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Chair of the Supervisory Committee:
Professor Dr. Peter J. Pauzauskie
Department of Materials Science and Engineering

Rare-earth (RE) doped materials with unique 4f electronic structures show special op-
tical phenomena at the macro- and microscale, which are commonly studied through
laser-mediated experiments. Recently, RE doped nanocrystals have been intensively
studied for various applications, including bioimaging, biolabeling, photodynamic
therapy, catalysis, solar cells, color displays, light emitting diodes, low-threshold
lasers, high temperature sensors, and many others. For the last five years in the
Pauzauskie lab, I have been focusing on developing new methods for synthesizing
and characterizing engineered micro- and nano-scale RE-doped nanocrystals for in-
vestigating the interaction of light with condensed matter, especially laser cooling
through anti-Stokes fluorescence. The main method utilized for laser cooling in the
Pauzauskie lab is optical trapping with laser tweezers. A brief introduction to laser
cooling and optical trapping is included in Chapter 1 of this thesis. The remain-
ing chapters describe the development and characterization of different phases of RE
doped nanocrystals which can be optically trapped for nanoscale laser cooling and
thermometry with laser tweezers.

In Chapter 2, different methods of synthesizing fluoride nanocrystals are intro-



duced and compared based on the requirements for the nanocrystals. A low-cost,
scalable, and environmentally friendly hydrothermal method has been specifically in-
troduced for fabricating both LiYF, (YLF) and NaYF, nanostructures. Due to the
hermetic conditions inherent to hydrothermal synthesis, the growth mechanism of RE
doped fluoride nanocrystals is unclear. Chapter 3 presents a systematic study on the
synthetic mechanism of hydrothermal synthesis of sodium yttrium fluoride nanocrys-
tals. Various cutting edge techniques, including ’'in-situ’ TEM, EDS, XANES, EX-
AFS, and APT, are used to investigate the fundamental properties and growth mech-

anisms of RE doped fluoride nanocrystals in both Chapter 2 and 3.

Chapter 4 describes the first experimental demonstration of laser cooling of Yb3*
doped YLF nanocrystals in aqueous media, which is explained by anti-Stokes fluores-
cence. The Yb3* ions inside the crystal absorb laser photons and emit a mean higher
energy fluorescence to extract heat from the crystal lattice. This unprecedented laser
cooling in a condensed phase is achieved through home-built laser tweezers with a
temperature extraction technique based on cold Brownian motion analysis. Further-
more, crystals of NaYF,, predicted to be a good host structure for laser cooling, are
also experimentally proven for laser cooling in aqueous medium for the first time. The
ability to optically generate local refrigeration fields around individual nanocrystals
promises to enable precise optical temperature control within integrated electron-
ic/photonic/microfluidic circuits, as well as thermal modulation of basic biomolecular

processes.

In Chapter 5, nanoscale thermometry of RE doped fluoride nanocrystals using
spectroscopy methods has been applied on both single nanocrystals and ensembles
of nanocrystals. The radiative relaxation rate of a single nanocrystal is studied with

varying the local density of states of emitting dipoles through tuning the distance



between the optically trapped nanocrystal and a nearby dielectric substrate. Lifetime
thermometry is developed through a low-cost and compact avalanche photodiode with
live data extraction and processing in LabVIEW, which can accurately and quickly
probe the local temperature. In addition, optical trapping of individual nanocrystals
with laser tweezers can provide precise temperature sensing at different locations in
the nanoscale.

Chapter 6 presents a summary of the thesis, along with a short discussion of future

research directions for laser cooling of nanocrystals.
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Chapter 1
INTRODUCTION

1.1 Motivation

For the last five years in Pauzauskie lab, I have been focusing on developing new and
novel methods for synthesizing and characterizing engineered micro- and nano-scale
crystals for investigating the interaction of light with condensed matter, especially
laser cooling through anti-Stoke fluorescence. Since the first demonstration of laser
cooling of solid state materials in 1995,[1] scientists and engineers have devoted a
great effort to achieve a sub 100 K cryogenic temperature in vacuum.[?] However,
to this day, no one has achieved laser cooling in the condensed phase, due to the
challenges in materials synthesis and optical instrument design. With our group’s
specialties in materials synthesis and characterization, optical manipulation, spec-
troscopy, data processing and analyzing, we have, for the first time, successfully laser
refrigerated Yb-doped-fluoride nanostructures in condensed phases.[3] The ability to
optically generate local refrigeration fields around individual nanocrystals promises to
enable precise optical temperature control within integrated electronic/photonic/mi-
crofluidic circuits, and also thermal modulation of basic biomolecular processes.

To achieve laser cooling of a single nanocrystal, there are several challenging diffi-
culties that need to be solved, which are parts of my thesis work: 1) Fabrication and
characterization of high quality crystalline materials to achieve high quantum cooling
efficiency and low background absorption; 2) Optimization of material’s structure and
dopant concentration; 3) Isolation of single nanocrystal from substrate to prevent heat

generation and conduction; 4) High irradiance of excitation source to compensate the



low absorption coefficient of Yb3" ions in nanocrystal; 5) Precise temperature control
and measurement of single nanocrystal; 6) Simulation prediction of single nanocrystal
under certain excitation source to help understand and improve laser cooling perfor-
mance.

Overall, having capability to solve each of the problems can help inform ongoing
experiments not only in the laser cooling community, but also the materials science
community, as well as creating new possibilities for many other future research di-
rections and applications. In this thesis, I will detail the experimental methods and

techniques for achieving laser cooling of single nanostructures in the condensed phase.

1.2 Fundamentals of Laser cooling

1.2.1 History of laser cooling of solid state materials

In 1929, Pringsheim suggested that vaporized sodium atoms could cool through anti-
Stokes emission at certain optical excitation wavelengths, which is a system that
absorbs a certain wavelength photon and then emits a mean shorter wavelength
photon.[1] The energy difference between the absorption and emission photon will
extract heat from the material, which will cause the net cooling of the system. This
process was proved to be consistent with the second law of thermodynamics by Landau
in 1946.[5] The entropy of the the radiation supports this process, in which the sys-
tem absorbs low entropy photons, such as laser beam, and emits fluorescence photons
with high entropy. In 1950, Kastler proposed that rare earth (RE) ions in transparent
crystals and atoms in the gas phase can be cooled through anti-Stokes fluorescence
due to their high quantum efficiencies and narrow spectra lines.[6] During the anti-
Stokes fluorescence cooling, only a small amount of energy difference, few orders of
kT, is between the absorbed photon and emitted photon. So a narrow spectra line

light source is needed to achieve net cooling of the system with anti-Stokes fluores-
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Figure 1.1: Cooling efficiency contour map 7.(A, T) evaluated for the latest high
purity YLF:10% Yb3* crystal. Blue regions denote cooling, and red regions denote
heating. The minimum achievable temperature (MAT) of 89 K is highlighted. (Inset)
Ilustration of the Yb3T ion energy level diagram (not to scale) with example absorp-
tion (red) and anti-Stokes emission (blue) arrows. Figure reproduced with permission
from [2]

cence. This process was not able to be tested until the invention of laser in 1960 for
the first time.[0] In 1963, Kushida and Geusic first time experimentally cooled a solid
with laser light. They used 1064 nm laser to excite a Nd** doped Y3A15012(YAG)
crystal and it emitted anti-Stokes fluorescence at 946 nm, which showed less heating
due to the laser cooling effect.[7] The net cooling of laser refrigeration through anti-
Stokes fluorescence was not achieved until 1995. Epstein and his group members,
were able to experimentally demonstrate a 0.3 K net cooling for the first time with
a ZBLAN:Yb3*t excited by NIR laser, which showed 2% net cooling efficiency under
1030 nm laser beam at room temperature.[l] In 2015, Sheik-Bahaes group showed
that Yb3T:YLF bulk crystal can be cooled to 89 K with tuning the excitation of the
crystal to Yb3*t E4-E5 resonance at 1020 nm, which is shown in Fig.1.1[2]



