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Abstract

Upconversion (UC) emission via lanthanide (Ln®") ions is a nonlinear optical process that can
convert near-infrared (NIR) pump light to visible output. A wide emission wavelength from
ultraviolet (UV) to infrared regime, which can be obtained from the Ln3*-doped UC materials, is
a necessary condition to realize broadband-tunable lasers. However, the relatively low UC
emission efficiency leads to the high excitation threshold of Ln3*-doped UC lasers. If the lasing
threshold can be further reduced, the wide bandwidth emission characteristics of UC lasers may
find enormous applications such as all-optical on-chip information processing, biomedical
imaging, and optogenetics. Therefore, in this thesis, we propose using Ln**-doped UC particles,
including the micro- and nano-particles, to obtain multi-wavelength lasing emission based on

improving UC emission efficiency.

In chapter 3, Ln®" ions (Yb%, Er**, and Tm®") doped p-NaYF4 hexagonal microrods are
proposed to support UC lasing emission under 980 nm ns-pulsed laser excitation. The single -
NaYF4 hexagonal microrod, which hexagonal shape supports whispering gallery modes (WGMs),
obtains multi-wavelength lasing emission under 980 nm ns-pulsed laser excitation. Initially, UC
lasing emission intensities at red/green/blue (RGB) areas are optimized by modulating the Ln%*
concentration and then further controlling the 3-NaYF4 hexagonal microrods radius to decrease
the lasing threshold. In this chapter, the RGB and white lasing emissions are successfully produced.
In chapter 4, we further improve the single -NaYF4 hexagonal microrods UC lasing intensity by

introducing surface plasmonic effect. Here, Ag film is utilized to introduce the plasmonic effect
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and the experimental results show that the spontaneous UC emission intensity of the single f-
NaYF4 hexagonal microrods can be increased by more than 10 times and the values of the UC
lasing threshold can be decreased by 50%. Besides, we note that the UC improvement is due to

the optical coupling between the WGMs and the surface plasmonic resonance modes.

UC characteristics of Ln®**-doped nanoparticles on the lasing enhancement are investigated in
chapter 5. Firstly, we find visually that the improvement of UC photoluminescence is due to the
suppression of surface-related deactivations of the nanoparticles. This can be done by using
aberration corrected high angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) to directly observe the surface conditions of KLuzF7:Yb%*, Er®* bare core UC
nanoparticles in atomic scale. Due to the very thin and uniform thickness of the KLuxF7
nanoparticles, we observe unambiguously that the removal of surface defects by using the thermal
annealing method can enhance UC photoluminescence. The realization of dominant green lasing
emission under 980 nm ns-pulsed laser excitation further confirm the high crystallinity of the

KLu2F7 nanoparticles.

Although the use of thermal annealing can strongly suppress the surface defects of Ln3'-
doped UC nanoparticles during their growth process, the corresponding mechanism of surface
defects restoration process is still unknown. Understanding the detail growth process of the UC
nanoparticles can guide us to improve the UC efficiency of Ln**-doped nanoparticles. In chapter
6, we observe the growth process of Yb%*, Er®* co-doped LuFs nanoparticles by using in situ
transmission electron microscopy (TEM) imaging technique to deduce the corresponding surface

defects restoration mechanism. Here, we verify that the enhancement of LuFs nanoparticles UC
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efficiency can be realized by crystallization of the surface clusters of the LuFs:Yb®", Er**
nanoparticles. This is because the surface clusters act as defect centers which decrease the UC
efficiency of the nanoparticles. Hence, it is shown that the enhancement of UC intensity can be
attributed to the removal of surface defects after using the thermal annealing method during the

nanoparticles growth process.
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1. Introduction

1.1 Background

Upconversion (UC) process involves the transfer of light from long- to short-wavelength (i.e.
the increase of photon energy).[1] The concept of UC in multiple energy level systems was first
proposed by Bloemberen in 1959.[2] UC emission is achieved via energy transfer between
lanthanide (Ln%") ions and the wavelength of the UC process is controlled by the selection of
suitable rare-earth dopants. In addition, the use of suitable host crystal lattices has a significant
role to obtain effective UC process. This is because the crystal lattice can influence the f-f
electronic transition of the dopants and shows strongly effect on the energy exchange interaction
between the dopants. Therefore, the UC emission characteristics are dependent on the use of Ln®*

ions as well as the host matrix materials.

Trivalent rare-earth ions such as Er¥*, Tm®*, Yb**, Ho*, Pr*, etc. are promising sensitizers/
activators to obtain UC luminescence under infrared (IR) excitation. Figure 1.1 shows the energy
transfer diagram of different rare-earth ions.[3] It is noted that each rare-earth ion supports multiple
emission wavelengths and different rare-earth ion has different emission energy (or different
emission wavelength). Furthermore, rare-earth ions have relatively discrete energy levels, the
linewidth of the corresponding emission wavelength is much narrow than that of the
semiconductor materials. Hence, due to the rich of the emission wavelength from IR to ultraviolet
(UV) and relatively narrow linewidth of the emission spectra, rare-earth ions show enormous

applications such as light emitting displays and lasers.
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Figure 1.1 Energy level diagram of Ln** ions with dominant visible emission transitions observed

designated by arrows representing the approximate color of the fluorescence.

Ln3* ions have been proposed to realize UC lasers, which can be the replacement of
conventional parametric non-linear optics, for the conversion of IR radiation to visible and UV
lasing emission.[4] For example, YAG:Nd** is the most popular UC material to be used as the
optical gain medium to effectively produce near-infrared (NIR) stimulated emission on the
fabrication of solid-state lasers. The UC lasing emission in the Ln** -doped materials depends on
the UC efficiency as sufficient population inversion is required to overcome the cavity loss.[5]

However, it is not known which Ln®* ions and matrix host can provide the platform to realize the
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high UC efficiency, or which materials are suitable to be used as the laser gain medium. To the
best of our understanding, there is no detailed study on the design of high-performance UC lasers

has been recently reported and hence this is the motivation of my Ph.D. study.

1.2 Objectives of research

Ln3* ions doped UC luminescence fluoride-based materials have been used to produce multi-
colors emission because of their abundant amount of energy levels. It is believed that RGB
(red/green/blue) colors can be obtained by modulating the concentration and different ratio of
activator ions (e.g. Er¥*, Tm**,Ho®*", Yb®*, and Eu®") to generate UC white-light emission. Hence,
the first objective of this thesis is to demonstrate the possibility of realizing UC white-light lasers

by using rare-earth ions doped B-NaY F4 hexagonal microrods as the laser cavity.

Relatively low UC emission efficiency is one of the challenges, which should be overcome
for the achievement of lasing emission from using Ln®" -doped materials as the laser gain medium.
Therefore, the second objective of this thesis is investigating and deducing different methods to

improve the UC lasing efficiency of Ln®*"-doped UC lasers.
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1.3 Outline of the thesis

In this thesis, we propose to use Ln®* -doped UC crystals, including the micro- and
nanoparticles, to obtain effective multi-wavelength lasing emission under NIR excitation at room

temperature. This thesis is organized as follows:

In chapter 2, the development and history of Ln®" -doped UC lasers are reviewed. The

strategies to overcome the limitations and problems of UC lasers are proposed.

In chapter 3, Ln*" (i.e. Yb%*, Er®*, and Tm**) -doped B-NaYF4 hexagonal microrods are used
to support UC lasing emission under NIR laser excitation. A single B-NaY F4 hexagonal microrod
is utilized as the gain medium and resonator to support whispering gallery modes (WGMs) and
obtain multi-wavelength lasing emission under the 980 nm ns-pulsed laser excitation. In order to
maximize the UC laser emission, the corresponding Ln** ions concentration is optimized with a
suitable selection of the size of the microcavities. We demonstrate that the lasing colors from blue

to green, red and white can be achieved from the single B-NaY F4 microcavities.

In chapter 4, we propose to employ the plasmonic effect to enhance the UC efficiency and
reduce the value of the lasing threshold from the Ln®* -doped single B-NaYF4 hexagonal microrods.
Here, Ag film is used to excite the plasmonic effect. Our results show that the spontaneous
emission of UC intensity can be increased by more than 10 times and the values of the lasing
threshold can be decreased by 50%. Here, we note that the UC improvement is because of the

optical coupling between the WGMs and the surface plasmonic resonance (SPR) modes.
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In chapter 5, we demonstrate that the suppression of surface-related deactivations in Ln" (i.e.
Yb?*, Er®") -doped UC KLuzF7 nanoparticles can improve the corresponding UC efficiency. The
influence of surface-related deactivations on the lasing characteristics of the nanoparticles is also
investigated. In the study, we show visually that the improvement of UC photoluminescence is
mainly due to the suppression of surface-related deactivations of the nanoparticles. This can be
done by using aberration corrected high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) to directly observe the surface conditions of KLuzF7:Yb** ,Er®* bare
core UC nanoparticles in atomic scale. Due to the very thin and uniform thickness of the
nanoparticles, we observe unambiguously that the removal of surface defects enhances UC
photoluminescence. The realization of dominant green lasing emission under 980 nm ns-pulsed
laser excitation further confirm the high crystallinity of the nanoparticles after using the thermal

annealing method.

In chapter 6, we investigate the growth process of UC LuFs:Yb®*, Er®* nanoparticles by using
in situ transmission electron microscopy (TEM) imaging technique to deduce the corresponding
surface defects restoration mechanism. We verify that the enhancement of UC intensity can be
realized when the particles surface clusters are changed from the amorphous state to the
crystallized state. Because the amorphous clusters at the amorphous acting as the defect centers
would suppress the UC energy transfer process. Hence, it is shown that the enhancement of UC
emission intensity from the LuFs:Yb%*, Er** nanoparticles can be attributed to the removal of

surface defects by using the thermal annealing method.
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Chapter 7, theoretical investigations and experimental results of my Ph.D. work are
summarized. The future development and potential applications of Ln**-doped deep ultraviolet

(UV) UC lasers are discussed.

WANG TING 6



Q: a Literature review of Ln®* -doped UC lasers

THE HONG KONG POLYTECHNIC UNIVERSITY

2. Literature review of Ln*" -doped UC lasers

2.1 Introduction

Upconversion (UC) stimulation, which provides a simple alternative to non-linear optical
technology for converting infrared light to visible and deep-ultraviolet (NUV) lasing, was first
developed in 1971.[6] This type of lasers finds a broad area of applications including solid-state
displays, underwater surveillance, diverse and so on. The mechanism of UC involves energy
transfer processes from low to high energy states. Thus, the UC process requires multiple photon
absorption in order to achieve radiative recombination at higher energy states. An efficient UC
laser requires the presence of a metastable state, which acts as an intermediated state, between the
ground and excited states.[7] Hence, a suitable selection of hosts and dopants are an important
procedure to realize UC lasers with desired optical characteristics. In this chapter, UC energy
transfer mechanisms and the UC lasing characteristics of the recent development of lanthanide

(Ln®") -doped lasers (i.e. bulk crystal, fiber, micro or nanoparticles) are discussed in detail.

2.2 The UC mechanisms

UC process converts near-infrared (NIR) light to higher energy photon emission through four
distinct processes which are characterized by mechanisms of photon absorption and energy

transfer. Excited-state absorption (ESA), energy transfer upconversion (ETU), photon avalanche
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(PA) and energy migration-mediated upconversion (EMU) are the four UC processes that can be

used to support UC lasing under NIR light excitation.[8]

2.2.1 ESA mechanism

As shown in Figure 2.1, the excited-state absorption accelerates the inverted population of
carriers to the higher energy levels through sequential absorption of two photons from single ions
is called ESA. The first absorbed photon (absorption path a) inverted populates to a long-lived
metastable state E1 and then the second absorbed photon (absorption path b) is absorbed to
promote carriers at the metastable state (level E1) to a higher energy state (level E2). The radiative
transition from level E2 to ground state contributes to high energy UC emission. Hence, ESA is

also called two-step absorption.

- E2
b
/Y El
UCL
d
v G

Figure 2.1 The ESA mechanism of the UC laser process. “a” and “b” shows the two pump sources.
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As the ESA process involves the use of single Ln** ion doping and more than one radiative
transition can be supported, those lead to a relative low UC emission efficiency. The other problem
of the ESA process is that the energy of the two absorbed photons “a@” and “b” are in general
different (see also chapter 2.3.1). Therefore, two pumping sources, which should be overlapped on
the optical materials along the entire propagation pathway, are required to support the ESA
process.[9] For the pumping sources in pulsed operation, the two pumping sources should also be
synchronized perfectly to achieve population inversion in level E2. In addition, the polarization of
the pumping sources should be carefully controlled during the pumping process. Thus, the ESA

process is a bit difficult to be implemented for practical applications.

2.2.2 ETU mechanism

ETU mechanism, which was first proposed by Auael in 1966, allows photons to be absorbed
by the donor ions and then transferred energy to the adjacent acceptor ions.[10] The donors and
acceptors are two different Ln®* ions with energy matching during the energy transfer process.
Under optical excitation, the transitions from ground to excited states of the donor ions occur due
to absorption of a photon. The population in excited either decays to the ground state or transfer
its energy to level E1 of the acceptor ions and then excites to level E2 by the cooperation energy
transfer process. The rapid relaxation from level E2 to the ground state of the acceptor ions

contribute to the UC emission, see Figure 2.2.
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Figure 2.2 The ETU mechanism for two Ln*" ions doped UC mechanism. “D” and “A” are

donor and acceptor ions, respectively.

Here, Yb%* is a typical donor allows effective absorption of NIR photons. The donor ions
cooperatively transfer its energy by one or more steps to the adjacent acceptor ions such as Er®* or
Tm?* ions. In the ETU process, energy transfer efficiency can be maximized by optimizing the
dopants concentration.[11] In addition, by increasing the concentration of the dopants, the distance
between the donors and acceptors can be decreased, resulting in the development of the energy
transfer process. The radiative transition process is mainly mediated by photons so that the matrix
host with low photons energy can promote energy transfer efficiency. Therefore, the choice of the

matrix host is also very important for improving UC efficiency. One of the advantages to realize
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UC emission via ETU is only a single excitation wavelength is required to implement the UC

process.

2.2.3 PA mechanism

PA process, which involves donors and acceptors ions in the energy transfer process, is the
most effective UC mechanism and was first discovered by Chivian and co-workers.[12] Figure 2.3
shows a schematic mechanism of the energy transfer process based on PA mechanism with the
presence of donors and acceptors. Below the PA threshold, the population (for the donors) at the
intermediate state level E1 is produced based on the ESA process and the neighboring excited ion
pair relaxation. There is mismatching between the pump energy and the energy gap from the
ground state to the intermediated state level E1. The cross relaxation dominates the energy transfer
between the excited ions (donor ions) and the neighboring ground state ions (acceptor ions).
Therefore, the intermediate level for donors and acceptors can be produced effectively. When the
excitation value exceeds the PA threshold, the intermediated state level E1 and the excited state
level E2 would be excited via the repeat process. Finally, the UC emission occurs when the carriers

at the level E2 relax into the ground state.
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Figure 2.3 Photon avalanche UC emission in Ln*" -doped materials. “D” and “A” are donor

and acceptor ions, respectively.

The requirement of the PA process is that the metastable state (E1 level) should have two ions
to support photon absorption (to level E2) and subsequent energy transfer process (to level E1).
Under appropriate excitation situation, the two ions can form four, eight, etc., which can produce
photon avalanches at the metastable levels. The PA process requires a minimum pump intensity
and is characterized by a pump threshold. Here, it should be noted that the PA process shows a
very high-efficiency UC emission because of the high density of acceptors (ground state) that

naturally surrounding each donor.[13-15] But, the major challenge of PA mechanism in practical
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applications is the low absorption of the pump photons due to the low steady-state density of

absorbers in the metastable level.[16, 17]
2.2.4 EMU mechanism

EMU mechanism is characterized by the migration (or hopping) of excitation energy via the
migratory ions sub-lattice. Once the acceptor ions are located far away from donor ions, the UC
process could occur under the assistance of the energy migration medium. Liu’s group first
proposed the EMU process on the NaYFs@NaGdFs@NaGdF4 core-shell-shell nanoparticles and
Ln®" -doped NaGdF:@NaGdF4 core-shell nanoparticles.[18, 19] To produce high efficient EMU
process, the arrays of the migrator ions via the core-shell structure are introduced to improve the
energy transfer process from the donors to the acceptors. The important characteristic of the EMU
process is that the excited energy absorbs by the donors should be maintained by the energy

transfer process to the acceptor ions.
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Figure 2.4 EMU mechanism process of the UC process in Ln®" -doped materials. “D”, “L”,

“M” and “A” are donor, migrate, migrate and acceptor ions, respectively.
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Figure 2.4 shows the EMU process of the Ln* -doped core-shell nanoparticles. In the core-
shell nanoparticles, the energy migrates ions (“L” and “M”) are located at the sub-lattices and the
acceptor ions (“A”’) are embedded inside the host lattices. Initially, donor ions (“D’’) absorbs multi-
photon from the pump light to achieve population inversion from ground state to excited state.
Then, the donor ions transfer its accumulated energy to the first migrator ion (“L”), as well as to
the second migrator ion (“M”) through the layer-interface between the core and shell. Finally, the
energy is transferred to the acceptors (activator such as Dy**, Sm®", Tb**, Eu*) via the shell-shell
interface. As a result, UC emission is obtained from the acceptor ions via radiative recombination

between level “E2” and the ground state “G”.

