTER 4 

Optimal Sensitizer Concentration in Single 

Upconversion Nanocrystals 

The research in this chapter concerns development of a novel structure which can 

maximize the sensitizer doped in each single upconversion nanocrystal. Previously, 20 % 

of the sensitizer ions added was used to minimize the so-called “concentration 

quenching” effect1,2. It has recently been shown that the activator and sensitizer ions’ 

effective luminescence can be increased by enhancing excitation power3,4, but 

increasing sensitizer will increase nanocrystal size as well5

 

. By studying the size of 

different kinds of rare earth ion doped UCNCs, I developed a method to synthesize sub-

10 nanometre nanocrystals. I further developed a novel sandwich structure which has a 

small template core to allow an epitaxial growth of a size-tunable active shell enclosed 

by an inert shell to minimize surface quenching. This method can not only synthesize 

small nanocrystals but can dope a maximum amount of sensitizer ions. This work is 

presented in the form of a journal publication from Nano Letters. 
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4.1 Contribution to Paper 2 

The author contribution for paper “Optimal Sensitizer Concentration in Single 

Upconversion Nanocrystals” are shown in Table 4.1. 

Table 4.1 Author contribution summary for paper 2 

Name Experiment 
Design 

Material 
Synthesis 

Data 
Collection Analysis 

Figures 
and 

Tables 
Manuscript 

Chenshuo Ma √ √ √ √ √ √ 
Xiaoxue Xu           √ 
Fan Wang       √     
Zhiguang Zhou       √     
Deming Liu       √     
Jiangbo Zhao       √     
Ming Guan         √   
Candace I Lang           √ 
Dayong Jin       √   √ 
 

This work was supervised by my supervisors, Dayong Jin and Candace I Lang, 

during my second and half of third years of Ph.D. I carried out the majority of the 

experimental work, including sample synthesis and data collection. Fan Wang and 

Zhiguang Zhou set up the optical system. Analysis of results was carried out in 

collaboration with the co-authors listed above. I prepared all the figures and tables and 

the manuscript draft; Dayong Jin, Candace I Lang and Xiaoxue Xu then made some 

edits. I prepared the final manuscript for publication. 
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4.2 Paper 2 

Chenshuo Ma, Xiaoxue Xu, Fan Wang, Zhiguang Zhou, Deming Liu, Jiangbo 

Zhao, Ming Guan, Candace I Lang, and Dayong Jin. “Optimal Sensitizer Concentration 

in Single Upconversion Nanocrystals”, Nano Letters, 2017, 17(5): 2858-2864. 
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4.3 Remarks on Paper 2 

This work reported on the concentration quenching effect and demonstrated 

surprisingly that it was not limited by the concentration of the sensitizer under high 

excitation laser power. Novel sandwich nanostructure play an important role in 

synthesis nanocrystals which not only have small size but also have high upconversion 

luminescence. The single nanocrystal luminescence measurement provides evidence 

that maximizing the sensitizer concentration may accelerate the development of highly 

efficient probes or converters for application as biological probes and for use in photon 

energy conversion. 
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CHAPTER 5 

Uniformity and Application of UCNCs in Enhancing 

Super Resolution Nanoscopy 

The research in this chapter was developed to study the uniformity of UCNCs and 

its application, typically on super resolution nanoscopy.  

As shown in our previous research in chapter 4, doping is one of the keys to 

designing of UCNCs for higher luminescence (paper 2). No matter which dopant ratio 

of the emitter and sensitizer ions is used, it was often assumed that the dopants of 

sensitizer and activator ions were fabricated with a uniform distribution in their 

NaREF4 host matrix1–4. But the actual distribution instead of the rare earth ions were 

found to not be clearly uniform. In paper 3, we employed both synchrotron-based XPS 

measurements and energy dispersive X-ray spectroscopy with electron microscopy to 

study the distribution of sensitizer ions within NaYF4

As our previous research in chapter 3 shows, defects within nanocrystals can 

influence the upconversion luminescence. Due to the sensitizer ions, distribution trends 

are the same under the same doping concentration no matter what the size is (paper 3), 

and I have shown that carefully controlling the synthesis conditions can minimize 

internal defects as well (paper 1). The smaller and brighter UCNCs can be used in super 

resolution nanoscopy. In paper 4, I use the same synthesis to achieve highly doped 

Tm

 nanocrystals. This work is 

presented in the form of a journal publication from Nanoscale. 

3+

 

 UCNCs; these exhibit good optical properties by using low power super 

resolution stimulated emission depletion microscopy, achieving nanoscale optical 

resolution of 28 nanometres. This work is presented in the form of a journal publication 

from Nature. 
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5.1 Contribution to Paper 3 

The author contribution for paper “Depth-profiling of Yb3+ sensitizer ions in 

NaYF4

Table 5.1 Author contribution summary for paper 3 

 upconversion nanoparticles” are shown in Table 5.1. 