1.2.2  Laser cooling mechanism

Laser cooling of solid state materials, usually RE ions doped crystals, is accomplished
by anti-Stokes fluorescence. RE ions inside the crystal can absorb excitation photons
and emit a mean higher energy photon with high entropy, as shown in Fig.1.1, there-
fore each laser cooling cycle can extract thermal energy and cool the materials.[3] The
cooling efficiency for each absorbed photon is

~ hve—hv A

AR (1.1)

e ho A

where hv is excitation photon energy, hv¢ is the mean fluorescence photon energy,
A is the excitation laser wavelength, )¢ is the mean fluorescence wavelength. This is
ideal case for laser cooling. However, in the real world, only a certain fraction of laser
power will be absorbed by the crystal with some amount of parasitic heating due to
the existence of impurities inside of the crystal. Considering the background impurity

absorption, the absorption efficiency is

(7
abs — 1.2
Tab o+ (1.2)

where the «, is the cooling ions resonant absorption and «y, is the background
impurity absorption.[8] For the absorbed photon energy of cooling ions, there is a

fraction of energy that emits radiatively, which is known as quantum efficiency,

Wrad

= rrad 1.3
7 Wrad + Wnr ( )

Where the W,,q is the radiative relaxation of the excited cooling ions and W, is
the nonradiative relaxation of the cooling ions which causes heat generation. For the

radiatively emitted photons, there is a chance for them to be trapped and re-absorbed



by the crystal, which lower the cooling efficiency. The escaping efficiency 7. can be

included in the spontaneous emission as an external quantum efficiency,[3]

Tesc Wrad
Tesc Wrad + Wnr

(1.4)

Next =

The combination of all the factors described above defines the laser cooing effi-
ciency as:

A
Ne = nextnabsx -1 (15)
f
The equation above describes overall laser cooling efficiency of converting absorbed

photons to escaped fluorescence photons.

1.2.3 Laser cooling materials

RE ions doped fluoride crystals are the best materials for laser cooling, which is
mainly due to the unique 4f transitions of RE ions and low-phonon energy of fluoride
crystals. As the best laser cooling RE ion, Yb3* ion has a unique electron configu-
ration, especially 4f shell. There is one electron missing from closed 4f shell of Yb3*,
which is equivalent as closed 4f shell with one 4f hole. For a single 4f hole, the spin
is s = 1/2, angular momentum 1 = 3. The total spin is S = 1/2 and total orbital
angular momentum L = 3. Due to spin-orbit interaction, the 2F manifold is split into
F7/2 and ?F5/o multiplet. The magnitude of the splitting can be calculated as given
equation,
1

Fis =1+ 3) (1.6

where ¢ is the spin-orbit coupling parameter for Yb3* free ion ¢ = 2918 cm™.
Therefor the magnitude of splitting of Yb*" free ion is Epg = 10,200 cm™, which

gives the laser cooling transition of Yb3* around 1pm wavelength.



Since the Yb?T ions are incorporated in crystal, non-spherically symmetric crystal
field can partially or completely lift the (2J+1)-fold J, degeneracy to split each 25+1L;
multiplet. For a high symmetry cubic structure, the *F7/» and ?Fj,, multiplet is
split into 3 and 2 levels, respectively. For other low symmetry structures, the *F7
and 2Fj/, multiplets split into 4 and 3 levels, respectively. Different crystals have
different crystal field splittings, which is shown in Fig.1.2a. The crystal field splitting
of 2F7/2 level can be calculated to obtain the laser cooling efficiency as a function
of temperature, as shown in Fig.1.2b. With temperature decreasing to cryogenic
temperature range, there is a significant increase of the laser cooling efficiency for
small crystal field splitting of 2F7/2 level, which is due to the thermal population

increase of the pumped transition.
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Figure 1.2: (a)Average total crystal-field splitting of the *F7/; multiplet of Yb**
in fluoride crystals. (b)Calculated cooling efficiency as a function of temperature
for different total crystal-field splittings of the *F7/, ground-state multiplet of Yb3*.
Figure reproduced with permission from [9]

So far, laser cooling experiments have been achieved with KY3F;y and LiYFy

crystals, which have the smallest calculated crystal field splitting of 2F7/2.[ | Due to



the synthesis challenges, bulk LiBiF,; and NaYF, crystals have not been achieved
with the traditional Czochralski synthesis method. In this thesis, a low-cost, scalable
hydrothermal synthesis will be introduced for synthesizing NaYF, nanocrystals. In
addition, I have demonstrated that a continuous-wave, single-beam NIR laser-trap
can be used to cool -NaYF4: 10%Yb3" NWs in heavy water by 9 °C below ambient
conditions through anti-Stokes emission from the active Yb3* dopant ions within the

host crystals lattice.[10]



1.3 Fundamentals of optical trapping

1.3.1 History of optical trapping

Atom trapping Nanotweezers Optical tweezers

Fullerenes

Layered
materials
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Figure 1.3: Objects of different sizes can be trapped within three main regimes (from
left to right): atom trapping (a few angstroms to a few nanometers), nanotweezers (a
few nanometers to a few hundred nanometers) and optical tweezers (from a fraction
of a micrometre up). The horizontal scale bar shows the average object size and
the corresponding light wavelength. NV, nitrogen vacancy. Figure reproduced with
permission from [11]

The radiation pressure was first time predicted by James Clerk Maxwell in 1873,
which he stated that ’in a medium in which waves are propagated there is a pressure

in the direction normal to the waves, and numerically equal to the energy in unit



of volume’.[12] After 70 years passed, a 22 years old undergraduate student Arthur
Ashkin from Columbia University became interested in the radiation pressure when
he was working with a high power magnetron for the US Army during World War II
[13]. He detected the pulses from magnetron through observing deflections from an old
electromagnetic telephone earpiece, which he interpreted the phenomena as radiation
pressure on the metallic receiver. However, he didn’t keep pursuing his interest in
radiation pressure until late 1960s. At the Bell lab, he used a focused laser to trap
polystyrene microbeads, for the first time; this experiment leads to three different
areas based on the size range of the trapping materials, including laser trapping of
atoms, laser trapping nanomaterials, and laser trapping microscale materials, which

is shown in Fig.1.3

Laser trapping atoms directly leads to the Nobel prize in Physics in 1997, which
was won by Ashkin’s coworker Steven Chu for laser cooling of atoms. The laser cool-
ing of atoms, also called Doppler cooling, created ultracold atoms for quantum physics
experiments, which are usually performed near absolute zero temperature. The laser
cooling has been applied to improve atomic clocks accuracy, observation of new state
of matter, especially the Bose-Einstein Condensate. Laser trapping of nanoscale and
microscale materials is mostly conducted with optical tweezers. For laser trapping
of microscale materials, optical tweezers have been succesfully applied in biological
studies, such as cell sortation, cell mobility study, cell assembly, force spectroscopy of
biological motors, biopolymers, etc. Recently, laser trapping of nanoscale materials
has draw lots of attentions due to the various objects for trapping, such as quan-
tum dots, carbon nanotubes, 2D nanosheets, nanodiamond, plasmonic nanocrystals,
nanowires, semiconductor nnanocrsytals, and others. The femtonewton resolution of
force measurement integrated with different spectroscopic techniques with precisely

controlled manipulation of optically levitated nanoparticles has promoted a wide range
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of nanomaterials studies in physics, chemistry, materials sciences, and others.

1.3.2  Optical trapping mechanism

LED
QPD
| Condenser
~ Oil-immersion | Piezo
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Beam 2
Expansion il Dichroic
Mirror
CCD

Figure 1.4: Pauzauskie group home-built optical trapping setup.

