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Abstract

Lasers with small physical dimension at the micro or nanoscale enable emerging
applications of optoelectronic nanoscience and nanotechnologies, due to their
advantages of miniatured size. However, the reduced cavity size requires high pumping
power to achieve lasing emissions, due to the increased optical losses. Moreover, the
current gain media, including organic dyes, inorganic semiconductors, quantum dots,
are limited by poor stability under air, thermal, and long-time pumping conditions.
Lanthanide doped upconversion nanoparticles with ultra-long radiative lifetimes, which
is of benefit to the excited energy accumulation for population inversion, are developed
for micro lasing emissions. The outstanding frequency conversion properties of
upconversion nanoparticles provide numerous opportunities for fantastic applications.
But the ultrahigh pumping threshold is still a big challenge. Herein, this thesis mainly
focuses on the design and construction of efficient upconverting gain media for
continuous wave (CW) pumped room temperature low threshold upconversion lasing

emission.

Chapter 1 summaries the basic mechanism of lanthanide doped upconversion
nanoparticles and microlasers by reviewing the advances of this field. Upconverting
lasers including random laser, whispering gallery mode (WGM)/fabry-perot (FP) cavity
modulated lasers and photon lattice/plasmonic cavities related lasers are discussed and
analyzed. The key elements, containing efficient upconversion gain media, coupling
strategies, optical losses restraining, for low threshold upconverting lasers are

highlighted. Then, the major tasks of this thesis are outlined.

Chapter 2 provides a detailed introduction of materials and methods used for
constructing upconverting gain media, equipment, instruments and home-built optical

set-ups for sample characterization.

In Chapter 3, a strategy for excited state energy accumulation is explored. The doping
concentration dependence of cross-relaxation process is investigated. Doping of 20
mol. % Yb** and 2 mol. % Tm>" is identified as the appropriate condition to achieve
population inversion at relatively low power density. Then, an efficient coupling
method driven by electrostatic force is developed to construct a WGM microlaser.
Finally, systematic characterizations are carried out for the confirmation and

exploration of upconverting lasing emission, and a CW pumped threshold as low as
\%



~150 W/em? is achieved.

Chapter 4 is aim to investigate another key parameter for lasing emission: the scattering
effects caused by size of upconversion gain media. Upconversion nanoparticles with
the same dopants but varied size are used to explore the lasing emission performance.
It verifies that the increased size leads to stronger scattering, which hinders the coupling
of emission at the surface and increases the leaking of light inside the microcavity. Then,
a~43 nm NaYF4:20% Yb>*,2% Tm>" single nanoparticle with bright emission is further
employed to couple with microcavity for lasing emission. The narrow FWHM of ~0.45
nm and high Q factor confirm the negligible scattering from single nanoparticle

coupling strategy.

Chapter 5 further explore the possibility of upconversion nanoparticles doped with high
concentration sensitizer for low threshold lasing emission. A sandwich structured core-
shell upconversion nanoparticle is employed. Due to the increased Yb** sensitizers and
shorted distance between sensitizer and emitter, the pumping threshold of lasing
emission (@800 nm band) is lowered from ~2 kW/cm? to ~180 W/cm?. What’s more,
the temperature dependent features of lasing emission, including blue shift (~ 0.1
nm/°C), is explored for in-situ temperature sensing. And microlasers with white
emission are achieved by employing novel energy migration modulated

NaGdF4:40%Yb**,2%Tm?>" @NaGdF4:15%Tb** upconversion gain media.

In Chapter 6, a brief summary of the results is presented. Challenges, prospects for

further regulation and applications of upconverting microlasers are discussed.

Keywords: lanthanide doped gain media, cross-relaxation, energy accumulation,
population inversion, CW pumped low threshold upconverting microlaser, white

lasing emission
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Chapter 1 Introduction

1.1 Microlasers based on lanthanide doped materials

Laser is an abbreviation for light amplification by stimulated emission of radiation. A
laser device can emit ultra-strong light through a process of optical amplification based
on the inside stimulated emission of electromagnetic radiation'. Up to now, lasers have
been developed into multiple sizes, forms, colors/wavelengths, levels of power, etc.?”.
Based on these, lasers have been widely employed for diverse applications ranging from
intracellular sensing to long distance communication, laser surgery in hospital, bar code
scanning in shopping store, and playing music, movies, and virtual reality at home,
since the first invention of ruby laser in 1960 by Maiman®!°. Driven by new demand
for the emerging technologies and applications, such as intracellular sensing!!"!*, on-
chip integrated devices'* !°, fiber optic communications (FON)!®, high-density data
storage!’, micro-laser display'82°, lasers with a size at microscale or nanoscale have
drawn considerable attentions in the last two decades’ 2!. Due to the advantages of
micro/nanometer leveled physical dimension, mico/nanolasers are promising in the

application of next generation nanophotonic and optoelectronics'® 2!,

There are three elements to construct a laser including gain medium, optical resonator
and pumping source, in which the former two are crucial components. The structures
of resonator such as Fabry-Pérot (FP) cavity, whispering-gallery mode (WGM) cavity
and distributed feedback (DFB) cavity, are used to confine the light with special
wavelength and provide optical feedback through resonance. The gain medium, such
as inorganic semiconductors, quantum dots, organic dyes, organic polymers, lanthanide
doped materials, can generate the needed optical gain under the excitation of pumping
source. However, due to the size induced optical losses, the pumping threshold would
increase sharply as the cavity size reduces to micro/nano scale. Moreover, low
temperature is needed to relieve the high pumping power induced thermal effect®* 3.
The harsh pumping requirement, including the fs or ns pumping source to supply high
power density, ultra-low temperature, water-free and oxygen-free conditions, etc., have

become one of the bottlenecks for the widespread applications of micro/nano lasers.

Due to the advanced photoelectric property and relatively high refractive index,



traditional inorganic semiconductors such as ZnO**?°, GaAs?**?7, GaN!* 28 and CdS*
2% have been widely employed as gain media for microlasers. However, the complex
fabrication process, poor spectrum tunability, strong reabsorption and lack of excitons
at room temperature impeded the development of inorganic semiconductors®->2,
Organic dyes/molecules, polymers and semiconductors with large absorption cross-
section and broad-spectrum tunable band have also been confirmed to be excellent gain
media for lasing emissions*> *. Unfortunately, the photostability, broad emission band,
large reabsorption cross section and other issues are needed to be solved to lower the
lasing threshold and relieve the limitation of high-power pulsed pumping laser (fs or
ns). Alternatively, quantum dots (QDs) with high photoluminescence quantum yield
(PLQY) are attractive for lasing applications*~7. However, the intrinsic photo-blinking
and chemical, thermal and photostability limit the practical applications of QDs-based
microlasers®®. It is still a big challenge to design efficient gain media for widespread

applications.

Lanthanide-doped nanomaterials with unique optical properties have captured
increasing interests for micro/nanolasers in recent years. The trivalent lanthanide ions
possess a 4f"5s°5p? electronic structure with 14 available orbitals (0 < n < 14), offering
14 possible electronic group configurations®”. The quantum interaction of involved
electrons endows lanthanide elements with abundant energy levels covering a broad
spectrum range from NIR, visible to ultraviolet (UV)**42, This allows versatile and
diverse optical pumping strategies for lasing actions in terms of abundant output
wavelengths. The abundant energy levels and long lifetime of lanthanide ions favor the
process of excited energy accumulation and thus facilitate population inversion, which
is a prerequisite for lasing emission’ *. Besides, the large anti-/Stokes shifted
emissions from lanthanides provide a low detection background, which are of high

potential in biological detection*>*,

Lanthanide doped upconversion materials are potential gain media for microlasers with
the output wavelengths in the near infrared (NIR) to visible and UV regimes due to their
multi ladder-like metastable energy levels and superior optical frequency conversion
capability. However, knowledge gaps exist and hinder the development of upconversion
laser, which include the mechanism to achieve energy accumulation and population
inversion at low pumping power, and how the scattering affects the threshold and

linewidth. The current threshold of pumping power for upconversion laser is
2



unsatisfying. Thus, in this thesis, we focus on the construction of low threshold
upconverting micro/nanolaser based on efficient upconversion nanocrystals, and to

obtain tunable CW pumped room temperature low threshold upconverting microlasers.
1.2 Mechanism of upconversion process

The rare-earth family is comprised of 17 elements, which includes 15 lanthanide
elements (from La to Lu) plus the elements of yttrium (Y) and scandium (Sc). The
perfect shielding of 4f electrons by outer complete 5s and 5p shells enables electronic
transitions to occur with limited influence from the surrounding environment, thus
exhibiting high resistance to processes of photobleaching and photochemical
degradation. As the symmetries of involved quantum states are identical, the intra-4f
electronic transitions of lanthanide ions are electric-dipole forbidden, yet can be relaxed
due to local-crystal-field-induced intermixing of the f states with higher electronic
configurations. The primary forbidden nature yields metastable energy levels of
lanthanide ions (lifetime can be as long as tens of milliseconds), thus favoring the
occurrence of sequential excitations in excited states of a single lanthanide ion as well
as permitting favorable ion-ion interactions in excited states to allow energy transfers

between two or more lanthanide ions.

Upconversion is a typical nonlinear process that can emit photons with shorter
wavelength and higher energy after sequential absorption of two or more photons with
lower energy (Figure 1.1a)**7. Due to the abundant energy levels, lanthanide doped
upconversion system exhibit excellent properties with tunable long decay times (from

2153 sharp emission peaks®’, large

us to ms)*¥° broad emissions (from NIR to UV
anti-Stokes shift>* 3, photostability>® °’, and so on. As shown in Figure 1.1, the
upconversion emission color could be tuned in the full spectrum, and there are mainly
five basic mechanisms to achieve these upconversion processes, including excited state
absorption (ESA), energy transfer upconversion (ETU), photon avalanche (PA), energy
migration-mediated upconversion (EMU) and cooperative sensitization upconversion
(CSU)>* 3862 Excited state absorption (ESA) takes the form of successive absorption
of pump photons by a single ion utilizing the ladder-like structure of a simple multi-
level system. Figure 1.1c illustrates a simplified three level system for two sequential

photon absorption processes. The ETU process involves at least two types of ions,

namely a sensitizer and an activator. In this process, ion I known as the sensitizer (S) is



firstly excited from the ground state to its metastable level by absorbing a pump photon;
it then successively transfers its harvested energy to the ground state and the first
excited state of ion II, known as the activator (A), exciting A to its upper emitting state,
which is followed by radiative decay to its ground state. The PA is a looping process
that involves an efficient cross relaxation mechanism between in the S ground state and
A in the second excited state, resulting in generation of two As in the metastable state.
The population of A in the second excited state is created through absorption of laser
photons at its metastable state (the first excited state), which is initially populated through
non-resonant weak ground state absorption. When the looping process ensues, an
avalanche population of A will be created at its metastable state, producing avalanche
upconverted luminescence from the emitting state. The generation of PA UC typically
occurs above a certain threshold of excitation density. Below the threshold, very little
up-converted fluorescence is produced, while the luminescence intensity increases by
orders of magnitude above the pump threshold. In addition, the looping nature enables
the evoked UC luminescence to be strongly dependent on the laser pump power,
especially around the threshold laser power. The lanthanide ions designed for realizing
energy migration-mediated upconversion (EMU) comprise four types: the sensitizers
(S), the accumulators/ladders (L), the migrators (M), and the activators (A). A sensitizer
ion is used to harvest excitation photons and subsequently promotes a neighboring
accumulator ion to its excited states. A migrator ion extracts the excitation energy from
high-lying energy states of the accumulator, followed by random energy hopping
through the migrator ion sublattice and trapping of the migrating energy by an activator
ion that produces luminescence by decaying to the ground state. The excitation density
for detectable upconversion is typically in the range of 107'~10> W/cm?. As for the
cooperative sensitization upconversion, these two participants refer to different
lanthanide dopants (I and II), e.g., Yb*"-Eu**, Yb**-Tb**, and Yb**-Pr*" ion pairs. Due
to the involvement of virtual pair levels during electronic transitions, a lower efficiency
was typically observed in CSU (10°°) than that of ESA and ETU processes®**°. And
the typical upconversion emission colors (visible range) and related energy levels is

shown in Figure 1.1b and Figure 1.2,
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Figure 1.1 Schematic illustration of upconversion processes: (a) Energy level diagram
of photon upconversion inside 4f orbital. (b) Typical photographs of upconversion
emissions. (¢) Typical upconversion processes, including Excited state absorption
(ESA), Energy transfer upconversion (ETU), Photon avalanche (PA), Energy
migration-mediated upconversion (EMU) and cooperative sensitization upconversion

(CSU).

Lanthanide doped upconversion materials typically consist of an appropriate dielectric
host matrix and doped Ln*" ions that are dispersed as the guest in the lattice of the host
matrix. Host materials with low phonon energy are able to produce upconversion
luminescence at high efficiency, as multiphonon-assisted nonradiative relaxations
between the closely spaced energy levels can be minimized, thus yielding increased
lifetime of intermediate energy levels®® 6% ¢7. Investigated low phonon energy host
materials typically include fluorides, chlorides, iodides, and bromides, while high
phonon energy host materials such as silicates, borates, and phosphates are also under

study™®!. In general, host materials with low phonon energy are hygroscopic, while the



high phonon energy ones are robust even under acute environment (strong acid, base, high
temperature, efc.). Yet, the type of fluoride host material is unique and has attracted a lot of
attentions in recent years. This is because fluoride host lattice not only has low phonon
energy but also shows excellent chemical stability. In particular, hexagonal NaYFj lattice
is considered to be one of the most efficient host materials to date®* ®®. Thus, hexagonal

NaYF4 based upconversion host is used in the whole thesis.
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Figure 1.2 Partial energy level diagram of lanthanide ions commonly used to achieve

upconversion emission. Adapted with permission from ref®
1.3 Modulation of photon distribution

Benefiting from the ladder-like long lifetime energy levels of lanthanide ions, photons
can be excited to multiple energy levels through upconversion process. And the excited
state energy distribution of each energy level would greatly affect the realization of
population inversion, which is the precondition for lasing emission® "2, It is imperative
to tune the photons distribution and achieve energy accumulation at specific energy
levels, and thus achieve population inversion at a low power density. Here, several

strategies to modulate the excited photons distribution are discussed.
1.3.1 Excitation power modulated photon distribution

It is well known that the upconversion is a kind of nonlinear process, which involves
multi-photon absorption to achieve the emissions from the excited states with higher
energy>*. The long lifetime metastable energy levels make it possible for excited state
ions to jump to an even higher excited state after absorbing energy from nearby
sensitizers. Normally, the emission intensity (/) is proportional to nth power of the
excitation power (I o« P™) at low excitation power density range, especially for

6



upconverion process that linear decay dominates’. And the photon numbers (1)
involved in each emission process varies in different doping systems and would be
slightly power density dependent. Thus, it is straightforward to modulate excited photon

distribution by changing excitation power density.

As shown in Figure 1.3, there are mainly seven emission peaks (802 nm, 782 nm, 744
nm, 650 nm, 514 nm, 475 nm and 450 nm) of Yb**/Tm>" co-doped NaYF4 nanocrystals,
which are rising from various transition processes>® "+ 7>, As reported by Jin’s group’s,
the dominant emission attributed to the transition from *Ha to *Hg at low power density,
while the multi-photon process related short wavelength emissions (450, 475 nm etc.)
increase rapidly at high power density. Similarly, in the Yb**/Er** co-doped NaYF.
nanocrystals, Yb** ions are excited by 980 nm laser firstly, and then transfer the excited
energy to adjacent Er’* ions. After absorbing several photons energy from Yb** ions,
blue, red and green upconversion emissions can be observed, correlating to the
transitions from 2Hoy, “For2, and Hi1/2 (*S32) to ground state (*I152)* 777°. As shown in
Figure 1.3 e and f, the emission ratio of green to red reduces as the increase of power
density®. This typical nonlinear upconversion phenomenon has been widely reported
and demonstrated in various doping systems’® 887 Although it is a powerful strategy
to modulate the photons distribution of each energy level by adjusting the excitation
power, it is not suitable for achieving popular inversion and lasing emissions at low
power density. The power density needed for achieving high excited energy state
distribution is almost very high, which is antithetical for the aim of realizing lasing

emissions at low power density.
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Figure 1.3 Typical power dependent upconversion processes. (a) Simplified energy-
level scheme of NaYF4:Yb**/Tm*" nanocrystals indicating major upconversion
processes. Dashed lines indicate non-radiative energy transfer, and curved arrows
indicate multiphonon relaxation. (b) Typical evolution of spectra for 1 mol% Tm>" as a
function of excitation, showing substantial growth of emissions from the !G4 and 'D>
levels with increasing excitation from 1 x 10* W cm™2 to 2.5 x 105 W cm™. (¢)
Decomposition of the spectra into individual Gaussian peaks. Integrated intensities are
given by I, where 4 is the peak wavelength. Different transitions are indicated by the
colours shown in the energy-level scheme in (a). For example, the shaded area
represents the *Hs — 3Hp transitions. (d) Energy scheme of Yb**/Er** co-doped NaYFy;
ET: energy transfer, ETU: energy transfer upconversion, CR: cross relaxation, and BET:

back energy transfer. (e) Emission spectra of 1,2-distearoyl-sn-glycero-3-phospho-
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ethanolamine-N-[methoxy(polythylene glycol) (DSPE)-capped UCNPs in water (black
lines) and D20 (red lines) at low P of ca. 16 W cm™2 (top) and high P of ca. 1000 W
cm 2 (bottom), respectively. (f) Contribution (in percentage) of the integral intensities
of the different UC emission bands / (1) to the overall integral intensity / (Aa) of the
UC emission of DSPE-capped UCNPs for the emission bands at up panel 850 nm (black)
and 810 nm (brown) and down panel 655 nm (red) and 545 nm (green) in water (open
squares) and in D,O (solid circles), respectively, for P between 10 and 1000 W c¢cm 2.
(a-c) are adapted with permission from Ref 3 (d-f) are adapted with permission from