Name Experiment 
Design 

Material 
Synthesis 

Data 
Collection Analysis 

Figures 
and 

Tables 
Manuscript 

Xiaoxue Xu     √ √ √ √ 
Christian Clarke     √ √     
Chenshuo Ma √ √ √       
Gilberto 
Casillas Garcia     √ √     

Minakshi Das       √     
Ming Guan     √ √ √   
Deming Liu       √     
Li Wang     √       
Anton Tadich     √       
Yi Du     √       
Cuong Ton-
That           √ 

Dayong Jin           √ 
 

In this work, I carried out the majority of experimental work for experiment design 

and sample synthesis. I did some of the material measurement and part of the 

manuscript modification as well. 
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5.2 Paper 3 

Xiaoxue Xu, Christian Clarke, Chenshuo Ma, Gilberto Casillas Garcia, Minakshi 

Das, Ming Guan, Deming Liu, Li Wang, Anton Tadich, Yi Du, Cuong Ton-That, and 

Dayong Jin, “Depth-profiling of Yb3+ sensitizer ions in NaYF4

  

 upconversion 

nanoparticles”, Nanoscale. 2017, 9, 7719-7726. 
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5.3 Remarks on Paper 3 

This work used synchrotron-based XPS and EDX to characterize the depth 

distribution of sensitizer ions in NaYF4

 

 nanocrystals. We found that in addition to the 

internal crystal quality and surface quenching, the sensitizer ions’ distribution across 

the host nanocrystals also plays an important role. Our study shows sensitizer ions 

distributed in a radial gradient manner from the center to the surface within the UCNCs. 

Sensitizer ions show a preference for the center of the nanocrystal with increasing the 

concentration.  
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5.4 Contribution to Paper 4 

The author contribution for paper “Amplified stimulated emission in upconversion 

nanoparticles for super resolution nanoscopy” are shown in Table 5.2. 

Table 5.2 Author contribution summary for paper 4 

Name Experiment 
Design 

Material 
Synthesis 

System 
Build 

Data 
Collection Analysis 

Figures 
and 

Tables 
Manuscript 

Yujia Liu √   √ √ √ √ √ 
Yiqing Lu √   √ √ √ √ √ 
Xusan Yang √   √ √ √ √ √ 
Xianlin 
Zheng     √ √       

Shihui Wen   √   √       
Fan Wang     √ √       
Xavier 
Vidal     √ √       

Jiangbo 
Zhao   √           

Deming Liu   √           
Zhiguang 
Zhou     √ √ 

      
Chenshuo 
Ma   √ 

  √ 
      

Jiajia Zhou   √           
James A. 
Piper             √ 

Peng Xi         √   √ 
Dayong Jin         √   √ 
 

In this work, I carried out part of the experimental work on sample synthesis and 

data collection. I prepared part of the optical measurement as well. 
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5.5 Paper 4 

Yujia Liu, Yiqing Lu, Xusan Yang, Xianlin Zheng, Shihui Wen, Fan Wang, 

Xavier Vidal, Jiangbo Zhao, Deming Liu, Zhiguang Zhou, Chenshuo Ma, Jiajia Zhou, 

James A. Piper, Peng Xi, and Dayong Jin. “Amplified stimulated emission in 

upconversion nanoparticles for super resolution nanoscopy”, Nature, 2017, 543: 229-

233. 
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5.6 Remarks on Paper 4 

This work uses low-power STED nanoscopy to achieve saturation intensity two 

orders of magnitude lower than other nanoscopy by using NaYF4 UCNCs. Highly 

doped UCNCs offer efficient optical switching with saturation intensity as low as 0.19 

MW/cm2

 

. UCNCs, highly doped with emitter ions, having good crystal quality and 

smaller size - together with the reported STED technique - provide a new way of 

developing molecular probes for bioimaging. 
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CHAPTER 6 

Summary and Future work 

6.1 Summary of the Thesis 

UCNCs are sought-after for advanced biomedical and photonics applications 

because of their ability to convert low-energy infrared photons into high-energy visible 

and ultraviolet photons. Lanthanide ion-doped UCNCs can be useful for applications 

including deep-tissue optical imaging, light transducer, drug delivery and photothermal 

therapy. Two of the key problems for UCNCs applications is the need to size-tune and 

enhance luminescence. This thesis develops efficient routes to solve these problems. 

The key results of this thesis are summarized below: 

1. A type of UCNCs that had a smaller size with a high luminescence efficiency 

was fabricated by improving the interior crystal quality via controlling the rate 

of its heating during its synthesis. 

2. A unique quantitative method for optical characterization of single UCNCs 

fabricated to various sizes and with shell passivated crystals was performed and 

confirmed that internal crystal quality dominated the relative emission 

efficiency of these nanocrystals. 

3. An effective method to control UCNCs size has been developed. The size could 

range from sub-10nm to over 100nm by varying the kind/amount of rare earth 

ions dopant. 