The home-built optical trapping setup is shown in Fig.1.4, which can be used to
explain for a general optical trapping setup. A laser beam, as shown red arrow in
Fig.1.4, is expanded and collimated to the size of objective back aperture, which
is usually a high numerical aperture (NA) objective lens, including oil and water
immersion lenses. Then the laser beam is focused down to a diffraction limit spot

size,

J— A A
~ 2nsind 2N A

(1.7)
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where A is the laser wavelength. The diffraction spot is also the beam waist of
the focused laser beam, which has a strong electric field gradient. The nanoparticles
can be attracted to the center of the beam waist due to momentum transfer from
incident photons to the trapped particles, which particle can gain momentum from
the absorbed or scattered incident photons. This scattering force results in trapping
the particle in the center of the beam waist.

For trapping nano- and micro-scale particles, a live observation of the trapped
particle is beneficial, which can help identify the morphology and number of trapped
particles as well as prevent collision from other nearby particles. Depending on the
laser tweezers setup, either dark field or bright field imaging system can be installed.
For the illumination source in our group, we put a white light LED above the trap-
ping stage, which is focused by an air objective lens (also called condenser). Then
white light can pass through the condenser lens and focus at the trapping region.
Then the light is collected by the trapping lens and imaged on the CCD camera. A
dichroic mirror is placed between the trapping objective lens and CCD, which can
reflect trapping laser beam and pass imaging light source at the same time. Based
on different research goals, various modifications can be added to the laser tweezers,
such as cryo/vacuum trapping, Raman spectroscopy, photoluminescence spectroscopy,
lifetime, trapping force measurement, Brownian motion measurement, coaligning dif-
ferent laser sources, confocal imaging, galvo-mirror or spatical light modulator for
multiple spots trapping, etc. Our group mostly focuses on Brownian motion and

spectroscopy measurement of individual trapped nanoparticles.
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Chapter 2

SYNTHESIS AND CHARACTERIZATION OF
UPCONVERSION FLUORIDE NANOCRYSTALS

2.1 Introduction

Rare earth doped fluoride nanocrystals have been developed for various applications in
the field of bioimaging, biolabeling, photodynamic therapy, catalysis, solar cell, color
display, light emitting diodes, low-threshold lasers, high temperature sensors, and
many others. The unique 4f-electron transitions of RE ions enable their optical prop-
erties, which are significantly affected by the size, shape, and structure of the fluoride
host materials. There are many methods used to synthesize fluoride nanocrystals and
each has its own advantages and disadvantages. Different methods can be applied
based on the essential needs for the nanocrystals, including size, size distribution,
morphology, phase, dispersibility in polar/nonpolar solvent, absence of oxygen, hy-
droxide, or carbon traces, and so on. Several synthesis methods have been introduced
as followed. Thermal decomposition synthesis of nanocrystals with thermolysis of flu-
oride precursors, usually metal trifluoroacetates, requires an oxygen-free environment
and high temperature. This method can obtain ultra fine and narrow size distribution
nanocrystals. Co-precipitation methods for synthesizing nanocrystals from aqueous
solutions are inexpensive, easy to scale up, and environment friendly with using water
as exchange reaction medium. However, the hydroxide can precipitate with fluoride
nanocrystals, which may affect optical their optical properties. Reversed micelle and
microemulsion precipitation method can achieve a wide size range of nanocrystals

with low oxygen and hydroxide contamination, which requires an additional high
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temperature calcination process. Sol-gel methods usually involve preparing a pre-
cursor solution to form sol, which is then converted to gel. With sub-sequential
aging, and thermal treatment, the fluoride nanocrystals can be obtained. However,
this method can not maintain monodispersity of nanocrystals and may also result in
carbon contamination. Hydrothermal synthesis uses the high solubility of inorganic
compounds in water to crystallize fluoride nanocrystals with elevated temperature
and pressure in a sealed autoclave. Hydrothermal synthesis of fluoride nanocrystals
have unique advantages compared with other synthetic routes, including tunable size,
morphology, structure, and phases of the nanocrystals through hydrothermal condi-
tions. The synthesis usually occurs at relatively low temperatures (usually less than
250 °C) and provides high purity nanocrystals due to recrystallization processes. The
synthesis requires simple equipment and is easy to scale up for industrial application
due to low-costs. Our previous study has reported hydrothermal synthesis of LiYF,
nanocrystals. Recently, we have also fabricated NaYF, nanocrystals with hydrother-
mal synthesis. The following sections focus on synthesis and characterization of LiYF,
and NaYF, nanocrystals. Various techniques, including SEM, TEM, EDS, XANES,
EXAFS, APT, and others have been used to investigate fundamental properties of

these structures.

2.2 LiYF, synthesis and characterization

The synthesis of LiYF, nanocrystals was performed with following minor modifica-
tions to Ref [14]Yttrium oxide (Y203), ytterbium oxide (YbyOs) and erbium oxide
(ErpO3) of 99.99% and all other reagents were purchased from Sigma-Aldrich. Yt-
trium nitrate (Y(NOj3)3), ytterbium nitrate (Yb(NO3)3) and erbium nitrate (Er(NO3)3)
were obtained by dissolving the rare earth oxide in nitric acid at approximately 60

°C with stirring for several hours until excess nitric acid was removed.
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Figure 2.1: Synthesis and characterization of YLF crystals. (A) Schematic of Scheel-
ite crystal structure of YLF with 141/a space group symmetry. (B) Scanning electron
microscope image of a faceted (Yb*7)0.1(Y?*%)0.9LiYF, particle exhibiting truncated
tetragonal bipyramidal morphology. Scale bar = 1 ym. (C) Powder x-ray diffraction
pattern of YLF crystals following hydrothermal synthesis indicating a pure Scheelite
crystal phase. Inset: schematic of truncated tetragonal bipyramidal morphology rela-
tive to YLFs unit cell. (D) Bright field TEM image of an individual Yb3":YLF grain;
scale bar = 200 nm. Inset: high-resolution TEM image taken from the indicated
region; scale bar = 2 nm. (E) High-angle annular-dark-field (HAADF) image of the
YLF grain in panel B showing regions of high contrast suggesting the presence of poly-
crystalline domains. Inset: select area electron diffraction from the indicated region.
(F) X-ray fluorescence compositional-analysis-spectrum of an individual YLF crystal
taken within the TEM confirming the elemental crystalline composition including Y,
Yb, and F species.[3]

Then they were dissolved in deionized water to achieve certain concentration of
rare earth nitrates. Lithium fluoride (LiF), nitric acid (HNOj), ammonium bifluoride
(NH4HF,) and ethylenediaminetetraacetic acid (EDTA) are analytical grade and used
directly in the synthesis without any purification. Millipore-deionized (DI) water was

used for every experiment.
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The following preparation uses the synthesis of 2%Er**10%Yb3*:LiYF, as an
example. 7.04 ml of 0.5 M Y(NO3)3, 0.8 ml of 0.5 M Yb(NO3)3 and 0.16 ml of 0.5 M
Er(NOs3)s were mixed with 1.17 g EDTA in 5 ml Millipore DI water at 80 °C while
stirring for 1 hour, denoted as solution A. Subsequently, 0.21 g of LiF and 0.68 g
of NH,HF; were dissolved in 7 ml Millipore DI water at 70 °C while stirring for 1
hour to form solution B. Solutions A and B were mixed together while stirring for
20 minutes to form a homogeneous white suspension which is then transferred to a
23 ml Teflon-lined autoclave and heated to 220 °C for 72 hours. After the autoclave
cools to room temperature, the 2%Er3t10%Yb?*+:LiYF, particles can be recovered
by centrifuging and washing with ethanol and Millipore DI water three times. The
final white powder is obtained by calcining at 300 °C for 2 hours. 10%Yb3":LiYF,

particles were achieved using the same method.