Ref.®0
1.3.2 Doping concentration modulated photon distribution

The doping concentration of sensitizers and activators lead to various spatial distances,
which are vital for energy transfer and excited population distribution. However, the
doping concentration for strong emission at moderate power is limited (<5 mol.%) due
to the well-known concentration quenching*® 82 To further optimize the emission
intensity, the doping concentration dependence has been investigated®® **. Recently, the
researchers found that the doping concentration plays an important role in the
occurrence of energy transfer processes between adjacent dopants®>®’. Normally, a
higher doping concentration of Yb** (sensitizers) in favor of multi-photon (three, four
or even higher) emissions, which indicated the powerful modulation of the high-lying
excited state at high doping ratios of sensitizers’® *?. For example, Han et al. fabricated
a series of a-NaYF4:x%Yb**,0.5%Tm** @CaF> nanoparticles with a Yb*" doping ratio
ranging from 30 to 99.5%, and the UV band emission located at 342 nm and 360 nm
increased monotonically while increase the doping concentration of Yb** sensitizers
(Figure 1.4a)'%. As shown in Figure 1.4b, the blue band emission dominates while the
doping concentration is lower than 1%, and the emission from *Hs energy level
occupied the main emission when the doping concentration of Tm>" is higher than 4%.
The intense interaction between dopants lead to the excited state energy distribution.
What’s more, similar results were observed in Yb**-Er’*/Ho** co-doped upconversion
nanoparticles”’. The cross relaxation modulated emission were observed no matter in
Yb**-Er** co-doped upconversion nanoparticles or self-sensitized single Er*" doped
upconversion nanoparticles, and the emission color would be tuned from green to red
as the increase of doping concentration®® 191-19  These all confirmed the powerful

ability to modulate the excited energy distribution by tuning doping concentrations,
9



which is useful to achieve population inversion at lower power.
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Figure 1.4 (a) UV emission spectra of a-NaYF4:x%Yb**0.5%Tm* @CaF> with
different Yb*"-levels (30~99.5). Adapted from ref'®. (b) Upconversion spectra of a
series of NaYF4:20%Yb** x%Tm>* nanocrystals with Tm** concentrations varied from
0.2 mol% to 8 mol% under an excitation irradiance of 2.5%10° W ¢m 2. Adapted from
ref’ (¢) Upconversion mechanisms and fluorescence photographs of NaYbF:x%Er**
upconversion nanoparticles with different doping concentrations of the activators.
Adapted from ref’’. (d) Upconversion spectra and upconversion emission photos of the
core—shell nanocrystals with variable Er** dopant concentrations in the core (NaYF4:x%

Er’f, x =5, 25, 50, 100). Adapted from ref*® .
1.3.3 Energy trapping centers modulated photon distribution

The internal energy transfer processes, including upward transitions, energy transfer
from sensitizers to emitters and interactions between emitters, determine the population
distribution of each high-lying energy level®® 19419 The internal energy transfer
usually occurs via cross-relaxation or direct energy transfer between nearby ions.
Successful upconversion emission tuning from green to red has been achieved through
introducing Ce’*" ions to NaYF4: Yb*",Ho** nanoparticles'®’. As shown in Figure 1.5a,

there are mainly two cross-relaxation processes between Ce*" and Ho*" for the tuning
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of visible radiation: °Is (Ho®") + °Fs» (Ce*") — °I7 (Ho*") + 2F71 (Ce*") and °S2/°Fa4
(Ho**) + Fs2 (Ce*") — 515 (Ho>") + 2F72 (Ce*"). Thus, the red emission from °Fs to °Ig
dominates the visible spectral region with the doping of Ce*" ions (Figure 1.5b).
Similarly, the impurity doping of Yb**, Tm?" and Eu®" ions efc. show powerful
modulation in the emission of NaErF4 upconversion nanoparticles!" %, As shown in
Figure 1.5d, the introduced Yb**, Tm>" and Eu®" ions lead to energy trapping centers
that can confine the excited state energy and transfer the energy back to the nearby Er**
ions. The difference of introduced energy levels results in various energy transfer
processes that can modulate the energy distribution of *Fo2 (Er**) and yield populating
or depopulating of red emissions as a result. What’s more, transition metal ions,
including Mn?", Mo**, Ni** also have been used to mediate energy transfer pathways!-
1 As shown in Figure 1.5e, the energy of the *S3» (Er’") state is higher than the *T;
(Mn*") excited level. So, the excited state *S3/2 could relax to a neighboring Mn** by
energy transfer. Then, an energy back transfer from Mn?" to the lower state *Fo, of Er**
would increase population of the red-emitting *Foy; state of Er** greatly. Similar energy
transfer and back transfer processes between Ho*>*/Tm*" and Mn** were also achieved.
And the excited energy would mainly accumulate at °Fs (Ho") state and *Hs (Tm*")
state, due to the energy transfer from high-lying state of activators to “T1 (Mn**) and
then back to lower lying state of activators. In short, the energy trapping centers-
controlled energy transfer is an efficient strategy to modulate excited energy
distribution without the dependency of excitation power. Thus, it’s promising to achieve

low power population inversion for effective gain media.
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Figure 1.5 (a, b) Proposed mechanism and photographs of multiphoton cross-
relaxation of NaYF4:Yb** Ho®" and NaYF4:Yb**,Ho**,Ce*" upconversion nanoparticles.
Adapted from refl®. (¢) Visible upconversion emission spectra and photographs of
NaErFs@NaYFs,  NaErFs:2%Eu’"@NaYFs, NaErF4:0.5%Tm** @NaYFs  and
NaErF4:10% Yb** @NaYF4 core shell upconversion nanoparticles under the excitation
0f 980 nm (top) and 1532 nm (bottom) diode laser. (d) Typical energy transfer pathways
for multiphoton cross-relaxations generated between Er**-Tm** pairs and Er**-Eu®*
pairs. Adapted from ref'®!. (¢) Upconversion emission spectra, proposed energy transfer
mechanisms and corresponding luminescent photos of KMnF3:Yb**/Er** (top),
KMnF3:Yb**/Ho*" (middle), and KMnF3:Yb*"/Tm** (bottom) nanocrystals. Adapted

from ref!!2.
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1.3.4 Thermal and other local field modulated photon distribution

Apart from the above-mentioned strategies, some other methods like shell coating,
thermal effect, and localized field can also modulate the photons distribution at some
extent!311®. Among which, the inert shell could isolate the surface quenching sites or
ligands from the activators, and suppress surface quenching pathways®! 3 103, 117-119.
The surface related quenching relief would in favor of the redistribution of excited state
energy'?’. What’s more, thermal induced emission variation is also widely observed!?!”
124 As shown in Figure 1.6 a-d, Jiang’s group reported the thermally-induced multicolor
emission originating from the gradually-attenuated H,O quenching effect'?!. The color
changes from green to red as temperature increases from 30°C to150°C. Especially, the
thermal related Boltzmann distribution also helps for the pumping of upper energy level

as shown in Figure 1.6e'%

. The energy gap between the thermally coupled energy levels
of 2Hy12 and *S32 of Er** ions is only several hundred cm™!, which can be matched by
heating. And thus, the photons at S3/, state could be pump to *Hi1/2 (upper) state with
the assistance of heat activation'?®. In addition, the local structure, including bond
distance, bond angle, coordination number and local symmetry strongly impact
nonradiative energy transfer between lanthanide dopants'?’. For example, the Li*, K",
Lu**, Ca*" doping would break the local crystal symmetry of NaLnFa, and thus tune the
photons distribution and emissions'?®13!. As shown in Figure 1.6g, the aliovalent ions
can not only occupy the crystallographic site but also result in a vacancy or interstitial
ion for charge equilibrium. Therefore, aliovalent doping could induce a larger degree
of local lattice distortion than isovalent doping, which is benefit for population
modulations. The local coordination structure could be further engineered by
controlling the stoichiometric ratio of NayYF3+.:Yb**,Er’* nanoparticles'*?. As the ratio
of [Na]/[RE] declined from 1 to 0.5, obvious lattice contraction and a decreased
coordination number in the Y-F shell were noticed, suggesting the emergence of Na*
and F~ vacancies (Figure 1.6h). The changed local coordination structure led to
enhanced cross-relaxation interactions between Er’" and Yb*" and thus result in
emission variation. Moreover, high pressure is also used to modify the electronic
structure, reduce internal ions distance, vary lattice volume and symmetry and so on'¥

136 which are the key points of nonradiative energy transfer.
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Figure 1.6 (a) Temperature-dependent upconversion spectra of B-NaGdF:
Ce*",Yb*",Ho>" nanocrystals in air. (b) Integrated emission intensities of red and green
bands normalized to that at 30 °C. Temperature-dependent color coordinates of
nanocrystals in CIE chromaticity diagram (¢) and patterns printed with nanocrystal ink
(d). (a-d) adapted from ref'?!. (e) Schematic illustration diagram of thermally coupled
energy levels. Adapted from ref!®. (f) Green upconversion luminescence of the cubic
NaYF4: Yb*',Er’" nanoparticles under 980 nm excitation at various temperatures
ranging from 303 K (dark red) to 573 K (yellow). Adapted from ref'?6. (g) Schematic
of the local structure affected by impurity doping (top). Upconversion emission spectra
and photos of hexagonal NaGdF4:Yb*",Er’",Ca** UCNs as a function of Ca** content
under 980 nm excitation (bottom). Adapted from Ref'*!. (h) Schematic of the structure
of cubic (o) NayYF3+.:Yb*",Er** with different stoichiometric ratios in the unit cell (top).
Upconversion emissions and photos of Na,YF3::Yb*" Er** UCNs under 980 nm

excitation (bottom). Adapted from Ref!*.
1.4 Review of upconversion nanocrystals for microlasers

It has been widely reported that lanthanide doped bulk materials were used as gain
media for commercialized solid-state lasers, such as the neodymium-doped yttrium

aluminum garnet (YAG:Nd) laser'*”. In recent years, the elaborately polished core-
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shell-structured UC nanocrystals have showed the enhanced luminescence emitting
efficiency and highly tunable excitation/emission properties. Integrating the core-shell
UC nanocrystals with dielectric microcavities or hyperbolic metamaterials can further
increase the efficiency in small laser, producing multi-wavelength upconverted lasing®”
70. 138 Here, the recent progress on upconversion nanocrystals-based-microlasers is
summarized and discussed. As the composition of a microlaser device has already
introduced above, this section mainly focuses on recent upconversion microlasers, such
as upconversion random laser, WGM/FP cavity and photon lattice/plasmonic cavities

modulated upconversion lasers.
1.4.1 Upconverting random laser

The upconversion nanoparticles can be employed as cavities for the feedback and
resonance based on the scattering effect of themselves to produce random lasering
emission. The construction of this type of upconverting microlaser devices is therefore
simple. Benefiting from the multi ladder-like and long lifetime energy levels, lanthanide
doped UCNPs facilitate the necessary photons accumulation for population inversion.
The intrinsic weak and narrow absorption of lanthanide ions, however, severely limits
the upconverting efficiency, which inevitably leads to a high threshold of lasing
emission. Jin et al. designed a LiYbF4:1%Tm* @LiYbF4@LiLuF4 core-shell-shell
UCNP with strong absorption layer of pure L1YbF4 and inert protecting outlayer (Figure
1.72)'*. This novel structure favors 15 times stronger ultraviolet (UV) upconversion
emission under 980 nm excitation. These highly efficient UCNPs were spin-coated on
the silicon substrate to form a uniform film with a thickness around 320 pm. Random
and discrete emission peaks with a narrow linewidth of 0.4 nm were emerged as the
pumping power increased above 2.19 mJ/cm? (980 nm, 6 ns, 10 Hz), as shown in Figure
1.7 b and c. This is currently the lowest reported threshold for multiphoton promoted

UVB (280~315 nm) upconversion lasing emission.

Core-shell UCNPs structure can not only enhance upconversion luminescence emitting
efficiency, but also lead to unprecedented expanding of the excitation/emission
spectra®> 140192 Egpecially, the efficient energy migration across the core-shell interface
through Gd** sublattice bridges widely expanded the upconversion emissions'4* 44, For
instance, based on the preferred matching between 4f-5d excitation frequency of Ce*"

and emission of Gd*", a broadband UV upconversion emission from Ce*" ions
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embedded in CaF, shell was generated in a-NaYbF4:40%Gd**,1%Tm*" @NaGdF4
@CaF»:Ce*" nanocrystals (Figure 1.7d)'%. Effective Yb**—>Tm**—Gd**—Ce’*" energy
migration transfer is established by the continuous crystalline interface and the redshift
of 4f-5d absorption band of Ce*" in CaF; relative to that in NaLnF4 matrix. With this
procedure, a broad-band and long lifetime UV upconversion emission under 980 nm
excitation was achieved with a tunable lasing emission from 309 nm to 363 nm (Figure
1.7 e and f). The laser threshold was as low as 170 kW/cm?. Similarly, Haider et al.
reported a highly efficient single segment white random laser by using a solution-
processed  NaYF4:50%Yb**,0.5%Er**,0.5%Tm* @NaYF4:10%Eu**  core—shell
nanoparticle assisted with Au/MoOs multilayer hyperbolic meta-materials (HMM) 146,
The optical feedback gain was provided by photon scattering of the porous structure of
UCNP clusters (inset of Figure 1.7g). Besides, by using the suitable HMM as substrate,
the photon propagation loss can be greatly decreased, and the multicolor lasing
emission can be enhanced due to the HMM induced high photonic density of states.
Therefore, a lower lasing threshold of 0.65 kW/cm? was achieved in HMM substrate in

comparison with SiO2/Si substrate.
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Figure 1.7 (a) Energy transfer processes in LiYbF4:1%Tm>" @LiYbFs@LiLuF4 core—

shell-shell nanoparticle. (b) Power dependent emission spectra of UCNPs film. Inset
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shows the schematic diagram of the optical setup. (¢) Light-light curve of the spectra
in (b). (d) Schematic of 0-NaYbF:40%Gd*",1%Tm** @NaGdFs @CaF»:15%Ce**
core-shell-shell architecture and proposed energy transfer process for migration
upconversion of Ce** ions. (e) Schematic illustration of the optical setup for the
measurement of random lasing emissions. (f) Power dependent emission spectra of the
0-NaYbFa: 40%Gd**, 1%Tm** @NaGdFs@CaF2:15%Ce*" nanoparticles. (g) Emission
spectra from UCNP/HMM composites under the excitation of 980 nm laser at a constant
pumping power density of 0.66 kW/cm?. Inset shows the schematic illustration of
upconversion nanoparticles (UCNPs) coated HMM samples. Adapt from Ref. '*°. (a-c),
(d-h) Ref. ¥ and Ref. 16 (g).

Differing from Haider’s work, Chen et al. proposed a new scheme of lasing emission
at an ultralow threshold under 980 nm CW excitation through the use of gold sandwich
UCNPs nanocomposite (gold-UCNP-gold) (Figure 1.8a)'*’. The localized surface
plasmon resonance-based electromagnetic hotspots and the enhanced scattering
coefficient benefit the formation of coherent closed loops by multiple scattering, which
is responsible for the generation of 545 nm stimulated emissions. The random lasing
actions were observed at the extremely ultralow threshold (~0.06 kW/cm?) due to the
unique structure for light trapping. It is well known that the high temperature induced
multi-phonon relaxation often results in thermal quenching or lasing death
phenomenon!*® ¥ Xu et al. presented a type of high-temperature operated compact
self-cooling laser through using Ba;LaF7:Yb*>"Er’" nanocrystals embedded glass-
ceramics '°°. As shown in Figure 1.8 b, the phonon-assisted transition from *Ss» to
*Hii/2 level is increased at the high temperature, favoring the optical gain for
2Hy12,—"11552 transition (523 nm). The high refractive index contrast between Ba,LaF7
nanocrystals (~1.7476) and glass-ceramics host (~1.5510) promotes strong random
scattering for lasing emission. The low lasing threshold of less than 536 nJ/cm? (980
nm, 6 ns, 10 Hz) was thus obtained at 473 K by the formation of a ridge waveguide
through ion beam etching (Figure 1.8c). The effective phonon-assisted anti-Stokes
strategy has great potential for applications in all-solid-state cryocoolers and radiation

balanced microlasers.
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Figure 1.8 (a) Design and schematic diagram of gold-UCNPs-gold (Au'-UCNP-Au?)
nanocomposites. The schematic diagram and pumping-power-density-dependent
upconversion emission spectra of the stretchable rippled structure random lasing device
consisting of Au'-UCNPs-Au? nanocomposites. (b) Simplified model and population
inversion via phonon-assisted process at temperature T (i) < 300 K, (ii) = 300 K, and
(iii) >300 K between *Ss» and *Hii states of Er’". (¢) Lasing spectra of optical
waveguides fabricated by etching a 2 pm wide and 1 pm height stripe on the surface of
the glass-ceramic films on quartz substrate operating at 473 K. Adapt from Ref. 1’ (a),
and Ref. 1% (b-c).

The threshold of upconversion random lasers relies heavily on upconversion efficiency
139 the scattering effect (refractive index contrast) '°°, propagation losses ' and so on.
Benefiting from core-shell structure and localized surface plasmonic enhancement, the
upconverting random laser is expected to be much tunable at emission and excitation
wavelength with a low threshold. However, another challenge for random laser is that
the lasing emission mode is uncontrollable. Thus, great efforts have been made to

achieve ordered and adjustable microlasers.
1.4.2 WGM/FP cavity modulated upconverting laser

Unlike scattering effect induced random laser, Fabry-Perot (FP) cavity and whispering
gallery mode (WGM) are employed as common micro-resonator geometries for
upconversion lasing emission due to their high quality (Q) factor'>!: 2. The FP

microcavities constructed by two or more parallel mirrors enable the light bouncing
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back and forth between two reflective surfaces. The resonance occurs when the optical
pathlength is equal to integer multiple light wavelengths. Based on this, Zhu et al.
designed a FP cavity consisting of a quartz tube sandwiched between a distributed
Bragg reflector (DBR) and an Al mirror (Figure 1.9a)!*%. Highly efficient
NaYF4:Yb*" Er**@NaYF, core-shell nanocrystal solution with a concentration of 3.6
wt% in cyclohexane was used as gain medium. As shown in Figure 1.9b and c, the
emission wavelength can be manipulated from blue to red bands by the precise
adjustment of reflectivity of DBR and Al mirror. The linewidth of lasing emission is
reduced by a factor of 4 times. However, the long cavity makes it difficult to obtain the

fine-structured lasing spectrum.
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Figure 1.9 (a) Image of the FP cavity using NaYF4:Yb*",Er** @NaYF4 core—shell
nanoparticles cyclohexane solution as gain medium. (b) Reflection spectra of DBRs
and Al mirror. (¢) Plot of normalized photoluminescent spectra of the 3 color bands

versus different excitation power based on the 3-pulse excitation scheme. Adapt from

Ref. 1%,

The WGM microcavities can confine lights in a narrow ring along the equatorial surface
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of the cavity via total internal reflection'>* 1>, WGM cavities, with various shapes, such
as bottle, sphere, toroid and rings, have been further exploited and demonstrated as one
of the best cavities for microlasers with low threshold and narrow linewidth due to the
high quality (Q) factors and the small mode volumes'**. Wang et al. studied the lasing
behaviors of lanthanide doped upconversion nano and microparticles. A bottle-like
WGM microcavity enabled upconversion lasing emission by coating a drop of silica
resin containing UCNPs onto an optical fiber. Through the rational control on cavity
size and the selection of UCNPs, multiple visible lasing emissions (408 nm, 540 nm
and 654 nm) of Er** (Figure 1.10a)"*® and deep UV lasing emission (311 nm) of Gd**
(Figure 1.10b, and c) can be obtained!> %6, It is worth noting that the linewidth of Ln**
lasing emissions is usually narrower than 0.5 nm due to the high Q factor. Moreover, as
shown in Figure 1.10d, multi-band upconversion lasing emissions (UV: 345 nm and
365 nm, and blue: 450 nm and 475 nm) of Tm** were also achieved by simply confining
NaYF4:Yb* Tm**@NaYF4 core-shell structured nanoparticles in a microscale

157 Despite highly efficient lasing emissions were obtained by the use

cylindrical cavity
of these high Q factor microcavities, these resonators with the size of dozens or even
hundreds micrometer severely limited the practical applications of microlasers. To
solve this issue, Yu and coworkers exploited a single-particle hexagonal
NaYF4:Yb** Er¥* Tm*" microrod for multicolor upconversion lasing emission (Figure
1.10e)'%8. Particularly, the total internal reflection between the six flat surfaces of this
microrod could support a whispering gallery mode. This novel microrod served as both
gain medium and laser cavity. The red, green, and blue lasing emissions were obtained
through tuning the sensitizer (Yb*") and activator (Er**, Tm>") concentrations in the
single NaYF4 microrod. Sharp lasing peaks with a linewidth less than 0.4 nm dominated
the emission spectra as the excitation power density exceeded a certain threshold, which
is usually in a few mJ/cm? level (980 nm, 6 ns, 10 Hz). Furthermore, white-light lasing
can be also generated through the co-doping of 40%Yb*", 0,5%Er** and 2%Tm>" in a
single NaYF4 microrod. The pump threshold decreased with the increase of microrod
diameter. However, these single-particle upconversion microlasers show low Q factors
and inefficient gain mediums, limiting the exploration of low-threshold CW pumped

upconversion lasers.
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Figure 1.10 (a) Lasing spectra of the bottle-like microcavity with a diameter of 80 pm.
The insets show the images of the microcavity under different excitation power. (b)
Simplified energy level diagram showing the energy transfer from Tm?" to Gd**. (¢)
The corresponding power dependent lasing spectra of the bottle-like microcavity with
a diameter of 75um. (d) Upconversion lasing characteristics of cylindrical
microcavities with diameter of 60 pm under 5-pulse 976 nm excitation. The optical
image of cylindrical microcavity under a daylight lamp (top) and with (down) NIR
pumping in the dark. (e) lasing emission spectra, and linewidth of the RGB modes for
a single NaYF4:40%Yb>",0.2%Er’",2%Tm>*" microrod with R equal to 4 um. The inset
shows the numerical simulation of the optical field distribution inside a B-NaYF4
microrod emitted at 654 nm (left) and the corresponding microscopy image under 980
nm ns-pulsed excitation at room temperature (right). Adapt from Ref. '*% (a), Ref. 1>

(b-¢), Ref. 137 (d) and Ref. '* (e).