2.3 The Ln® -doped UC lasers

The above UC processes have been applied to realize UC lasers with cavities fabricated by
bulk crystals, fibers, microspheres, and nanoparticles. In the following section, we reviewed the

development of these four types of lasers in detailed.
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2.3.1 The Ln*" -doped bulk crystal UC lasers

Liquid Nitrogen System

Mirror 1 Mirror 2

\_/

Bulk Crystal

Pump sources

>
output lasing

Lens

Figure 2.5 A sample diagram of Ln®* -doped bulk crystal UC lasers resonator.

Figure 2.5 shows a typical schematic diagram of a UC laser using Ln*" -doped single crystal
as the laser gain medium. In order to obtain lasing emission, a Fabry-Perot (FP) resonator is formed
by using two dielectric mirrors. Pump light is focused into the crystal through the left-hand-side
mirror to realize the optical gain. Lasing light is collected from the other mirror on the right-hand
side of the resonator. A cooler is directly connected to the bulk crystal to maintain its operating
temperature at 77 K. The first Ln** -doped bulk crystal UC laser was reported by Johnson and
Guggenheim in 1971.[6] They used monoclinic BaY2Fs bulk crystal as the UC matrix host, Yb3*
as the donor ions and Er®*/Ho®* as the acceptor ions to achieve ETU process. The laser was pumped
by Xeon flash lamp at 77 K and red/green pulsed lasing was obtained due to population inversion

from the metastable levels of Er¥*/Ho®" ions. The first continuous wave (CW) UC laser (emission
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at 550 nm) was demonstrated in 1987 by using Er** doped Y AlOjs crystal as the gain medium.[20]

The laser was pumped by a dual wavelength dye laser and operating at a temperature below 77 K.

Table 2.1 lists the recent advancement of UC lasers by using the bulk crystals as the gain
media. It is noted that the operating temperature of the early developed UC lasers was at or below
77 K. One of the reasons for the low-temperature operation may be due to the excess heating
accumulation, which suppresses population inversion at the metastable state of acceptor ions, at
the bulk crystal under CW excitation. On the other hand, the recent development of room
temperature UC lasers was mainly in pulsed lasers operation. Hence, the heating effect has a

significant influence on the operation characteristics of the bulk crystal UC lasers.

Dual-wavelength pumping scheme is mainly used to achieve ESA process for the realization
of UC lasing when using the single-ions doped bulk crystal as the gain medium (see also in chapter
2.2.1). For example, the dual-wavelength dye laser is used to pump “l1s:2 to *lgs2 state and *l112 to
*Fs/ intermediated state of Er®* ions simultaneously to obtain 549 nm green lasing emission. It is
noted that the performance of the single-doped UC lasers is dependent significantly on the spatial
overlap of the two-pump sources. If there is a mismatch of radial intensity, the UC lasing emission
would be limited or difficult to be obtained. The reason for the popularity of using the ESA process
to achieve lasing from bulk crystal UC lasers may be due to the simplification of the growth of the

bulk crystal. This is because only a single dopant is required to be introduced on the host system.
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Table 2.1 Recent development of Ln3*-doped single bulk crystal UC lasers

Host Dop. I T Pump Threshold Output light Peak Mech.  Eff. Year Ref.
source power Pub.
BaY2Fs YD, Er 77 K Xenon flash lamp 170/355J 670/550 nm ETU 1971  [6]
/Ho
YAIO3 Er  3mm<77 K CW DLs 792+839 nm  100-150 550 nm, CW 1 mw ESA 05% 1987 [20]
mW
YAIO3 Er 3mm<90K CWDL 792 +839 nm 80 mW 550 nm,CW 05-5mW ESA 0.2% 1988 [21]
LaFs Nd 3mm 20K CW DL 578 nm 230 mW 380 nm, CW 12 mW ESA 1988 [22]
YLiF4 Er  2mm 40K CW DL 797nm 17 mW 551 nm,CW 42 mW ESA  3.2% 1989 [23]
YLiF4 m 10 75K Pulsed DL 4 J/cm? 450 nm, pulsed 180 pJ ESA 13% 1989 [24]
mm 649 + 780
YLiFs4 Er 35 16K CW DL 653nm 10 mW 469nm, CW 6 mW ESA  4.6% 1990 [25]
mm
YLiF4 Er 35 10K Chopped SSL969 nm 170 mW 469 nm, pulsed 2 mW ESA 0.2% 1990 [25]
mm
YLiF4 Er  2mm 77/50 CW diode laser 802 48/22mW 551 nm, pulsed 0.5/2.3 ESA  2/3% 1990 [26]
K nm mwW
YLiFs Tm 20 RT Flashlamp pumped DL 2.6 J/cm? 453 nm, pulsed ESA 1990 [27]
mm 781+649 nm
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YLiF4 Er 3mm<80K Chopped CW SSL 50 mW 560, 551,460 12 mW ESA 1992 [28]
1500 nm nm, pulsed
YLiF4 Tm 3mm 70K CWSSL 784nm+ 10-50 mW 450 nm, pulsed 10 mW ESA 1992 [29]
DCM DL 648 nm

BaY2Fs Yb,Tm 04- RT Chopped CW diode- 70/190 mW 649 nm /456, ETU 1994 [30]
1.0 laser 960 nm 512 nm, pulsed
mm

YLiF4 Er 6.9 RT Pulsed SSL 810 nm + 551 nm, pulsed  0.95mJ ESA 1993 [31]
mm CW 647 nm

BaY2Fs Yb,Tm 05 RT  Chopped CW SSL 348 nm, pulsed ETU 1994 [32]
mm 960 nm

YAIO3 Er 10 7K CW SSL 960 nm 3Imw 550 nm, pulsed 33 mW PA 3.5% 1995 [33]
mm

Dop. — Dopants, | — Crystal length, T — Temperature, Mech. — Mechanism; RT — Room temperature, Eff. — Efficiency; CW — Continuous-
wave, DL — Dye laser, SSL — Solid-state laser.
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2.3.2 The Ln*" -doped UC fiber lasers

Pump & # Lasing output
2 Lol o
mirror Optical fiber mirror

Figure 2.6 A sample diagram of Ln3* -doped fiber UC lasers resonator.

Figure 2.6 shows a typical configuration of the UC fiber laser [34]. The core of the optical
fiber is doped with Ln®" ions. The laser cavity of the UC fiber laser is formed by using two
termination mirrors located at the two ends of the fiber. Light coupled into the fiber through the
left-hand side of the mirror is used to excite the gain medium of the fiber. Lasing emission is

obtained from the right-hand-side mirror of the fiber laser.

The fiber core composes of heavy metal fluoride-doped glass, with which the dopants are
Lud*, Pré*, Nd®", Ho®*, Er®*, and Tm** ions, can produce high-efficient room temperature UC laser.
The most common fiber material used to fabricate the UC fiber laser is the fluorozirconate
(ZBLAN) glass. This is because ZBLAN has narrow phonon spectra and low optical absorption
loss at room temperature. In addition, the ZBLAN glass has board transmission window, low

dispersion for the optical photon, and low refractive index.

WANG TING 19



Q: a Literature review of Ln®* -doped UC lasers

THE HONG KONG POLYTECHNIC UNIVERSITY

The first UC laser fiber was demonstrated in 1990 using Tm** doped ZBLAN as the core of
the fiber. Dual pumping (647+676 nm) excitation was used to excite the 1.7 m long fiber.[34]
Lasing emissions were observed at 455nm (1D,—3F4 transition) and 480 nm (:G4—>Hs transition)
based on the ESA process at 77 K under pulsed operation. The first room-temperature CW lasing
emission was reported in the same year by using 1 m long ZBLAN fiber doped with Ho®* ions.[35]
As we can see, the suppression of heat effect is due to the long interaction length as well as the
strong optical confinement structure of pumped and gain region of the fiber. Hence, UC fiber lasers

can produce the stimulated CW lasing emission at room temperature.

Over the past few years, higher optical performance and shorter lasing wavelength have also
been realized from UC fiber lasers. Table 2.2 reviews the recent development of Ln®* -doped UC
fiber lasers. The UC fiber lasers show higher efficiency and better control of wavelength tunability
than that of the bulk crystal UC lasers. The remarkable performance of the fiber lasers is due to 1)
long pump/gain medium interaction length of fiber host, and 2) strong optical confinement.
According to Table 2.2, the ESA mechanism is also a popular mechanism in the realization UC
fiber lasers. This may be due to the simplification of the growth of doped glass fibers as only one

dopant is required to introduce on the host system.
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Host Dop. CD I T Pump Threshold Output light Peak Mech. Eff. Year Ref.
source power Pub.
ZBLAN Tm 3um 17m 77K CW Kryptonionlaser 90 mW 455,488 nm, 04mwW  ESA 1990 [34]
676+647 nm pulsed
ZBLAN Ho 27 10m RT  CW Krypton ion laser 540,553 nm, 10mW GSA 35% 1990 [35]
um 647 nm CW +ESA
ZBLAN  Er 24m RT SSL 801nm 100 mW 546 nm,CW 23 mW  ESA 5% 1991 [36]
ZBLAN  Pr CW SSL 1010+835nm 200 mw 635 nm, CW 180 mW 10%
Lam RT 605nm CW 30mw 1 33g 991 [
520/491 nm, 1mW
CW
ZBLAN  Er 0.8 RT  CWdiode laser 1112- 46 mW 480 nm,CW 57mW  ESA 1992  [38]
um 1123 nm
ZBLAN Ho 11um 0.22m RT CW DL 640-653 nm 128 mW  546-550 nm 12 mW ESA  39% 1993 [39]
ZBLAN Yb,Pr 57 12m RT SSL 800 nm 70mW  635nm, CW 25 mW ET 7% 1991 [40]
um
ZBLAN Tm 3puym 16m RT CW diode laser 1135 22mW 482 nm,CW 5mW ESA 1996  [41]
nm
ZBLAN Er 11 RT CWdiode laser 801 nm 20 mW 543nm,CW 3 mW ESA  75% 1993 [42]
um
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ZBLAN Er 21 15m RT CWdiodelaser 971 nm 18 mW 544nm,CW 11.7mW ESA 7.8% 1994 [43]
um
ZBLAN Tm 12um 035m RT CW SSL 1064 nm 50mw 803-816 nm, 12W ESA 1994 [44]
CwW
ZBLAN Tm 15m RT CW SSL 645+1064 230 mW 455nm,CW 3 mW ESA 1994  [45]
nm
ZBLAN Pr,Yb 1.7 17m RT CW diode laser ~ 95mMW  520nm,CW 80mW gty 0.75% 1996 [46]
um 856 nm 85mwW 490 nm,CW 130 mW 0.53 %
ZBLAN Nd 22 039m RT CW DL 50nm 225mW 412nm,CW 05mW ESA 0.15% 1995 [47]
um
0.6m 42 mW 635 nm 300 mwW 39 %
0.6 m 29 mW 615 nm 45 mW 104 %
ZBLAN \}(Dt: 3um 042 m RT CWSSL 860 nm 21 mW 520 nm 20 MW PA 10 % 1995  [48]
0.26 m 60 mW 493 nm 4 mW 2%
ZBLAN Er 65 1m RT CW HeNe laser 402nm ESA 1996 [49]
pum 632nm+CW Diode laser 407nm
980 nm
ZBLAN Tm 3um 2m RT  CW Diode laser 1123 800 mW 481 nm,CW 230 mW ESA 15.6% 1997 [50]
nm
ZBLAN Tm 3 um RT CW Diode laser 1210 + 15mW 480 nm,CW 20 mW ESA 1997  [51]
DL 649 nm
JBLAN Vb 0.35/0. RT oW SSL 830 nm 100/450 520 nm, CW  9/3 mW ETU 1.5/0.37 -
or 3pum  19m mw % 2004 [52]
0.045 125mwW 490 nm,CW 8 mW 1.6 %
m
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ZBLAN Er 55 045m RT Pulse DL 976 nm 110 mW 543nm, pulsed 6.9 mW  ESA 30% 2016 [53]
um

492 nm, pulsed
ZBLAN Yb,Pr 13 034m RT 520 nm, pulsed 10 mW ETU 10% 2010 [54]

um 635 nm, pulsed

CW diode laser 850 nm

Dop. — Dopants, | — Fiber length , CD — Core diameter, T — Temperature, RT — Room temperature, CW — Continuous-wave, DL — Dye
laser, SSL — Solid-state laser; ZBLAN — ZrFs-BaF>-LaFs-AlF3-NaF
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2.3.3 The Ln*" -doped UC microsphere lasers

Figure 2.7 shows a typical configuration of a UC microsphere laser. In general, round-trip
propagation of light is formed at the air-dielectric interface of the resonators through internal
reflection (i.e. red arrows). Due to the strong optical confinement of light, optical loss of the
microcavity can be significantly reduced if the surface roughness of the interface is negligible.[55-
57] In addition, the microsphere has a high Q factor and low excitation threshold.[58-60] Hence,

most of the reported microcavity UC lasers have microsphere configuration, see Table 2.3.

Figure 2.7 The Ln®" -doped microsphere UC lasers. (a) Schematic diagram, (b) modal field.

It is reported that the realization of the low threshold and narrow linewidth UC laser can be
obtained by using resonant modes with a large ratio of quality factor/volume. Therefore,
microcavity resonators with a microsphere shape have been proposed.[61] The microsphere lasers

show excellent optical performance such as low threshold and narrowing lasing emission linewidth.
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Ln3* ions (i.e. Er¥*/Tm*") doped ZBLAN is commonly used to fabricate the microspheres. The
size of the microspheres varies from 30 to 120 um. The emission wavelength of the microcavities

is either green or blue in color dependent on the choice of the dopants, see also Table 2.3.
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Table 2.3 Recent development of Ln3* -doped microsphere UC lasers

Host Dop. D T Pump Threshold Output Peak Mech. Year  Ref.
source light power

ZBLAN Er  120um  RT Pulsed diode laser 30 pW 540 nm ESA 1999  [62]
801 nm

ZBLAN Tm 65 um RT Pulsed SSL 20 mW 480 nm ESA 1999  [63]
1064 nm

ZBLAN  Er 30 um RT Pulsed SSL 800 nm 4 mW 550 nm ESA 2002  [64]

ZBNA  Er 120um  RT Pulsed diode laser 3 uw 550nm 50mW  ESA 2010  [65]
978 nm

ZBLAN Yb,Er 110pm  RT Pulsed diode laser 16.8 pW 550 nm ETU 2018  [66]
978 nm

Dop. - Dopants, D — Diameter, T — Temperature, RT — Room temperature, CW — Continuous wave, DL — Dye laser, SSL — Solid-state
laser; ZBNA — ZrF4-BaF2-NaF-AlFs, ZBLAN — ZrFs-BaF.-LaF3z-AlFs-NaF
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The first UC microsphere laser was demonstrated in 1999 by W. V. Klitzing, et al. They used
Er3* doped ZBLAN as the microsphere with a diameter of 120 um.[62, 64] Diode laser at 801 nm
was used to pump the microsphere. Total internal reflection from the dielectric-to-air interface of
the microsphere confined the lasing modes (i.e. WGMs) of the laser. Lasing emission can be
observed at 540 nm (*Ss2—*l1s/2 transition) based on the ESA process at room temperature under
pulsed operation. The lowest threshold was reported to be 30 uW due to the small modal volume
and high finesse of the microsphere. On the other hand, the first CW UC microsphere laser emitted
at a blue wavelength of 480 nm was also reported in 1999.[63] The diameter of the Tm** doped
ZBLAN microsphere is 65 um. Several years later, the lower threshold, higher stability, and better
optical performance short wavelength UC microsphere lasers have also been realized. Table 2.3
reviews the recent development of Ln®* -doped UC microsphere lasers. The UC microsphere lasers
show very low threshold value than that of the bulk crystal UC lasers. The remarkable performance
of the microsphere lasers is due to 1) high-quality factor, 2) small modal volume, and 3) extremely
strong optical confinement. According to Table 2.3, the ZBLAN glass is the main optical medium
used to fabricate UC microsphere lasers. This may be due to the difficulty of finding other
materials with optical performance (i.e. low optical absorption loss, high optical damage threshold,

low fabrication cost, etc.) compatible with that of ZBLAN medium.
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2.3.4 The Ln*" -doped UC nanoparticles lasers

Figure 2.8a shows a typical configuration of a microcavity laser using UC nanoparticles as
the gain medium. Figure 2.8b shows the schematic diagram of a UC core-shell-shell nanoparticles
commonly used to realize UC lasing emission. This is because the use of core-shell-shell structure
significantly improves the UC efficiency - the surface passivated effect of core-shell configuration
reduces the surface quenching effects and suppresses energy transfer from the dopant ions to the
crystal surface.[67-71] Table 2.4 summarizes the recent investigations on the use of UC

nanoparticles to realize UC lasing emission.