Bright field and STEM HAADF images were taken on a FEI Tecnai G2 F20 at
an accelerating voltage of 200 keV. Select area electron diffraction images were taken
with a camera length of 490 mm. EDS spectra were obtained with a 60 second
acquisition time. The spectra were then processed by subtracting the background
and smoothing the peaks. Secondary electron images were taken on an FEI Sirion at
an accelerating voltage of 5 keV. XRD Characterization. Powder XRD patterns were
obtained on a Bruker F8 Focus Powder XRD with Cu K (40 kV, 40 mA) irradiation
( = 0.154 nm). The 260 angle of the XRD spectra is from 10 to 70 and the scanning
rate is 0.01s1. The one minor unlabeled peak in the XRD spectra at 20 = 44.9° is
attributed to a small amount of unreacted LiF precursor ((200) peak). Pioneering
efforts to cool Yb?*T:YLF materials in vacuo have relied on the growth of high-purity
YLF single-crystals using an air- and moisture- free Czochralski process. In the
experiments reported here, a low-cost modified hydrothermal synthesis of Yb3*:YLF

is used to prepare crystals shown in Fig 2.1. Scanning electron microscopy reveals
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that YLF crystals exhibit a truncated tetragonal bipyramidal (TTB) morphology (Fig
2.1B). X-ray diffraction shows that the YLF crystal has a Scheelite structure (Fig
2.1C). Bright field / HAADF TEM imaging (Fig 2.1D/E) shows uneven contrast and
electron diffraction shows expanded bright diffraction spots, which suggests that the
TTB materials were polycrystalline and likely form through an oriented attachment
process of nanocrystalline grains (Fig 2.1E, inset).[17]

According to the XRD data presented in Fig 2.1C of the main document and
detailed in Materials and Methods, the lattice parameters of 10%Yb3":YLF are a =
5.1641 A and ¢ = 10.7177 A and the volume of the corresponding unit cell is Vo =
a?.c = 2.85:10% m3. For 1 m® YLF, the number of unit cells is n = 1 m?/V, =
3.5-1027 m™. For each unit cell, there are 4 rare earth atoms. The total number of
rare earth atoms in 1 m? is n; = 4n = 1.4-10%® m™. For 10%Yb?*":YLF, the number
of Yb atoms in 1 m? is ny}, = 0.1-n; = 1.4-10%" m™. The linear density of Yb atoms
is p = (nyp)-(1/3) = 1.11-10® m™! and the average ion spacing is approximately 1 =

1/p =89 A.
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2.3 NaYF, synthesis and characterization

2.8.1 NaYF, synthesis

Ethanol/Water/Oleic acid Ethanol/Water High Pressure Autoclave
Mixture Phase

RE: Rare-earth element
Hydrothermal / i

including Y, Yb, Er, etc.
B-NaREF, B-NaREF, 220°C 12 hours 0-NaREF,

Figure 2.2: Schematic of hydrothermal synthesis of NaYF, nanocrystals

The synthesis of NaYF4 was performed with following minor modifications to Ref[10].
The procedures are shown in Fig.2.2. RECl;, Sodium hydroxide (NaOH), sodium
fluoride (NakF'), oleic acid are analytical grade and used directly in synthesis without
any further purification. Millipore-DI water was used for every experiment. The
preparation process as followed assumes the synthesis of 10%Yb**/1%Er?T:NaYF4
as an example. 0.89 ml of 1 mol/L Y(Cls)s, 0.1 ml of 1 mol/L Yb(Cl3); and 0.01 ml
of 1 mol/L Er(Cl3); were mixed with 2 ml DI water and 8 ml ethanol. Then, 3 ml

oleic acid and 0.23 g NaOH were mixed and stirred producing solution A.
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Figure 2.3: Synthesis and characterization of NaYF, crystals. (a) Schematic of cu-
bic crystal structure of a-NaYF, with Fm-3m space group symmetry. (b) Schematic
of hexagonal crystal structure of 5-NaYF, with P63/m space group symmetry. (c)
Bright field TEM image of a-NaYF;:10%YDb grains; scale bar = 18 nm. Top in-
set: high-resolution TEM image taken from the indicated region; scale bar = 15 nm.
Bottom inset: select area electron diffraction from the indicated region. (d) X-ray flu-
orescence compositional-analysis-spectrum of an individual a-NaYF4:10%YDb crystal
taken within the TEM confirming the elemental crystalline composition including Y,
Yb, and F species. (e) Top left: SEM image of 5-NaYF4:10%Yb particle exhibiting
rod shape; scale bar = 240 nm. Bottom left: SEM image of a faceted S-NaYF,%YDb
particle exhibiting hexagonal face; scale bar = 100 nm. Middle: Bright field TEM im-
age of 8-NaYF,%YDb grains; scale bar = 20 nm.Top inset: high-resolution TEM image
taken from the indicated region; scale bar = 4 nm. Bottom inset: select area electron
diffraction from the indicated region. (f) X-ray fluorescence compositional-analysis-
spectrum of an individual 5-NaYF,%Yb crystal taken within the TEM confirming
the elemental crystalline composition including Y, Yb, and F species.[10]
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For solution B, 168 mg NaF was mixed with 3 ml DI water and 3ml ethanol with
stirring. After 30 minutes of stirring for both solution A and B, solution B was added
drop by drop to solution A under vigorous stirring. With an additional 30 minutes of
aging, the mixture was transferred into a 25 ml Teflon lined autoclave for 5 hours at
approximately 200 °C to undergo hydrothermal treatment. After the autoclave was
cooled down to room temperature, the particles were washed and centrifuged with wa-
ter and ethanol three times. The final white powder was obtained by after drying the
product around 60 °C for 12 hours. With varying the reaction temperature from 100°C
to 220°C and dopant concentration, different phases, size, morphology, and dopant
concentration of NaYF, nanocrystal can be achieved. The cubic NaYF, has a Fm-3m
space group symmetry as shown in Fig.2.3a. The size and morphology of the cubic
NaYF, nanocrystals are shown in Fig.2.3c. The a-NaYF4:10%Yb nanocrystal’s ele-
mentary composition was confirmed by TEM EDS as shown in Fig.2.3d. Bright-field,
HR-TEM SAED shows the expanded nonuniform diffraction spot instead of uniform
circular spot, which suggests that the a-NaYF4:10%Yb NWs are cubic polycrystalline
nanocrystals. The 8-NaYF4;:10%Yb NWs exhibit a hexagonal crystal structure shown
in Fig.2.3c with P63/m space group symmetry. Scanning electron microscopy (SEM)
(Fig.2.3d) indicates that the NWs have a hexagonal cross-section. Energy dispersive
x-ray spectroscopy (EDX) compositional analysis on an individual 5-NaYF,;:10%Yb
NW (Fig.2.3f) quantified the elemental composition of the material containing Na,
Y, F, and Yb. Bright-field, HR-TEM imaging and SAED shows with arcs instead
of spots, which suggests that the S-NaYF;:10%Yb NWs are polycrystalline and the
non-uniform contrast of the nanowire in Fig. 2.3d may be due to an oriented attach-
ment growth mechanism of the nanowires, or electron beam damage generated from

TEM imaging.
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2.3.2 NaYF, morphology control

o/ 1N\ e

Less NaF More NaF

Figure 2.4: Aspect ratio modification mechanism

Compared to a-NaYFy, B-NaYF, phase has higher upconversion efficiency and is
more thermodynamic stable. Due to surface energy differences, the small NaYF,
nanocrystals prefer to have the isotropic phase, cubic phase, than the anisotropic
phase, hexagonal phase, in which smaller crystal size cause higher surface energy. In
this case, size driven phase transition from cubic phase to hexagonal phase occurs
with longer reaction time and higher reaction temperature.[l7] The transition from
cubic phase to hexagonal phase is a thermodynamically driven, which is a disorder to
order process. The S-NaYF, phase growth can be controlled by the kinetics of the
System.