Recently, efficient energy-looping nanocrystals (ELNPs) were designed to fabricate
continuous-wave pumped upconverting microlaser with a pump threshold as low as 14
kW/cm?> 7', The designed NaYF4:20%Gd*",1.5%Tm*" @NaGdFs core-shell
nanoparticles with a unique energy looping upconversion mechanism under the
excitation of 1064 nm CW laser can be used as highly efficient gain medium. The single
doped Tm*" can activate an avalanche-like upconversion process, which facilitates
efficient population inversion in the NIR emitting state (*Ha) (Figure 1.11d). After the
deposition of these hydrophobic ELNPs onto the surface of a polystyrene microsphere,
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the WGM microlaser device with a high Q factor was fabricated (Figure 1.11a and b).
The inert NaGdF4 shell enabled the suppression of surface quenching and energy losses,
reducing further the pump threshold. Notably, the microlaser can give out stable blue
and NIR upconversion lasing emission for more than 5 h under continuous excitation
at 300 kW/cm?. Liu et al. improved the fabrication quality of these microlasers through
manipulating the surface oleic acid ligands to tune UCNPs’ assembly on the surface of
microcavity (Figure 1.11e)’%. As a result, a smooth and uniform submonolayer gain
medium was created, leading to a 25-fold lower laser threshold (1.7 = 0.7 kW/cm?) and
30-fold narrower distribution compared to their previous work (Figure 1.11 f and g).
The imaging of microlasers was also presented through a 1 mm thick phantom. These
stand-alone room-temperature CW pumped low threshold microlasers show great
potential for further in-vivo imaging or tracking applications. However, the size is still

a bit large for intracellular applications, and it is a long way to reduce the threshold.
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Figure 1.11 (a) SEM and cross-section TEM of a 5-um-diameter cavity coated with
ELNPs. (b) Wide-field image (left) and simulated field distributions in the x-y plane
(right) of a lasing microsphere. (¢) NIR spectra for pump laser intensities below, near
and above the lasing threshold. (d) Energy looping upconversion mechanism of single
Tm**-doped NaYFa. (e) Fabrication processes of the ELNP-PS cavities, and WGM
resonances generated in an ELNP-PS cavity under 1064 nm pumping. (f) SEM showing
the morphology of an ELNP-PS cavity. The inset (right bottom) is the magnified view
of the surface coated with single layer nanoparticles. (g) Emission spectrum of an
ELNP-PS microlaser, showing sharp WGMSs (blue) and spontaneous emission (red).
Adapt from Ref. ”! (a-d), and Ref. ! (e-g).
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1.4.3 Photon lattice/plasmonic cavity modulated upconverting laser

One strategy to lower the threshold of lanthanide upconverting laser is to enhance
upconversion efficiency of gain medium?. Despite the aforementioned highly-doped
sensitizer and core-shell structure can enhance upconversion emission intensity, the
corresponding microlasers still require high-threshold excitation. The plasmonic
structures with locally enhanced electromagnetic fields can amplify the upconversion

process within sub-diffraction volumes'>’

. As typical plasmonic materials, silver and
gold nanoparticles with tailorable resonance modes that matches upconversion
excitation or emissions have shown enhanced upconversion efficiency!*162. Wu et al.
demonstrated upconversion super-burst with directional, fast and ultrabright
luminescence by coupling a gap-mode (20 nm) plasmonic nanoresonator (~90 nm Ag
nanocube) with nanoparticle emitters (Figure 1.12 a and b)!%. Due to the overlap of
surface plasmon resonance and upconversion emission range (Figure 1.12c), the
spontaneous upconversion emission could be boosted by four to five orders of
magnitude by precisely manipulating the nanoparticle’s local density of state through

Purcell effects (Figure 1.12 e and f). And the spontaneous emission rate was also

increased by 166-fold through Fermi’s golden rule (Figure 1.12 g and h).

However, the typical surface plasmon resonance from a single nanoparticle is in
broadband (dozens of nanometers) with low-mode quality. This broad resonance shows
poor match with multiple narrowband upconversion transitions. Plasmonic arrays of
metal nanoparticles were designed to overcome these challenges by providing narrow
lattice plasmon resonance (< 5nm) and strong near-field enhancement'%41%, Based on
this, Schuck and Odom et al. designed an ultra-stable and directional emitting plasmon-
nanoarray upconverting laser’’. The plasmonic arrays consisting of Ag nanopillars were
fabricated to provide a high-quality single-mode lattice plasmon with sharp resonance
peak (Figure 1.12i). The heavily doped NaYF4:20%Yb**,20%Er**@NaYF, core-shell
nanoparticles (~14 nm) with improved emission intensity and reduced saturation

intensity!®”- 168

were deposited onto the plasmonic nanoarray surface for microcavity
(Figure 1.12j). In this well-designed plasmonic microcavity, the resonance peak
centered at 650 nm matches well with the red *Fo,—*I15 emission transition from Er**
ions (Figure 1.12 k and 1). Continuous-wave upconversion lasing with an ultralow
threshold of 70 W/cm? (orders of magnitude lower than other small lasers) was achieved,

which offers exciting prospects for low-threshold coherent light sources at the
23



nanoscale and lab-on-a-chip photonic devices. However, the Ohmic loss of metallic
nanoantenna arrays is still a daunting task. The threshold and size will be acceptable
with the development of the design and fabrication of high-quality optical cavities, as

well as the highly efficient coupling between gain medium and resonant cavity.
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Figure 1.12 (a) Plasmonic cavity-coupled UCNPs composed of a gold thin film, a silver
nanocube and a monolayer of UCNPs embedded in the sub-20-nm-wide gap. (b)
Simulated plasmonic gap mode with a maximum electric field enhancement (|E/Ey|) of
~40. (¢) Emission spectrum of the Er’**-activated UCNPs and simulated scattering
spectrum of a single nanocavity. (d) Emission spectra of a UCNP monolayer deposited
on the glass substrate (black) and gold film (green) or in the nanocavity (red). (e, f) for
the power dependent emission intensity for the three samples at emission wavelengths
of 554 nm (e) and 660 nm (f). (g, h) Decay curves of UCNPs deposited on a glass slide
(black) and in the nanocavity mode (green) at an emission wavelength of 554 nm and
660 nm. (i) Schematic of the UCNP coating on top of Ag arrays with inter-space of
450 nm. Ag nanopillars are with 80-nm diameter, 50-nm height and the arrays are
scalable over cm? areas. The UCNP film is roughly 150 nm thick. (j) Scanning electron
micrograph showing the Ag nanopillar array with partial conformal coating (right) with
a film of 14 nm core—shell UCNPs. Scale bar, 1 pum. Representative near-field |E|* plot
for the 450-nm spaced Ag nanopillars at resonance (n=1.46) from a FDTD method
simulation. Scale bar, 500 nm. (k) Power-dependent lasing spectra from lattice plasmon
resonances at A= 664 nm. (I) Yb**, Er’* energy levels and coupling mechanism to the

lattice plasmons. Adapt from Ref. '%* (a-h), and Ref. 7 (i-I).
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Table 1: Summary of typical upconverting lasers.

Ref. and
. Upconversion gain Pumping .
Resonant cavity . Threshold published
medium sources
year
Random ) ) 2.19 mJ/cm?
. LiYbF4Tm*@LiYbFs 980 nm, 6 Ref.'®@?2
(UCNPs layer on silicon . @UVB
@LiLuF4 ns, 10 Hz 019
substrate ~315 nm
bstrate) (280~315 nm)
Random 170 kW/cm?
a-NaYbF4:Gd*", Tm3" 980 nm, 6 Ref. @2
(UCNPs layer on quartz @UV (309~363
@NaGdFs@CaF,:Ce**  ns, 10 Hz 017
substrate) nm)
Random 980 nm, 6 536 nlem’  Ref10@2
nm, nJ/cm ef.
(UCNPs embedded glass- Ba;LaF7:Yb3" Er**
ics) ns, 10 Hz @520 nm 016
ceramics
Random
(UCNPs assisted with NaYFe: Yo Er¥* T 930 nm 0.65 kW/cm? @ Ref,45@2
Au/MoO; multilayer @N YF’ B N ow ’ red, green and 018
aYF4Eu
hyperbolic meta- ! blue range
materials)
Random 0.06 kW/cm?
ippled structure Au!- ul- s-Au nm, nm, 0. ef.
Rippled Au! Au!-UCNPs-Au? 9380 545 0.08 Ref!'¥@2
UCNPs-Au? nanocomposites CW kW/cm? @658 020
nanocomposites) nm
a) 5~9 kW/cm? a) Ref.
WGM microcavities a) NaYF4 Yb*',Er’* b) 980 2@410 540 138)@2013
a- nm,
(Silica resin containing (@NaYF, 6 10 4655 b)
nm, 6 ns, nm an nm
UCNPs coated optical b) NaYFs@NaYbFa: 5 155
fiber) T Gd* @NaYF,s Hz b) ~86 mJ/cm Ref.>>@?2
’ @310 nm 016
WGM microcavities 930 6 5~25 mJ/cm? Ref.1%@2
nm, ef.
(single hexagonal NaYFs  NaYF4:Yb3* Er’* Tm?* @450 nm, 545
. ns, 10 Hz 017
microrod) nm, and 650 nm
a)
Ref.”'@20
b) 1064 800 nm lasing 18
a_
WGM microcavities a-b) NaYF4:Gd*",Tm3* cw a) 14 kW/cm? b)
nm,
(UCNPs coated PS @NaGdF4 980 b) 1.7+0.7 Ref.?@20
c nm,
beads) ¢) NaYFa: YB3 Tm?* cw kW/cm? 20
¢) 150 W/cm? c)
Ref.®@20
20
Photon
lattice/plasmonic cavity NaYF4Yb*"Er'@ 980 nm, 70 W/em?@655  Ref.”°@20
(UCNPs coated Ag NaYF, Cw nm 19
arrays)
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Though the tremendous progress, challenges remain. For instance, the small-size cavity
is expected for the practical applications in life sciences and sensing. Despite the cavity
size can be reduced by controlling upconversion nanoparticles, the quality factor and
upconversion luminescence efficiency decrease greatly in small upconversion materials.
This therefore limits severely the reduction of the laser size and the pumping threshold.
As the pumping power is one of the key points of microlasers in practical applications,
there are several parts need to be studied in depth. For example, 1) the ways to enhance
the upconversion luminescence efficiency with tunable emission and excitation
wavelengths in microlaser with ultralow threshold need to be explored. 2) Smart
cavities with high Q factor WGM, FP cavity and plasmon enhancement should be
further developed for various applications. 3) Deepening regulatory mechanism studies
on highly efficient upconversion luminescence output and threshold reduction in

microlaser need to be further revealed.
1.5 Thesis aims and outline

Novel micro- and nano-laser output strategies are always relying on the fast
development of material science with new optical properties. The outstanding
frequency conversion properties of upconversion nanoparticles provide numerous
opportunities for upconverting lasering, such as the fabrication of upconversion random
laser, WGM/FP cavity modulated upconversion lasing emission and photon
lattice/plasmonic cavities upconversion lasers. However, the ultrahigh pumping
threshold still restrained the further application of microlasers. Thus, this thesis mainly
focuses on the design and construction of upconverting gain media for CW pumped

room temperature low threshold upconversion microlasers.

In Chapter 1, the basic information of lanthanide doped upconversion nanoparticles and
microlasers are provided by reviewing the recent advances of this field. Several kinds
of upconverting lasers including random laser, WGM/FP cavity modulated lasers and
photon lattice/plasmonic cavities related lasers are discussed. We highlight the key
element for low threshold upconverting lasers, and point out the following research on

upconversion gain media.

In Chapter 2, full details including, materials and methods used for constructing
upconverting gain media, equipment, instruments and home-built set-ups for sample
characterization, are introduced.
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In Chapter 3, doping concentration modulated cross-relaxation process is investigated
to achieve population inversion at low power density. Strategies to construct a WGM
laser by coating efficient upconversion gain media are discussed. Then, systematic

characterizations are carried out for the confirmation of upconverting lasing emission.

In Chapter 4, another key point for lasing emission, scattering effects caused by size of
upconversion gain media, is fully explored. Then, single nanoparticle with bright
emission and negligible scattering is further employed to couple with microcavity for

lasing emission.

In Chapter 5, highly sensitizers doping strategy is investigated for low threshold lasing
emission. The performance of temperature dependent lasing emission, especially blue
shift, is demonstrated for further in-situ temperature sensing. What’s more, microlaser
with white emission is achieved by employing novel energy migration modulated

upconversion gain media.

In Chapter 6, a brief summary of this thesis is presented. On the consideration of four

years research, challenges and perspective of upconverting microlaser is discussed.
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Chapter 2 Materials and methods

In this chapter, the general chemicals and reagents used in this thesis are described; the
key synthesis and characterization methods are introduced; the instrument and set-up

for material and optical property characterization are provide and accounted in detail.
2.1 Chemicals and reagents

The general chemicals and reagents used in the synthesis of UCNPs and construction

of microlaser.

Table 2.1 The chemicals and regents used in this thesis.

Name Specifications CAS or product Manufacturer
number
Yttrium (III)
chloride 99.99% trace
oA Lo i<h
hexahydrate metals basis 10025-94-2 Sigma-Aldric
(YCl3-6H20)
Ytterbium (III)
1 o
chloride P trace | 10035015 | Sigma-Aldrich
hexahydrate metals basis
(YbCl3-6H,0)
Thulium (III)
1 0
chloride 09-99% trace 1331-74-4 Sigma-Aldrich
hexahydrate metals basis
(TmClI3-6H20)
Gadolinium (III)
chloride 0/ (eieom st . .
-84- - h
hexahydrate 99% (titration) 13450-84-5 Sigma-Aldric
(GdCl3-6H20)
Terbium (III)
- o
chloride 99.9% trace 13798-24-8 Sigma-Aldrich
hexahydrate metals basis
(TbCl3-6H20)
Sodium semiconductor 1310-73-2 Sigma-Aldrich
hydroxide grade, 99.99%
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(NaOH) trace metals basis
Ammonium >99.99% trace . .
fluoride (NH4F) metals basis 12125-01-8 Sigma-Aldrich
Technical
Oleic Acid (OA) | ¢ n;‘z)i /grade’ 112-80-1 Sigma-Aldrich
0
I-Octadecene | | cchmical grade, 112-88-9 Sigma-Aldrich
90%
Undenatured
Ethanol 100% 64-17-5 Chem-Supply
for HPLC, . .
Methanol 599.9% 67-56-1 Sigma-Aldrich
for HPLC, Chem-Supply
Cyclohexane 599.9% 110-82-7 (Australia)
Hydrochloric acid | 1.0 + 0.005 mol/L
7647-01-0 hem- |
(HCI) (20 °C) Chem-Supply
Micro particles | 5 um std dev <0.1
based on um, coeff var 79633-5ML-F Sigma-Aldrich
polystyrene <2%

2.2 Instruments and equipment
The commercial instruments and equipment used in this thesis are listed as follow.

Table 2.2 Instruments and equipment for material synthesis and characterization.