Figure 2.8 Microcavity laser based on Ln®" -doped UC nanoparticles. (a) A bottle-like microcavity
which is fabricated by coating a mixture of silica resin and UC nanoparticles onto an optical fiber.

(b) The core-shell-shell structure of the UC nanoparticles.
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Table 2.4 Recent development UC lasers using Ln®* -doped UC nanoparticles as the gain media

Host  Dop. D T Pump Threshold Output Mech. Year Ref.
source light Pub.
8.5 kW/cm? 408 nm [72]
NaYFs Yb*, 80um RT PulsedSSL 6.5kW/cm? 550 nm EMU 2013
Erd* 980nm  55kwW/cm? 655nm
NaYFs Yb**, 75um RT  PulsedSSL 86 mJlicm? 310nm EMU 2016  [73]
Tms* 980 nm

NaYFs Tm* 5um RT CW 1064 nm 45kW/cm? 450nm PA 2018  [74]
17 kW/cm? 807 nm

Dop. - Dopants, D — Diameter, T — Temperature, Mech. — mechanism, RT — Room temperature,
CW - Continuous-wave, DL — Dye laser, SSL — Solid-state laser

The first UC nanoparticles laser was demonstrated in 2013.[72] The laser cavities were fabricated
by coating a mixture of silica resin and NaYF4:Yb/Er@NaY F4 core-shell NCs onto an optical fiber
with a diameter of 80 um. Lasing emissions at 408, 550 and 655 nm can be obtained
simultaneously using 980 nm ns-pulsed laser excitation at room temperature. Subsequently, UC
nanoparticles laser emitted at 310 nm was also realized by using Yb**-Tm?3* co-doped NaYF; core-
shell-core UC nanoparticles as the gain medium under pulsed operation at room temperature.[73]
The UC process of these nanoparticles is mainly due to EMU mechanism. In 2018, CW lasing
from microcavity using Tm** doped UC nanoparticles as the gain medium has also demonstrated.
It must be noted that the corresponding UC mechanism is due to the PA process. The microcavities

were fabricated by coating the UC nanoparticles at the polystyrene cavity surface. The threshold
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of UC lasing is as low as 14 kW cm so that CW lasing emission at room temperature can be
sustained.[74] This remarkable performance of the UC nanoparticles based on the microcavities
laser is due to 1) the use of NaYF4 host,[75-78] which can promote high UC efficiency, 2) small
mode volume, and 3) extremely strong optical confinement. According to Table 2.4, NaYF; is the
only choice of nanoparticles to realize UC lasing emission. This is because NaYF is found to be

the most effective host to sustain UC process at room temperature.

2.3.5 Summary

During the past decades, Ln®*" -doped UC lasers have achieved a wide range of lasing
wavelength from visible to UV, significant suppression of lasing threshold and linewidth as well
as reduction of cavity size from meter long fiber to microcavity structure. This is mainly due to
the improvement of optical confinement and high-optical-quality of laser cavities. Ln3* ions (i.e.
Er¥*/Tm?3*) doped NaYF4 nanoparticles is the recent popular nanomaterial to realize UC laser. So
far, the UC lasers fabricated by UC nanoparticles have shown excellent laser performance

compatible with that of the semiconductor lasers.

However, the laser performance of the available developed UC lasers is still not sufficient for
practical applications. For example, white-light lasers, which show to have enormous applications
in white-light display, is difficult to fabricate from Ln** -doped UC nanoparticles. In addition, the
reported UC efficiency of the available UC nanoparticles is still insufficient for practical

applications. Therefore, it is necessary to improve the design of lasing cavities for better UC lasing
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performance. In this thesis, we explained the possibilities to realize white-light laser by using UC
microparticles as the lasing cavities as well as the optical gain media. We also proposed to use the
plasmonic effect to improve the lasing characteristics of UC microparticles. On the other hand, we
found that the reduction of surface quenching effects can suppress surface-related deactivations
and improve UC efficiency of UC nanoparticles. This can be done by using the aberration-
corrected high angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) to study the relationship between the surface conditions and UC efficiency from the Ln®*
-doped nanoparticles. The growth process of Ln®* -doped nanoparticles is also studied by using in
situ transmission electron microscopy (TEM) imaging technique to deduce the corresponding

surface defects restoration mechanism so that better UC efficiency can be obtained.

WANG TING 31



Q:a White-light WGMs lasing from Ln®* -doped UC NaY F4 hexagonal microrods

THE HONG KONG POLYTECHNIC UNIVERSITY

3.  White-light WGMs lasing from Ln*" -doped UC B-

NaYF4 hexagonal microrods

3.1 Introduction

The realization of white-light lasers finds novel applications such as those in the field of
display technology.[79-82] White-light lasers show advantages over conventional white-light
emitting-diodes due to their low beam divergence and high emission intensity. Therefore, they
have attracted the interest of scientists on the development of practical applications such as three-
dimensional optical tweezers, fluorescence microscopy, and true-color three-dimensional
holograms. Furthermore, white-light lasers potentially play an important role in consumer products
such as headlights and spotlights of automobiles (e.g. BMW i8), as well as laser lighting. Research
and development of white-light lasers will bring revolutionary change and subversion to the

application of lasers.[80, 83-85]

To achieve white-light lasing, the excitation of multi-color emissions based on the mixture of
three primary colors red/green/blue (RGB) should be considered. Due to the ability of photons to
carry energy and information, it is more advantageous to use white-light lasers as alternative light
sources for optical communication and high power cutting, compared to monochromatic lasers
with narrow wavelength range. The current technology to obtain white-light lasers is based on the
broadening of emission range triggered by highly nonlinear optical processes through extremely

high input power of light. For example, white-light pulses can be generated by focusing on high-
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power femtosecond pulses a transparent material.[86] Using this technique, white-light laser
sources had been commercialized as a product for scientific applications. However, the drawbacks
of using nonlinear optical processes are the high production and operation cost. Recently, a
monolithic multi-segment ZnCdSSe crystal-based semiconductor nanosheet, which demonstrates
lasing emission in the RGB regimes, shows potential in the realization of low-cost and compact
white-light laser diodes.[81] Nevertheless, it is difficult to excite red, green and blue lasing
emissions simultaneously in the same lasing cavity, which poses a challenge to achieve white-light

lasing emission with the UC material.

Recently, lanthanide (Ln3") rare earth -doped upconversion (UC) luminescence fluoride-
based materials have been used to produce white-light spontaneous emission because of their
abundant amount of energy levels.[87] As the UC emission originates from the Ln®" rare earth
ions, the RGB can be controlled by modulating the concentration of activator ions (Er*, Tm**,
Ho®*, Yb®', and Eu®" and so forth), changing the excitation power or tuning the concentration of
sensitizer ions (such as Yb**) within any defined location to generate white-light emission. Besides,
the low cost and compact near-infrared (NIR) laser diodes can be used as the excitation sources.
Therefore, we propose using Yb®", Er¥*, and Tm3* tri-doped hexagonal-phase p-NaYFs microrods
to produce RGB lasing under NIR excitation. The hexagonal-phase B-NaYFs microrods play the
role as the material host to achieve energy transfer from Yb3* ions to Er®* ions for green and red
emissions, or Tm3* ions for blue emission. In addition, to achieve lasing emission, lasing cavities

should be introduced. Here, the hexagonal-phase p-NaYFs effectively forms hexagonal cavities
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for lasing emission, and by controlling their sizes, the difference in lasing threshold between the

red, green and blue lasing modes can be minimized.

3.2 Fabrication methods of Ln®* -doped UC B-NaYFs hexagonal

microrods

The B-NaYFs Ln** (Ln**=Yb*/Er**/Tm®") hexagonal microrods were prepared by
hydrothermal method. The reagents include rare-earth (Ln =Yb, Er, Tm) oxides (99.99% purity
obtained from Aladdin, China), ethylenediamine tetraacetic acid (EDTA > 99.5%, obtained from
Tianjin Fengchuan Chemical Reagent Co., Ltd., China), sodium hydroxide (NaOH > 96.0%,
Tianjin Fengchuan Chemical Reagent Co., Ltd., China), ammonium fluoride (NH4F > 96.0%,
Tianjin Fengchuan Chemical Reagent Co., Ltd., China) and hydrochloric acid (HCI,12M, need to
be diluted with deionized water for 1M). All chemicals are of analytical grade and were used

directly without further purification.

To prepare the Yb%*, Er¥*doped B-NaYFs (1 mmol) microrods, Yb2Os , Y203, and Er,Os
powder were first dissolved in dilute nitrate solution and the residual nitrate was removed by
heating and evaporation, resulting in the formation of a clear solution of Ln(NO3)s (Lh=Tm, Yb,
Er). Subsequently, 12.5 ml of an aqueous solution containing 0.4g EDTA and 1.05 ml of NaOH
aqueous solution (5.0 M) were mixed under stirring until the solution becomes clear. After that, 5
ml of Ln(NO3)s aqueous solutions (0.2 M), 8 mL of NH4F (2.0 M) aqueous solutions and 7 ml

dilute hydrochloric acid (1 M) were added to the mixture. After additional agitation for 90 min on

WANG TING 34



Q:a White-light WGMs lasing from Ln®* -doped UC NaY F4 hexagonal microrods

THE HONG KONG POLYTECHNIC UNIVERSITY

a magnetic stirrer, the resultant solution was transferred to a 50 mL autoclave and maintained at
200°C for 40 hours. Finally, the autoclave was cooled down to room temperature. The precipitates
were separated by centrifugation, washed with deionized water and ethanol for three times, and
then dried in air at 80 <C for 8 hours. Yb*" and Tm®* co-doped p-NaYF4 hexagonal microrods and
Yb*, Er**, Tm** tri-doped B-NaY F4 hexagonal microrods can also be prepared by a similar process

as described above with the change of rare-earth ions.
3.3 Physical and optical properties

3.3.1  Optical measurement setup

Camera

spectrum analyser ( \Mirror

Lens

Dichroscope /

Excitation source

Objective Lens
50x

Figure 3.1 The photoluminescence and lasing characteristic measurement setup.
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We used an optical microscope (Leica DM1000 LED) to measure the lasing and
photoluminescence spectra, as shown in Figure 3.1. Firstly, B-NaYF4 hexagonal microrods were
dispersed in the quartz plate, and then by modulating the X-Y-Z translation stage of the optical
microscope, we can control the positions of the single B-NaYF4 hexagonal microrods. A 50%0.75
N.A. objective lens was used to observe and collect the optical information of the single B-NaYF4
hexagonal microrods. As for the optical spectral analyzer, Oriel MS257 monochromator (i.e.,
spectral resolution can be changed from 0.1 nm to 5 nm, here we used the spectral resolution with
0.1 nm for maximum accuracy) attached to a photomultiplier tube was used. The dichroscope
mirror used reflects NIR (800-1200 nm) and transmits visible (300-790 nm) waves. During optical
measurement, the excitation source was introduced and was reflected by the dichroscope. Through
the objective lens, the excitation source was focused on a single f-NaYF4 hexagonal microrod
surface. The emission from the Ln®" -doped hexagonal microrods can then be collected at the same
objective lens, which passes through the dichroscope and eventually reaches the spectral analyzer.
All of the optical characteristics of lasers were measured at room temperature in an atmospheric

environment.

To measure the lasing characteristics of the sample, a frequency-tripled 355 nm Q-switched
Nd:YAG pulsed laser was used to generate 980 nm ns-pulses as the pump source. The frequency
and pulse width were respectively 10 Hz and 6 ns, and the diameter of the light beam was 0.8 cm.

The horizontally polarized pump laser beams were obtained by feeding the pulses from the
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Nd:YAG laser into an optical parametric oscillator. As for the measurement of photoluminescence

spectra, continuous wave (CW) 980 nm laser was used instead.

3.3.2 Physical properties of B-NaYF4 hexagonal microrods

The XRD data for the -NaYF4 powder were recorded by using the Bruker AXS D2 phaser
equipment with a graphite-monochromatized Cu Ka radiation (1.5406 A). The TEM images and
elemental mapping images were measured by a JEOL-JEM 2100F transmission electron
microscope operating at an acceleration voltage of 200 kV. Teledyne Leeman Labs -Prodigy
Inductively coupled plasma -optical emission spectrometry (ICP-OES) with 1.1 kW power was
also used to analyze the doped concentration of Ln* ions in 0.1 g of the 40% Yb%*, 2% Tm?**, 0.5%

Er** tri-doped B-NaYF4 hexagonal microrods.

The physical characteristics of the samples are shown in the following figure, Figure 3.2a-c
show the SEM (scanning electron microscope) images of Ln®* rare earth co-doped B-NaYF4
microrods by changing the Ln®*" concentrations, and Figure 3.2d shows the corresponding XRD
patterns. The SEM images show that the 100% Yb®*-1% Er®*, 20% Yb®"-1% Er®*, and 40% Yb3*-
2% Tm?®" co-doped B-NaYF. appears in the form of microrods with hexagonal cross-sections,
which facilitates the propagation of whispering gallery modes (WGMs) to support lasing emission.
The XRD data also shows that we have successfully fabricated the single-phase B-NaYFs without

the other phases by using the hydrothermal method.
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Figure 3.2 SEM images of (a) 100% Yb*'-1 %Er®*, (b) 20% Yb®*"-1% Er®* and (c) 40% Yb*"-2%
Tm?3* co-doped B-NaYF4 hexagonal microrods. (d) XRD patterns of the corresponding co-doped

B-NaYFs hexagonal microrods.

To obtain the RGB UC lasing emissions from the same cavity, the Yb®*, Er**, and Tm®* tri-
doped B-NaYFs hexagonal microrods were also fabricated, and their characterization results
through SEM, TEM and XRD are shown in Figure 3.3. The Figure 3.3a shows the SEM image of
Yb*, Er**, and Tm*" tri-doped B-NaYFs, it can be observed that the microscale p-NaYF4 shows
two sharp ends, with an average radius of 3 um (see Figure 3.4). The inset of Figure 3.3a shows
the close-up view of a single -NaYF4 hexagonal microrod, which reveals that the B-NaYFs has
six flat surfaces and the ends are of the hexagonal pyramid structure. Figure 3.3b is the mapping
images, which confirms that each of the rare earth elements (Yb, Er, and Tm) is distributed

uniformly over a single f-NaYF4 hexagonal microrod. Figure 3.3c presents the high-resolution
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TEM image measured at the edge of a single B-NaYFs hexagonal microrod. According to the
lattice structure of the B-NaYF4 crystal, the (001), and (100) planes can be indexed on the image,
with the space group P6s/m. The corresponding electron diffraction image is also shown in Figure
3.3d, which suggests that the fabricated single f-NaYF4 hexagonal microrod is highly crystalline.
The XRD patterns of Yb3*-Er¥*-Tm?®" tri-doped p-NaY F4 hexagonal microrods are given in Figure

3.3e, resembling that of the B-NaYF4 crystal (JCPDS file number 16-0334) closely.
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Figure 3.3 (a) SEM images of the as-synthesized Yb%*, Er¥*, and Tm?®" tri-doped B-NaYF;
hexagonal microrods. (b) Elemental mapping of a f-NaYFs, (c) HR-TEM image of a B-NaYF4
hexagonal microrod. (d) Electron diffraction image and (e) XRD pattern of -NaYF4 hexagonal

microrods.
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Figure 3.4 Size distribution of Yb®, Er¥*, and Tm3 tri-doped B-NaYF4 hexagonal microrods

corresponding to Figure 3.3 a.
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3.4 Photoluminescence properties of p-NaYFs hexagonal

microrods by modulating Ln®** ions doping
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Figure 3.5 Energy level diagram of the Yb®*, Er®*, Tm*" tri-doped p-NaYF4 hexagonal microrod
under 980nm NIR excitation. The mechanisms of the UC population, radiative and non-radiative

recombination as well as cross-relaxation transitions, are indicated in the diagram.