With increasing the NaF:RE*" ratio, the $-NaYF, nanocrystals tend to form,
which means the diameter of the cross section decreases. For large NaF:RE?" ratios,

the excessive F- compared with the Y?* will cap the surface of the crystal due to the
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coordinating effect between F~ and Y3", which is shown in Fig.2.4 The Y3* planar
density is different along different crystal planes. Larger Y3+ planar densities will
cause more F~ capping on the surface, which decreases the number of the dangling
bonds of certain directions of crystal planes. According to the Gibbs-Thompson
theory, the relative chemical potential of a crystal is proportional to the surface/atom
ratio. Larger surface/atom ratios, more dangling bonds per atom over entire crystal,
will lead to larger chemical potential. For the 3-NaYF, nanocrystals, the RE3*
density on (10-10) crystal plane is higher than (0001) crystal plane. Therefore, the
F- capping effect will be greater on the (10-10) crystal plane, meaning less dangling
bonds on that plane. So, the chemical potential of (0001) crystal plane is higher than
(10-10) crystal plane, leading to a smaller surface area at equilibrium on the (0001)

plane.

Aspect ratio (length/diameter)

4 5 6 7 34 8 9 10
NaF/RE™  ions ratio

Figure 2.5: Aspect ratio (length/diameter) with different RE ions : NaF ratio. The
SEM pictures are (left to right) 1:4 with 72h reaction time, scale bar = 2 um; 1:6
with 24h reaction time, scale bar 500 nm; 1:8 with 72h reaction time, scale bar 2 pm;
1:10 with 24h reaction time, scale bar = 1 pm.

The different crystal morphologies of the 5-NaYF, nanocrystals are as shown in
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Fig.2.5. Additionally, the coordination number of Y3 is 12 in the 3-NaYF, nanocrys-
tals structure. In other words, there are 12 F- around one Y3* cationic site. At
higher NaF/RE3" ratios, the 3-NaYF; nanocrystals tend to have higher length/di-
ameter ratio. The oleic/NaOH ratio also affects the shape of S-NaYF, nanocrystals.
The organic molecules tend to selectively adsorb on the (0001) surface, which re-
sults in lower surface energy of that crystal plane. Then, the crystal tends to grow
along (10-10) direction, which results in disk shape S-NaYF, nanocrystals formation.
Zhang.et al had also done the study of increasing the chain length of the ligands
to control the morphology of the -NaYF, nanocrystals.[1&] With increasing chain
length, boiling/melting points of the ligands increased and were less mobile, leading to
a decreased possibility of the ligands removal. With preferential absorption on (0001)
crystal plane, the 8-NaYF, nanocrystals would have a lower length /radius ratio with

increased chain length of the ligands.

2.3.83 Local structure characterization X-ray absorption spectroscopy study

Figure 2.6: Schematic of synchrotron level STXM setup. (a) Schematic of synchrotron
accelerator. (b)Schematic STXM setup
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The unique 4f transitions of RE?T ions enable specific spectral properties within
the RE-doped-fluoride nanocrystals. Some of these are narrow emission line width,
strong upconversion, tunable emission wavelengths, etc. The material properties,
including crystallinity, impurities, lattice phonon energy, dopant ion oxidation state,
can also impact the optical properties. For the laser cooling of solid state materials,
background absorption, especially Fe ions impurity absorption, is a crucial factor that
disturbs the overall cooling efficiency. With the lower ppm concentrations of Fe ions,
the background absorption of laser light can generate comparative heat compared
with the cooling efficiency. To detect such low ppm concentrations of Fe ions, various
of methods, including ICP, XPS, XAFS, can be applied. Synchrotron level X-ray
absorption spectroscopy is used for the detection, which is shown in Fig.2.6. NEXAFS
spectroscopy was achieved from STXM at LBNL ALS beamline 5.3.2.2. Samples for
STXM analysis were prepared by drop casting a solution of NaYF, onto a lacy-carbon
TEM grid and placing the grid in the STXM beamline under a helium environment.
Soft x-rays (250-800 eV) were focused onto the sample and rastered with a spot size

of 31 nm using 25 nm Fresnel zone plates.

Both the cubic and hexagonal phases of NaYF, have been examined with XANES
on fluorine K edge and iron L2, 1.3 edges. The fluorine k edge for both phases match
very well. There is no absorption peak in the iron L2 and L3 edges regions which is
located in the dashed circles as shown in Fig.2.7. The absence of Fe absorption was
related to less than ppm Fe impurity ions within the crystal, which proves the one
of the advantages of using hydrothermal synthesis to make fluoride nanocrystals for

laser cooling of solid state materials.

In addition to the impurity absorption heat generation, the concentration quench-
ing also plays an important role. For a perfect crystal structure, with no internal

or surface defects, the higher dopant concentration leads to the higher laser cooling
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efficiency. However, no perfect crystal exists, meaning all the crystals have defects,

such as point defects, grain boundaries, impurities and etc.
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Figure 2.7: XANES spectra of both cubic and hexagonal NaYF,

The Yb?* ions absorb the excited phonon energy and then transfer the energy
to nearby RE acceptor ions for upconversion, or release a higher photon energy for
laser cooling. Since the electron has a long lived lifetime at the excited state of Yb3",
it can transfer between different Yb3* ions. The higher concentration of Yb3* ions,
results in less distance between them and therefore higher possibilities of transferring
the energy between different ions. Potential energy transfer to internal or external de-
fects can cause nonradiative relaxation, which generates heat. This process is known
as concentration quenching. To prevent this from occuring, an optimum concentra-
tion of dopant was used for laser cooling or upconversion. However, the RE dopants
can either be uniformly distributed or clustered in the crystal. The latter way may

also result in concentration quenching. To measure the dopant distribution in the
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fluoride nanocrystals, EXAFS was used for dopant ion distribution study. EXAFS
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Figure 2.8: EXAFS analysis of 8-NaYF,;:10%Yb nanocrystals. (a) EXAFS of Yb3"
L3 edge of f-NaYF4:10%Yb nanocrystals. (b) The second derivative of X-ray near
edge of Yb*™ L3 edge of 3-NaYF,:10%Yb nanocrystals. (c) k? weighted Yb?™ L3 edge
of 8-NaYF,;:10%YDb nanocrystals. (d) The k? weighted Fourier transforms of Yb*"
L3 edge of B-NaYF,:10%Yb nanocrystals.

spectroscopy was measured from LBNL ALS beamline 10.3.2.2. Samples for EXAFS
analysis were prepared by drop casting a solution of NaYF, onto an X-ray transparent
kapton tape and placing the tape under the EXAFS beamline under a helium envi-
ronment. Hard x-rays (2100 - 17,000 eV) were focused onto the sample. The Yb?*
L3 edge EXAFS spectra is shown in Fig.2.8a. A K2 weighted spectra of EXAFS
spectra is plotted in Fig.2.8c. After Fourier transform of plot in Fig.2.8c, the Yb3*
ions distribution plot is obtained in Fig.2.8d as the black line. Two different models
were built and simulated with FEFF9 for 3-NaYF, structure. One where Yb3* is

uniformly distributed in the lattice structure, in which the Yb3* is surrounded with
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all Y3 at the nearest RE site. This is shown in the red plot. The other model is
Yb3T is clustered in the crystal structure, where the nearest RE site around center
Yb3*t are all Yb3* ions. With comparison in Fig.2.8d, the red plot is much similar
to the experimental data compared with the blue plot, meaning the Yb3* ions are
uniformly distributed in the NaYF, nanocrystal.