Name Specifications Manufacturer
Magnetic stirrer 0-1800 rpm Labquip
Range room
Heating mantle temperature (25- Labquip
30 °C) to 400 °C
Range room
Temperature controller temperature to Labquip
400 °C




Three-neck round-bottom flask 50 mL, 100 mL Synthware
Flow control adapter 19/22 Synthware
Teflon-coated, elliptical RE 15 % 10 mm Sigma-Aldrich

extra power stir bars

ranges: 10-100 pL,

Micropipettes 100-1000 pL and Eppendorf
500-5000 pL
Centrifuge 5424
Centrifuge Eppendorf
Centrifuge 5804
Vortex mixer LSE Corning
Commercial
Ultrasonic cleaner Benchtop Cleaners Unisonics
(FXP) 2.7 Litre
Laboratory balance SJF2104 (0.1 mg) ProSciTech
Model: Tecnai T20
TEM JEM-ARM200F/ FEI
JEOL TEM- JEOL
2200FS
. 300 mesh with . .
TEM copper grids carbon film Pacific Grid-Tech
SEM Supra 55VP Zeiss
UV-Visible spectrophotometer Agilent Cary 60 Agilent Technologies
Spectrometer Shamrock 1931 Andor
Malvern Zetasizer
Zetasizer Nano ZS90 - ATA | Malvern Panalytical
Scientific
H ientific Pty.
Glass slide 25%x57 mm urst Scientific Pty
Ltd.
Cover slip 22x22 mm Muraban Laboratories
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2.3 Synthesis protocols of upconversion nanoparticles
2.3.1 General synthesis of NaLLnF4 core nanoparticles

In the whole thesis, the uniform lanthanide doped core upconversion nanoparticles with
various doping concentration were obtained through optimized coprecipitation
method!>. In a typical experiment, LnCl3-6H,0O is used as the source for lanthanide
ions, while NH4F and NaOH reagents are used to provide the needed Na“ and F~ ions.
Oleic acid (OA) with carboxy group that can chelate with lanthanide ions performs as
solvent and surfactant to control the growth process of nanoparticles. 1-Octadecene
(ODE) with high boiling point (> 300 °C) provides the high temperature reaction
condition. Firstly, lanthanide ions are coupled with OA ligands to form Ln(OA);3
complexes at ~150 °C. Then, nucleation occurs in the precursor solution at ~50 °C with
the promotion of Na“ and F ions. Finally, the size of nanoparticles grows at high
temperature (~300 °C). Therefore, the amount of OA and ODE, the temperature and
final reaction time, efc. are the key points to control the synthesis of NaLnF4
nanoparticles. Due to the similarity of lanthanide ions, the doping and replacement of

lanthanide ions in the nanoparticles are easy to achieve.
Typical synthesis process of B-NaYF1:20%Yb, 2% Tm** nanoparticles:

The uniform oleic-acid-capped nanoparticles (B-NaYF4:20%Yb, 2%Tm’*") were
synthesized by the coprecipitation method modified from previous report>*. A typical
procedure is as follows: YCl3-6H>O (0.78 mmol), YbCl3-6H,O (0.2 mmol) and
TmCl3-6H>0 (0.02 mmol) were added into a 50 mL three-necked flask containing 6 mL
oleic acid (OA) and 15 mL 1-octadecene (ODE). The mixture is first heated to 160 °C
under argon for 30 min to form a transparent solution and remove residual water. The
solution is cooled down to room temperature, and 10 mL of a methanol solution
containing NaOH (2.5 mmol) and NH4F (4 mmol) is slowly dropped into the flask and
stirred for 30 min. Then, the solution is heated to 70-80 °C and maintained for 30 min
to evaporate methanol. Subsequently, the solution is heated to 300 °C and maintained

for 1 h under argon atmosphere. After cooling down to room temperature, the resulting
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products are precipitated by ethanol and collected by centrifugation at 6000 rpm for 5
min. The precipitate is then purified with ethanol three times, and finally dispersed in

cyclohexane for further use.
2.3.2 Layer by layer growth of upconversion core shell nanoparticles

Seed mediated layer by layer coating strategy were used in this thesis to construct
upconversion core-shell nanoparticles® 6. The core nanoparticles are used as seeds, and
the precursors are injected to the reaction system to form the needed outer shell layer.
The set up for the synthesis of core shell nanoparticles are shown as below (Figure 2.1).
This set up is similar with that used in the core nanoparticles synthesis process. The
only difference is that the injection syringe is used to inject the precursors at the neck
of this flask. And before the injection, precursors with various doping ions need to be

prepared.

Figure 2.1 The reaction set up for the synthesis of upconversion nanoparticles.

And a typical NaYF4 shell precursor procedure is as follows: YCl3-6H>O (1 mmol)
is added into a 50 mL three-necked flask containing 6 mL oleic acid (OA) and 15 mL
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1-octadecene (ODE). The mixture is first heated to 160 °C under argon for 30 min to
form a transparent solution and remove residual water. The solution is cooled down to
room temperature, and 10 mL of a methanol solution containing NaOH (2.5 mmol) and
NH4F (4 mmol) is slowly dropped into the flask and stirred for 30 min. Then, the
solution is heated to 70-80 °C and maintained for 30 min to evaporate methanol. And
the reaction solution is further heated to 160 °Cfor 30 min to remove the residual water

before cooling down to room temperature.

For the seed-mediated layer by layer growth of upconversion nanocrystals with
needed size: A total of 0.2 mmol seed nanocrystals in cyclohexane are added to a 50
mL flask containing 4 mL OA and 10 mL ODE. The mixture is heated to 160 °C under
argon for 30 min to remove cyclohexene before the solution is further heated to 300 °C.
Then, an appropriate amount of shell precursors is injected into the reaction mixture
step-by-step with an injection rate of 0.25 mL every 3 min. After finish the injection of
precursors, the reaction solution is ripened at 300 °C for additional 5 min. Finally, the
reaction solution is cooled down to room temperature, and the resulting products are
precipitated by ethanol and collected by centrifugation at 6000 rpm for 5 min. The
precipitate is then purified with ethanol three times, and finally dispersed in

cyclohexane for further use.

a{ a={}o
— —
—

v [ > 0 B
¢ 0.25 mL/3 min o

N\ 300°C

layer by layer
coating

core core-shell

Figure 2.2 Schematic illustration of reaction equipment used in seed-mediated layer by

layer growth method, and growth process of nanocrystals.

Due to the similarity of lanthanide ions and tiny crystal lattice mismatch of different
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types of NaLnF4, homogenesis and heterogeneous core-shell structure can be obtained
through this seed-mediated layer by layer growth strategy’. And the thickness of the
shell layer can be easily controlled by the amount of precursor or the ratio between the
added core nanoparticles and shell precursor. The needed amount of precursors for

desired size can be calculated through a simplified homocentric sphere model'%!2.

2.4 Construction of microlaser

In this part, two strategies are introduced for the coating of upconversion nanoparticles

gain media onto the surface of microcavity.
2.4.1 UCNPs coating through swelling-deswelling process of microcavity

As the microcavity we used is a kind of polystyrene microsphere, which can swell and
de-swell at condition of different solvent. Upconversion nanoparticles can deposited on
the surface of microsphere through Van Der Waals interactions'>"!°. In a typical process,
the PS microsphere is swelled in the mixture of chloroform (10 puL) and butanol (100
uL) at room temperature. Then, upconversion nanoparticles in hexane are added to the
mixed solution. The solution is vortexed for 30 s and sonicated for 2 mins to make the
upconversion nanoparticles and PS microspheres are monodispersed. After incubation
at room temperature for 4 h, the upconversion nanoparticles coated microspheres are
collected by centrifuging at 3500 rpm. These microspheres are washed three times by
alternating between ethanol and cyclohexane to remove the superfluous upconversion
nanoparticles and stop the swelling process. The coating thickness can be controlled by

the ratio of added microsphere and upconversion nanoparticles.

Surface UCNPs
swelling coating

Figure 2.3 Schematic illustration of swelling and deswelling modulated upconversion

nanoparticles coating process.

2.4.2 Electrostatic force driven UCNPs coating process
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Although the swelling process promoted the deposition of upconversion nanoparticles
onto the surface of microsphere, the smooth surface would be broken to some extent,
which induce more scattering losses. Thus, another solution processed loading strategy
driven by electrostatic force is developed®. The hydrophobic oleic acid ligands are
removed from the surface of upconversion nanoparticles by acid washing. This makes
the surface charge positive. Then, the electropositive upconversion nanoparticles can

be coated onto the surface of electronegative microsphere easily.
Surface modification for water-soluble upconversion nanoparticles

The as-synthesized upconversion nanoparticles are coated with a layer of hydrophobic
oleic acid ligands, which need to be removed for further usage. In a typical procedure,
the nanoparticles were first precipitated by adding ethanol (2.0 mL) to a cyclohexane
colloidal solution of the OA coated hydrophobic B-NaYF4:20%Yb*", x%Tm?"
nanoparticles (1 mL, 10 mg/mL) and then collected by centrifugation at 6000 rpm for
5 min. The obtained nanoparticles were re-dispersed in a mixed solution of ethanol (1
mL) and HCI (1 mL, 2 M) upon sonication for 5 min'®!’. The ligand free nanoparticles
were collected by centrifugation at 14680 rpm for 10 min and re-dispersed in deionized

water (1 mL).

HC assisted

ligands free

Figure 2.4 Schematic illustration of HCI assisted surface modification.
Fabrication of upconverting microlasers

Upconverting microlasers were also produced through a solution process. In a typical
procedure, 10 uL PS microbeads (10% solids) were first dispersed in 1000 pL deionized

(DI) water upon sonication for 5 min. Then 7 pL ligand free water-soluble upconversion
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nanoparticles (8 mg/mL) were mixed together with PS microbeads upon sonication.
This mixed solution was kept for a gentle shake (750 rpm) for 2 hours before
centrifugation. During this stage, the electropositive upconversion nanoparticles would
attach onto the electronegative surface of PS microbeads through the electrostatic force
assembly. All these processes were carried out at room temperature. Then, these
upconversion nanoparticles coated microbeads were further washed with ethanol and
water for three times to remove the surplus upconversion nanoparticles. Finally, these
microbeads were re-dispersed in water or ethanol for further usage. Noting that, the
coated surface and thickness can be controlled precisely by tuning the concentration

ratio of microbeads and nanoparticles.

electronegative electropositive

Figure 2.5 Schematic illustration of electrostatic force driven UCNPs coating process.
2.5 Characterization methods and home-built optical instruments
2.5.1 Conventional characterization method

The characterization of morphology, size, absorption spectrum and surface charge is
introduced in this part. The conventional measurement including, TEM images, SEM

images, Zeta potential, absorption spectra are shown as follow:
TEM

Transmission electron microscope (TEM) measurements were performed using an FEI
Tecnai T20 instrument with an operating voltage of 120 kV. The samples for TEM
analysis were prepared by placing a drop of a dilute suspension of nanoparticles onto

carbon-coated copper grids, and dry in the oven at 60 °C for 5 mins.

SEM
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The morphology of microcavity coated with upconversion nanoparticles was
characterized via scanning electron microscope (SEM) imaging (Supra 55VP, Zeiss)
operated at 3.00 kV. And the samples were prepared by adding a drop of solution sample
to the silicon wafer, and dry in the oven. Then, a layer of 7 nm Au/Pt was coated (Leica
EM ACE600 High Vacuum Coater) for better electrical conductivity and high

resolution.

As for the EDS element mapping and spectrum, Zeiss EVO LS15 SEM was used and
operated at 15.00 kW.

Zeta potential

The measurement of zeta potential ({-potential) was carried out in aqueous solution by

Zetasizer (Malvern Panalytical).
Absorption spectra

The absorption spectra of upconversion nanoparticles were measured by using the

Agilent Cary 60 UV-Vis spectrophotometer (400~1100 nm) with a step of 1 nm.
2.5.2 Spectra and lifetime measurement system for solution sample

The emission spectra of as-prepared UCNPs in solution were measured with a simple
home-made system as shown in Figure 2.6. A fiber coupled 976 nm laser (BL976-
PAG900, Thorlabs) with collimation lens was used as excitation source, and a
commercial fiber coupled spectrometer (IHR550 and Shamrock 1931 switchable) was
used to collect the fluorescent signal. A short pass filter (FF01-842/SP-25, Semrock)
was used to block the excitation laser and allow the transmission of 400-842 nm
emission signal. The solution sample was placed in the sample cuvette, and the angle
of excitation and collection is perpendicular to avoid the interference from laser signals.
A collection lens was used to gather the anti-Stokes emissions from upconversion
nanoparticles and coupled to an optical fiber for spectra measurement. The power
dependent spectra were measured by recording the spectrum at different power density

(adjust the output power of the excitation laser). Then we can plot the emission intensity
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with the function of excitation power density in the log-to-log graphs. The linear fitting

slopes of this graph indicate the photons needed in each upconverting process.
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Figure 2.6 Schematic illustration of home-made emission spectrum measurement setup.

As for the emission lifetime measurement setup, it was modified from the spectra
measurement setup. Due to the multi-band emission of lanthanide doped upconversion
nanoparticles, a related band pass filter for selected emission peak is needed. The decay
curve of a characteristic emission peak, corresponding energy level transition, is
recorded by a gate mode single photon counting modules (SPCM-AQRH-14-FC,
Excelitas Technologies). And the time gating counting is achieved by synchronizing the
laser and SPCM with a NI data acquisition (USB-6353 DAQ). Then, the emission
intensity of each gate-width is accumulated and recorded according to time-gating scale.
The laser pulse width and signal collection width can be tuned for different emission
peaks. The collection steps are as small as lus, and all of these parameters can be

adjusted through a specially written LabVIEW program.
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Figure 2.7 Schematic illustration of home-made emission lifetime (decay curve)

measurement setup.
2.5.3 Confocal microscopy and spectroscopy

The inverted confocal optical system was built on a sample scanning configuration
employing a 3D piezo stage'®?°. A single-mode fiber-coupled 976 nm diode laser
(BL976-PAG900, Thorlabs) was used as the excitation source and was focused onto the
sample through an oil-immersion objective lens (100x, NA=1.4; UPlanAPO,
Olympus). The emission from sample was collected by the same objective lens then
refocused into an optical fiber that has a core size matching with system Airy disk. A
Single Photon Counting Avalanche Diode (SPAD) detector was connected to the
collection optical fiber to detect the emission intensity. The single nanoparticles images
were achieved by recording the emission intensity of each point when moving the 3D
piezo stage. The spectra were measured with a fiber-coupled spectrometer (Shamrock
1931, Andor) with a grating of 1200 grooves/mm (resolution: 0.21 nm, data collection
step: ~0.04 nm) and EMCCD detector (iXon Ultra 888, Andor). The detection of single
nanoparticle image and spectrum is switchable by just exchanging the coupling fibers.
And the lifetime measurement of single nanoparticle is similar to the solution ones.

Time gating emission intensity is recorded by the SPAD and plotted with the function
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of time.

The wide field microscope images were acquired from the camera when the flexible
mirror is switched to the camera paths. The polarization performance of this
upconverting microlaser was characterized by rotating a A/2 plate @808 nm while
cooperated with a polarizer (620-1000 nm). Spectra at different polarization angles can

be recorded.
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Figure 2.8 Schematic diagram of home-built inverted confocal optical system.

The temperature dependent spectra were measured with extra heating platform. A home
built heating platform, containing a heater (HT24S, Thorlabs), thermocouple
(TH100PT, Thorlabs), and temperature controller (TC200, Thorlabs), was integrated
with the sample holder. The temperature of sample slides carrying microlasers can be
measured and controlled by this heating platform with an accuracy of 0.1 K. Noting
that the oil-immersion objective lens (100%, NA =1.4; UPlanAPO, Olympus) was
replaced with an air objective lens (100x, NA=0.9, Olympus). And the whole optical

system was aligned before use.
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Figure 2.9 Photograph of home built inverted confocal optical system.

Due to the theoretical optical resolution of this home-built inverted confocal system is
about 490 nm, adjacent nanoparticles with a distance smaller than 490 nm are
indistinguishable?*'-*. To get individual distributed UCNPs, the sample slides need to
be prepared carefully. In a typical procedure, the coverslips were firstly cleaned with
ethanol and DI water by ultrasonication, and dry in the oven. Upconversion
nanoparticles were diluted to 10 ng/mL in cyclohexane solution for further usage. Then,
10 puL nanoparticles was dropped onto the surface of coverslip, and dry in the oven. The
nanoparticles would spread out evenly when the droplet containing nanoparticles
distributed uniformly on the coverslip surface. Finally, the coverslip with individual
distributed UCNPs was put over a clean glass slide, and packaged by glue before

measuring.
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Figure 2.10 Photograph of sample slide carrying individual-distributed UCNPs.

The preparation of coverslip with microlaser is similar to the process of single
nanoparticle slide. Noting that, the coverslip needs to be dry in the oven at 60 °C for 30

mins.
2.5.4 Finite difference time domain simulations

Numerical simulations of our microcavity were performed using Lumerical FDTD
solutions and MATLAB code?*%¢. For the simulation of the electrical-field distributions
and resonance spectrum, the perfectly matched layer (PML) was set as the boundary
condition with a simulation region of 6umx 6pumx 6um; the monitored wavelength was
400-1000 nm; the meshes order was 10 nm; the light type was a dipole source. The
simulated resonance spectrum and electric field distribution of microcavity were
calculated separately. The cavity modes were achieved while changing the sizes of the
microcavity. The electrical-field distributions at ~800 nm mode was plotted along the

diameter.
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Figure 2.11 Simulations interface of Lumerical FDTD solutions.
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Chapter 3 Cross-relaxation induced upconversion nanoparticles for

low threshold lasing emission

3.1 Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs), based on step-wise absorption
of two or more photons through real energy levels with long lifetime, are one of the
most efficient non-linear emitters'. The abundant metastable energy levels of lanthanide
ions facilitate the establishment of population inversion (Figure 3.1), which makes it
promising as lasing gain media, especially for nonlinear upconverting laser with huge
anti-stokes shift>>. Meanwhile the super long excited states lifetime (on the order of
milliseconds or microseconds) usually lead to low saturation intensity, which allows set
up of population inversion under continuous pumping®®. Recently, miniaturized lasers
have attracted intense interest due to the demand from the emerging optical
interconnects, ultra-dense data storage, near-field spectroscopy, super-resolution
imaging, optical probing and sensing’'?. However, the reduced cavity size leads to
increased optical losses, insufficient gain and further induces the rise of lasing
thresholds® !> !4, which present a huge challenge for practical applications of these

microlasers.

Figure 3.1 Three (left) and four (right) level system that can achieve population

inversion.
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The onset lasing emission threshold power is used for compensating the cavity losses
and achieving population inversion of the gain medium®. Thus, it is possible to keep
lowering the threshold through selecting a high-quality cavity and optimizing the gain
medium. Among current microcavities, whispering-gallery mode (WGM) cavity has
attracted considerable interests in the past decades due to the high quality (Q) factors
and small mode volumes, which result in low pumping threshold and narrow linewidth.
Multiphoton upconversion lasing have been achieved in several kinds of WGM
microcavities ranging from microrods shaped upconversion crystals'> 1°, lanthanide
doped amorphous microspheres'” '8 or microtoroidals'®, to UCNPs doped bottle-like

3:3.20 and microdisk®! et al. However, due to tough population inversion

microcavity
within multiphoton processes, upconverting microlasers are still suffering from high

pumping power and require pulsed excitation. Meanwhile, energy accumulation in

2,22 6,23

selected energy level arisen from energy cross relaxation” “~, energy looping™ ~°, excited
state energy exchanges?* would accelerate population enrichment, which has the
potential to lower the threshold. Recently, room temperature continuous-wave (CW)
pumped upconverting lasing at 450 nm and 800 nm was obtained through the usage of
single Tm** doped NaYFs4 nanocrystals®. The avalanche-like energy looping
mechanism is an efficient strategy to achieve energy accumulation in the selected *Ha
(Tm?") state, which would further facilitate the formation of low threshold (~14
kW/cm?) lasing emission with a high-quality polystyrene microsphere acting as
resonant cavity. However, the tiny absorption cross section and low upconversion
efficiency of recent single Tm>" doped NaYF4 energy looping nanosystem restrained

the further reduction of threshold.

In this chapter, we demonstrate another low threshold upconverting micolaser by
combining Yb*/Tm** co-doped efficient energy accumulation upconversion
nanocrystals with a high-quality microscale whispering-gallery-mode cavity. The
competitive processes of energy transfer upconversion and cross relaxation reach a
situation of harmony within this efficient energy accumulation nanosystem. The well-
designed Yb**/Tm>" co-doped upconversion nanocrystals can not only tune the
population distribution of each energy level, but also suppress serious nonradiative
transition in excessively high doping particles. Taking the advantages of moderate cross
relaxation process, powerful enrichment of population distribution in *Hs state can be

obtained with restrained energy loss under lower pumping power density. Thus, CW
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pumped upconverting lasing emission is achieved with a threshold as low as ~150

W/em?.