Figure 3.5 shows the energy level diagrams of Yb**, Er**, and Tm®" tri-doped B-NaYF4
hexagonal microrods under the 980nm NIR excitation. There are numerous energy levels for the

Yb®*, Er¥* and Tm3* ions. The Er®* ions can lead to *Fop—*115/2 (654 nm -red), 2Hi12—*l1572 (520
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nm -green) and “Sz—*l1s2 (540 nm - green) transitions.[89] These red and green transitions
belong to the 2-photon absorption process. According to the reference, it is expected that high
concentration doping of Yb®* could enhance the red emission peak, whereas a low concentration
of Yb*" will enhance the green emission peak due to the suppression of cross-relaxation process.
On the other hand, the doping of Tm3" ions can support 'D,—3F4 (450 nm - blue) and 'Gs—3*Hs
(475 nm - blue) transitions.[90] However, the blue transition belongs to 3-photon absorption
process so its UC efficiency is less than that of the red and green transitions through 2-photon
absorption. Therefore, to obtain a high output of white-light emission at a high excitation power,
the doping concentrations of both Yb®" and Tm3" are selected first to maximize blue emission
intensity. Then, the doping concentration of Er®* is selected subsequently to simultaneously

modulate the relative intensities of RGB emission to control the final emission colors.
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e ——80% Yb G 540nm
——60% Yb -1 N

151 — 0% Yb LA (o Sttnl 10
- ——20% Yb ey \ A

3 ——18% Yb 5
s —15% Yb 8 0\ K 3
01 > g
£ 34 ~o 535
£ =
= A <
= E /A \ ™A HE

31 od...... O, -

\' \O s
Fa¥ "'“‘-o____._.__: ............... -
0 ——

= T T I - T O
500 550 600 650 700 750 100% 80% 60% 40% 20% 18% 15%
Wavelength(nm) Yb®* concentration

Figure 3.6 (a) The photoluminescence spectra and (b) the ratio of emission intensity between green

and red emission changes of the Yb®", Er¥* co-doped B-NaYFs hexagonal microrods under CW
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980 nm laser excitation when the concentration of Yb®" varies from 15% to 100%. The

concentration of Er®* ions is fixed at 1%.

In the photoluminescence experiment, the CW 980 nm laser beam was focused into a laser
spot of 8-um diameter through an objective lens so that high pump intensity of 1 MW/cm? can be
obtained to excite the single B-NaYFs microrod. Figure 3.6a shows the photoluminescence spectra
of x% Yb3', 1% Er®* (15< x<100) doped single p-NaYF4 hexagonal microrods under CW 980
nm excitation with source power density of 1 MW/cm?, and Figure 3.6b shows the corresponding
ratio between the 645 nm (red) and 540 nm (green) emission intensities (i.e. lesanm/lsa0nm) in
relation to the Yb®* concentration. The emission band located at 654 nm is due to the *Fg;2—*l15/
transitions of the Er®*, while the green emissions located at 540 nm and 520 nm are due to the
2Hi1z = *lisiz and 4Sap — #1152 transitions, respectively. It can be observed that when the
concentration of Yb** is 100%, the red emission is dominant, because the high concentration of
Yb3* promotes the cross-relaxation process (i.e. *Fz2— *For2 and *l1,—~*Fg/ transitions between
the two nearby Er®* ions).[91] When decreasing the concentration of Yb3*, the red emission
intensity decreases, but the green emission increases initially and is maximized at a concentration
of Yb®* equals to 20%, followed by an intensity reduction because of the concentration quenching
phenomenon. Therefore, by decreasing the concentration of Yb**, the emission colors can be

modulated from red to green flexibly.
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Figure 3.7 Photoluminescence spectra of the Yb®*", Tm** co-doped B-NaY F4 hexagonal microrods
under the CW 980 nm laser excitation by modulating the concentration of Yb3®". The concentration

of Yb** is changed from 50% to 20%, and the concentration of Tm*" is fixed at 2%.

Figure 3.7 shows the y% Yb®*", 2% Tm3®" (20<y<50) co-doped B-NaYFs hexagonal
microrods under the CW 980 nm pump with a power of 1 MW/cm? in order to optimize the blue
emission intensity. According to the spectra, there are two blue peaks located at 450 and 475nm.
The 450 and 475 nm emission peaks correspond to the 'D,— 3F4, and 'Gs— 3Hs transitions of
Tm?3* respectively. The emission wavelength located at 647 nm (due to G4 — 3F4 transition of
Tm?®*) is very weak and is negligible due to the concentration quenching effect of the fluorescence.

The emission located at 450 nm is optimized when the concentration of Yb*" is 40%.
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Figure 3.8 (a) Photoluminescence spectra and (b) the ratio of emission intensity between green and
blue emission as well as red and blue changes of the Yb®", Tm®*, Er** tri-doped p-NaY F4 hexagonal
microrods under CW 980 nm excitation by modulating the concentration of Er®*. (c) CIE

chromaticity image of the tri-doped B-NaY F4 hexagonal microrods.

As mentioned before, because the blue emission is triggered by 3-photon absorption UC
process, the UC efficiency is relatively lower when compared with that of the red and green
emission (due to 2-photon UC). Therefore, in order to obtain the relatively high UC efficiency, we
need to first optimize the blue emission in the Tm3*, Yb®" co-doped microrod, followed by the
doping of Er®* to modulate the relative intensity of red, green and blue intensities for white
emission with high efficiency. In Figure 3.7, the blue emission is optimized when the concentration
of Yb® is 40%, so we kept the concentration of Yb3* and Tm?®" to be 40% and 2% respectively.
Then, the concentration of Er®* is used to control the relative emission intensity between the red,
green and blue peaks in order to deduce a relatively high-efficiency white-light emission. Figure

3.8(a) shows the 40 % Yb*, 2% Tm®*, z% Er** (0.3<z<2) tri-doped p-NaYF4 hexagonal
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microrods under CW 980 nm excitation with pumped power of 1 MW/cm?, and Figure 3.8b shows
the corresponding ratio of emission intensity between green and blue light as well as red and blue
lights. Figure 3.8c also shows the CIE chromaticity by increasing the concentration of Er3*. All of
the above experiments are carried out at room temperature. White-light emission can be obtained
from Yb%, Tm3*, Er** tri-doped p-NaYF4 hexagonal microrods under CW 980 nm excitation at 1
MW/cm?. In addition, the corresponding 1931 CIE chromaticity coordinates by changing the
concentration of Er®* are given in Figure 3.8c. At low Er®* concentrations, the blue emission has
relatively high intensity. However, by increasing the concentration of Er**, green and red emissions
are increased and become dominant. When the concentration of Er3* is equal to 0.5%, white-light
emission with chromaticity coordinate of (x =0.3047, y = 0.3417) can be obtained and the emission
intensity in the single particle is optimized. This coordinate falls exactly within the white region
of the 1931 CIE diagram and is very close to the standard equal energy white-light emission (x =
0.33 and y = 0.33). Hence, the concentration of Yb%*, Tm**, and Er®* are selected to be 40%, 2%,
and 0.5% respectively to obtain the relatively high-efficiency white-light emission from the single

B-NaYFs hexagonal microrods.
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Figure 3.9 Photoluminescence spectra of the doped B-NaYF4 hexagonal microrods under CW 980
nm excitation at a pumped power of 1 MW/cm?. The inset photos show the corresponding emission

profile.

Figure 3.9 shows the photoluminescence spectra of the selected red, green, blue and white
doped B-NaYFs hexagonal microrods with the optimized doping concentrations, as well as their
corresponding pictures taken by the experimental setup camera. In this measurements, RGB
emission intensities are maximized via the co-doping concentrations of 100% Yb**-1% Er®*, 20%
Yb3*-1% Er®*, and 40% Yb3**-2% Tm?*, respectively. Furthermore, 40% Yb3*-2% Tm?®"-0.5% Er*
tri-doped B-NaYF4 hexagonal microrods are found to achieve effective white-light emission. As
shown in Figure 3.9, the relative intensities of the RGB emission peaks are just slightly reduced

from their maximum values so that the UC efficiency of the white-light emission is optimal.
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3.5 RGB and white-light lasing emissions from the Ln®*" -doped p-

NaYF4hexagonal microrods
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Figure 3.10 Lasing emission spectra of three individual B-NaYFs hexagonal microrods with
different doping concentrations under 980 nm ns-pulsed laser excitation. The insets show the
corresponding optical images with emission wavelengths of 654, 540 and 450 nm captured by the
optical camera. (d) The corresponding intensity vs pump density curves. Numerical simulation of

optical field distribution inside a 100%Yb**, 1%Er®* co-doped p-NaYF4 hexagonal microrods
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emitted at 654 nm is shown in the inset of Figure d. The yellow dashed-line indicates the formation

of one round-trip.

Figure 3.10 shows the RGB blue lasing spectra of (a) 100% Yb%*, 1% Er®*, (b) 20% Yb*", 1%
Er¥*, and (c) 40% Yb3*, 2% Tm3* doping B-NaYFa single microrods of radius ~3 pum, under the
excitation by 980 nm ns-pulsed laser. The inset of Figure 3.10a-c show the corresponding pictures
captured by the camera from the optical microscope. As seen from the emission spectra in Figure
3.10a, when the excitation is low (2.4 mJ/cm?), the spectra show broadband with the center located
at 654 nm and this band corresponds to spontaneous emission. By increasing the excitation power
density, the spectral line is narrowed, and UC lasing emission is achieved with a linewidth less
than 0.4 nm when the excitation power is 7.2 mJ/cm?. This means that the UC red lasing emission
with a single mode can be obtained in the single B-NaYF4 hexagonal microrod. Figure 3.10b-c also
show similar behavior of the microrods with green and blue lasing emissions, compared to that of
in Figure 3.10a, in which the broad emission peak transforms into a narrowed lasing peak of
linewidth below 0.4 nm when the power density is increased beyond the lasing threshold. The UC
intensity vs pump density curves of these RGB emission spectra are also plotted in Figure 3.10d
in order to measure the threshold associated with the lasing emissions. In each of the curves, a kink
exists, representing the pump threshold (Pw). It is found that Py is 3.0, 3.78 and 4.8 mJ/cm? for
654 nm, 540 nm and 450 nm emission, respectively. This result shows that it is easier to obtain red
lasing emission compared with blue and green lasing emissions. It is believed that the B-NaYFs

hexagonal microrods support lasing emission through the optical feedback supported by the six
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flat surfaces. The inset of Figure 3.10d shows the numerical simulation of optical field profile
(cross-section) of the 100% Yb®*, 1% Er®* co-doped p-NaYF4 hexagonal microrods with the UC
emission located at 654 nm. The six flat surfaces of the microrods support WGMs via total internal
reflection (see the white dashed line). However, due to their relatively high cavity losses and a
high threshold, Fabry-Perot (FP) modes or quasi -WGMs are not supported inside microrods.
Furthermore, with lower lasing output power, the linewidth of the blue lasing emission is generally
larger than that of the green lasing, followed by the red lasing line width. It was shown that the

linewidth of a single-mode semiconductor laser is inversely proportional to its output power.
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Figure 3.11 Plots of the threshold, P, versus radius, R, of the Ln®*" doped B-NaYF4 hexagonal

microrods at the RGB emissions.
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Figure 3.12 (a) UC intensity as a function of pump density and (b) lasing line width of the RGB
emissions for a 40% Yb**, 2% Tm3*, and 0.5% Er®* tri-doping hexagonal microrod with radius is

4 pm.

In order to achieve UC white-light lasing emission, we used 40% Yb3*-2% Tm3*-0.5% Er®*
tri-doped B-NaYF4 hexagonal microrods to measure the RGB lasing spectra. To obtain the RGB
lasing emissions within the same cavity, we need to measure the threshold of the lasing emission
initially by changing the cavity’s radius. This is to make sure that lasing of the three base colors
can be achieved under the same excitation density. Figure 3.11 shows the lasing threshold of the
red, green and blue lasing for 40% Yb%", 2% Tm?®*, 0.5% Er®* tri-doped p-NaYFs hexagonal
microrods when the cavity radius is changed from 0.5 to 4.5 um. Under 980 nm ns-pulsed
excitation, it was observed that the threshold of red lasing is lower compared to that of the green

and blue ones, which means that red lasing is easier to be obtained. This phenomenon is similar to
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that presented in Figure 3.10. Besides, by increasing the radius, the threshold of the three emission
wavelengths decreases. Therefore, a larger cavity makes it easier to obtain UC lasing emission.
Here, we selected the microrods with radius 4 um because this value of radius enabled us to

maintain stable single-mode lasing in our lasing measurement.

Figure 3.12a plots the UC intensity vs pump density curves of the 40% Yb3*, 2% Tm®*, 0.5%
Er** tri-doped p-NaYF4 hexagonal microrods (radius R = 4 um) for the RGB lasing emissions.
Figure 3.12b plots the red, green and blue emission linewidth versus pump power density. From
the results, a kink from the UC intensity vs pump density curves is observed, which demonstrates

narrowing of emission spectra simultaneously from the RGB lasing modes.
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Figure 3.13 Emission spectra of the a 40% Yb®*, 2% Tm3*, and 0.5% Er** tri-doped hexagonal
microrod under 980 nm ns-pulsed excitation, the pump density is (a) 1 and (b) 21.6 mJ/cm?. The
inset in Figure 3.13(b) shows the corresponding single particles picture capture from the optical

microscopy under 980 nm ns-pulsed excitation at room temperature.

Under 980 nm ns-pulsed laser excitation, Figure 3.13 shows the emission spectra of the tri-
doped B-NaYFs microrods under the pump power density of 1.0 and 21.6 mJ/cm?. It is observed
that when the excitation pump density is 21.6 mJ/cm?, the sample sustains single-mode lasing
emission with the emission wavelength is located at 654, 540 and 450 nm. According to the inset
of Figure 3.13, it can be observed that the white-light lasing is achieved under the pulsed laser

excitation from the flat surface of the hexagonal microrod.
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Figure 3.14 The plot of CIE1931 color coordinates of the doped microrods under lasing emission

with different (a) radius R with pumped power kept at 21.5 mJ/cm? and (b) pumped power with

radius R kept at 4 um.
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The corresponding CIE 1931 color diagram coordinate is calculated to determine the lasing
color. Figure 3.14a shows the CIE of the lasing emission from the 40% Yb3*, 2% Tm?", 0.5% Er®*
tri-doped B-NaYF4 by fixing the excitation power at 21.5 mJ/cm? with a radius R varying from 1.5
to 4 um. These values are very close to the white point of CIE standard illuminant (with coordinates
x = 0.33 and y = 0.33). Figure 3.14b shows the CIE of the lasing emission from a 40% Yb%*, 2%
Tm®*, 0.5% Er®* tri-doped p-NaYFs (R = 4 um) at different pump powers. In this case, the CIE is

also located in the white area with little change over the ranges of operating conditions.

3.6 Summary

The optimal concentrations of the Ln®" ions in B-NaYF4 hexagonal microrods are obtained to
support UC white-light lasing emission. The UC efficiency of the tri-doped B-NaYFs hexagonal
microrods is measured using an integrating sphere. It is found that the quantum efficiency for the
white-light emission via NIR laser excitation at room temperature is close to 0.01%, which is as
good as our recent reported Ln3* -doped B-NaYFa core-shell nanoparticles. In the experiment, we
find the optimal concentrations of 40% of Yb®" and 2% of Tm3* to ensure that blue emission at
450 nm is optimized. Then, we further change the doping concentration of Er®* to modulate the
relative intensity of RGB emissions and obtain the white-light emission from the same single
microparticle. It is found that 0.5% of Er®* is sufficient to excite RGB emission peaks
simultaneously with similar emission intensities, and white-light emission can be generated

according to the CIE calculation.
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We demonstrate that the B-NaYF4 hexagonal microrods support WGMs lasing at 654, 540
and 450 nm simultaneously with linewidths less than 0.4 nm. It is noted that the red lasing emission
IS easier to be obtained than the other two colors. On the other hand, the corresponding lasing
threshold can be reduced by increasing the radius of the microrods. Therefore, to make sure that
those RGB lasing emissions can emit simultaneously from the same cavity, we choose the
microrods with radius, R = 4 um. Under 980 nm ns-pulsed excitation, the lasing spectra of the
micro-rods corresponds to the CIE 1931 color diagram coordinate (x = 0.3440, y = 0.3573). These
values are very close to that of the white point of CIE standard illuminant with coordinates (x =

0.33and y = 0.33).

WANG TING 55



Q:a Influence of plasmonic effect on the UC emission of Ln%*-doped NaYF2 hexagonal microrods

THE HONG KONG POLYTECHNIC UNIVERSITY

4.  Influence of plasmonic effect on the UC emission of

Ln*" -doped p-NaYF, hexagonal microrods

4.1 Introduction

In chapter 3, we investigated the multicolor lasing properties of the lanthanide (Ln%*) -doped
B-NaYFs hexagonal microrods. Wide range of the color from blue to red lasing can be obtained
based on the Ln®" -doped materials, which means that color-tunable laser can also be realized by
doping Ln®* ions. However, their upconversion (UC) efficiency of the lasers are low (below 0.1%)
and their low UC efficiency leads to the high excitation threshold of the lasing emission. Therefore,
we are motivated to search for new methods to reduce the threshold of the Ln** -doped microcavity
lasers. Hence, the low threshold UC lasers can find further applications in biomedical imaging,

all-optical on-chip information processing, and optogenetics.