Beyond the concentration quenching effect, Yb ions oxidation states also affect the
laser cooling or upconversion efficiency. The Yb?* donates three electron, including
two from the 6s and one from 4f shell. The one missing electron from 4f shell generates
energy levels by spin-orbit coupling. With doping Yb3* in the crystal structure, the
electron feels the perturbation from the electric field inside the crystal, which results
in further crystal field splitting. However, if the Yb ion is Yb?T, the 4f shell of Yb?**+
is full. This results in no energy level for NIR photon absorption, which can not be
used to perform laser cooling or upconversion. To study the existence of Yb?* in the
NaYF, nanocrystal, a second derivative of the Yb L3 near edge absorption spectra is
plotted in Fig.2.8b. The difference between Yb?*™ and Yb?* is the absorption white
line energy difference. If there is Yb?*, there will be a second peak in addition to the
Yb3*. However, from Fig.2.8b, there is only peak present, confirming the existence

of Yb?* in the nanocrystal below ppm level.
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Chapter 3

GROWTH MECHANISM STUDY OF
HYDROTHERMALLY SYNTHESIZED FLUORIDE
NANOSTRUCTURES

3.1 Introduction

Hydrothermal synthesis of fluoride nanocrystals have unique advantages compared
with other synthetic routes, which are: 1) Size, morphology, structure, phases of the
nanocrystals are controlled by hydrothermal conditions, such as reaction tempera-
ture, reaction duration, ratio of reagents, capping agents, and others. 2) The reaction
occurs at relatively low temperature (usually less than 250 °C). 3) The reaction pro-
vides high purity nanocrystals due to the recrystallization process. 4) The reaction
requires simple equipment and process. 5) The synthesis is low cost and scalable for
industrial application. Our previous study has reported hydrothermal synthesis of
LiYF4 nanocrystals with EDTA as the chelator. Recently, we have also utilized oleic
acid as the chelator preparing NaYF, nanocrystals with hydrothermal synthesis. In
this work, we perform a systematic study on the synthetic mechanism of hydrother-
mal synthesis of sodium yttrium fluoride nanocrystals. A common synthetic route
of NaYF, nanocrystals is described as followed. A mixture of oleic acid, water, and
ethanol is added with NaOH to form OA/OA", water, and ethanol designated as mix-
ture A. After adding RECL3 to the mixture A, the solution changes from transparent
into white soluble flocs due to the complexation of RE? and OA/OA~ molecules. After
stirring for 30 minutes, a solution of NaF in ethanol and water, mixture B, is added

drop by drop into mixture A, which forms further a white cloudy solution due to the
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formation of nucleates. After aging and stirring for another 30 minutes, the solution
is put into a sealed teflon liner and tightened within a stainless steel autoclave fol-
lowed by heating in an oven. Here, we report the microemulsion droplet nucleation,
growth, and mass transfer at the early stages of the synthesis for the first time with
in-situ liquid cell TEM. The nanocrystals aggregation, oriented attachment, growth,
dissolution and recrystallization have also been observed with in-situ liquid cell TEM.
Phase transformation of cubic a-NaYF, nanocrystals to hollow structure hexagonal 3-
NaYF, nanocrystals have been investigated with in-situ heating TEM experiments.
The hollow structure can be explained by dissolution and recrystallization instead
of Kirkendall effect, which was confirmed with XANES carbon K-edge spectra and
fluorine K-edge spectra of the nanocrystals. Our results suggested that the nanocrys-
tal growth mechanism and hollow structures formed during heat treatment could be
potentially extended to other fluoride host materials systems. Based on the under-
standing of formation mechanism, tuning the synthesis procedures can potentially
improve the upconversion efficiency for various applications, including bio-imaging,

bio-labeling, photothermal therapy, solar cell, color display, and others.

3.2 Characterization methods

The cryo-TEM sample of 0.5 ul. NaYF, precursor mixture was prepared with FEI
Vitrobot with one time blotting for 6.5 s at the force of 1. FEI TECNAI F12 TEM
with FEI cryo holder was used to characterize the NaYF, precursor mixture with a
voltage of 120 keV. The operation was under the software of Leginon for automatic
TEM images taken. The HAADF TEM image of the NaYF, nanocrystals were taken
with Titan TEM at 200 keV in National Center of Electron Microscopy located at
LBNL. All the other TEM images were taken with FEI TECNAI F20 with 200 keV
voltages. The in-situ liquid cell TEM images were taken with the Hummingbird liquid
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flow cell TEM holder. The XRD patterns were obtained by Bruker F8 Focus Powder
XRD with Cu Ka (40 kV, 40 mA) irradiation (A = 0.154 nm). The scanning rate
was 0.01°s~!. The XANES spectra were collected from Beamline 5.3.2.2 at Advanced
Light Source Synchrotron in LBNL. The EXAFS spectra were collected from Beamline
10.3.2 at Advanced Light Source Synchrotron in LBNL.

3.3 Hydrothermal synthesis mechanism

Hydrothermal synthesis of nanocrystals with o/w microemulsion systems have been
widely used to control the size and shape of the nanocrystals.[19] For the NaYF,
nanocrystal synthesis described in chapter 2, the NaOH reacts with the oleic acid
to form sodium oleate first. With RE ions added in the solution, reverse micelles
containing RE** formed, which means the RE ions are trapped in the center with the
hydrophilic head groups and the hydrophobic tails extending out. Then the water
and oleic acid mixed with NaF solution slowly dropped into the RE solution, which
forms microemulsion. The oleate anions behaved as metal-coordinating group on one
side and solvophlic group on the other. RE ions inside the microemulsion can react
with fluorine ions and oleate group same time. Compared with emlusion system,
the microemulsion system usually has droplet less than 100 nm in diameter, which
spontaneously forms a transparent stable structure. The difference between the o/w
microemulsion structure and reverse micelle structure is the molar ratio of the wa-
ter/oil content. The o/w microemulsion usually contains higher amounts of water
which results in the ratio greater than 10 15. The reverse micelle structure usually
contains tiny amounts of oil which can be neglected in the mixture of water/surfac-

tant/oil mixture.

Different types of oil can be used in the synthesis based on the carbon chain length

to perform stronger or weaker capping effects of the water molecules inside. The mi-
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croemulsion water in oil droplet can be tuned to kinetically stable status with varying
the relative ratio of different components, including water, oil, surfactant, and cosur-
factant. One common type of cosurfactants is alcohol. Due to its miscibility with
both water and oil, the cosurfactant can distribute between the water/oil interface
to lower the surface tension. The cosurfactants can co-exist with oil ligands on the
surface of the water droplet to lower the surface tension, in which the water droplet
in the microemulsion is kinetically more stable. To control the droplet concentration
and size distribution, different types and amounts of cosurfactants can be added in the
microemulsion. The shorter chain size of the cosurfactants can be easily incorporated
in the water/oil surface, which can decrease the size of the droplet. The amounts of
cosurfactants in the microemulsion system can also tune the concentration of micro-
mulsion droplet sizes and concentration, which can further tune the crystal nucleates
size and number. The hydrothermal synthesis of NaYF, nanocrystals are involved
in oleic acid, water, and ethanol system. Oleic acid is a fatty acid while occuring
18 carbon atoms in one molecule and it also occurs naturally in various animal and
vegetable fats and oils, such as olive oil. The ethanol is added as the cosurfactant in

the system.

To better understand how the volume ratio of the three different chemical com-
pounds can affect the microemulsion system, a titration experiment was conducted to
get a ternary phase plot, as shown in Fig.3.1. A pre-mixture of water and oleic acid
was titrated with ethanol until the transparent mixture is formed, which indicated
the formation of microemulsion. The different sections in the ternary phase plot rep-
resent different status of the mixtures, where A region is the heterogeneous mixture

and B is the microemulsion region.
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Figure 3.1: Ternary phase plot for ethanol, water, and oleic acid mixture.

As mentioned earlier session, the NaYF, reaction precursors are mixed before
heating in oven. The mixture should form microemulsion structure, which should
be in B region of the ternary plot. To prove the microemulsion generation, cryo-
TEM was used to characterize the microemulsion droplet. The NaYF, precursor
mixture was prepared with holey carbon TEM grids and checked in the cryo-TEM.
The expected spherical droplets were confirmed with TEM images shown in Fig.3.2b.
The structure of the water in oil microemulsion droplet is shownin Fig.3.2a. A free
water solution containing different ions including RE ions, sodium ion, and fluorine
ions is captured with a rigid bounded water layer that confined by both oleate ligand
surfactant and ethanol cosurfactant. At room temperature, the microemulsion is

kinetically stable. After the microemulsion sealed within a teflon liner and put into
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an oven, as temperature increases, the microemulsion tends to nucleate and form a

metastable cubic NaYF, phase at lower temperature (usually j 130°C), as shown in

Fig.3.2c. As temperature continually rises, the metastable cubic phase will turn into

a thermodyncamically more stable hexagonal NaYF, structure, as shown in Fig.3.2d.
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Figure 3.2: Different stages of NaYF, formation progress. (a) Schematic of NaYF,
formation progress.(b) Cryo-TEM image of NaYF, microemulsion. scale bar = 200

nm; (c) HAADF TEM image of a-NaYF,. scale bar = 50 nm; (d) HAADF TEM
image of S-NaYF,. scale bar = 1 pm.