3.2 Experimental Section

3.2.1 Synthesis of NaYF:20%Yb, x% Tm?>" based upconversion gain medium
Materials

All chemicals were of analytical grade and used without further purification.
YCl3-6H20 (99.99%), TmCl3-6H20 (99.99%), YbCl3-6H20 (99.99%), NH4F (99.99%),
NaOH (99.9%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%) and 5 pm PS
microbeads were supplied by Sigma-Aldrich.

Synthesis of B-NaYF4:20%Yb, x%Tm?3" nanoparticles (x=0.2, 0.5, 1, 2, 4, 8)

The uniform oleic-acid-capped nanoparticles (B-NaYF4:20%Yb, x%Tm’") were
synthesized by the coprecipitation method modified from previous report?>: 26, A typical
procedure is as follows: YCl3-6H,0O (0.8-x mmol), YbCl3-6H>O (0.2 mmol) and
TmCI3-6H20 (x mmol) were added into a 50 mL three-necked flask containing 6 mL
oleic acid (OA) and 15 mL 1-octadecene (ODE). The mixture was first heated to 160 °C
under argon for 30 min to form a transparent solution and remove residual water. The
solution was cooled down to room temperature, and 10 mL of a methanol solution
containing NaOH (2.5 mmol) and NH4F (4 mmol) was slowly dropped into the flask
and stirred for 30 min. Then, the solution was heated to 70-80 °C and maintained for
30 min to evaporate methanol. Subsequently, the solution was heated to 300 °C and
maintained for 1 h under argon atmosphere. After cooling down to room temperature,
the resulting products were precipitated by ethanol and collected by centrifugation at
6000 rpm for 5 min. The precipitate was then purified with ethanol three times, and

finally dispersed in cyclohexane for further use.
Surface modification for water-soluble upconversion nanoparticles

The hydrophobic oleic acid ligands coated on the surface of as-synthesized
upconversion nanoparticles need to be removed for further usage. In a typical procedure,
the nanoparticles were first precipitated by adding ethanol (2.0 mL) to a cyclohexane
colloidal solution of the OA coated hydrophobic B-NaYFs:20%Yb, x%Tm**
nanoparticles (1 mL, 10 mg/mL) and then collected by centrifugation at 6000 rpm for
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5 min. The obtained nanoparticles were re-dispersed in a mixed solution of ethanol (1
mL) and HCI (1 mL, 2 M) upon sonication for 5 min?” 23, The ligand free nanoparticles
were collected by centrifugation at 14680 rpm for 10 min and re-dispersed in deionized
water (1 mL). As can be seen, the morphology and sizes of upconversion nanoparticles
didn’t change so much before and after HCI assisted ligands free treatment. However,
due to the removement of surface ligands, the distribution in the TEM images changes

slightly, for example, partial nanoparticles are attached with each other.

Figure 3.2 TEM images a, before and b, after HCI assisted ligands free.
3.2.2 Fabrication of upconverting microlasers

Methods I: Swelling and deswelling modulated UCNPs deposition

In a typical process, the PS microspheres (7 pL, 10% solids) were swelled in the mixture
of 10 v/v% chloroform in butanol (110 uL) at room temperature. OA ligands coated
hydrophobic B-NaYF4:20%Yb, x%Tm>*" upconversion nanoparticles (10 uL, 10 mg/mL)
in hexane are added to the mixed solution. The solution is vortexed for 30 s and
sonicated for 2 mins to make the upconversion nanoparticles and PS microspheres
intensive mixing. After incubation at room temperature for 4 h, the upconversion
nanoparticles coated microspheres are collected by centrifuging at 3500 rpm. These
microspheres are washed three times by alternating between ethanol and cyclohexane

to remove the superfluous upconversion nanoparticles and stop the swelling process.
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Figure 3.3 SEM images show that the UCNPs were coated on the surface of PS

microbeads.

Methods II: Electrostatic force driven UCNPs coating strategy

In a typical procedure, 10 pL PS microbeads (10% solids) were first dispersed in 1000
puL DI water upon sonication for 5 min, then 7 pL ligand free water-soluble
upconversion nanoparticles (8 mg/mL) were mixed together with PS microbeads upon
sonication. Then, this mixed solution was kept for a gentle shake (750 rpm) for 2 hours
before centrifugation. These upconversion nanoparticles coated microbeads were
further washed with ethanol and water for three times, and finally were re-dispersed in

water.

With the unform coating of UCNPs on the surface of microcavity, the upconversion
emission from UCNPs can be coupled into the internal surface of this microsphere.
Then, the coupled emissions would travel along the interface through total internal
reflection. When the light goes back the same point during the looping process,
amplification at these nodes can be achieved. Laing emission would arise when the gain

is larger than losses.

Figure 3.4 Schematic illustration and cross-section drawn of UCNPs coated WGM

cavity
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3.3 Results and Discussion
3.3.1 CR modulated upconversion gain media

Cross-relaxation (CR) refers to an efficient energy transfer process between a pair of
nearby emitters, where one at a higher excited energy state transfers its photon energy
to the other one at a lower excited state or ground state, so that both can simultaneously
reach their intermediate excited states’. This process can be often observed in
lanthanides ions those featured with a series of sophisticated intermediate energy levels
and each with long lifetimes® *°. CR accumulates energy in the intermediate excited
states, as a conducive process to the formation of population inversion that is essential
for the generation of lasing emissions. This explains why lanthanide ions doped laser
crystals and glass are ascendant gain medium* 3! 32, Though the concentration of
lanthanide ions determines the extent of CR and thereby the threshold for lasing
emission generation, in the bulk materials the doping uniformity and dynamic range of
lanthanide ions are hard to control, e.g. typically 0.25 to 1 % for Tm*" in YVOsa,
MgWOy4 or YAG laser crystal (< 8x10?° ions/cm?)*-*>. High doping in bulk crystal and
glass often leads to the non-uniform distribution of the ions and localized excessive CR,

which results in luminescence quenching, self-heating, and high laser threshold.

At the nanoscale, wet chemistry synthesis strategies for lanthanides doped
upconversion nanoparticles (UCNPs) have been well developed. The size, shape and
doping concentrations of UCNPs can be precisely controlled with high accuracies to
achieve morphological and optical uniformities®”> *®°. In a typical NaYF4 host, the
doping percentage of a lanthanide ion can be arbitrarily tuned between zero and its unity
to form the “alloyed” nanocrystals*!:*?. This allows several recent studies on the role of
doping concentrations and the degree of cross-relaxation between ions in increasing the
efficiency of optical depletion in super-resolution microscopy and facilitating the
generation of near-infrared and single band emissions? %> 2% 445 A5 design, when the
concentration of Tm*" is fixed at low level, the population inversion purely depends on
the high-power density of the pumping laser, as the activation of the emitters is mainly
through the sensitization of Yb** and there is negligible CR due to the long distance
between the lanthanide ions. The dependence on the high-power excitation can be
alleviated by CRs, ('Ga, *He = *Hs, *Ha), (G4, *He > 3Fa3, ’Fa), (CFa3, F4 = Ha,

3Hs)*> %, which facilitates the establishment of population inversion at intermediate
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levels, such as *Ha. Besides, highly Tm*" doped UCNPs leads to the decrease in the
Yb**-Tm?" distance and increase in the Yb**-Tm?" energy transfer efficiency. But this
strategy, as illustrated in Figure 3.5c, could lead to a quenching of the overall
upconversion emissions, when doping too many emitters. To alleviate the concentration
quenching and energy back transfer effects in the highly doped UCNPs, high excitation
power density is required to pump the significant amount of the ground level Tm?*
emitters and Yb*" sensitizers. These suggest the existence of a sweet spot of optimum
Tm*" doping concentration and excitation pumping power for the low threshold

establishment of population inversion.
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Figure 3.5 a-c, Schematic illustration of the simplified energy level diagram and the
role of doping concentration of Tm®** in establishing the CR enabled population

inversion of *Ha level, compared to the ground level.

A series of hexagonal phase NaYF4:20%Yb**/x%Tm>" (x=~0.2-8 mol%) nanocrystals
were synthesized through a coprecipitation method?®*’. The TEM images displayed the
Figure 3.6 of a series of morphology-uniform UCNPs at different Tm*" concentrations
show the monodispersity of the as-prepared nanocrystals. Within the volume of ~7240
nm?, in a 24 nm UCNP (the inset of Figure 3.6), we tune the amount of the Tm** ions
from ~200 to ~8000, 0.2 mol.% to 8 mol.% correspondingly. And the averaged large

distance can be calculated as ~3.3 nm at the doping concentration of 0.2 mol.%. Thus,
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the possibility of CR can be well tuned in these UCNPs from the point of distance

between two nearby emitters.

Figure 3.6. a-d, TEM images of a series of monodispersed 24 nm UCNPs varying the
Tm** doping concentration from 0.2% to 8%. Scale bar 100 nm. And the inset in each

figures shows the size distribution of related as-prepared UCNPs.

Absorption spectra were measured firstly to make sure the absorbing ability of
upconversion nanoparticles with various Tm>" doping concentrations. As can be seen,
the absorption peak around 980 nm originates from Fs, (Yb*"), while the peaks at ~690
nm and ~800 nm are from Tm*" ions. The absorption at ~800 nm increase as the Tm>"
ions doping concentration increase from 0.2% to 8%. Meanwhile, the Yb>" absorbance
keeps constant at different Tm>" concentrations, indicating the existence of Tm** ions
don’t affect the absorption of Yb*" ions. Thus, the difference of upconversion emission

spectra between this batch of samples are derived from the amount of Tm>" ions.
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Figure 3.7 Absorption spectra of NaYF4:20%Yb**/x%Tm*" (x=0.2, 2, 8).

Then, the upconversion emission spectra of the series of 24 nm UCNPs were
characterized and shown in Figure 3.8. The NIR emission peak at 802 nm originate
from the transition of *Hs=>*Hs, and the blue emission bands including 450 nm and 475
nm can be attributed to the transition of 'D,=>°Hs and 'G4>*Hs respectively. The
apparent diversified spectral distributions are observed when varying the Tm?"
concentrations, suggesting the concentration-dependent CR effect. The proportions of
the emissions from *Hy to *He transition show an upward tendency with the increase of
Tm?** concentration, which indicates the CR-induced efficient energy accumulation
(Figure 3.9). At the low concentration range, the energy, sensitized by and transferred
from Yb**, is distributed onto all the excited states including 'Da, 'G4 and *Hs4. When
the Tm** concentration increases from 1 mol. % to 2 mol.%, the peak intensities
associated with the 'G4 level decrease, while the *Hy initiated transition intensity
increases. Figure 3.8b displays the quantitative intensity evolution and ratios as the
function of Tm** concentration. The intensity at 802 nm (*Hs=>°Hs) transition, the
intensity ratios of 802 nm/473 nm and 802 nm/645 nm reach their peak values at 2 mol. %
Tm>** due to the CR induced population enrichment at the excitation power density of
100 W/cm?. Further increase in the Tm>* concentration, e.g. 4 mol% and 8 mol.%,

depopulates the *Hy level with decreased intensity at 802 nm due to the excessive CR
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induced energy loss and the possible back energy transfer from Tm?** to Yb**.
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Figure 3.8 a, Comparison emission intensities and spectra of UCNPs doped with 20

mol.% Yb*" and x mol.% Tm?*" (x=0.2, 0.5, 1, 2, 4, 8). b, Comparison emission

intensities at the characteristic wavelengths and the intensity ratios of 802 nm/473 nm

and 802 nm/645 nm. Both results displayed in a and b were acquired at the excitation

power density of 100 W/cm? ¢, Power dependent emission intensity evaluation at 802

nm.
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Figure 3.9 The emission intensity ratio of 800 nm peak/total emission under the

excitation of 100 W/cm?.

As CR involves different energy levels between a pair of nearby emitters, the population
distribution of each energy level is strongly dependent on the excitation power density,
so is the CR dynamics.>*® And Figure 3.8c shows the power-dependent population of
3Hs level by analyzing the peak intensity at 802 nm. The 2 mol.% Tm*" doped sample
shows the highest intensities of 802 nm emissions within the excitation power density
range of 0.6-150 W/cm? due to the CR effect. Above the power density of 10 W/cm?,
the low doping samples are saturated while the highly doped samples exhibit an
accelerated growth trend of the emission intensities, indicating the non-linear transition

dynamics caused by the power-dependent and concentration-dependent CR effect.

In order to further confirm the energy transfer paths and efficiency between Yb>" ions
and Tm>" ions, the decay curves of Yb®" at 985 nm excited by 976 nm laser were
measured. As shown in Figure 3.10 a, the Yb>" lifetime decreases with the increase of
Tm>" concentrations. The energy transfer efficiency (1) from Yb** to Tm** can be
calculated by the decay of lifetime (n=(to-t1)/1o, T0 and 1 refer to the lifetime of Yb**
without and with Tm*" doping). We therefore estimated the overall Yb*"-Tm>" energy
transfer efficiency as a function of Tm>" concentration, plotted in Figure 3.10b. The
efficiencies increase with the increase of Tm*" concentrations with a trend of saturation
at the range of higher concentrations, which indicates the possible quenching and back

energy transfer from Tm>* to Yb*". Although the shorted distance between Yb*" and
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Tm>" ions induce efficient energy transfer and possible back energy transfer*’, the CR
still shows a powerful regulation of population distribution. These suggest the existence

of a sweet spot of optimum Tm** doping concentration and excitation pumping power

for the low threshold establishment of population inversion.
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Figure 3.10 a, Lifetime decay curves of Yb*" emissions at 985 nm for UCNPs with
different Tm*>" doping concentrations. b, the energy transfer efficiencies from Yb** to
Tm** for UCNPs with different Tm*>" doping concentrations, estimated based on the

lifetime decay curves of Yb*" emissions at 980 nm.

Thus, the upconversion mechanism can be simplified divided into two parts by CR
process dominant or not as shown in Figure 3.11. When the doping concentration of
Tm** ions is pretty low, the distance between two neighboring ions is pretty long. Then,
the excited state population distribution mainly depends on the energy transfer process
from Yb** to Tm?". When increase the doping concentration of Tm>" ions, the
interaction between adjacent Tm>" ions should not be ignored. The CR processes,
including ('Ga, *He = *Hs, *Ha), ('Ga, *He = 3Fa3, *F4), and (°F23, °F4 = *Ha, °Hs), are
vital for the excited state population distribution. The powerful energy modulation,
especially for *Hs state, make it possible to achieve population inversion at low

excitation power density.
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Figure 3.11 Energy level diagram of Yb*"/Tm** co-doped UCNPs including typical

cross-relaxation pathways among Tm>" emitters.
3.3.2 Theoretical possibility of upconverting microlaser

To further explore the optical property of these UCNPs as gain media, we coupling
them with a kind of high quality WGM cavity. A 5 um PS beads were chosen as
microcavity to hold the WGM emission modulation. The coupled light can be confined
inside the microsphere due to the total internal reflection at surface, and thus provide
essential loop to achieve stimulated emission (Figure 3.4). Before coupling the gain
media with a microcavity, the theoretical transverse electric and transverse magnetic
propagating modes of this 5 pm microcavity were simulated by using Lumerical FDTD
solutions. As can be seen, the cavity optical WGMs fit well with the emission of our
gain media (~800 nm band), and the mode number and peak position can be further
modulated by varying the diameter of the microspheres. This indicates the possibility

to achieve lasing emission while coupling our gain media with this microcavity.

As we mentioned in chapter 1, the lasing emission would not arise only if the gain in
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each looping process is larger than the losses. The coupling strategy of gain media and
microcavity is further simulated. The electrical-field distributions of a selected mode
(~795 nm) within a major plane were shown as follow. Figure 3.12b indicate that the
jacinth-shaded region with high field intensity is almost at the surface of microcavity,

which suggest the appropriate position for the coupling of gain media.
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Figure 3.12 a, Numerical simulations of resonance spectra of microcavity with a
diameter of 5 um. b, the numerical simulation of the electrical-field distributions at 795

nm within a major plane.
3.3.3 Conventional construction of upconverting microlaser

As the simulation results, the UCNPs (gain media) need to be coupled well with the
microcavity to construct a microlaser. There are several kinds of methods to couple the
gain media, e. g. organic dyes, inorganic quantum dots, carbon dots, with
microcavities’*>*. As for an organic spherical microcavity, the swelling and deswelling
strategy is one of the mostly used methods to loading gain media®*>¢. Thus, we prepared
upconversion nanoparticles loaded PS microsphere with a modified swelling-
deswelling strategy reported in the previous literatures>’™?. Chloroform was used to
swell the surface region of polystyrene microspheres, and the hydrophobic
nanoparticles would attach onto the surface driven by Van Der Waals interactions. The
uniformity and thickness of gain media layer can be adjusted by the dosage of

upconversion nanoparticles and microspheres.
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Figure 3.13 SEM images of upconversion nanoparticles coated microsphere obtained

through swelling and deswelling strategy.

As can be seen in Figure 3.13, dense coating layer of upconversion nanoparticles was
achieved. The shape of microsphere didn’t change a lot except an additional layer of
gain media. The aggregation of gain media can be controlled by tuning the reaction
conditions. The EDS element mapping shown in Figure 3.14 and EDS element
spectrum shown in Figure 3.15 indicate the existence of upconversion nanoparticles.
Due to the sensitivity of EDS detector and the small amount of upconversion
nanoparticles, the mapping contrast of Na, Y, F elements are not so obvious. However,
the evident EDS spectrum signal of these elements and the integrated intensity ratio of
Na, Y, F further confirmed the successfully loading of upconversion nanoparticles.
What’s more, the sphere-like elements distribution also reveals the upconverison
nanoparticles are mainly attached on the surface of microsphere with a bit of

aggregation.
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Figure 3.14 Energy-dispersive X-ray spectroscopy (EDS) mapping of upconversion

nanoparticles coated microsphere, including a, SEM image, b, Y element, ¢, Na element,

d, F element.
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Figure 3.15 EDS celemental spectrum of upconversion nanoparticles coated

microsphere.

Then, the emission spectra of upconversion nanoparticles coated microsphere were
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measured by using our home-built confocal system. Additional sharp emission peaks
can be observed, indicating the modulation of spontaneous emission. However, the
numbers and position of these sharp peaks were irregular. But most of them located
around 800 nm (the transition from *Hy to *Hp), indicating the population inversion and
possibility to achieve lasing emissions. Due to the poor uniformity, only part of micro-

resonator shown the property to achieve multiple sharp peaks.
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Figure 3.16 a, b, Typical upconversion emission spectrum and related SEM images of

upconversion nanoparticles coated microsphere.

We found that the PS microsphere is very sensitive to organic solvent and the smooth
surface would be destroyed by using swelling and deswelling method®”> >¥. As can be
seen in the wide field image, the broken surface would lead to the leak of confined light.
And the aggregation of upconversion nanoparticles also result in the increased
scattering losses (Figure 3.17). What’s more, the poor surface, including structure
broken and aggregation, would induce the interactions of different modes. Thus, the
sharp peaks in Figure 3.16 didn’t fit well with the simulated modes, and the spontaneous

emission background was very strong.