Here, we propose to employ the plasmonic effect to enhance the UC efficiency of the Ln®* -
doped B-NaYF4 hexagonal microrods.[92-95] This is possible because recent investigations had
reported that the Ln®* -doped nanoparticles show intense improvement of UC emission intensity
by up to 30 times through the use of surface plasmon resonance (SPR) when the resonance
wavelength matched with the UC nanoparticles emission wavelength.[96-98] The improvement is
the result of effective coupling between the excited fluorophores of the UC nanoparticles and the
SPR of the metal nanoparticles. In addition, a similar phenomenon is observed in a long metal

stripe embedded in Er¥* doped phosphate glass, which supported stimulated emission of surface
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plasmon polaritons.[99] These findings motivate us to use the SPR in reducing the threshold of the

UC lasing emission in our Ln** -doped B-NaYF4 microcavity lasers.[100]

In this chapter, we have shown unambiguously that the excitation threshold of red/green/blue
(RGB) lasing emissions from Yb3*-Er¥*-Tm** tri-doped B-NaYF4 hexagonal microrods can be
decreased via SPR by placing the tri-doped B-NaYF4 hexagonal microrods on an Ag-coated
substrate. Hence, we observe: 1) SPR modes supported by the use of an Ag-coated substrate under
high-power excitation. 2) Low absorption loss from the Ag coating through the use of micro-sized
hexagonal rods. 3) The decrease of the lasing threshold by half through the interaction between
the whispering gallery modes (WGMs) from the hexagonal cavities and SPR modes from the Ag
layer. We also have shown that these improvements are due to the change in the lasing pathway in

the lasing cavities by the plasmonic effect.

4.2 Design and fabrication of hexagonal microrods on Ag thin film

4.2.1 Simulation methods and results

2-D finite element method (COMSOL Multiphysics 5.0) was used to calculate the WGMs of
the laser microcavities. The B-NaYF4 hexagonal microrods with radius 2 um were considered in
the design. Ag layer coated substrate also introduced in the calculation to study the influence of
plasmonic effects. Thin layers of MgF. and Ag were deposited onto the quartz plate to form the
substrate. In the calculation, it is assumed that the microrods and the substrate are surrounded by
air. By using the eigenfrequency methods, WGMs were solved in the form of complex

eigenfrequency, f (= f; + ifj) and the mode quality factor is defined as Q = fi/(2fi). The refractive
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index of B-NaYF4 was set to 1.623 for all wavelength. The refractive indices are given in Table

4.1

Table 4.1 The refractive indices of MgF2, Ag, SiO: at different wavelengths

450 nm 540 nm 654 nm
MgF2 1.3815 1.3787 1.3767
Ag 0.04 — 2.64841 0.056895 —3.50471 0.051288 — 4.44041
SiO2 1.4656 1.4603 1.4564

4.2.2 Optical measurement setup

spectrum Camera
analyser A2 -

[] \Mirror

Fiber  Lens Polarizer
Dichroic /
T
protective layer mirror / e 0
NaYF, microrod X A2 980nm

Ag film laser

Objective
Lens

substrate

Figure 4.1 The optical measurement setup

Figure 4.1 shows the spectral measurement setup which is a modification from that given in

Chapter 3. In this setup, the polarization of the 980 nm excitation laser is controlled by using A/2
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waveplate and polarizer (i.e. on the right-hand side of the objective lens). Lasing characteristics of
the B-NaYFs were studied by using a frequency-tripled 355 nm Q-switched Nd: YAG pulsed laser
(6 ns, 10 Hz) with a beam diameter of 0.8 cm as the main excitation source. 980 nm laser beams,
which were polarized horizontally, were generated by an optical parametric oscillator. The sample
was placed on an X-Y-Z translation stage of a light-field optical microscope (Leica DM1000 LED)
for the optical (photoluminescence and lasing spectra) characterizations. A 50 0.75 N.A.
objective lens was used to excite and to collect light emission from the sample. The recorded light
was then analyzed by an Oriel MS257 monochromator (spectral resolution is 0.1 nm) attached to
a photomultiplier tube. The measurement was carried out at room temperature in an atmospheric
ambiance. For photoluminescence measurement, we used continuous wave (CW) laser 980 nm as

the excitation source.

4.3 Photoluminescence characteristics of the Ln®* -doped -

NaYF4 hexagonal microrods deposited on Ag substrate

4.3.1 Influence of the Ag thin film

To introduce the plasmonic effect, we used Yb*—Er¥*—Tm?3* tri-doped p-NaYF4 hexagonal
microrods on a SiO> substrate coated with Ag layer of 50 nm thickness (this value of Ag has
optimized for the surface smoothness). Figure 4.2 shows the schematic diagram of the optical
resonator. In the diagram, an MgF. film of thickness h is inserted between the B-NaYF4 hexagonal
microrods (with radius r = 2 um) and the Ag layer. To study the dependence of the

photoluminescence intensity due to the plasmonic effect on h, Figure 4.3 plots the computer
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simulation results (i.e. using finite element method) of the Q-factor versus the thickness h of the
proposed optical resonator at three primary colors (i.e. at wavelengths of 450 nm, 540 nm and 654
nm). The simulation results show that the MgF. layer is not necessary to introduce to the system
to maximize the corresponding Q factor of the optical resonator. This is because the B-NaYF4 rod
is of micro-size so that the profile of the plasmon modes can extend toward the microrods and
avoid penetrating into the Ag layer. Consequently, the MgF. layer does not contribute to the

reduction of absorption loss arisen from the Ag layer.

NaYF, d Protection
_ —_—
microrod h| layer

Ag

substrate

Figure 4.2 The schematic diagram of the optical resonator
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Figure 4.3 Plot of calculated Q-factor of a B-NaYFs: Yb%, Er**, Tm3 hexagonal microrod
deposited on an Ag-coated (50 nm) substrate, which is also protected by MgF> dielectric layer with

different thickness h.
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Figure 4.4 The measured photoluminescence UC spectra from a microrod deposited on an Ag-
coated substrate with different thicknesses (h = 0, 5, 50 nm) of MgF protection layer and without

Ag.

Figure 4.4 plots the measured spontaneous emission spectra of a B-NaYFs: Yb**, Er¥*, Tm3*
hexagonal microrod at different the MgF> thicknesses h. Under CW 980 nm laser excitation, the
spectra show the blue UC emission peak at 450 nm can be increased by 16 times (the relative
intensity increased from 3.95 to 65), the green emission peak at 540 nm can be increased by 13
times (the relative intensity increased from 3.6 to 48) and the red emission peak at 654 nm can be

increased by 13 times (the relative intensity increased from 3.25 to 44), when there is no MgF2
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protection (h = 0 nm). The RGB emission intensities show more than 10 times of increase and
such effect is the greatest for the blue emission. On the other hand, we find that by increasing the
value of the MgF: thickness, the enhancement reduces with h and this results consistent with the
simulation results given in Figure 4.3. It should be mentioned that the intensity enhancement is
independent of the rare earth doping concentration and the type of the dopants (Figures 4.5).
According to Figure 4.5, the UC spontaneous emission spectra of single B-NaYFa: x%Yb%*,
1%Er** hexagonal microrods (i.e. x ranging from 20% to 60%) have enhancement of about 11
times for all the values of x. This means that the influence of the plasmonic effect is independent
of the concentration of the rare earth dopant. In addition, the plasmonic effect with different sizes
of the microrods is also studied. As shown in Figure 4.6. The influence of plasmonic effects can
be amplified when the particles size is increased. We have measured the UC spontaneous emission
spectra of Yb®" and Tm*" doped B-NaY F4 hexagonal microrods with different radius. It is observed
that the microrods with a larger radius have stronger enhancement under the influence of plasmonic
effect (e.g. microrods with a radius of 3 and 2 pm have an enhancement of emission intensity by
9.3 and 5.5 times, respectively). This is because a microrod with a large radius has a large surface

area to interact with the Ag layer so that the plasmonic effect can be increased.
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Figure 4.5 UC spontaneous emission spectra of a B-NaY Fa: x%Yb%*, 1%Er** hexagonal microrods

(with r ~ 4 um) for x equal to (a) 20%, (b) 40% and (c) 60%.

(a) —— Ag substract (b)
——without 1 Radius ~ 2um
- Radius ~ 3um

- = 5.5 increased time.

3 ©
AL 9.3 increased time. =

> E7
= c

@ o

S E
E

4 . ] - s

400 500 600 400 500 600

Wavelength (nm) Wavelength (nm)

Figure 4.6 UC spontaneous emission spectra of a doped B-NaYFs: Yb%, Tm® hexagonal

microrods with a radius equal to (a) 3 and (b) 2 pm.
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4.3.2 Polarization characteristics of the excitation and emission lights
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Figure 4.7 UC spontaneous emission characteristics of (a) B-NaYF4: Yb*", Er*" hexagonal
microrods and (b) B-NaYF4: Y%, Tm®* hexagonal microrods (with r ~ 4 pm) under the influence

of excitation polarizations (i.e. ©in» = 90° and 0°).
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Figure 4.8 Plot of emission spectra of a B-NaYFa: Yb®, Er**, Tm* hexagonal microrods at
different output polarization, ©out. The microrod is deposited on an Ag-coated substrate and under
CW 980 nm laser excitation with two orthogonal orientations (Oin = 90° perpendicular and 6in= 0°

is parallel to the length of the microrod.

Figure 4.7 and 4.8 plot the emission spectra from a B-NaYF4: Y3, Er¥*/Tm®" and B-NaYF4:
Yb®, Er¥*, Tm3* hexagonal microrods (radius r ~ 2 um) respectively. The microrods are deposited
on an Ag-coated (50 nm) substrate and under the excitation of CW 980 nm laser with two
orthogonal polarizations, Oin (i.e. ©in = 90° represents the polarization of the 980 nm laser is in a
direction perpendicular to the length of the microrod). According to the emission spectra, the

emission intensity can be increased by 30% when ©i, changes from 0° to 90° (for both Figure 4.7
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Figure 4.9 (a) Photos of microrod under CW 980 nm laser excitation with two orthogonal
orientations. (b) A two-dimensional plot of emission intensity versus ©in and emission wavelength

intensity.

In order to measure the effect of polarization angle © on the emission intensity of the microrod,
we varied © and measure the corresponding photoluminescence spectra. Figure 4.9a shows the
near-field profile of the microrods under the CW 980 nm laser excitation at the middle of the
microrods for ©in = 0° and 90°. It is observed that the emission intensity has been enhanced when
the excitation degree is changed from 0° ( ©in = 0°) to 90° (6in = 90°). In addition, the emission
light is propagated to the other edge of the microrod. This means that with the assistance of the
plasmonic effect, the UC light can propagate along the length of the microrod. This claim is valid
because the light propagation cannot be observed on the microrods deposited on the substrate
without Ag coating. Therefore, our theoretical studies and experimental observations confirmed
that the enhancement of spontaneous emission intensity in the B-NaYF: Yb**, Er¥*, Tm?
hexagonal microrods is due to the plasmonic effect with the existence of the Ag-coated substrates.
Figure 4.10 shows the near-field profile of a B-NaYF:Yb®*", Er**, Tm* hexagonal microrod
deposited on the substrate with/without Ag coating under the edge and center excitation. With the
assistance of the plasmonic effect, the UC emission could propagate along the length of the

microrod. However, when no plasmon effect is introduced, light propagation is not supported.
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Figure 4.10 Near-field profile of a -NaYF4:Yb®", Er®*, Tm** hexagonal microrod (with r ~ 4 um)

deposited on the substrate with/without Ag coating under (a) edge and (b) center excitation.

4.4  The plasmonic effect on UC lasing emission characteristics

of B-NaYF4 hexagonal microrods

To study the plasmonic effect on the lasing emission from the single hexagonal microrod, we
measured the lasing spectra of a microrod (r = 2 um) deposited on a substrate with and without
Ag-coating, see Figure 4.11. The excitation source is a 980 nm pulsed (6 ns) laser with polarization
Oin = 90°. To measure the lasing threshold of the B-NaYF4 hexagonal microrod, the UC emission
intensity versus excitation power is measured. The intensity of the UC lasing emission as a function
of pump density for three emission wavelengths measured at around 450, 540, and 654 nm are
shown in Figure 4.11a. The kinks (i.e. lasing threshold) appear at the UC intensity vs pump density
curves shows that the lasing threshold for the case with Ag-coated substrate is lower than that

without Ag-coated substrate by ~ 50% (red, green, and blue threshold reduces from 2.0, 2.0 and
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2.3t00.89, 1.16 and 1.16 mJ/cm? respectively). The lasing spectra for the two laser configurations
under the excitation power of 3.5 mJ/cm? are given in Figure 4.11b. The results show that the
spectral linewidth is less than 0.4 nm for both configurations. Therefore, this means that the bare
microrod is able to sustain lasing emission, and the introduction of the plasmonic effect reduces

the lasing threshold by 50%.
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Figure 4.11 The intensity of the UC lasing emission as a function of pump density with and without
deposited on the Ag-coated substrate for the three-color emission peaks (i.e. 450 nm, 540 nm and
654 nm). (b) The corresponding emission spectra of the hexagonal microrods with and without

deposition on the Ag-coated substrate at the pumped power of 3.5 mJ/cm?.
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Figure 4.12 (a) Numerical simulation results of resonant modes inside a hexagonal microrod with
different wavelengths (450, 540 and 654 nm). (b) Near-field photo of a hexagonal microrod under
980 nm excitation. (c) Numerical simulation results of resonant modes inside a hexagonal
microrod deposited on an Ag-coated substrate with different wavelengths (450, 540 and 654nm).
(d) Near-field photo of a hexagonal microrod deposited on an Ag-coated substrate under 980 nm

excitation.

The previous investigation on the modal profile of hexagonal microrods under lasing action
has suggested the support of WGMSs. Resonant oscillation is obtained through total internal
reflection at the center of the flat surface of the hexagonal structure, see Figure 4.12a. In fact,
experimental measurement has shown the near-field image of the hexagonal microrods under
lasing operation has an intense spot appearing at the center of the flat surface, see Figure 4.12b.

To understand the influence of SPR on the modal characteristics of the hexagonal microrods under
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lasing operation, we performed computer simulation on the modal characteristics of the hexagonal
microrods with r =2 um (diameter is 4 pum) deposited on an Ag-coated substrate, see Figure 4.12c.
The resonant wavelengths are selected to be around 450, 540 and 654 nm in the calculation. As
we can see, only TM modes supported inside the microrods and it seems that optical feedback is
established between the two flat surfaces parallel to the Ag layer (i.e. it is more obvious for the
green and red modes, see the white arrows). The near-field on the flat surface opposite to the Ag-
coated substrate shows the two edges of the flat surface having intense spots. Figure 4.12d displays
the near-field profile of the microrods deposited on Ag-coated substrate under lasing operation. It
is clearly observed that two spots appear at the edge of the flat surface. Hence, it is believed that
the plasmonic mode on the interface between the microrod and Ag layer coupled to the original

WGMs to form modified WGMs with lower cavity loss to support lasing emission.

4.5 Summary

The enhancement of light emission from the Yb3*-Er¥*-Tm3* tri-doped p-NaYF4 hexagonal
microrods via the influence of the SPR was studied. This can be achieved by placing the microrods
on Ag-coated substrates. For the microrod excited below the lasing threshold, we observe the
enhancement of the UC spontaneous emission through the presence of SPR by 10 times. For the
microrods under lasing operation, we show that the presence of SPR reduced the lasing threshold
by 50%. This is due to the coupling between the WGMs of the bare microrod and the SPR modes

propagating on the surface of the Ag layer.
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5. The effect of surface defects of Ln*" -doped KLu,F;

UC nanoparticles on UC characteristics

5.1 Introduction

Because the large surface to volume ratio for the nanoparticles, there are a lot of lanthanides
are doped at the nanoparticle surface. This means that the surface defects would deactivate the
lanthanide and then decrease the UC emission process. Recently, core-shell upconversion (UC)
nanoparticles have shown to have high photoluminescence efficiency and they are expected to be
useful for the applications in optical imaging-guided bio-imaging, therapeutic, anti-counterfeiting
and solar cells.[101-104] This is because the outer coating removes the influence of quenching
effect due to the isolation of core from the surrounding passivation agents (e.g. ligand,
solvent).[105] Therefore, surface-related deactivation can be effectively suppressed. In addition,
the surface trapping of the doped ions, which results in the fluorescence quenching, can be
significantly suppressed by the fabrication of the core-shell structure.[106] Recently the studies
have shown that the preparation of the NaGdF4 shell of NaGdF4: Yb/Tm core UC nanoparticles
can improve the photoluminescence intensity by more than 450 times, which is an indirect proof
of the removal of core’s surface defects.[107] However, at present, there is still no direct
observation demonstrate that the restoration of surface-related defects for the nanoparticles indeed

contributes to the improvement of UC efficiency.
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In this chapter, we use a the thermal annealing process to restore the lanthanide (Ln**) -doped
KLu2F7 bare core UC nanoparticles from surface defects (i.e. disorder, vacancy, and interstitial
defects) to study the mechanism of surface defects on the effect of UC photoluminescence. The
use of UC KLuzF7 nanoparticles, which has a uniform thickness of less than 10 atomic layers,
provides the possibility to obtain high-resolution (HR) transmission electron microscopy (TEM)
image through the use of aberration-corrected high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM). Surface defects can be restored by using the thermal
annealing method and the corresponding photoluminescence intensity can be increased by an order
of magnitude. This proves that the surface defects are related to the surface luminescence
quenching centers of the UC nanoparticles. The dominant green lasing emission, which decay
lifetime is three times shorter than that of the red lasing emission, is also observed under 980 nm
ns-pulsed laser excitation. This result can suggest that the restoration of surface defects from
KLuzF7: 38%Yh®, 2%Er** UC nanoparticles can suppress non-radiative recombination at the short
transient time. Hence, we verify unambiguously the restoration of surface defects can significantly

enhance UC photoluminescence intensity.