This phase transformation process has been confirmed with synthetic time de-
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pendent ex-situ TEM and XRD data. Same synthetic conditions are kept for the
synthesis, except the reaction times are changed. For both half hour and one hour
synthesis time, the final products are both pure cubic phase NaYF,. The one hour

sample has larger diameter size compared to the half hour sample.
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Figure 3.3: Characterization of hydrothermally synthesized NaYF, at different syn-
thetic times. (a) XRD of hydrothermally synthesized NaYF, at different synthetic
times.(b-g) TEM of hydrothermally synthesized NaYF, at different synthetic times.
(b) 0.5 hour, scale bar = 20 nm; (c) 1 hour, scale bar = 20 nm; (d) 2 hours, scale
bar = 200 nm; (e) 4 hours, scale bar = 200 nm; (f) 6 hours, scale bar = 1 um; (g) 8
hours, scale bar = 200 nm.

As time increases, the hexagonal phase NaYFy, represented by the rod shape,
starts forming, with a coexisting cubic NaYF, phase. From Fig.3.3d, it can be seen

that the NaYF4 nanorods are partially composed of cubic phase NaYF, nanocrystals.
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With time range from 2 hours to 8 hours, the XRD patterns show that the phase
transforms completely from cubic phase to hexagonal phases. The TEM images also
show the transformation in terms of morphology changing as time increases. Fig.3.3g
shows the final product of hexagonal NaYF, nanorod with smooth surface, which

indicates Ostwald ripening occurs during the synthesis.
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' B-NaYF, nanocrystal A
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Figure 3.4: Schematic diagram of a liquid cell for the transmission electron microscope
and its application for imaging phenomena in materials science, life science, and
physics. [20]

Hexagonal NaYF, nanorods formation can be explained with microemulsion for-
mation, nanocrystal nucleation, cubic nanocrystal formation, cubic nanocrystal ag-

gregation and attachment on hexagonal nanocrystal, Ostwald ripening, and atom
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diffusion to obtain final product. To further examine the dynamic processes occuring
during the synthesis, in-situ liquid cell TEM technique was applied to characterize
the formation of NaYF, nanostructures.[20]The structure of the liquid cell is shown
in Fig.3.4, where two electron transparent thin films, usually silicon nitride windows,

enclosed a thin layer of liquid with a thickness ranging from 100 nm to 1 mm.
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Figure 3.5: Characterization of NaYF, formation progress with in-situ liquid cell
TEM. (a-f) In-situ TEM images of microemulsion droplet formation, growth, and
mass transfer. scale bar = 100 nm (g-h) In-situ TEM images of a-NaYF, nanocrystals
aggregation in liquid. scale bar = 10 nm; (i-j) In-situ TEM images of a-NaYF,
nanocrystal oriented attachment. scale bar = 20 nm; (m-p) In-situ TEM images of
a-NaYF,4 nanocrystal attachment. scale bar = 10 nm.

The liquid layer which contains the nanomaterials or reactants can be static or
flowable with an external syringe pump at low speed. The electron beam with the
dose rate of 40 e/AQS passes through the liquid layer to collect images, videos, or

spectroscopic data.
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Fig.3.5(a-b) shows the reaction precursors after stirring and aging for 30 minutes
with flowing through the liquid cell inside the TEM. The liquid reaction precursors
are the same from hydrothermal reaction. The amorphous droplet forms after 94.4 s
with flowing reaction precursor in oleic acid/water/ethanol mixture. The droplet can
also move to different locations, in which surface tension is lowered for a more stable

status.

Fig.3.5(d-f) show a series of amorphous droplets growth and combination pro-
cesses. There are two little amorphous droplets forming in Fig.3.5(d) and they grow
to bigger droplets as shown in Fig.3.5(e). Finally, they combine to one big droplet
in Fig.3.5(f), which is direct evidence of mass transfer. The combination process can
help droplets exchange or combine ions for further nucleation. The precursor size and
ion molar ratios can affect the nucleation size and phase, which influences the reac-
tion progress to obtain different size and morphology of the final product. Due to the
existence of oleate ligand hydrophobic group, the nanocrystals are easily attached on
the surface of liquid cell silicon nitride window. To further observe the nanocrystals’
Brownian motion in liquid phase, the 30 minute NaYF, precursor sample was diluted

with Millipore DI water and put into the liquid cell, as shown in Fig.3.5(g-p).

Interestingly, cubic NaYF, nanocrystals tend to aggregate to form stable cluster
with dose rate of 40 e/A2s as shown in Fig.3.5(g-h). During the aggregation, po-
tential oriented attachment is observed as shown in Fig.3.5(i-1). The dashed circle
labeled nanocrystal comes close to the bigger nanocrystal at 11.2 s. However, it does
not attach to the surface until 51.2 s after several positional adjustments. Some ad-
ditional attachments are shown in Fig.3.5(m-p). The oriented attachment can be
explained for anisotropic growth of hexagonal NaYF, nanostructures. The small cu-
bic phase NaYF, nanocrystals display Brownian motion in liquid precursor, including

random translations and rotational motion. As temperature increases, the higher fre-
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quency and amplitude of the Brownian motion can enhance the collision and fusion
between nanocrystals. During the attachment process, the small cubic nanocrystal
may keep rotating and moving until the orientation is consistent with the "mother”
crystal, which could be either cubic or hexagonal structure. The hexagonal NaYFy
is anisotropic structure. Due to the anisotropy, different crystal planes have different
planar densities, which results in differing surface potentials. The planar density of
RE*" ions on (10-10) is higher than the (0001) plane, leading to more fluorine ions
adsorbtion on the (10-10) surface. The fluorine adsorption can potentially reduce the
nanocrystal attachment probability due to the eletrostatic force, which could possibly
result in the cubic nanocrystal preferentially attaching on the hexagonal (0001) plane.
With increasing synthesis time and temperature, the cubic nanocrystal will be ”con-
sumed” attaching on the hexagonal structure. However, the phase transformation
process from the cubic phase to hexagonal phase still remains questions. Due to the
challenge of heating solution sample in liquid cell, the highest temperature can reach
is around 80°C, which is much lower than the NaYF, phase transformation temper-
ature. To investigate the high temperature effect, in-situ heating TEM experiments
were conducted with a two hours hydrothermal synthesized dried NaYF, sample.
The TEM grids were plasma cleaned before drop casting the NaYF, sample on the
grid. Before heating, the cubic NaYF, nanocrystals are shown in Fig.3.6a. The cubic
phase is confirmed with SAED pattern. With applying voltage on the TEM chip,
the temperature of the nanocrystal can reach up a maximum temperature of 1000°C.
Notably, heating the cubic nanocrystal slightly above 300°C, the nanocrystals are all
changed to hollow structures, Fig.3.6b.

During the heating progress, the center of the nanocrystal is observed to have
several melting regions simultaneously and then combined to a larger area. This

process is different from the Kirkendall effect for two main reasons. First, the video
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for the heating experiment shows a phase transformation for only few seconds, which
is much faster compared to the much longer Kirkendall effect. The second reason is
the Kirkendall effect needs non-equilibrium atom distribution along the nanocrystal

structure.
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Figure 3.6: Phase transformation of NaYF, characterization. (a) In-situ heating TEM
image before a-NaYF, nanocrystals phase transformation. (b-d) In-situ heating TEM
image during a-NaYF, nanocrystals phase transformation. (e) STXM image of a-
NaYF, nanocrystals at the carbon K edge. (f) XANES carbon K edge spectra of
a-NaYF, nanocrystals at different regions.