In short, the CR modulated upconversion nanoparticles show the powerful ability to
promote the excited energy accumulation and population inversion of *Hy state. When
equipped with a micro-resonator, emission can be confined inside the microcavity then
achieve stimulated amplification. However, due to the limitation of coupling methods,
the gain was slightly larger than the whole losses. In order to achieve lasing emission
with much obvious stimulated radiation peak, new method to reduce the scattering

losses are needed.
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Figure 3.17 a, Bright field image and b, fluorescence field image of upconversion

nanoparticles coated microsphere.
3.3.4 Novel construction of upconverting microlaser

As mentioned above, smooth surface of microcavity and uniform coating layer are
needed for lasing emission. Herein, a simple and moderate aqueous solution phase
process was developed and used in our experiment. In order to avoid the surface
destruction of PS microspheres, organic solvents that can swell the PS microspheres
were excluded. Considering the surface charge, a novel electrostatic force driven
coating strategy was proposed. Upconversion nanoparticles with positive charge would

be assembled uniformly on the surface of electronegative microcavity.

During the coating process, the hydrophobic UCNPs were firstly modified through
ligands free method assisted with HCI solution (experimental section). The measured
surface charge of PS beads and ligands-free UCNPs are ~-8 mV and 25 mV respectively
(Figure 3.18). Then, the ligands-free UCNPs were mixed with PS microbeads and
shaking for 2 h at room temperature. In this stage, UCNPs were coated onto the surface
of cavity through the electrostatic assembly. And the uniformity and thickness of
UCNPs layer can be simply tuned by adjusting the concentration ratio of UCNPs and
PS beads.
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Figure 3.18 Zeta potentials of 5 um PS beads and ligands-free UCNPs.

As mentioned above, the microsphere confines the light through total internal reflection
and supports both transverse electric (TE) and transverse magnetic (TM) propagating
modes with high quality (Q) factor, e.g. the Q factor for a 750 pum fused-silica
microsphere could even reach ~10° '* % 0-61 When nanoparticles are coated onto the
surface, the increased roughness induces scattering losses and reduces Q factors ¢,

therefore homogeneous coatings avoid aggregations and minimize scattering.

To evaluate the coating process of microlasers, SEM and cross-sectional TEM images
were measured. Figure 3.19a present the typical SEM image of a 5-um UCNPs coated
polystyrene microsphere, showing the uniform and smooth layer of 2 mol.% Tm?*
doped UCNPs on the surface of the cavity. The cross-sectional TEM measurements
shown in Figure 3.19 b and c further confirmed the existence of a single layer of UCNPs,
which is pretty important for emission coupling (especially due to the scattering effect).
And the uniformity of UCNPs coated layer was much better than that obtained through

conventional swelling-deswelling methods.

Then, a series of microcavity coated with various of UCNPs with Tm?*" doping
concentration from 0.2 mol. % to 8 mol.% were prepared, and the lasing emission

characteristic were measured using a home-built confocal system (Figure 3.19d).
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Figure 3.19 a, SEM image of a 5-um polystyrene micro cavity coated with a single
layer of self-assembled UCNPs. b and ¢, (enlarged-) Cross-sectional TEM images of
micro cavity showing the distribution of UCNPs on the surface. d, Excitation and

detection scheme.
3.3.5 Lasing emission related measurement

As shown in Figure 3.19d, the lasing emission was measured by focusing the 980 nm
pump laser at the edge of the micro cavity. Multi-mode lasing emissions can be
observed under the pumping of 10 kW/cm? (above the threshold, Figure 3.20a). And all
the emission peaks fit well with the simulated optical modes at 800 nm band. The free

spectral range (FSR) between two adjacent TE modes or TM modes also fit well with
2
theoretical value (AAdpsg = ;T—R, R is the radius of microcavity). Noting that, the

simulated result is only used for positioning for cavity modes. In order to get result fast
and reduce the computation, we set the meshes order as 10 nm. Thus, the linewidth of
modes is a bit broad. Meanwhile, intense upconversion emissions (Figure 3.20b) can
be observed at the excitation spot and the edge of its opposite end due to the propagation
path inside the microsphere, which suggests the onset of whispering gallery modes
emissions® %4, The full width at half-maximum (FWHM) of the sharp lasing peaks is
calculated to be 0.54 nm using the Lorentz function fitting. According to Q=Ao/AA,
where Ao and AL are the centre wavelength and FWHM of the peak profile, the measured

78



quality factor Q of whole laser is estimated as ~1500. Noting that, the measured Q factor
is not only the quality of cavity alone. When the resonator coupled with gain medium
to construct a laser, the Q factor contains the effect of radiative losses, scattering losses,
absorption losses and other losses. Both the narrow FWHM and high Q benefit from
the small size of ca. 24 nm of the UCNPs and the homogenous coating of a single layer
of UCNPs. As the contrast, the results of uneven coating shown in Figure 3.21 exhibit
broad FWHM and small signal to noise ratio. The aggregated nanoparticles at the
surface increase the scattering cavity losses, in which the corresponding spectrum

shows a strong background of spontaneous emission and increased FWHM of ~1.6 nm.
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Figure 3.20 a, Numerical simulations of resonance spectrum and experimental
emission spectrum (10 kW/cm?). b, Wide-field pseudocolor image of a lasing micro
cavity pumped by the laser excitation of a diffraction-limited spot on the side of the

microsphere.
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Figure 3.21 a, SEM image and b, upconversion spectrum under the excitation of 980
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nm laser (100 kW/cm?) of the microcavity coated with 24 nm UCNPs.

Besides, as the refractive index of PS beads is about 1.59, similar with UCNPs (n=1.5),
which leads to an effective coupling of upconversion emissions within the cavity modes
(Figure 3.22a). Noting that the tiny variation of the microcavity diameter would lead to
pretty large mode shifts as shown in Figure 3.21b. The slight difference of experimental
lasing peaks is attributed to the imperceptible slight variations of each cavity, as the
mode position will move more than 8 nm when the size of this cavity changes for only

1%.
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Figure 3.22 a, Numerical simulation of the electrical-field distributions at 800 nm
(eigenmode) within a major plane. Note that the black spots indicate upconversion
nanoparticles coated on the surface of microcavity. b, Numerical simulations of

resonance spectra of microcavity with different sizes.

To further explore the characters of the lasing emissions, the emission spectra at the
polarization angle from 0° to 360° were collected. The characterized polarization
properties of both the TE and TM mode emissions exhibiting linear polarization with
orthogonal periodicity as observed by the different polarization angles collection in
Imax—Imin

Figure 3.23a. The polarization degree (p) can be calculated accordingto p = PRI

which indicate the excellent linear polarization of microlasing emissions.
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Figure 3.23 a, Emission polarization angle dependent intensities of the lasing peaks.
b, Lasing emission intensity of the TE and TM modes (796 nm and 806 nm peak)

plotted as a function of the polarization angle. The data are presented in a polar plot

over a 360° range for clarity.

To investigate the pumping threshold that the lasing emission arise, power dependent
emission spectra were collected. The transition from below, near, and at the threshold
lasing emissions can be seen in Figure 3.24a. The onset of lasing emissions with the
characteristic sharp and regularly spaced emission peaks can be observed when increase
the pumping powers. The narrow peaks that indicative of increased coherence and laser
emissions are emerging above the threshold at pump intensities of 120 W/cm? for the
laser mode at 805 nm. Both the slopes for the intensity and linewidth curves (Figure
3.24b) display a non-linear change characteristic at the ultra-low pumping threshold of
~150 W/cm? achieved for the homogeneously coated 2 mol.% Tm>" doped UCNPs

sample, which all indicate a threshold of hundred watt per square centimeter.
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Figure 3.24 a, Power dependent upconversion emission spectra (below, near and above
the threshold) showing the gradual appearance of lasing peaks. b, The pumping power
dependent plots of emission intensities and spectral linewidth narrowing, showing the

onset of upconversion lasing emissions.

To further confirm the stimulated lasing emission, power dependent lifetime was
measured and shown in Figure 3.25. Hundreds of microseconds decay time shorter
(from 291 ps to 158 us) is observed when power density above the threshold, which
indicated the transformation from spontaneous to simulated emission. However, due to
the broad bandpass filter (800/40 nm) and spontaneous emission background, the
measured lifetime decay contains spontaneous emission backgrounds, multi-mode
lasing emissions, which cover up the expected very sharp decrease of stimulated
emissions. If we could measure the lifetime of lasing emission peak with a faster

response pumping laser and detector, the decay curve will be much sharp.
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Figure 3.25 Power dependent lifetime of 800/40 nm bandpass emissions.

For the comparison characterizations of other UCNPs samples, the power dependent
spectra and light-to-light curves of each related UCNPs coated microlaser were plotted
in Figure 3.26. Normally, the threshold would increase with the increasing of activator
doping concentration, when one just considers about the needed power for more
emitters to achieve population inversion. However, the threshold reduces when the

Tm*" doping concentration increase from 0.2 mol% to 2 mol.% due to the dominant of
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CR induced energy accumulation at *Hs level. The CR process between nearby Tm>*
ions play an important role in excited energy distribution, and thus modulate the
threshold. However, when keep increasing the Tm>" doping concentration to 8 mol.%,
the threshold experiences an upward tendency due to the concentration quenching and
energy back transfer (Tm** to Yb*") effects. Thus, it indicates 2 mol.% Tm>" doped
UCNPs as the most effective gain medium as a result of the CR induced efficient
population inversion at low pumping power. Noting that, the accurate laser threshold
should be ideally determined by using the absorbed pump power instead of incident
pump power. We reason that the actual laser threshold should be much lower than the
current values once the absorbed power could be measured, though it’s inaccessible in

our experimental conditions.
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Figure 3.26 The systematic characterizations of the lasing threshold for the cavities
coated with UCNPs at Tm’" doping of a-e, 0.2%, 0.5%, 1%, 4%, 8%. f,
Tm?>*concentration-dependent thresholds for the onsets of upconversion lasing

emissions.

Furthermore, the stability of these microlasers was explored by measuring the lasing
spectrum each ten minutes. As shown in Figure 3.27, the intensity and position of lasing
emission are all pretty stable over 30 mins of continuous pumping at 10 kW/cm?. No
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obvious spectral shift was observed under longtime CW pumping, which is barely
observed for organic dyes, quantum dots, and semiconductor nanoparticles®> . On
account of NIR optical window pumping, high signal-to-noise ratio, and optical stability,
the upconverting microlaser show great potential in the application of long time

labeling, tracking and sensing at complex biological conditions.
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Figure 3.27 Lasing Emission spectra recorded each ten minutes under continuous

pumping at 10 kW/cm?.
3.4 Conclusion

In summary, we have achieved ultra-low threshold lasing by controlling CR in an
upconversion energy transfer system and thereby the easy establishment of population
inversion in single upconversion nanoparticles. Doping 20 mol. % Yb** and 2 mol. %
Tm>" has been identified as the appropriate concentration to produce moderate CR at
relatively low power range. By using the doping-concentration-optimized UCNPs as
gain medium and single-layer coating of monodispersed UCNPs on the cavity with
minimized scattering loss, strong absorption and high efficiencies for both
upconversion and population inversion establishement have been achieved. Compared
with conventional swelling and deswelling deposition, the novel electrostatic force
driven coating strategy exhibit multiple advantages, for example, smooth surface of
microcavity, uniform single layer of gain media, etc. Employing a 5-um cavity and
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homogenous coating architecture, we have achieved lasing emissions with a threshold
of ~150 W/cm?, nearly two orders of magnitude lower than the recently reported®’
benchmark value of 14 kW/cm?. This study suggests great potential to using the
concentration tunable UCNPs as an efficient gain medium for room temperature CW

microscale and nanoscale lasers.
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Chapter 4 Determinants for lowering threshold and achieving single

nanoparticle upconverting microlaser

4.1 Preamble

In chapter 3, we explored the powerful ability of CR for modulating excited energy
accumulation of each energy levels. Appropriate doping concentration of Tm** ions
lead to the onset of population inversion at low excitation power, which is vital to
achieve lasing emission with a low threshold. We found the appropriate doping
concentration of 20 mol. % Yb*" and 2 mol. % Tm?" to produce moderate CR at a
relatively low power range. Then, these UCNPs were used as gain media and coated on
the cavity with a uniform single layer to suppress the scattering loss. Finally, a threshold
of ~150 W/cm? was achieved through employing a 5-um PS bead as WGM microcavity.
Meanwhile, we also found that the gain media coating process plays an important role
in the arising of lasing emission. For example, non-uniform coating with UCNPs
aggregations induces the increase of threshold with broad FWHM/linewidth and small
Q factor'. However, as we all know, large UCNPs show stronger emission intensity
especially at single particle level due to more emitters and restrained surface
quenching*®. This brings another question: will the uniform coating of large UCNPs

lower the pumping threshold of lasing emission?

In this chapter, gain media with same dopant but various sizes are used to explore the
size-dominant scattering effect for Q factor and lasing threshold. The power dependent
spectra, lasing emission linewidth as well as other key properties for lasing emission
are studied. Furthermore, the possibility of single nanoparticle to achieve lasing

emission is also investigated.
4.2 Introduction

Microlasers, producing coherent photons from a tiny cavity, show great potential for

the application of intracellular sensing’®, tracking!®!'?, on-chip integrated

13-15 16-18

optoelectronics >, high-density data storage'®'°, and so on. The emerging
applications of microlasers has promoted the demands of more efficient microlasers
with smaller cavity size and lower pumping threshold'® % 1°_ Although great progress
of microlasers have achieved in the past decades, miniatured laser with CW pumped
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low threshold remains challenging. The miniaturization of cavity size gives rise to high

20.21 "and thus lead to the increase

optical losses and insufficient pump to gain interaction
of lasing threshold!”> 223, And nanoscale laser is also a big challenge for many gain

media.

As for upconverting microlasers, several strategies have been employed to lower the
threshold. The population inversion establishment of gain media are most explored**%.
Most recently, room temperature continuous-wave (CW) pumped upconverting lasing
at blue and NIR band was obtained through the employ of single Tm>" doped NaYF4
energy-looping nanocrystals®’. The avalanche-like energy looping mechanism provide
an efficient strategy to achieve energy accumulation in the selected *Hs (Tm>") state,
which would further facilitate the formation of low threshold (~14 kW/cm?) lasing
emission with a high-quality polystyrene microsphere acting as resonant cavity?.
Furthermore, we also developed a kind of CR modulated gain media with a strong
absorption coefficient and powerful energy accumulation ability to keep lower the
threshold to ~150 W/cm? (chapter 3)!. The size of upconversion gain media used in
recent works is smaller than 25 nm. The larger nanoparticles with more emitters and
suppressive surface quenching often produce stronger brightness®!"*3. Does it possible

to lower the threshold by using large upconversion nanoparticles?

As the intrinsic quality factor Q;,; (here for spherical WGM resonator) arise from

losses of many processes and can be written as!> 233435

1/Qint = 1/Qraa +1/Qaps + 1/Qsca

Where the Q,,4 describe the radiation loss of cavity especially at the looping node of
total reflection, Q,p¢ contains intrinsic material absorption and surface coated gain
media absorbing loss, Qg., describes the scattering losses caused by intrinsic and

surface scattering loss. The scattering scales is particles’ diameter to the 6 power®% 37,

Herein, the balance between the brightness and scattering effect was discussed in detail.
Upconversion nanoparticles with larger size indeed show stronger brightness. However,
the enlarged size, from 24 nm to 51 nm, induced severe scattering losses, resulting in
an increase of lasing emission linewidth from ~0.5 nm to ~1.2 nm, and strong
spontaneous emission background. The Q factor was also reduced from ~1900 to ~700
due to the scattering losses. On the consideration of brightness and scattering effect,

lasing emission from single nanoparticle coupled microcavity was further explored. The
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narrow linewidth of ~0.45 nm indicates the single nanoparticle is bright enough to

achieve lasing emission with negligible scattering loss.
4.3 Experimental Section

Upconversion nanoparticles with same dopants but various sizes were designed and
synthesized to explore the size dependent scattering effect. To obtain the upconversion
nanocrystals with various sizes, we employed the seed-mediated growth method for

precise control**42,

4.3.1 Seed-mediated growth of nanocrystals with various sizes

Due to the same dopants in the core and shell layer, homoepitaxial growth was used. In
our experiment, the seeds were obtained by the method introduced in chapter 2 and 3.

The prepare of precursors for epitaxial growth is shown as follow*? %3:

YCl3-6H20 (0.78 mmol), YbClz-6H20 (0.2 mmol) and TmClsz-6H20 (0.02 mmol) were
added into a 50 mL three-necked flask containing 6 mL oleic acid (OA) and 15 mL 1-
octadecene (ODE). The mixture was first heated to 160 °C under argon for 30 min to
form a transparent solution and remove residual water. The solution was cooled down
to room temperature, and 10 mL of a methanol solution containing NaOH (2.5 mmol)
and NH4F (4 mmol) was slowly dropped into the flask and stirred for 30 min. Then, the
solution was heated to 70-80 °C and maintained for 30 min to evaporate methanol. And
the reaction solution was further heated to 160 °Cfor 30 min to remove the residual

water before cooling down to room temperature.

For the seed-mediated layer by layer growth of upconversion nanocrystals with needed
size** 4 A total of 0.2 mmol seed nanocrystals in cyclohexane were added to a 50 mL
flask containing 4 mL OA and 10 mL ODE. The mixture was heated to 160 °C under
argon for 30 min to remove cyclohexene before the solution was further heated to
300 °C. Then, an appropriate amount of shell precursors was injected into the reaction
mixture step-by-step with an injection rate of 0.25 mL every 3 min. After finish the
injection of precursors, the reaction solution was ripened at 300 °C for additional 5 min.
Finally, the reaction solution was cooled down to room temperature, and the resulting
products were precipitated by ethanol and collected by centrifugation at 6000 rpm for
5 min. The precipitate was then purified with ethanol three times, and finally dispersed

in cyclohexane for further use.
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Figure 4.1 Schematic illustration of reaction equipment used in seed-mediated layer by

layer growth method, and growth process of nanocrystals.
4.3.2 Simplified calculation of layer-by-layer growth

In this method, the upconversion nanocrystals with smaller size, serving as seeds, can
be grown into the large one that we need by adding precursors continuously. When
using the same core, the final size is decided by the amount of precursor that we added,

and we can also calculate this simply as follow:

During the calculation, a spherical concentric model is applied to calculate the precursor
dose. As the number of nanocrystals (V) would not change before and after epitaxial
growth, we can simplify the calculation into the growth of one nanocrystal (Vigra =

Vsingle X N)

In a single nanocrystal, the volume can be calculated by the following equation:

V=mr
37'[7"

Where 1 is the radius of this spherical nanocrystal.

Then, the volume of precursor needed for a single nanocrystal is

|74

precursor — Vtarget — Vseea

Where Vseeq and Vigrger are the volume of the nanocrystal before and after epitaxial
growth.

Then, the volume ratio of precursor we needed v.s. the seed we added is:

3
Vprecursor _ Vtarget — Vseed _ Ttarget

- - 3
Vseed Vseed Tseed

1
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m 14
As the mole number n = i % and for homogeneous growth (same molar mass and

density), the amount of precursor needed for target size is

Ttarget

Nprecursor = [( )3 — 1] X Ngeeq

Tseed

Noting that the calculation process needs to be corrected, as the molar mass and density

of seed and shell layer are not same for heterogeneous growth.