4. A novel UCNCs sandwich structure was fabricated that had an active interlayer 

formed within a small template core. This allowed epitaxial growth of the size-

tunable interlayer shell that was enclosed with an inert shell and was found to 

minimize emission quenching on the surface of each particle. 

5. The optical sensitizer concentration in single UCNCs is not limited by the 

concentration quenching effect as long as interior and exterior defects can be 

minimized. 

6. Sensitizer ions were found to have a radial gradient distribution from the core to 

the surface within each nanocrystals. This distribution, with high sensitizer 
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concentration in the core region and fewer at the surface, favored increasing the 

emission intensity of the nanocrystals by minimizing quenching at the particle’s 

surface. 

These work further suggests several routes produce smaller and more efficient 

UCNCs to profound implications for the upconversion optical property variations. 

6.2 Future work on UCNCs Enhancement 

Future work, combining the research on size-tunable and luminescence enhanced 

UCNCs, encompasses three possible directions of research in UCNCs, as follows. 

6.2.1 UCNCs Tracking of Living Single Cells using Low Excitation 

Power 

Tumor diagnosis and therapy by tumor-targeted imaging1–3 is one part of UCNCs’ 

application. Usually, upconversion targeted imaging uses UCNCs conjugated with folic 

acid4,5,3,6, antibodies7–9 and peptides10–13. If crystal tracking can be included in 

biomedical diagnosis and therapy, this would clarify the drug delivery routes, cellular 

dynamics, and transport phenomena14–16 within the living cells. Some tracking 

applications have been proposed by using QDs17 and carbon nanotubes17. Because of 

the advantage of nontoxic and specific optical properties, UCNCs offer potential as 

tracking tools among cells18,19,20

6.2.2 UCNCs photo catalytic hybrids using metal-free materials 

. From this, single UCNCs tracking in living cells could 

become more useful for further biomedical applications. To realize this aim, new single 

UCNCs tracking microscopy system could be developed to carry out measurements, 

fabricate new upconversion nanomaterials which can be emitted at low excitation 

power but have relatively high luminescence and identify good modification methods 

on crystals to realize the specific targeting effect within the cells. 

Semiconductor photocatalysis plays an important role in environmental remedy 

and solar energy conversion. The most commonly used composite photocatalysts are 

UCNCs with TiO2 under 980 nm excitation laser because TiO2 is non-toxic, low cost, 

and chemically stable21–24. Nowadays, another material, C3N4, has become a more 
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efficient photocatalyst material26. A facile method is required to integrate UCNCs into 

C3N4 nanosheets and display improved photocatalytic activity under a Xe lamp. Since 

the carbon nitride can be synthesized in several morphologies and its abundance, 

stability, and chemical tunableness27–29. I am looking forward to trying other methods 

about these two materials incorporation such as foist the smaller UCNCs into C3N4 

nanotube to realize more efficient photocatalysis. This kind of combination can valid 

make C3N4

6.2.3 Hybrid-UCNCs material displaying epitaxial growth 

 excitable by near-infrared light via energy transfer from UCNCs with the 

ingenious energy gap match. 

The hybrid growth of core-shell structures is a novel method that can combine 

different materials with different compositions and structures. In other words, two or 

more materials which have different properties and functions can be synthesized 

together and play more effective roles. A range of hybrid nanostructures could be 

fabricated by bringing together the rare earth fluorides, semiconductor nanocrystals, 

and noble metal structures. The hybrid core-shell nanostructure has been researched in 

a variety of areas such as metals and semiconductors30, 31, alloys semiconductors32, 33, 

metallic oxide and metals34–37. These hybrid core-shell structures are formed by fusing 

the two kinds of nanocrystals at a matched facet, subsequent nucleation, and further 

growth onto the second component on the core nanocrystal. The key challenge in 

synthesizing these hybrid materials via epitaxial growth approach lies in the matched 

crystalline facets between NaReF4

6.2.4 Plasmonic enhancement of upconversion luminescence 

 and other materials. I plan to grow a layer of bridge 

shell to realize the crystal lattice match. 

Researchers have found that for metal and UCNPs, the upconversion luminescence 

is not always enhanced but is sometimes quenched38. This is the result of different 

distances between the luminescent material and the metal surface. If the UCNPs is 

brought into contact with the metal surface, the luminescence will be quenched. Control 

of the distance between the metallic surface and luminescent nanocrystals such as 

organic dyes39, quantum dots40, organic molecules41 and silica34 have accordingly 

become a hot topic in recent years.  
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For controlling the fit distance between metal and luminescent material to realize 

plasmatic enhancement, the most commonly used structure is a metal film coverage 

UCNPs layer and the metal particles coated with each single UCNPs43,44

  

. However, the 

plasmon enhancement of upconversion luminescence is still in infancy. Their 

underlying mechanisms remain debatable, and claims of improved efficacy need to be 

verified and much more scientific research is needed in this area. 
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