5.2 Fabrication methods of KLu:F7 UC nanoparticles and

microcavities

KLu2F7:38%YDb%", 2%Er** UC nanoparticles were fabricated by using the co-precipitation
method. For the synthesis of RECIs (RE=Lu, Yb, Er) solution, high purity Yb203 (0.38 mmol,

99.99%, Aladdin), Lu203 (0.6 mmol, 99.99%, Aladdin) and Er.Oz (0.02 mmol, 99.99%, Aladdin)
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were added to concentrated hydrochloric acid in a 100 mL beaker and then heated to 200 °C. The

obtained RECIz in 1mL DI water was magnetically mixed with OA (Oleic Acid, 8 mL, 85%,

Aladdin) and ODE (1-Octadecene, 12 mL, >90%, Aladdin) in a 100 mL three-neck round-bottom
flask. The mixture was degassed under an N> flow and heated to 150°C for 1 h to form a clear
solution and remove water in the flask, and then cooled to room temperature. A methanol solution
(9 mL, 99.9%, Aladdin) containing NH4F (3 mmol, 98%, Aladdin) and KOH (2 mmol, 95%,
Aladdin) was added into the OA and ODE solution and heated to 50 °C for 30 min. After that, the
solution was slowly heated to 110°C and kept for 30 min to remove methanol and the remaining
water completely. Then the reaction mixture was quickly heated to 290 °C and aged for 1h. After
the solution was left to cool down to room temperature, ethanol was added to precipitate the UC
nanoparticles. The product was washed with cyclohexane and ethanol for three times, before the
final KLuU2F7:38%YDb%*, 2%Er®* UC nanoparticles were re-dispersed in 5mL cyclohexane in
preparation for their further use. In the washing process, the volume ratio of cyclohexane and
ethanol for the first two times is set 4:10 and the final one is 10:4. Samples of KLuzF7 with different
concentration (28%, 38%, 48%, 58%, 78%, and 98%) Yb*" and 2% Er** can also be synthesized
by a similar procedure except for different moles of Lu>O3 and Yb2Os involved in the reaction.
The thermal annealing method of KLu2F7:Yb®*, Er** UC nanoparticles. 8 mL OA and 12 mL
ODE were mixed in a three-neck round-bottom flask, and then 0.5 mmol as-prepared bare core
UC nanoparticles were added into the solution under an N2 flow without the addition of K, Lu and
F ions. The mixed solution was heated to 80 °C to evaporate cyclohexane with stirring. After 30

min, the mixture was heated to the annealing temperature of 240 °C for 1.5 h, respectively. Finally,
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the samples were cooled down to room temperature. The annealed UC nanoparticles were washed
by a solution with a volume ratio of cyclohexane: ethanol equal to 4:10 eight times and
subsequently washed by another solution with a volume ratio of cyclohexane: ethanol equal to
10:4. For the optical testing, the concentrations of the KLu,F7:38%Yb%*, 2%Er®* UC nanoparticles
was fixed to 0.03 mg/mL.

Synthesis of microcavities. Microcavities were fabricated by coating a small drop of UC
nanoparticle and silica resin on bare optical fibers. Then, the coated fibers are suspended vertically
to form an elliptical microcavity. By increasing the amount of mixture, we can control the diameter

of the elliptical microcavity.

5.3 Physical and optical properties of KLu2F7 UC nanoparticles

531 TEM, HADDF-STEM characteristic measurement of KLu,F; UC

nanoparticles

HAADF-STEM images were measured by a JEOL JEM-ARM200F TEM/STEM with a
spherical aberration corrector. The operation of HAADF HR-TEM imaging can be explained as
follows. 1) Before measuring the HAADF HR-TEM, we need to make sure that the UC
nanoparticles are cleaned. 2) When we record the HAADF HR-TEM images, we need to reduce
the bombardment of the electron beam to the UC nanoparticles by choosing a super short dwell
time (i.e. 3 ps, it should be mentioned that the typical dwell time is > 10 ps). Then, a minimum

spot size (i.e. 1 in the 10 levels of electron beam spots of ARM200F) of the electron beam is
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selected to minimize the damage to the UC nanoparticles. Finally, we further optimize the
magnification of the microscope such that the atoms of the UC nanoparticles can still be clearly
observed and simultaneously the damage of the UC nanoparticles is minimized. If the electron
beam energy is too high, the surface damage of the UC nanoparticles cannot be avoided. Here, we
found that 10 M is the best enlargement factor, which can help us to observe a clear image of atoms
without damaging them. 3) Select a suitable geometry of the UC nanoparticles for the HAADF
HR-TEM imaging is also important to capture a clear image on an atomic scale. We selected a UC
nanoparticle with a uniform thickness so that this allows us to easily control the energy of the

electron beam.

General Characterization. XRD was performed using a D8 Focus diffractometer (Bruker) with Cu-
Ko radiation (A=0.15405 nm) in the 20 range from 10° to 80°. The particle morphology and
thickness were studied with field TEM and HR-TEM, carried out using U.S. FEI Tecnai G2 F20
operating at 200kV. The UC photoluminescence spectra of the samples under the excitation of 980
nm near-infrared (NIR) resource with different pulsed width were recorded by HITACHI-F-7000
spectrophotometer at a different temperature. The decay curves were measured on an Edinburgh
instruments FLS980 spectrometer. The emission and excitation spectra of the sample were
recorded on a HITACHI F-7000 fluorescence spectrophotometer using a static 150 W Xe lamp as
the excitation source. For the laser measurement, a Continuum Panther EX optical parametric
oscillator and a 355 nm frequency-tripled Continuum Powerlite DLS 9010 Q-switched Nd: YAG
laser were used to generate 980 nm pump pulses of width and repetition rate of ~6 ns and 10 Hz,

respectively.
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5.3.2 Physical properties of KLu,F; UC nanoparticles

Figure 5.1 shows the diagram of fabrication methods of the KLu2F7:38%Yb®*", 2%Er®* UC
nanoparticles with a high Yb®" concentration doping. In this fabrication process, the as-growth UC
nanoparticles are cooled down and then washed for few times before measuring the thermal
annealing to avoid Ostwald ripening. In addition, in order to make sure that, during the annealing
process, UC nanoparticle core-shell structure cannot be formed, we need to wash the fabricated
as-growth UC nanoparticles many times to make sure K, Lu, and F ions at surface are removed,
and the annealing temperature is lower than the formation temperature of the shell structure. This
annealing temperature is selected at 240 °C to optimize the UC photoluminescent efficiency
(Figure 5.2). And the XRD patterns of the glasses before and after the thermal annealing processes
are measured as shown in Figure 5.3. After the thermal annealing process, the XRD pattern shows

the good crystallinity compared with that of as-growth sample.

K* F NPs
E/’ AN
N\ . R

annealing »_, s/
N\

T\ l\ 27 recrystallized
M T
ODE+OA

ODE+OA+RECI,

Figure 5.1 Schematic diagram of the thermal annealing process of KLuzF7:38%Yb%*, 2%Er** UC

nanoparticles.
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Figure 5.2 Photoluminescence spectra of the KLu2F7:38%Yb*", 2%Er** UC nanoparticles versus

different annealing temperature.
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Figure 5.3 XRD patterns of KLuz2F7:38%Yb**, 2%Er®* UC nanoparticles before and after the

thermal annealing and the standard JCPDS card 27-0459.

In order to study the detail information of the structure of the KLuzF7 nanoparticles, the TEM
images of Yb**/Er® doped KLu2F7 UC nanoparticles were measured as shown in Figures 5.4a and
5.4(e). The HR-TEM images for KLuzF7 nanoparticles before and after the annealing process

clearly show the lattice fringes at the interior of the UC nanoparticles, which are shown in Figures
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5.4b and 5.4f respectively. In addition, lattice fringes and fast Fourier transform (FFT) reflections
are observed, the d-spacing of which was attributed to the KLu2F7 UC nanoparticles structure. The
lattice fringes show a plane spacing of 0.660 nm corresponding to the (011) plane, clearly
indicating good internal crystallization KLu2F; nanoparticles. For the as-growth KLuxF7
nanoparticles, an epitaxial amorphous phase is observed at the edge area, while the UC
nanoparticles after the thermal annealing showed well-defined edge configuration. The KLu2F7
nanoparticles exhibit a monodisperse size distribution of about 30 nm without aggregation before
and after the thermal annealing process, see Figures 5.4d and 5.4h. This means that the thermal
annealing process does not increase the KLuzF7 UC nanoparticles size, but improve the

crystallinity of KLu2F7 nanoparticles.
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Figure 5.4 (a) TEM, (b) HR-TEM image, (c) FFT profile and (d) particle size distribution profile
of the KLuzF7 nanoparticles before the thermal annealing. (e) TEM, (f) HR-TEM image, (g) FFT

profile and (h) particle size distribution KLuzF7 nanoparticles after the thermal annealing process.

The HAADF-STEM images of KLuzF7:38%YDb%*, 2%Er** UC nanoparticles before the
thermal annealing process are measured as shown in Figure 5.5. Before the annealing process, the
HR-TEM images present a good crystallinity inside of the nanoparticles, but there are many defect

and amorphous clusters (disordered ions) at the particles surface areas. After the annealing process,
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the HR-TEM images present a good crystallinity at the particles surface areas. The detailed

observation are was studies by the following HAADF STEM measurement.

Crystalline edge

1
£

Amorphous’

e

Crystalline edge

Figure 5.5(a) Atomic-scale and (b) magnified blue circle area in (a) images of KLu2F7:38%Yb*",

2%Er3* UC nanoparticles before the thermal annealing process.

The atomic structure of KLuzF7 UC nanoparticles overlaps with the atomic position of Lu to
show a higher contrast, while the overlap with the single atomic position of Lu shows that the
contrast projected along the A axis is weak. The positional difference between the overlapping
atomic position and the single atomic position column can be clearly observed (Figure 5.6a). The
magnified HAADF-STEM images exhibit an overlay of the orthorhombic (011) atomic model and
agree well with the experimental atom positions (Figure 5.6b). All the atom columns are clearly

resolved, and the contrast is homogeneous across the entire image. This verifies that Yb3* and Er®*
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ions substitute the crystal sites of Lu** successfully in an atom-scale, instead of entering the

interstitial sites in the matrix.

Figure 5.6 (a) Crystal structure mode of KLu-F;. (Distances between two Lu®" in different
positions are d (Lus-Lu1)=3.52A, d(Lua-Lu2)=3.48A, d(Lua-Lu3=3.49A and d(Luz-Luz=3.50A in the cluster.)
(b) Atomic resolution crystal experimental and simulated structure images of a KLu2F7:38%Yb®",
2%Er3* UC nanoparticle before the thermal annealing. The averaged distance between the ionic
clusters (3.76-3.83 A) is substantially larger than the ionic distance within the clusters (3.48-3.52
A). The atomic structure of tetrad clusters that in a KLuzF7 host matrix Lu* ions are separated as

arrays of discrete clusters at the sub-lattice level can be clearly observed in the (100) projection.
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Figure 5.7 HAADF-STEM images of KLu2F7:38%Yb%", 2%Er** UC nanoparticles (a) before and
(b) after the thermal annealing at 240°C. Intensity profiles recorded by scanning along with the
directions (c) orange and (d) green arrows of the UC nanoparticles as shown in Figures (a) and (b)

respectively. Enlarged crystal edge structure images (e) before and (f) after the thermal annealing.

The comparison HADDF-TEM images of the KLuzF7 before and after the annealing process
are shown in Figure 5.7. We observe that after the thermal annealing process, the amorphous or
the disorder atoms at the surface of the particles shows good crystallinity and the atoms at the
center of the particle still shown good crystallinity. The fundamental behavior of the edge structure

is characterized by the peak-to-valley intensities. Figures 5.7¢ and 5.7d show the intensity profile
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before and after the thermal annealing respectively extracted from the experiment (i.e. see the
arrow E — ). The relaxed intensity profile of the amorphous edge shows that the uncompleted
crystallization process is observed for the as-grown sample. This is because the uncompleted
growth of UC nanoparticles (Figure 5.7e) leads to the lattice disorder, vacancy, or interstitial form
the surface defect states. On the other hand, the unrelaxed crystal edges of the (011) planes are
well-crystallized with the regular structure. The magnified atomic-scale image (Figure 5.7f) shows

no missing or exceeding of Lu ions at the outmost layer of the UC nanoparticles.

Furthermore, the clear atomic image shows the uniform thickness of the UC nanoparticles
has ten atomic layers (Figure 5.8). This 2-dimensional sheet structure ensures the crystal growth
is constrained in the plane perpendicular to (100) lattice orientation so that any interstitials and
stacking faults will only appear near the edge of the UC nanoparticles. The clustering structure can
be observed in the (010) projection. The interplanar spacing in HR-TEM is 0.59 nm, which is
corresponding to the distance between the two atom layers in the (010) direction. Thus, a UC

nanoparticle consists of ten atomic layers.
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Figure 5.8 (a) Crystal structure mode of KLuzF7 in the (010) projection. (b) The HR-TEM

image of a KLU2F7:38%Yb**, 2%Er** UC nanoparticle after the thermal annealing.

5.4 The enhancement of UC photoluminescence by suppressing the

surface defects of the UC nanoparticles
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Figure 5.9 (a) photoluminescence spectra of the KLu2F7:38%Yb%*, 2%Er** UC nanoparticles.
Decay curves of (b) *Ss;z —*l1512 transition (@543 nm), () *Farz—*l152 transition (@668 nm), and

(d) 2Fs;2—2F72 transition (@980 nm) of the UC nanoparticles.
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In order to study the photoluminescence properties under the influence of surfaces defects,
the UC photoluminescence spectra of KLu2F7:38%Yb**, 2%Er®* UC nanoparticles before and after
the annealing process are measured as shown in Figure 5.9a. It is noted that after the thermal
annealing at 240 °C, the KLuzF7:38%YDb%*, 2%Er** UC nanoparticles exhibit a simultaneous
enhancement of green and red emission intensities by more than 10 times than that of the particles
before the thermal annealing. The decay curves of the 4Sz,—*11s/2 transition (@543 nm) of the UC
nanoparticles before and after the thermal annealing are also shown in Figure 5.9b. It is noted that
the decay times have been increased by ~100% after the application of annealing. Increases of
*Forp—>*152 (@668 nm) and *Fsp—*Fre (@980 nm) decay lifetime by ~50% and ~90%

respectively are also observed after the thermal annealing (according to figure 5.9d and 5.9d) .
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Figure 5.10 Simplified energy transfer diagram of the UC nanoparticles under continuous

wave (CW) 980 nm laser excitation.
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Figure 5.10 describes the green and red radiative recombination processes of the
KLu2F7:38%YDb%", 2%Er®* UC nanoparticles. The dominant red emission can be explained by the
enhancement of (i) energy back transfer (EBT) process with the influence of high doping
concentration of Yb®* and (ii) cross relaxation (CR) process. We measure the photoluminescence
spectra of the KLu2F7: x%Yb**, 2%Er** (x=18 -98) UC nanoparticles after the thermal annealing
(Figure 5.11). All the samples are excited at 980 nm with a 1.3W CW laser diode. The emission
spectra are normalized to the emission intensity of Er** at 543 nm. Under a CW laser diode
pumping at 980 nm, the UC emission bands of near-ultraviolet (NUV) (380 nm, *G112—*l1512),
violet (408 nm, 2Hgp—*l152), green (525 and 543 nm, 2Hii, *Ss—*lisr) and red (668 nm,
*Foro—*11512) originated from Er®* ions can be observed. UC photoluminescence spectra confirm
that the emission intensity of Er** ions increased with the increase of Yb®" concentration, without
exhibiting the concentration quenching phenomenon due to the unique clustering structure of
KLuzF7.The inset is the enlarged emission spectra in NUV and violet regions (left) and the typical
photographs of the UC luminescence (right) of KLu2F7: x%Yb%*, 2%Er** (x=18, 48, and 98) UC
nanoparticles, respectively. The ratio of the violet-to-green and red-to-green emission intensity
increases gradually along with the concentration of Yb3* from 18 to 98 mol%, which derives from
the EBT process. Meanwhile, the photographs in the inset display that the UC emission color
changes from green-yellow in KLu2F7:18%Yb**, 2%Er®* to red in KLuzF7: 98%Yb3®", 2%Ers*.
This is because the EBT and CR processes reduce the population at the *F7, state which supplies
carriers to realize radiative recombination between (°Hiiz, *Ssr) and “lis states (i.e. green

emission). The realization of high-intensity red emission (i.e. enhancement of EBT and CR
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processes) and prolonged carrier lifetime indicates that the removal of amorphous surface and the

improvement of surface crystallinity by the thermal annealing process.
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Figure 5.11 Room temperature UC photoluminescence spectra of KLuzF7: x%Yb?*", 2%Er®* (x=18

-98) UC nanoparticles after the thermal annealing process.