Then, we can estimate the amount of precursor by knowing the target size, the size and
dose of added seeds. In this experiment, 24 nm core nanoparticles were used as seeds.
As can be seen from table 4.1, the actual size fit well with the desired size. Normally,
it’s impossible to achieve 100% yield for the synthesis of core nanoparticles. The actual
amount of core nanoparticles was a bit smaller than 0.2 mmol. Thus, the final size of

core shell nanoparticles was slightly larger than designed ones.

Table 4.1 The calculation of added precursors for desired size.

Size of core | Amount of core | Desired size | Amount of precursor | Actual size

24 nm 0.2 mmol 50 nm ~1.60 mmol 51 nm

24 nm 0.2 mmol 40 nm ~0.75 mmol 43 nm

4.4 Results and discussion
4.4.1 Characteristic of upconversion nanoparticles with enlarged size

By using the seed-mediated layer by layer epitaxial growth method, upconversion
nanoparticles with uniform morphology but different sizes were obtained. As shown in
TEM images and particle size statistical distribution results, the upconversion
nanoparticles with a diameter of 24 nm were grown into 43 nm and 51 nm. Due to the
homogeneous growth process (core and shell layer have same dopants), we can only
see the enlarged size without obvious contrast between core and shell layer. What’s
more, the dimensional homogeneity of each as-prepared sample is very good, which is

vital for single nanoparticles imaging.

95



(- n_ﬂn,ﬂn

Size of UCNPs (nm)

Figure 4.2 a-¢, TEM images of NaYF4:20%Yb** 2%Tm>*" with various sizes, and d

shows the sizes distribution of UCNPs shown in a-c.

The upconversion emission spectra of these nanoparticles were measured used the
solution sample measurement set-up. As can be seen, the emission intensity enhanced
a lot with the increase of size. The integrated emission intensity of 51 nm nanoparticles
was ~12 times stronger than that of 24 nm ones. The enhancement mainly comes from
two parts. One originates from the enlarged size, which means more sensitizers and
emitters for upconversion emissions. On the other hand, there are lots of quenching
sites on the surface, and the smaller size leads to higher surface to volume ratio, that
excited state energy are easily be quenched by surface defects*®4’. With the increase of
size, the specific surface area reduces, and the emission quenching arising from surface

defects can be suppressed at some extent.
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Figure 4.3 Upconversion emission spectra of NaYF4:20%Yb>",2%Tm?*" with various

sizes under the excitation of 976 nm laser.

The brightness of single upconversion nanoparticles was then characterized by using a
home-built confocal system with a resolution of about 450 nm. To measure the single
nanoparticles with the distance between two nearby ones larger than the resolution,
nanoparticles was diluted more than 10* times and dropped onto the cover glass. After
point-by-point scanning, the emission intensity of each point is recorded and then
emission distribution mapping is reconstructed. As can be seen, the brightness of each
nanoparticle is almost than same in each batch of as-prepared UCNPs. The brightness
of UCNPs increase from ~3100 counts/50ms to ~35200 counts/50ms as the size
increase from 24 nm to 51 nm. At ultra-high-power density, the brightness of UCNPs
is determined by the amount of doped emitters, while the surface quenching has very
limited effect on the brightness. The amount of emitters contained in each nanoparticle
is proportional to the volume, which is proportional to the radius to the third power.
Thus, the final emission intensity of single nanoparticles increases with the same

tendency of volume (number of emitters), as shown in Figure 4.4.
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Figure 4.4 a-c, the single nanoparticle confocal images of NaYF4:20%Yb** 2%Tm>"
with a size of 24 nm, 43 nm, and 51 nm. d, the emission intensity and volume of UCNPs

plotted with the function of size.

4.4.2 Lasing emission performances of microlaser

Although the larger nanoparticles often produce stronger brightness, the size induced
scattering losses cannot be neglected. The effect of size on lasing emission, including
threshold, linewidth, Q factor, is explored. As can be seen, the nanoparticles with
various sizes are coated onto the surface of microcavity to form a uniform single layer
(Figure 4.5 a-c). The single and smooth layer of gain media benefits emission coupling
with the microcavity, which further facilitates the amplification by stimulated radiation.
However, with the increase of nanoparticle size, from 24 nm, to 43 nm and 51 nm, the

FWHM in the lasing spectra increases from ~0.5 nm to 0.8 nm and ~1.2 nm, with the
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increased spontaneous emission background (Figure 4.5e). These all indicate the

scattering effects caused by size of gain media.
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Figure 4.5 Size-dependent quality (Q) factors caused by the scattering losses when
coating a single layer of nanoparticles in the micro cavity. a-c, SEM images of
microspheres coated with NaYF4:20%Yb**,2%Tm>" nanoparticles with sizes of 24 nm,
43 nm and 51 nm. Related d, upconversion nanoparticles size distribution and e,

emission spectra of UCNPs coated microcavities in a-c.

Though larger sized UCNPs are brighter due to the increased emitters and reduced
degree of surface-quenching, by testing more than 20 micro cavity lasers, the Q factor
Q= ﬁ) reduces from ~1900 to ~700 with the increased size of UCNPs (Figure 4.6).

The reduction in the Q factor further indicates the increased size-induced scattering

losses.
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Figure 4.6 The related linewidth and Q factor of upconversion nanoparticles coated

microlasers.
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Figure 4.7 a-c, the numerical simulation of the electrical-field distributions at 794 nm
within a major plane coated with various UCNPs. d, Numerical simulations of

resonance spectra of microcavity coated with various UCNPs.
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To further explore the effects of upconversion nanoparticles size, electrical fields
simulations were carried out by using Lumerical FDTD solutions. As can be seen from
the simulation results, the relatively electrical field intensity shows a slightly reduce
when the coated UCNPs size increase. There is also a little disturbance at the looping
node of 794 nm mode due to the particle scattering induced de-coupling. This indicates
an increase of particle size induced scattering which would affect the light coupling and
leaking during the looping paths. What’s more, when the size of UCNPs becomes too
large, the catchment area by the evanescent field of micro cavity modes also reduces

(Figure 4.8).
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Figure 4.8 a, Schematic diagram of nanoparticles size induced scattering. b, The

electrical-field distributions at 794 nm v.s. the distance to the center.

4.4.3 Single nanoparticle upconverting microlaser

As the single nanoparticle is bright enough for the collection of upconversion emission
spectrum. Single nanoparticle coupled microlaser is constructed to further investigate
the effect of nanoparticles size on the lasing emission performance. Upconversion
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nanoparticles with an average size of ~43 nm is chosen. Figure 4.9 a and b show that
lanthanide ions doped single UCNPs are optically uniform and sufficiently bright, as
there are 236404832 confocal microscopy photon counts per 50 millisecond can
collected from each nanoparticle, which are suitable for single particle lasing. And the

size and brightness uniformity further provide optical error suppression.

23k 24k 25k
Counts / 50ms

Figure 4.9 a, TEM image of 43 nm monodispersed NaYF4:20%Yb** 2%Tm*
nanocrystals. b, Point-scanning confocal microscopic image of single UCNPs (in

pseudocolour) and their brightness distribution at an excitation power density of 100

kW/cm?.

With the precise control of the concentration ratio of UCNPs v.s. PS microcavity, single
nanoparticle coated microcavity was achieved. As can be seen in Figure 4.10 a and the
enlarged inset, there is only one nanoparticle with a size about 43 nm located at the
edge of the microcavity, which is appropriate for the lasing emission measurement.
Then, we focused the laser beam and pumped the single nanoparticle at the edge of this
microcavity. Interestingly, obvious emission at the opposite of the excited spot can be
seen from the wide field image, which indicates the successful coupling of
upconversion emission. It is clear that the upconversion emissions can propagate along
the inner surface of this microcavity. It is possible to achieve lasing emission when the

gain 1s larger than losses.
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Figure 4.10 SEM image (a) and Wide field image (b) of a single UCNP in a micro

cavity.

The spectra comparation of single nanoparticle with and without coupling with a
microcavity is shown in Figure 4.11. The upconversion nanoparticle with a size of 43
nm is bright enough to be detected and the full emission spectrum of single nanoparticle
is collected. Obvious sharp emission peaks around 800 nm appears when the
upconversion nanoparticle is coupled with a microcavity. And the free spectral range

(FSR) between two adjacent TE modes or TM modes fit well with theoretical value

22 . . : : D :
(Adpsgr = Pyt R is the radius of microcavity). What’s more, the emission intensity from

the transition from *Hs to *Hs become much stronger than that without microcavity,

which all indicate the possible stimulated emission of *Hy at selected modes.
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Figure 4.11 The upconversion spectra comparation of single nanoparticle with and
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without coupling with a WGM microcavity.

The power dependent spectra of single nanoparticle coupled microlaser were measured
and shown in Figure 4.12 a. Obvious sharp peak at 808 nm arises with the increase of
pumping power. The narrowed linewidth and S shape light-to-light curve indicate the
occurrence of stimulated emission, which confirmed the lasing emission from single
nanoparticle coupled microcavity. However, due to the brightness of single nanoparticle
and the limited light that confined within the cavity, the observed lasing threshold of

single nanoparticle is much higher than the single layer coated ones.
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Figure 4.12 Lasing emissions from a single nanocrystal. a, Power dependent
upconversion emission spectra showing the gradual appearance of lasing emission
peaks at 808 nm. b, The pumping power-dependent plots of emission intensities and
spectral linewidth narrowing (peak@808 nm), showing the onset of single UCNP’s

lasing emissions.

To further confirm the stimulated lasing emission, upconversion emission lifetimes at
800 nm band with and without microcavity were measured and shown in Figure 4.13.
Tens of microseconds decay time shorter is observed when single nanoparticle is
coupled with a microcavity. However, due to the broad bandpass filter (800/40 nm) and
strong spontaneous emission background, the measured decay curve contains both
spontaneous emission part and stimulated emission parts. As the spontaneous emission
is much broad, the expected sharp decrease of lifetime is not observed. If we equip with
fast responding pumping laser, much sensitive detector, and filter the emission with a

very narrow band monochromator, a stimulated dominant decay curve can be obtained.
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Figure 4.13 Lifetime of single nanoparticle with and without microcavity. Noting that

the lifetime is measured through an 800/40 nm bandpass filter.
4.5 Conclusion

The scattering effect originate from the size of gain medium is investigated in this
chapter. Upconversion nanoparticles with larger size show much brighter emission due
to the suppressed surface quenching and increased number of emitters. However, the
increased size leads to stronger scattering, which hinder the coupling of emission at the
surface and increase the leaking of light inside the microcavity. Thus, a broad linewidth
(from ~0.5 nm to ~1.2 nm) and reduced Q factor (from ~1900 to ~700) were observed
when increase the sizes of upconversion nanoparticles coated on the surface of
microcavity. Based on the brightness of upconverstion nanoparticles, we have further
verified that the size of single nanoparticle does not affect the Q factor of micro cavity
lasing. We demonstrate that CR assisted population inversion in single UCNPs as a
highly efficient gain medium, which can be widely used in any photonics cavities for
single nanoparticle lasers. Single 43 nm NaYF4: 20 mol. % Yb**-2 mol.% Tm?*" UCNPs
can lase at 808 nm with the sharp peaks and narrow FWHM of ~0.45 nm once in a
cavity, which preserving the Q-factors of the cavity since scattering losses are reduced
to the minimum. Due to the reduced scattering from single UCNP, it allows to use
bigger particles and increase the total gain, compared to the uniform 24 nm single layer

coating.
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Chapter 5 Upconverting microlasers govern by nanoparticles with

high concentration of sensitizer

5.1 Preamble

In the previous chapter, we investigated the doping concentration of activator induced
CR process, the uniformity of coated gain medium layer and the size of gain medium,
as well as the possibility of single nanoparticle to achieve lasing emission. Besides, the
sensitizer inside upconversion nanoparticles also play an important role in the
modulation of emission intensity and excited energy distribution'” which would
further regulate the pumping power density to facilitate population inversion and lasing
emission® 7. Although we have realized NIR lasing emission with a threshold of ~150
W/cm?, the desired demand of much lower pumping threshold and multifunctional

lasing emission is still challenging®1°.

In this result chapter, we focus on the realization of population inversion at lower power
density, and the gain medium with multiple emission peaks at the full visible range. To
accomplish this objective, upconversion nanoparticles with core-shell structure were
designed and synthesized. The dependence of doping concentration of sensitizer and
the multi-ions doping for lasing emissions were investigated. Then, these upconversion
gain media were coated on the same microcavity. The lasing performance, including
pumping threshold, Q factors, and emission modes, etc. were further explored. What’s

more, the energy migration modulated white lasing emission was demonstrated.
5.2 Introduction

The multiple energy levels and ultra-long radiative lifetimes (microseconds or
milliseconds) of 4f electrons make the lanthanide ions doped material a kind of
excellent gain medium to achieve lasing emissions’ > '"!4. The relatively long decay
times with optical and thermal stability of lanthanide ions promote the accumulation of

excited energy with CW pumping, which is barely occurs in the gain media system such
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as QDs or organic dyes. However, the 4f-4f transitions induced absorption and emission
of lanthanide ions lead to intrinsic weak absorption (~102° cm) and relatively low
quantum yield!>!®. To improve the absorption efficiency, two main strategies, including
NIR dye sensitized'*>* and highly sensitizer doped upconversion nanosystems® 32327,
are widely used. Normally, the absorption cross-section of organic dye is 10°~10* times

higher than that of Yb** sensitizer ions?* %’

and the emission intensity of dye-sensitized
upconversion nano-system can be enhanced by 10~10° folds!® ?* ?*. However, the
organic-inorganic hybrid upconversion nano-systems suffer from poor stability, for
example photobleaching, O> and H>O quenching of organic dyes®’, which limited the
usage in microlaser. The highly doped sensitizers (e. g. Yb**) can also strengthen the
NIR energy harvesting ability by increasing the absorbing units. With the protection of
an inert shell layer, highly Yb*" (even 100%) doping with 10~10° times enhancement

of emission intensity was achieved* 2> 3!,

In this chapter, we employed a novel core-shell structured upconversion nanoparticle,
in which high concentration of Yb*" was doped to improve the absorbing ability. Apart
from the powerful energy distribution modulation of CR process, the doping
concentration of Yb®" ions inside NaYFs@NaYF4:x%Yb*",2%Tm* @NaYF,
nanoparticles also play an important role. The pumping threshold shows a downward
trend (from ~2 kW/cm? to ~180 W/cm?) as the increase of Yb*" doping concentration,
which indicate the improved harvesting ability of highly doped sensitizers. And the
temperature dependent performance of upconverting lasing emission was also explored.
Apart from NIR long time tracking, the obvious blue shift shows great potential for

temperature sensing, especially in biological applications.

Furthermore, upcovnersion nanoparticles with multiple emission peaks, showing green,
red and blue, were obtained by constructing an energy migration path between core and
shell layer. The visible range upconversion emissions (450, 475, 650, 780, 800 nm)
have been well investigated® 3> %>, While the UV band emissions from higher energy
level of Tm>®" ions ('I¢) are often neglected and found useless in many researches. Here

we provided a bridge to transfer these UV level excited energy (Tm>", 'I5) to Gd** (°P71)
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then to the outer layer Tb** ions (°Da4) for green band emissions. Then, white lasing
emissions from energy migration modulated NaGdFs:Yb*, Tm**@NaGdF4:Tb*"

nanoparticles coated microcavity were achieved with a low threshold.
5.3 Experimental Section
5.3.1 Synthesis of lanthanide doped NaYF4 core nanoparticles

The NaYF4 based nanoparticles were synthesized using a modified coprecipitation
method®*3% and described in chapter 2. A batch of NaYF4:x%Yb>*,2%Tm>" (x increases
from 20 to 98) upconversion nanoparticles were synthesized through the above-

mentioned method.

Noting that, to ensure the same core for subsequent epitaxial growth, 2 mmol lanthanide
doped NaYF4 core nanoparticles were synthesized at one time. The synthesis process

remains the same, except the amount of reactants were doubled.
5.3.2 Synthesis of multi core shell structured nanoparticles

The core shell structured NaYFs@ NaYF4:x%Yb*",2%Tm* @NaYF4 (x=20, 40, 60,
80,98) and NaGdF4:40%Yb*",2%Tm** @NaGdF4:15%Tb*" nanoparticles were
obtained through seed modulated layer by layer epitaxial growth strategy’’=°. The
detailed description can be found in chapter 2. Noting that, for the precise control of

nanoparticle sizes, calculation of injected precursor is needed.

Table 5.1 Summary of sandwich like core shell structured upconversion nanoparticles.

sample Inert core Active shell Outermost inert shell
S1 20%Yb*",2%Tm**
S2 40%Yb**,2%Tm**
S3 NaYF4 60%YDb>",2%Tm** NaYF4
S4 80%Yb**,2%Tm*"
S5 98%Yb’",2%Tm’"
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Besides, the microlaser mentioned in this chapter were constructed by using aqueous
phase electrostatic force driven coating method. And before these nanoparticles being
loaded onto the surface of microcavity, HCI assisted ligands free strategy was used for

surface modification.
5.4 Results and discussion
5.4.1 Construction of high doping upconversion nanoparticles

In order to explore the performance of highly sensitizer doped upconversion
nanoparticles for lasing emission, a batch of NaYF4:x%Yb**,2%Tm*" (x increases from
20 to 98) nanoparticles were synthesized and investigated. However, as can be seen,
with the increase of Yb** concentration, the size of nanoparticles become much larger
and the morphology become nonuniform (Figure 5.1). Due to the smaller ionic radius
of Yb** (0.858 A) than Y** (0.893 A), the growth rate of Yb>" is much faster than Y>",
and thus induce the larger size and nonuniformity*” *!. The average size increases from
about 20 nm to 150 nm, and the morphology also changes from nanosphere to
hexagonal nanoplatelet. As we mentioned that the size of gain media plays an important
role in scattering and decoupling effect, the size and morphology of gain media need to
be the same when we explore the function of highly sensitizer doping. Thus, novel core-
shell structure with similar size and morphology is need to be constructed for nano gain

media with various sensitizer doping concentrations.
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Figure 5.1 a-d, TEM images of NaYF4:x%Yb*",2%Tm*" with x varying from 20, 40,
60 to 80.

Layer by layer coating method

To keep the size and morphology of upconversion nanoparticle at a consistent level, a
templet modulated layer by layer coating method was employed’. As shown in Figure
5.2, the novel nanoparticles are constituted by three parts: the same templet core,
concentration tunable interlayer, and the outermost inert shell layer. An inert core
without any activator or sensitizer was used as templet for size-controllable epitaxial
growth of active layer. To avoid interfering by the serious surface quenching of highly
doped Yb*', an outermost inert shell layer was employed to isolate the surface
quenchers! #**°. Based on this design, the doping concentration of Yb*>* ions in the

intermediate active layer were tuned from 20% to 98% with an invariable thickness.
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Figure 5.2 Diagram of the templet modulated sandwich core-shell nanostructure with

a tunable concentration but a same size of interlayer.