In this experiment, we observe that the decay lifetime of ?Hi1/2 and *Saj2 — 11512 increases the
green emission, but the relative intensity of red emission is reduced. Hence, high crystallinity of
the KLU2F7:38%Yb**, 2%Er** UC nanoparticles will favor green emission (i.e. short decay lifetime)
under pulsed laser excitation with pulsewidth close to that of the green decay lifetime. Figures
5.12a and 5.12 b plot the UC emission spectra of KLuzF7:38%Yb%*, 2%Er* nanoparticles under
980 nm pulsed laser excitation (i.e. pulsewidth: CW, 5ms, 0.5ms, 50us, and 6ns) before and after

the thermal annealing respectively. It is observed that the enhancement of green emission and
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suppression of red emission are observed simultaneously under the pulsed laser excitation with

pulsewidth of 6 ns. This verifies that the suppression of non-radiative recombination at the short

transient time and high-crystallinity of UC nanoparticles should obtain after the thermal annealing.
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Figure 5.12 (a) Before and (b) after the thermal annealing obtained through the excitation of 980

nm with different laser pulse excitation with pulsewidth from CW to 6 ns.
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Figure 5.13 Proposed energy transfer process of KLu2F7:Yb3*, Er** UC nanoparticles under 980
nm short and long pulsed laser excitation. UC emission spectra of KLu2F7:38%Yb%*, 2%Er** UC

nanoparticles

Figure 5.13 explains how KLu2F7:38%Yb*", 2%Er®* UC nanoparticles response to the
influence of pulse laser excitation. The key factors of red emission from KLu-F7:Yb%*, Er** UC
nanoparticles with a high concentration of Yb®* are the EBT process (step (3)) together with the
decay of *l112—"l132 of Er ions (step (4)) as shown under the long pulse operation, see right-hand
side of Figure 5.13. On the other hand, the green emission rate from the 2H1/2 and #Sg states are
fast due to a direct two-step population procedure and a non-radiative relaxation process with a
small energy gap. This can be validated by the time-resolved photoluminescence studies under 980
nm short-pulse excitation, see left-hand side of Figure 5.13. The EBT and the non-relaxation
process of step (4) can be suppressed by the short excitation pulses, which contributes to the
decrease of the R: G emission intensity ratio. It is noted that EBT (step 3) and non-radiative
relaxation (*lii2—*l13r, step 4) processes are suppressed under short-pulse (< 100 ns). This is
because Hi12 and “Szy2 are populated (step 6) before the *F72 — 1112 transition can take place
under short-pulse excitation. The low-temperature UC spectra (Figure 5.14) shows that the non-
radiative relaxation process from *l11/ to #1132 is suppressed at low temperature. This is proved by
the decrease of R:G emission intensity ratio at 77 K. Therefore, it is conceivable that the phonon-
assisted energy transfer process benefits to the realization of non-radiative relaxation, which could
lead to the delay of red emission. Consequently, the non-radiative relaxation process of Er®* from

*1112—*1132 can be suppressed by short pulse source excitation.
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Figure 5.14 UC photoluminescence spectra of the KLu2F7:38%Yb*",2%Er®* UC nanoparticles

under the excitation of 980 nm in 298K (room temperature) and 77K.

In addition, time-dependent Er®* emission profiles of the KLu.F7:38%Yb%*, 2%Er* UC
nanoparticles after the thermal annealing at 543 and 668 nm upon a pulsed excitation at 980 nm
are measured as shown in Figure 5.15. The non-steady-state UC mechanism proposed for Er*
emission on the pulsed excitation at 980 nm is validated by the time-resolved photoluminescence
studies. Under the excitation of a 10-ms-wide laser pulse, the rate of change in the red emission of
Er** ions is appreciably slower than that of the green emission for the extra step of the non-
relaxation from 1112 to #1132, which is needed to populate the “Fg/, state of Er®*. The green and red
emission intensities gradually became equal after 3.5 ms, and remain unchanged under further

excitation as presented in the figure.
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Figure 5.15 (a) Time-dependent Er®* emission profiles of the KLuzF7:38%Yb%" 2%Er®* UC
nanoparticles after the thermal annealing at 543 and 668 nm upon a pulsed excitation at 980 nm
with a duration of 10 ms. (b) Corresponding R:G emission intensity ratio measured as a function

of excitation duration.

As shown in Figure 5.16, the average pump power of CW 980 nm laser decreases along with
the decrease of the pulse width. This indicates that the R:G emission intensity ratio depends on the
increasing pump power under the excitation of CW 980 nm laser and pulsed (6ns) operation. On
the other hand, we find that the R:G emission intensity ratio exhibits no obvious change. This
proves that the decreased average pump power has a negligible influence on the R:G ratio, which

critically depends on the pulse width of excitation energy.
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Figure 5.16 Power dependence of the red to green UC emission intensity ratio after the thermal

annealing under the excitation of CW 980 nm laser and a pulsed laser (6ns).

5.5 Design and realization of lasing emission from the recovered

KLuz2F7 UC nanoparticles
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Figure 5.17 (a) Lasing spectra of a microcavity using KLu2F7:38%Yb**, 2%Er** UC nanoparticles
as the gain medium under 980 nm pulse laser excitation at room temperature. The inset shows the
photo of the laser microcavity. (b) Output power and emission linewidth versus excitation power.

(c) Measured values of Pt and Ak versus D for the green emission based on the lasing microcavity.

Figure 5.17a plots the emission spectra of a microcavity (with diameter D = 31 um) using
KLu2F7:38%YDb% 2%Er** UC nanoparticles as the gain medium (i.e. a mixture of UC
nanoparticles and silica resin) under 980 nm pulsed (6 ns) laser excitation at room temperature. A
broad emission band with linewidth equal to ~16 nm is observed under low excitation power.
When the excitation power larger than threshold P (=23.25 kW/cm?), the narrow peaks, which
shows a linewidth of less than 0.5 nm, emerge from the emission spectra. In addition, the linewidth
of the envelope of the emission spectra reduces from ~16 to ~5.5 nm with the increase of excitation
power and the output intensity of the green lasing emission increases linearly with P > Pw. The
observation of a kink in the UC intensity vs pump density curve and the narrow of the envelope of
the emission spectra at P= Pw (Figure 5.17b) prove that the KLuzF7:38%Yb**, 2%Er3*
nanoparticles have high optical gain to support green lasing emission. Figure 5.17c shows the
measured P and AA of microcavities with a different value of diameter. It is expected that P
decreases with the increase of D as a long laser cavity allows better amplification of resonant
modes. If the side of the microcavity supports resonant optical feedback, mode spacing between

the adjacent narrow peaks, A\, observed from the spectra can be expressed as:[72]
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A=A} /xDness (5.1)

Where Ao (=547 nm) is the center peak wavelength and nes is the effective refractive index of
the microcavity. By using (5.1) to fit the measured data of A\ and D, it is deduced that nes is ~1.58,
which is close to the refractive index of the silica resin. Hence, this confirms that the microcavities
support whispering gallery modes (WGMs). On the other hand, red emission is suppressed for P
larger than P so that its emission spectra are not shown in the figure. Realization of green lasing
emission indicates that high crystallinity UC nanoparticles are formed through surface defects

restoration.
5.6 Summary

In this chapter, the mechanism of the surface defects restoration on the photoluminescence
properties are studied in detailed and the enhancement of UC intensity can be achieved after the
thermal annealing process. The clustering structure of the thin KLu2F7:38%YDb®*, 2%Er®* UC
nanoparticles can be directly observed at the atomic scale by using the HAADF-STEM
measurement. Thanks to the proposed thermal annealing method and the arrangement of the
lanthanum ions in the particle surface, the activators located at the crystal sites of Lu** have been
recovered without bringing undesired defects. Under CW 980 nm laser excitation, the
improvement of UC emission intensity by an order of magnitude is observed. This indicates that
the influence of surface quenching appears before the thermal annealing, has been suppressed. On
the other hand, under 980 nm pulsed laser (6 ns) excitation, the green lasing emission is dominant

from the lasing spectra. The fast-transient response to the 2Hi1/2 and #Sgy. states and the suppression

WANG TING 9



Q: a Surface defects on the optical characteristics of Ln®* -doped KLuzF7 UC nanoparticles

THE HONG KONG POLYTECHNIC UNIVERSITY
of the EBT process further verify that the high crystallinity of the UC nanoparticles can be restored

after the thermal annealing process.
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6. Optical properties of Ln** -doped LuF; UC nanoparticles

6.1 Introduction

Lanthanide (Ln**) -doped upconversion (UC) nanoparticles have attracted enormous attention
for the application in optical imaging-guided bio-imaging, therapeutics, anti-counterfeiting, and
active photonic devices. Even though UC nanoparticles have many desire optical features, one of
the major hurdles in the applications is their low efficiency. Therefore, to realize the full potential
of these UC nanoparticles, it is important to manipulate the growth processes of the UC
nanoparticles so that the corresponding optical performance can be optimized.[108] However, we
still have an insufficient understanding on the growth mechanism of the UC nanoparticles in
solution. This is because it is a challenge to directly visualize the nanoscale growth processes of
nanoparticles in the liquid medium.

Here, we propose to use in situ transmission electron microscopy (TEM) technology, which
can provide a direct imaging platform to visualize the growth characteristic, [109, 110] to study
the optical performance of Er®*, Yb** co-doped LuFs nanoparticles. In the experiment, we observe
the appearance of amorphous clusters, which acting as the metastable state of the nanoparticles,
can be crystallized under electron beam irradiation. We use the thermal annealing method to
remove the surface amorphous clusters of the UC nanoparticles during the thermal annealing
process. It can be shown that the UC nanoparticles show perfectly crystallized structure even at
large surface area with UC emission intensity to be improved by more than 10 times under

continuous wave (CW) 980 nm laser pump. We verify that the exhaustion of surface amorphous
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cluster, which acts as the impurities and quenching centers, enhances the UC energy transfer

process and UC efficiency.

6.2 Fabrication of LuFz nanoparticles

6.2.1 Fabrication methods

Synthesis of LuFs: Yb**, Er** nanoparticles. The LuFs: Yb®*, Er** nanoparticles were
prepared by the co-precipitation method. The RECIs (RE=Lu*", Yb*" and Er®*) compounds were
prepared by dissolving the corresponding RE2O3 compounds in a hot HCI solution. In the typical
synthesis, LUClz (1mmol), YbCls (0.18mmol) and ErClz (0.02mmol) was add into the mixture of
OA (8 mL) and 1-octadecene (12mL) under vigorous stirring at room temperature. The mixture
was heated to 150 °C for 30 min to remove the water and oxygen. After the reaction solution was
cooled to room temperature, the NH4F (4 mmol) dissolved in methanol (25mL) was quickly
injected into the solution. The mixture was heated to 50 °C for 30 min and then heated to 80 °C for
1h to remove the methanol. Subsequently, the solution was heated to 290 <C and keep for 90 min
under an argon atmosphere. Then the reaction was slowly cooled to room temperature. The
nanoparticles were collected after centrifugation, wash several times with ethanol and cyclohexane,
and dispersed in cyclohexane. Other samples of LuFs: Yb®*, Er®" nanoparticles were synthesized

by a similar procedure except for different keeping time at the last step.
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6.2.2 The thermal annealing methods

The thermal annealing of LuFs: Yb®*, Er® nanoparticles. 8ml OA and 12ml ODE were added
into the three-neck round-bottom flask under vigorous stirring at room temperature, and then the
mixture solution was heated to 150 °C for 30 min under an argon atmosphere to remove the oxygen.
After the reaction solution was cooled to room temperature, the 0.5 mmol as-synthesized core was
added into the mixture solution keep at 50 °C for 30 min and then heated to 80 °C for 1h to evaporate
cyclohexane. Finally, the mixture solution was heated to 240 °C for 1.5h. After cooling down to
the room temperature, the annealed nanoparticles were washed for several with and ethanol and

cyclohexane, and re-dispersed in cyclohexane.

6.3 Physical and optical properties of Ln®* -doped LuFs UC

nanoparticles

6.3.1 XRD, TEM, optical characteristics measurement of LuF; UC nanoparticles

General measurement: XRD patterns were performed on a D8 Focus diffractometer using Cu-
Ka radiation (A=0.15405 nm) to identify the crystallization phase. The particle size, shape,
structure, and composition were studied with TEM images using JEM-2100 at 200 kV. The in situ
experiment was carried out under electron beam radiation. Aberration-corrected high angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM) images were recorded

by a JEOL JEM-ARM200F TEM/STEM with a spherical aberration corrector.
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Optical measurements: The emission and temperature-dependent photoluminescence spectra
of the sample at various temperatures were measured by HITACHI-F7000 spectrometer under CW
980 nm laser excitation. The Raman spectra were measured by HR-800 (HORIBA, Japan)
Confocal Raman Microscope. The UC spectra of the single nanoparticles measurement set are

shown in Figure 6.1.

Sample

| 60X Oil OL

2/ pgs 11 PH L2 / \DM1
I B

Spectrum analyser

L: Lens

PH: Pin hole M \

M: Mirror

F: Filter F2

GM: Galvanometer
DM: Dichroic mirror bM2 \ l I PMT1

DM?\ ( | PMT2

Figure 6.1 Schematic diagram of the single nanoparticle photoluminescence measurement setup.
PMT1, PMT2: photomultiplier tubes; M is Ag reflection mirror, L1 and L2 are Lens; F is filter,
F1: 975 nm band-pass Filter; F2: 550nm short-pass Filter; F4: 654m band-pass Filter; GM:
Galvanometer scanning mirrors; DM1: 975 nm short-pass dichroic mirror; DM2: 550nm short-

pass dichroic mirror; DM3: 654 nm long-pass dichroic mirror.
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6.3.2 General properties of LuF3
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Figure 6.2 (a) XRD patterns of LuFs: Yb®", Er** nanoparticles at different synthetic temperature
and (JCPDS No.32-0612). TEM images of LuFs: Yb®", Er®* nanoparticles at different reaction

temperature. (b) 280 °C, (c) 290 °C, (d) 300 °C, (e) 305 °C, (f) 310 °C. The scale bars are 50nm.

The LuFs: Yb3*, Er** nanoparticles are synthesized at different temperature (from 280 to
310°C) via co-precipitation method (Figure 6.2). XRD pattern of LuFs: Yb%*, Er®* nanoparticles at
different reaction temperature can be well indexed as the orthorhombic phase of LuFs (JCPDS
No0.32-0612). When the reaction temperature reaches 290 °C, the nanoparticles show monodisperse

size distribution and without aggregation.
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6.3.3 Photoluminescence properties with the relationship of the morphology of the

LuF3 nanoparticles
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Figure 6.3 TEM images LuFs: Yb%*, Er¥* nanoparticles at 290 °C for (a) 60, (b) 90, (c) 120, and (d)
150 mins reaction time. Scale bars, 50nm. (e) Photoluminescence spectra of the LuF3 nanoparticles

under CW 980 nm excitation at room temperature.

It is found that the monodispersed nanoparticles with uniform-morphology are obtained at an
optimum reaction temperature of 290 “C. Furthermore, we repeat synthesizing the nanoparticles at
290 °C for different reaction time and the corresponding TEM images are shown in Figure 6.3.

When the reaction time reaches 60 min, non-uniform size of nanoparticles is obtained. For reaction
time increases to 90 min, uniform distribution of LuFs nanoparticles is achieved. With further

increase of reaction time, the growth and agglomerate of the nanoparticles occur simultaneously.
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The corresponding photoluminescence spectra are also shown in Figure 6.3e. It is noted that the
LuFs synthesized at 290 °C for 90 min has the highest emission intensity. Hence, the optimum
temperature and time to fabricate LuFs:Yb**, Er¥* nanoparticles with uniform size and high-

optical-quality are found to be 290 °C and 90 min respectively.
6.4 Growth mechanism of LuFs nanoparticles

6.4.1 Growth and coalescence processes of LuF; nanoparticles

Figure 6.4 shows the TEM and selected area electron diffraction (SAED) images of a

LuFs:Yb®*, Er** nanoparticle obtained from the optimized growth conditions (i.e. 290 °C, 90 min).

The HR-TEM image clearly shows the lattice fringes at the interior and edges of the nanoparticle.
The lattice fringes display the typical d-spacing of ~0.361 and ~0.338 nm which corresponding to
the (101) and (020) crystal planes of LuFs respectively. The concentric diffraction spots observed
from the SAED pattern correspond to the specific (101) and (020) planes of the LuFs lattice. In
order to further depict the morphology of the as-synthesized LuF3z nanoparticle, a HAADF-STEM
image was measured, as shown in Figure 6.4c. The well-organized atoms crystalize with (101)
plane (green arrow) is observed in the interior of the nanoparticles. However, crystallization is
partially achieved at the edge of the nanoparticle at the (020) crystal plane (cyan arrow) and the
edge of the as-growth UC nanoparticles has an epitaxial amorphous state (magenta arrow) and
single atoms (orange circles). The high density of the impurities and imperfect crystal lattices at
the surface could result in the low UC energy transfer efficiency. To obtain high UC energy

transfer efficiency, it is required to remove surface amorphous clusters. The energy transfer
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process is a major process for the UC emission on the Yb3*-Er** co-doped nanoparticle. Briefly,
incident pump light 980 nm near-infrared (NIR) is mainly absorbed by donor Yb?* ion, which then
excites a near Er®* ion into *l11/2 level through the Forster energy transfer process. Other Yb** can
also transfer its energy to Er** to raising it high energy level from which unconverted luminescence
is submitted. When the surface defect shows high density, the nonradioactive transitions (violet
line in Figure 6.4f) would show the high frequency and lead to the low energy transfer efficiency.
Thus, we conclude that the amorphous clusters at the surface are the main impurities which need
to be eliminated. In addition, the amorphous nanoclusters are observed and the metastable state of
the LuF3 nanoparticle, so it may show closely related to the amorphous clusters attached to the

edges of the LuFz UC nanoparticles.
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Figure 6.4 (a) HRTEM and (b) SAED images of a LuFs: Yb%*, Er®* nanoparticles obtained under
the optimized fabrication conditions. (¢) Atomic-resolution crystal structure image of the as-

synthesized LuFs UCNC. The inset is the magnifying diagram of olive rectangular and the orange
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circles present the single atoms. The atomic model of (d) and (e) are the corresponding regions as
indicated by arrows in (c) respectively. (f) Energy transfer of the UC diagram of the Yb**-Er®* co-
doped UC nanoparticle. UC nanoparticle absorbs NIR light and emits UC green and red emissions.

Violet line is the nonradiative transitions.

In order to study the growth process of the LuFs nanoparticles, precursor state of LuF3
(amorphous clusters without crystallizing) are obtained by the co-precipitation method with shorter
reaction time (i.e. 30 min). According to the HAADF-STEM and fast Fourier transform (FFT)
images given in Figure 6.5a, the amorphous structure of LuFs nanoparticles shows no information
of crystal-lattice fringes and energy-dispersive X-ray spectroscopy (EDS) spectrum displays

mainly Lu, F, Yb, Er elements (Figure 6.5b).

(b) %

AR

Figure 6.5 (a) HAADF-STEM image of the LuFs amorphous cluster, the inset is the FFT. (b) EDS
spectrum of LuFs: Yb®", Er** amorphous clusters when the sample reaction time is 30min. It can

be confirmed that there are also K, Lu, F, Yb, Er elements.
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To study the growth process of LuFs nanostructure, the precursors are dispersed in absolute
ethyl alcohol and dripped onto the copper mesh for TEM observation. Under electron beam
radiation, crystallization of LuFs nanostructure was realized as shown in Figure 6.6a. It shows the
HR-TEM image of a LuFs amorphous nanocluster. By prolonging the exposure time, the
amorphous nanocluster gradually crystallizes and grows to form a crystal. We observe that the
amorphous nanocluster undergoes crystallizing in both horizontally and longitudinally direction
under electron beam irradiation. Furthermore, the surrounding amorphous nanoclusters attach to
the edges of the crystallized region of the nanoparticles (Figure 6.6b) is recognized. These studies
clearly manifest that the growth of LuF3 nanoparticle is mainly determined by the connection of

amorphous nanoclusters.

Figure 6.6 (a) Sequential time-resolved in-situ TEM images showing the crystallization process of
LuFs: Yb%*, Er¥* single nanoparticle. (b) Sequences of in situ TEM images indicate the growth of

LuFs. The scale bar is 2nm. (Electron beam density, 4.8 A/lcm?).
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The dynamic process of amorphous clusters joining two adjacent UC nanoparticles
together to promote the growth which can be studied by in situ TEM technology as shown in Figure
6.7. At the initial stage, amorphous clusters attach to the edge at the lower-right direction of
nanoparticle 3 and then crystallize under the electron beam irradiation. Subsequently, the
nanoparticle 3 gradually conjugates with nanoparticle 4 and finally get together to accomplish
edge-to-edge attachment process. The insignificant distance change between the UC nanoparticles
4 and 5 suggests these UC nanoparticles are stationary. The decrease in distance between UC
nanoparticles 3 and 4 indicates that the amorphous nanocluster acts as a ‘glue’ to fill the gap
between two UC nanoparticles together to form a bigger nanoparticle. These results demonstrate
that the amorphous clusters which can be regarded as a binder between two UC nanoparticles play
a key role in the growth process. This process can be also confirmed in Figure 6.8. These results
demonstrate that the amorphous clusters which can be regarded as a binder between two UC

nanoparticles play a key role in the growth process.
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Figure 6.7 Sequential in situ HR-TEM images shown the details particle attachment process of the
two nanoparticles with the assistance of the amorphous nanoclusters at the edges of the

nanoparticles. Scale bar is 5nm.

Figure 6.8 Sequential time-resolved in situ TEM images showing the process of growth based on

amorphous clusters. Scale bar is 5nm.
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6.4.2 Tunable morphology and growth mechanisms
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Figure 6.9 Schematic illustration of the co-precipitation and the thermal annealing method for the

synthesis of LuFs nanoparticles.

Therefore, we propose to use the thermal annealing method to manipulate the morphology of
the LuFs UC nanoparticles, as shown in Figure 6.9. The required LuFs nanoparticles are
synthesized by co-precipitation - step @. It is necessary to avoid random attachment of amorphous
nanoclusters in term of the NCs growth process. So the reaction solution was centrifuged and
washed for several times to separate supernatant fluid and precipitated nanoparticles - step @.
Subsequently, the LuFs nanoparticles were annealed by the thermal annealing method at 240 °C
for 90 min - step ®. Finally, the nanoparticles with larger in size are obtained after self-assembly

in step @.
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Figure 6.10 (a) Typical TEM, (b) HR-TEM image and (c) the size distribution of LuFs: Yb%*, Er*

nanoparticles after the thermal annealing process at 240 °C for 90 min.

Figure 6.10a shows the TEM image of the LuFz nanoparticles after the thermal annealing
method with washing process The TEM image displays that the well mono-dispersed regular flaky
LuFs possess an average size around 40 nm with perfect crystallization configuration. The
crystallinity of the LuFs nanoparticles is improved and there is no extra amorphous clusters after
the thermal annealing method, especially at the edge of LuFs nanoparticles. The HADDF-STEM
image of the single LuFz (Figure 10b) shows different orientations, ~0.361, ~0.338, ~0.361 nm
which are corresponding to the orientation of (101), (020) and (410) respectively, may be due to
the insufficient energy of the system to drive different lattice planes into perfect matching. On the
other hand, the amorphous clusters at edges of nanoparticles have been crystallized, this is because
that the amorphous clusters around the nanoparticles are converted from the metastable state

(amorphous state) to the stability state (crystal state) during the thermal annealing method.
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Figure 6.11 (a) Raman spectra; (b) the emission spectra of LuFs: Yb**, Er®* nanoparticles, and (c)
the emission intensity changes under CW 980 nm excitation at room temperature (The pink and

blue lines represent the nanoparticles before and after the thermal annealing process respectively).

Raman spectra of the LuFs: Yb?", Er** nanoparticles shown in Figure 6.11a demonstrates that
the total vibration frequencies of oleic acids molecules and (Yb --Q) coordination is greatly
reduced due to the complete exhaustion of amorphous nanoclusters after the attachment process.
The edge-to-edge attachment process between two adjacent nanoparticles underwent the thermal
annealing method is based on the consumption of amorphous nanoclusters. Figure 6.11b and 6.11c
plots the emission spectra of LuFs: Yb3*, Er®* nanoparticles, and the emission intensity changes

under CW 980 nm excitation at room temperature. The LuFs:Yb®", Er¥* nanoparticles exhibit
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enhancement more than 10 times of photoluminescence emission intensity after the thermal
annealing process. This is due to the removal of the amorphous structures that acts as the quenching

center from the edge of nanoparticles and the particle size distribution can show more uniform.

a (DInitial Stage (@Nanoparticles Particles Attaching @Particles Attachment
Centrifuged Amorphous and Coalescence via Amorphous crystallization
and Washed Surface defect cluster connection and no surface defects

Wet-chemical heat-treatment

.
-

oL L o

Figure 6.12 The mechanism of the thermal annealing method on the revised surface defect,
green and orange spheres are the amorphous cluster and crystallized phase respectively. (b) and (c)
show a super-resolution image of Yb3*-Er** co-doped LuFs nanoparticles before and after the

thermal annealing method captured by using super-resolution microscopy and the three-
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dimensional representation of the wide-field UC emission image under CW 980 nm excitation. (d)
And (e) show the intensity recording over the number of scans under CW 980 nm excitation solely

for the selected areas.

Based on the above analysis, schematic diagram of the LuFs nanoparticles growth process
mechanism are given in Figure 6.12 and can be explained as followed: in the initial stage (©), UC
nanoparticles without aggregation are obtained, however, amorphous clusters adhered to the edge
of UC nanoparticles and randomly dispersed in the as-obtained solution are also observed. After
the removal of the dissociative amorphous cluster in the solution, while the amorphous clusters

adhered to the nanoparticles are removed (®), particles attachment process lead the particle
attachment with the assistance of amorphous clusters (3). Finally, the uniformed flake of the
nanoparticle is obtained as expected (@). Therefore, the thermal annealing method is explored to

control the LuFz nanoparticles growth process. In this process, the amorphous cluster can be
transformed from the metastable state to the stability stage, which may contribute to the
improvement of the single nanoparticles optical properties. So, the single UC nanoparticle
emission spectra were measured under CW 980 nm excitation by using the high-resolution
microscopy (Figure 6.1). According to the compared three-dimensional representation of the wide-
field UC emission image of the nanoparticle as well as the intensity recording for the selected area

before and after the thermal annealing method, the UC emission intensity of the single nanoparticle
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can also be increased more than 10 times during the thermal annealing method (Figure 6.12b-

6.12e). This is attractive for biological studies and technique commercialization.

6.5 Summary

In summary, we demonstrate the enhancement of UC emission intensity from the Ln** -doped
LuFs nanoparticles via the use of the thermal annealing method. The improvement of UC
efficiency of the LuFs nanoparticles can be explained by the crystallization of the surface
amorphous clusters. This is verified by using in situ TEM imaging technology to directly observe
the growth of UC nanoparticles. The surface amorphous clusters, which act as the quenching
centers, crystallize after the thermal annealing method. Besides, by controlling the concentration
of amorphous nanoclusters in the precursor solution, we can manipulate the morphology of LuFs
UC nanoparticles with high-crystal-quality to support effective UC emission. Under CW 980 nm
laser excitation, the improvement of UC emission intensity can be increased by an order of

magnitude for the Ln®*" -doped single LuFs UC nanoparticles.
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1. Conclusions and outlook

7.1 Conclusions

In this thesis, the lanthanide (Ln**) -doped upconversion (UC) emission characteristics from

the micro-& nano-particles materials are investigated.

The B-NaYFs hexagonal microrods are chosen to be the laser cavity and gain medium. We
demonstrate that the B-NaYFs hexagonal microrods support whispering gallery modes (WGMs)
lasing at 654, 540 and 450 nm simultaneously with linewidths less than 0.4 nm. It is noted that the
red lasing emission is easier to be obtained than that of the other two colors. On the other hand,
the corresponding lasing threshold can be reduced by increasing the radius of the microrods. The
white lasing is obtain from the Yb%*, Er¥*, Tm®" doped B-NaYF4 hexagonal microrods with the
CIE 1931 color diagram coordinate (x = 0.3440, y = 0.3573). On the other hand, surface plasmon
resonance (SPR) is introduced to enhance the lasing efficiency from single Yb3*-Er¥*-Tm?3" tri-
doped B-NaYFs hexagonal microrods. This can be achieved by placing the microrods on to the
surface of an Ag-coated substrate. For the microrod excited below the lasing threshold, we observe
the enhancement of the UC spontaneous emission through the presence of SPR by 10 times. For
the microrods under lasing operation, we show that the presence of SPR reduces the lasing
threshold by 50%. This is due to the coupling of the WGMs which arose from the coupling between

the WGMs of the bare microrod and the SPR modes propagating on the surface of the Ag layer.
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Ln3* ions -doped nanoparticles on the stimulated lasing are also investigated. Firstly, the
mechanism of the surface defects restoration on the photoluminescence properties of KLu>F7 UC
nanoparticles are studied in detailed and the enhancement of UC intensity can be achieved by the
thermal annealing. The clustering structure of thin KLu2F7:38%Yb%*, 2%Er** UC nanoparticles is
directly observed at an atomic scale by using the HAADF-STEM. Under continuous wave (CW)
980 nm laser excitation, the improvement of UC emission intensity by an order of magnitude is
observed after restoring the surface defects. This indicates that the influence of surface quenching
appears before the thermal annealing, has been suppressed. On the other hand, under 980 nm
pulsed laser (6 ns) excitation, the green lasing emission is dominant from the lasing spectra. The
fast-transient response to the ?Hi1/> and “Sgy. states and the suppression of the energy back transfer
(EBT) process further verify that the high crystallinity of the UC nanoparticles can be restored

after the thermal annealing.

Furthermore, we demonstrate the enhancement of UC emission intensity from the Ln®" -
doped LuF3 UC nanoparticles via the use of the thermal annealing by studying the nanoparticle
growth process. The improvement of UC efficiency of the LuFs UC nanoparticles can be explained
by the crystallization of surface amorphous cluster. This is because the surface amorphous clusters,
which act as the quenching centers, are crystallized through the thermal annealing process. This is
verified by using in situ TEM imaging technology to directly observe the growth mechanism of
UC nanoparticles. Under CW 980 nm laser excitation, the improvement of UC emission intensity

can be increased by an order of magnitude for the Ln** -doped single LuFs UC nanoparticles.
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7.2 Outlook

Recently, the use of Ln** -doped UC materials as the laser gain medium has shown to achieve
lasing emission at 310 nm under 980 nm near-infrared (NIR) excitation at room temperature. When
compared with the traditional methods (e.g. multiple-photon emission and second harmonic
generation) to obtain deep UV emission, the Ln®*" -doped UC shows advantages of simple
operation procedures and compact in size. However, further improvement of the Ln®* -doped UC
efficiency and the lasing cavities design still a challenge especially for the deep UV regime, from
200 to 260 nm. The following paragraphs propose the possible strategies to obtain effective deep

UV UC lasers using UC nanoparticles as the gain media.

1) Although the standalone B-NaYF4 nanoparticles have shown to have high UC efficiency,
it is still not suitable to realize 310 nm lasing under 980 nm excitation especially for high
power operation. This is because this type of nanomaterials suffers from its low thermal
stability and low optical damage threshold. Hence, we propose to embed Tm3* or Gd®*
ions doped B-NaYF4 nanoparticles inside glass-ceramic (i.e. protector of the nanoparticles)
as the gain medium to sustain deep UV lasing at high power operation. This is possible
as the glass medium can withstand high-power laser pump and show little absorption at
deep UV wavelength.

2) UC deep UV spontaneous emission at 205 nm has been reported by using Gd®*, Yb*" and
Ho®* doped B-NaLuF4 micro-particles under 980 nm excitation at room temperature.[111]
This is possible because the hexagonal B-NaLuFs host, which has a similar structure

compared with the hexagonal B-NaYFs, shows high UC efficiency at deep UV region.
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Therefore, we propose to use B-NaLuFs micro-or nano-particle as the gain medium to
realize deep UV lasing emission at room temperature under 980 nm excitation.

3) In chapter 3, we observed lasing emission from 450 to 654 nm based on the hexagonal
Er**, Yb*, Tm** doped B-NaYF. microcavities. We have developed a measurement setup
by using an optical microscope for the excitation and collection of light from the samples.
For measuring emission in deep UV regime, it is necessary to modify the optical
microscope so that the corresponding mirrors and lens/objective lens to have low
absorption at deep UV wavelength. Hence, this is a necessary modification procedure to

effectively detect signal from deep UV lasers.
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