As shown in Figure 5.3, an inert NaYF4 core with a uniform morphology and an average
diameter of ~25 nm was synthesized and chosen as templet seed. Then the active layer
doped with Yb** and Tm** was coated on the templet core through layer-by-layer
epitaxial grown method. The size increases to ~43 nm, indicating a successful coating
process with a thickness of 9 nm. What’s more, the contrast difference originating from
Y** and Yb** in the core and shell layer also prove the successful construction of active
shell layer (Figure 5.3 b). Then, an inert shell layer with a thickness of 2 nm was coated

on the surface and the size increases to ~47 nm.

25 3 35
Size (nm) Size (nm)

50

Size (nm)

Figure 5.3 TEM image and size distributions of a, templet NaYF4 core, b, epitaxial
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grown NaYF4@ NaYbF4:2%Tm?", ¢, NaYF4@ NaYbF4:2%Tm> @NaYF.

The upconversion emission spectra of nanoparticles with various Yb®" doping
concentration in the intermediate active layer were measured by using the solution
sample measurement set-up. The emission intensity enhanced dramatically with the
increase of Yb>" doping concentration (Figure 5.4). The integrated emission intensity
enhanced ~18 times as the doping concentration of Yb** ions increased from 20% to
98%. The enhanced absorption of pumping sources induced by increased sensitizers
play an important role for the improved emission intensity. What’s more, the highly
doping of Yb** ions shortened the distance between Yb>" ions and Tm>" ions, which
further lead to the increased energy transfer efficiency from Yb>" ions to neighboring
Tm*" ions* 3% 468 While the surface quenching was greatly suppressed by the

outermost inert shell layer, which promoted the enhanced emission intensity !> 26434,

98%

Emission Intensity (a. u.)

20%

A

T T T T T T T T
400 500 600 700 800

Wavelength (nm)

Figure 5.4 Upconversion emission spectra of NaYF4@NaYF4:x%Yb** 2%Tm*
@NaYF4 (x =20, 40, 60, 80, 98) under the excitation of 976 nm laser. Concentration:

10 mg/ml in cyclohexane solution.
5.4.2 High doping upconversion nanoparticles for microlasers

As shown in Figure 5.5, NaYF4@NaYbF4:2%Tm*"@NaYFs nanoparticles with an
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average size of ~47 nm is coated on the surface of microcavity to form a uniform single
layer. No obvious aggregation was observed on the surface, which benefits the coupling
of emission with microcavity. With the suppression of scattering loss, lasing emission
arises at a relatively low power. As shown in Figure 5.6, sharp peak with a linewidth of
~0.8 nm arises with the increase of pumping power. From the light-to-light curve, we
can get the threshold of ~180 W/cm?, which almost the same with the one of 24 nm

NaYF4:20%Yb>"2%Tm>" coated microlaser>’.

Figure 5.5 a, The SEM image and b, select enlarged SEM image of
NaYFs@NaYbF4:2%Tm?*" @NaYF4 coated microcavity.
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Figure 5.6 a, the power dependent spectra (below, near, above the threshold) of
NaYF4@NaYbF4:2%Tm* @NaYF4 coated microcavity. b, the light-to-light curve of

related microlaser.

Then, the threshold of gain media with various Yb** doping concentration were
compared and shown in Figure 5.7. The threshold shows a downward tendency with

the increase of Yb** doping concentration, due to the enhanced NIR harvesting ability
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of gain media. More Yb*' ions inside the nanoparticle improved the absorption and
utilization of pumping light>!33, and thus lower the power density needed to achieve
the establishment of population inversion and onset of lasing emission. However, due
to the size induced scattering and decoupling loss, the linewidth is a bit broader than
that we reported in chapter 3. Although the pumping light harvesting ability is improved,
the slightly reduced Q factor make the threshold still at the level of hundreds watt per

square centimeter.
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Figure 5.7 The tendency of threshold plotted by the function of Yb*" doping

concentration at the intermediate active layer.
5.4.3 Temperature sensing by upconverting microlasers

Normally, the resonant modes of a spherical WGM cavity followed a simplified law>*
9 of 2mn, srR = mA, where n,r; refers the effective refractive index of WGM cavity
v.s. the environment, R is the radius of this spherical microcavity, A is the resonant
mode and m is an integer. Thus, both the refractive index and size of microcavity are
vital for the wavelength position of resonant modes. As we mentioned in chapter 3, the
slightly difference of radius (R) would lead to a big different of resonant modes. The
effective refractive index also plays an important role. As can be seen from Figure 5.8,

the resonant mode at 817 nm would go through an obvious red shift (~14.6 nm) when
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the refractive index increases from 1.58 to 1.61. Therefore, the slight changes of
microcavity, including size and refractive index, would be amplified by resonant mode

shift.
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Figure 5.8 Numerical simulations of resonance spectra of microcavity with a fixed size

(5 pum) but different refractive index (from 1.58 to 1.61).

As we have demonstrated the stability of lasing emission peaks under long time CW
pumping in chapter 3. Herein, we explored the temperature dependent performance of
these microlasers. Emission spectra at different temperatures were recorded and shown
in Figure 5.9. Apparent blue shift was observed as the increase of temperature, which
indicated the slightly reduce of effective refractive index® ¢!. Although the increase of
temperature would lead to thermal expansion of PS microspheres, the slight decrease
of refractive index plays a more important role. Normally, the refractive index (n.rys)
is proportional to the density (p)®2-%, while the density (p) is inversely proportional to
the cubic power of the radius (R). Thus, the bule shift caused by refractive index
reducing is larger than the red shift induced by radius expansion. As a result, the peak

shift shows a net effect of these mentioned reasons.
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Figure 5.9 Temperature dependent spectra of an upconverting microlaser.

Therefore, the peak shift of lasing emission can be used to monitor temperature
variation. Benefiting from the advantages of NIR optical window pumping, thermal
effect of the laser is negligible. And anti-Stokes NIR lasing emission not only improves
the signal-to-noise ratio, but also increases the penetration depth, especially in
biological applications. As shown in Figure 5.10 a, all the lasing emission peaks were
blue shifted with the increase of temperature (The set-up for in-situ temperature sensing
is shown in chapter 2). The emission peak at ~796 nm was selected and monitored. As
shown in Figure 5.10 b, an obvious shift of ~5 nm is observed when the temperature
increased from 26 °C to 70 °C. And the tendency is also linear, which shows further

application in temperature sensing.

What’s more, the shape or the size of microlaser will go through a slightly variation
under a certain force, thus make the lasing emission modes changing. So, the

microlasers are also potential in sensing many other localized environments vibrations.
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Figure 5.10 Temperature dependent a, spectra and b, emission peak shift of an

upconverting microlaser.
5.4.4 Construction of energy migration upconversion nano-system

White-light laser, consisted of three primary colors with less divergence angle and high-
power density, show great potential in the application of true color 3D holograms, lasing
sources of microscopy, spotlights and so on®”%°. As we mentioned above, there are
almost three major emission peaks (450, 475, 650 nm) of Tm>" at the visible range’*7".
Green band emissions are needed to construct the three basic colors. The UV band
emissions, such as ~291 nm (Is—>Hg), ~347 nm (‘I6—>F4), ~362 nm (‘D>—>Hg) are
often neglected and useless in many researches’ 7. Due to the large nonlinear slope
and stable intermediate energy levels, the UV bands emission increase greatly at high
pumping power density. Thus, we would like to construct a bridge like energy migration
process to transfer the UV band excited energy to green ones. More importantly,
compared with green emission ions of Er** and Ho®", the energy structure of Tb*" is a
typical four-level system, which benefits population inversion and lasing emissions.

Based on the design shown in Figure 5.11, the energy could transfer through 'Is (Tm*")

—%P75 (Gd*) —°Dy4 (Tb*"), and then produce strong green emissions.
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Figure 5.11 The schematic diagram of energy migration modulated core-shell
upconversion nanoparticle.

As shown in Figure 5.12, uniform NaGdF4:40%Yb**,2%Tm*" core with an average
diameter of ~31 nm was synthesized through a coprecipitation method** **. Then, an
active shell with a thickness of ~3 nm was coated through layer by layer grown
strategy’> 7%, The final NaGdF4:40%Yb**,2%Tm>*" @ NaGdF4:15%Tb*" nanoparticle
with an average diameter of ~37 nm was obtained. The upconversion emission from
UV to NIR is shown in Figure 5.13. Under the excitation of 980 nm laser, UV band
emissions at ~291 nm (Tm>": 'Is—3Hg), ~347 nm (Tm>": '1—3F4), ~362 nm (Tm>":
'D,—*He) and ~310nm (Gd**: °P7,—%S7,) were observed. When coated with
NaGdF4:15%Tb*" layer, the relative emission intensity of UV band reduces while the

green emission peaks at ~544 nm, 580 nm from Tb*" arise.
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Figure 5.13 Upconversion emission spectrum of NaGdF4:40%Yb*",2%Tm?*" and
NaGdF4:40%Yb*",2%Tm*" @ NaGdF4:15%Tb*" under the excitation of 980 nm laser.

To further confirm the energy migration process, power dependent spectra were
measured. As shown in Figure 5.14, the slopes of upconversion emission from Tb>*
ions are all above 4.2. While the slope of Tm** @450 nm band is about 3.6. These
indicate a five-photon process of Tb** ions emission, which further verified the °P7
(Gd*") bridged energy transfer from 'Is (Tm*") to >D4 (Tb*") rather than the direct energy
transfer from Tm>" to Tb>". The energy migration path can be described as Figure 5.14
b. The decay curves of Tm** @450 nm and Tb** @544 nm are compared in Figure 5.14

c. The lifetime of °D4 (Tb>") is about 3600 ps that is 54 times longer than 'D> (Tm?").
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The ultra-long radiative lifetime benefits the energy accumulation for achieving

population inversion.
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Figure 5.14 a, power dependent upconversion emission intensity of each peak. b, the
possible energy transfer paths inside this upconversion core-shell nanoparticle. ¢, decay

curves of Tm** @450 nm band and Tb** @544 nm band.
5.4.4 Upconverting microlaser with white lasing emission

The energy migration modulated nanoparticles are coated onto the surface of
microcavity. As shown in Figure 5.15 a, the coating process made the particles
uniformly distributed on the surface of the bead. The SEM image of single selected
microcavity demonstrated a single layer of upconversion nanoparticles. Multiple
upconverting lasing emissions, including blue, green, and red bands, were achieved
under the excitation of a 980 nm laser (Figure 5.16). The linewidth of these lasing peaks
varies from 0.5 nm to 0.8 nm, as the looping path of each mode are slightly different
with the various Q factors. At higher pumping power density, in particular, at the power
condition that is high enough to produce the 5 and 6-photon blue band emissions, the
relative intensities of green band lasing emissions from D4 (Tb*") reduce. This is

because the energy migration process reaches a saturated state.
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Figure 5.15 SEM images of upconversion nanoparticles coated microcavity: a, wide

field, b, enlarged single microcavity.
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Figure 5.16 Lasing emission from NaGdF4:40%Yb*",2%Tm** @NaGdF4:15%Tb**

coated microcavity under the excitation power of a, 10 kW/cm? and b, 100 kW/cm?.

More importantly, the lifetime shorten was observed for lasing emissions from >Da
(Tb**). When the pure UCNPs were measured without a microcavity, the decay curve
of D4 (Tb>") shows the single exponential decay feature with a long lifetime of ~3600
us. Interestingly, when the UCNPs were coupled with a microcavity, a double
exponential decay curve was observed, including a rapid decay process of ~47 us and
a slow decay process of ~1700 ps. The slow decay process originates from the possible
amplification of spontaneous emission or the Purcell modulated spontaneous emission
background, while the rapid decay process indicates the occurrence of stimulated
radiation process. Noting that, the response time of the pumping laser used here is about

5 ps, and the bandpass filter used here is pretty broad (~40 nm) which covers several
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modes. Thus, the experimental measured decay lifetime is much longer than the actual

value.
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Figure 5.17 The decay curves of NaGdF4:40%Yb*",2%Tm** @NaGdF4:15%Tb*"

coupled with and without microcavity (544 nm band).
5.5 Conclusion

In this chapter, Yb*" highly doped sandwich core-shell structured upconversion
nanoparticles with enhanced NIR harvesting ability were synthesized through a templet
modulated layer-by-layer epitaxial growth strategy. With the increase of sensitizers
doping concentration in the intermediate active layer, the pumping threshold of lasing
emission (@800 nm band) was lowered from ~2 kW/cm? to ~180 W/cm?. The improved
absorption of pumping laser plays an important role in lowering the threshold, which
indicated a potential direction for further reduce threshold by using the nanosystem with
a powerful sensitizer, for example, inorganic hybrid sensitized upconversion nano-
system, optical stable organic dye sensitized upconversion nano-system. Furthermore,
the temperature dependent lasing emission peak shift was demonstrated, which showed

a great potential to apply such microlaser for temperature sensing.

An energy migration modulated upconversion nano-system was employed to obtain

white lasing emission. Apart from powerful CR modulated Tm*" ions for blue and red
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band emissions, Tb** ions were introduced for green emission, which arise from the
transition of >D4 to ’Fy. It’s worth noting that the 'Fy (Tb**), especially "F3, 'F4, and "Fs,
are not ground state level, which benefits the establishment of population inversion
between D4 and "F3, 4, 5. Finally, full visible spectrum lasing was achieved through
using NaGdF:40%Yb*",2%Tm* @NaGdF4:15%Tb*" nanoparticles as gain media.

And the relative intensity of each band can be tuned by changing pumping power.
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Chapter 6 Conclusion and perspective

6.1 Conclusion

In this thesis, efficient lanthanide doped upconversion gain media and coupling
strategies for upconverting microlaser were investigated. Powerful strategy for excited
state energy accumulation to achieve population inversion was explored. Novel
methods to load upconversion gain media uniformly on the surface of microcavity were
developed. Inspired by the quality of coated gain media layer, scattering effect caused
by size of nanoparticle, and the balance between brightness and scattering effect were
discussed. Single upconversion nanoparticle was verified to achieve lasing emission
when coupled with a microcavity. Meanwhile, upconversion gain media with highly
sensitizers doping were employed to lower the pumping threshold. And the temperature
dependent mode shift promoted the potential application of in-situ temperature sensing
and monitoring. Moreover, energy migration modulated upconversion nanoparticles
with tri-phosphor emissions were firstly employed for white lasing emissions. In
summary, key points to obtain low threshold lasing emission based on lanthanide doped
upconversion nanoparticles were explored and potential applications of temperature

monitoring and white lasing emissions were further demonstrated.
The key results and findings of this PhD thesis can be summarized as follows:

(1) The author has verified that the cross-relaxation (CR) process is a powerful strategy
for excited state energy accumulation and thereby can achieve population inversion
at low power density. And doping 20 mol. % Yb** and 2 mol. % Tm>" has been
identified as the appropriate concentration to produce moderate CR at relatively low

power range.

(2) The author has developed a novel aqueous phase processed loading strategy driven
by electrostatic force. Compared with traditional swelling-deswelling method, the

electrostatic force assembly strategy exhibits multiple advantages, for example,
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smooth surface of microcavity, uniform single layer of gain media without
aggregation, and easy controllable, which all benefit the coupling of upconversion

gain media.

(3) By employing a 5-um WGM cavity and homogenous coating architecture, we have
achieved lasing emissions with a threshold of ~150 W/cm?, nearly two orders of
magnitude lower than the recently reported! benchmark value of 14 kW/cm?. This
result suggests a great potential to use the doping concentration tunable UCNP as

an efficient gain medium for room temperature CW microscale and nanoscale lasers.

(4) The author has demonstrated the increased size leads to stronger scattering, which
hinder the coupling of emission at the surface and increase the leaking of light inside
the microcavity. A broad linewidth (from ~0.5 nm to ~1.2 nm) and reduced Q factor
(from ~1900 to ~700) were observed when increase the sizes of upconversion

nanoparticles (from 24 nm to 51 nm).

(5) Single 43 nm NaYF4:20% Yb’",2% Tm>" UCNPs with bright emission were
demonstrated can lase at 808 nm with the sharp peaks and narrow FWHM of ~0.45
nm once in a cavity, which preserving the Q-factors of the cavity since scattering

losses are reduced to the minimum.

(6) High sensitizers doped sandwich core-shell structured upconversion gain media
with enhanced NIR harvesting ability were synthesized through a templet
modulated layer-by-layer epitaxial growth strategy. With the increase of Yb**
sensitizers doping concentration from 20% to 98%, the pumping threshold of lasing

emission (@800 nm band) was lowered from ~2 kW/cm? to ~180 W/cm?.

(7) The temperature dependent lasing emission peak shift (~ 0.1 nm/°C) at the range of
26°C to 70°C has been demonstrated, which shown great potential in long time
tracking and in-situ temperature variation monitoring, especially in the biological

applications.

(8) Benefited from the CR process of Tm** ions and four energy levels system of Tb**

ions, full visible spectrum lasing was firstly achieved through using excited state
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energy migration modulated NaGdF4:40%Yb**,2%Tm*" @NaGdF4:15%Tb*" core

shell nanoparticles as gain media.
6.2 Perspective

The miniaturization of lasers exhibits great potential for the applications in high density
data storage, optical interconnects, nanoscale tracking and sensing, super-resolution
imaging and so on?’. The fast development of material science enabled novel micro-
and nano-laser output with new optical properties” ®. The outstanding frequency
conversion properties of upconversion nanoparticles provide numerous opportunities
for upconverting lasering, especially for the background free biological applications.
Nowadays, the emission wavelength of upconverting microlaser has already expanded
from deep UV to NIR region’'?. The CW pumped ultra-stable upconversion lasing
emissions were achieved by the design of efficient gain media and novel microcavity
with WGM and lattice plasmon modes, which promote potential long-time-tracking and

sensing in biological applications’ - 14,

Although great progresses have been developed in recent years, challenges are still
remained. For instance, the reduced resonator sizes lead to increased optical losses,
which requires greater pumping power to reach the lasing thresholds'® °-17. And as we
mentioned in this thesis, the scattering effect of upconversion nanoparticles can't be
neglected. Thus, small but bright upconversion nanoparticles are demanded for low
threshold lasing emission. Smart cavities with high Q factor, such as WGM, FP cavity
and plasmon enhanced cavity, should be further developed for various applications'” '8,

Deepening regulatory mechanism studies on highly efficient upconversion

luminescence output and threshold reduction in microlaser need to be further revealed.

Apart from the strategies to keep lowering the pumping threshold, the unique properties
of lanthanide doped upconversion nanoparticles would enable fantastic lasing
emissions. Nd** ion with a larger absorption cross section at ~800 nm was often used
to switch the excitation wavelength of upconverison nanoparticles'*2!. Orthogonal

emissions under various pumping wavelength were also achieved by constructing multi
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core shell structures with well-designed dopants®?*. Thus, it’s possible to obtain
excitation switchable lasing emissions by equipping with these upconversion gain
media?®. What’s more, new sensitizers, such as Tm*" and Er’" ions with longer
excitation wavelength (1064 nm, 1532 nm), were reported for efficient upconversion
process?$-28. Alternative excitation wavelengths with desired emissions are available for
practical applications®. These all provide great promises in the emerging application

for next-generation micro-/nanoscale photonics and optoelectronics.
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