Both the cubic and hexagonal NaYF, nanocrystals show a uniform fluorine K
edge XANES mapping data, which indicates the uniform distribution of RE**, Na*,
and F~ ions within the nanocrystal without any clustering effect. This process can
be explained as the nanocrystal melting and recrystallization process. As the tem-
perature increasing, the initial melting regions in the center of nanocrystals could be
caused by strain energy that is generated from crystal lattice mismatch or local impu-

rities, such as oleate carbon ligands. To precisely determine local structure inside of
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the cubic NaYF,4 nanocrystal, near edge X-ray absorption fine structure (NEXAFS)
spectroscopy was achieved from STXM at LBNL ALS beamline 5.3.2.2.

Samples for STXM analysis were prepared by drop casting a solution of S-NaYF,
onto a lacy-carbon TEM grid and placing the grid in the STXM beamline under
a helium atmosphere. Soft x-rays (250-800 eV) were focused onto the sample and
rastered with a spot size of 31 nm using 25 nm Fresnel zone plates. The carbon K-
edge XANES mapping of cubic NaYF, is shown in Fig.3.6¢c. The spectra of different
regions within the cubic nanocrystal show a different carbon K-edge absorption. The
center of the nanocrystal has higher carbon absorption compared to the edge of the
nanocrystal. The carbon impurities from the center of the nanocrystal could be
induced by process of nanocrystal aggregation and attachment. When nanocrystals
attach to each other, the surface carbon ligand can potentially be capsulated between
different grains. The STXM XANES spectra in Fig.3.6d show carbon bonds including
o, o*,m, and " which all match with the oleate carbon ligand bonding types. The
edge of the nanocrystal has less carbon absorption compared to the center of the
nanocrystal, which is due to the nanocrystal washing procedure after synthesis. The

ligands on the surface of the nanocrystals can be sonicated off and washed away.
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Chapter 4

LASER COOLING OF FLUORIDE NANOCRYSTALS IN
AQUEOUS MEDIUM

4.1 Introduction

Since the first demonstration of laser cooling of solid state materials in 1995,[1] sci-
entists and engineers have devoted a great effort to achieve a sub 100 K cryogenic
temperature in vacuum.[2] However, to this day, no one has achieve laser cooling in
condense phase, due to the challenges in materials synthesis and optical instrument
design. With our group’s specialties in materials synthesis and characterization, op-
tical manipulation, spectroscopy, data processing and analyzing, we have first time
successfully laser refrigerated Yb-doped-fluoride nanocrystal in condensed phases.|3]
The potential of using singly- and co-doped YLF/NaYF, nanocrystals as a plat-
form for precision circuit cooling, physiological refrigeration, biological imaging, and
in situ ratiometric thermometry. Potential applications for these materials include
precision temperature control in integrated electronic,[21, 22, 23] photonic,[21, 25]
and microfluidic circuits;[26] as well as triggering and probing fundamental metabolic
processes.[27, 28] In particular, the ability to measure and to modulate temperature
could enable the investigation of the kinetics and temperature sensitivity of cellular
processes, including ion channel actuation,[29] conformational folding dynamics of
RNA,[30] and dynamic stepping motion of molecular myosin (V) motor proteins.|[3!]

In addition, solid state nanomaterials have been widely studied in various biomed-
ical applications, such as therapeutic/diagnostic cancer therapy,[32, 33, 34, 35] photo-

dynamic therapy,[30, 37, 38] bioimaging/labeling,[39] and tissue engineering.[1()] Lots
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of efforts have been made to achieve nanomaterials used as hyperthermia reagents to
increase the temperature of cancerous tissues when irradiated with NIR laser. The
higher temperature can help reduce the ability of tumor cells to repair their damaged
DNA which is treated by other therapies, such as chemo- or radio- therapy.[41] How-
ever, to date, no report has been published on laser refrigeration of tumors with NIR
radiation. The documented cryosurgical treatments show that cryotherapy has lots
of benefits including reduced morbidity, generation of antitumor immune response,
less damage to surrounding structures, patient comfort and potential immunogenic
advantages.[12, 13, 11, 15] With such benefits, the laser refrigeration of tumor research
has huge potential application in cryotherapy. As a widely studied nanomaterial, -

NaYF, nanocrystals have been proved good biocompatibility.

4.1.1 Materials consideration

The active ions in laser cooling materials require high quantum efficiency at higher
energy to absorb photons from the pumping laser and re-emit them as fluorescence.
RE ions match the requirements for active ions in laser cooling materials well. RE
ions have small radial extent which makes the overlap between the orbitals of nearby
atoms negligible.[3, 6] The optically active 4f shell in RE ions is shielded by the 5s and
6s shell, which makes the 4f electrons act like free electrons. The limited interaction
with surrounding lattice of RE ions suppresses nonradiative decay leading to narrow
optical transitions and high quantum efficiencies, which are the important attributes
for laser cooling. Cerium and ytterbium are the two ions that have less number of 4f
electronic states among all the RE ions. The electron configuration of Yb** which is
one electron short of filling the 4f shell is similar to Ce®** which has only one electron
on 4f shell. They both produce *F manifold which is split into two multiplets *F7
and 2F®/2 by spin-orbit coupling. Compared to Ce?>* and Yb?*, the other RE ions
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have so many 4f electronic states inducing additional nonradiative process which can

cause heating. The ideal cooling efficiency can be calculated as n = (Er — Ep)/Ep,

in which Ep is the photon energy of fluorescence light and Ep is the photon energy of

pumping laser. The difference between Er and Ep is only a few kT energy. It can be

then be seen how lowering of the photon energy Ep would lead to an increase in the

ideal cooling efficiency. Gd®" also has less 4f electronic states, but with large energy

difference. [¥]
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cm™. Reproduced with permission from []
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The ideal cooling efficiency can thus be ranked as Ce3*>Yb3*>Gd3*". Since the
pumping wavelength of Ce3" is more than 4.5 pm, it can be eliminated as a can-
didate due to unavailability of a compact high energy laser source of appropriate
wavelength.[16] For Gd**, the pumping wavelength is in UV range, which intrinsi-
cally has low cooling efficiency. Hence, Yb3T appears to be the only practical and
high quantum efficiency active RE ion that can be used for laser cooling of solid state

materials.

For the host materials, the primary parameter is the highest-energy optical phonon
which determines the rate of multiphonon relaxation.|[5] ideal host material would have
a significantly lower multiphonon relaxation rate than the radiative relaxation rate at
the excited state of active ions, in which the anti-Stokes photoluminescence will have
the lowest number of optical phonons generated leading to a higher quantum efficiency.
Another important parameter for the host materials is the purity. The impurities and
defects such as foreign particles, grain boundaries and vacancies could increase the
nonradiative relaxation rate, thereby lowering the quantum efficiency.[17, 18] Besides
the background absorption caused by the impurities, the concentration quenching
caused by active ions inside the host would also significantly affect the quantum
efficiency.[8, 17, 18] Due to an increase in the concentration of active ions in the
host material, the average distance between the ions would decrease and lead to
interactions between ions. These ion interactions may cause energy transfer between
different active ions. This energy transfer process wont cause nonradiative decay.
However, this process increases probability of excitation meets impurity sites leading
nonradiative decay, which causes heating. In summary, the choice of active ions and
host materials including the concentration of active ions all play a crucial role in

maximizing the laser cooling efficiency.
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4.2 Optical tweezers for laser cooling

4.2.1 Optical tweezers setup
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Figure 4.2: Schematic of single beam laser trapping instrument. Optically trapped
LiYF, nanocrystals in DoO chamber.[3]

Optical tweezers also called laser tweezers use a highly focused laser beam to trap
dielectric nano- or micro size particles with attractive forces arising from the difference
in refractive index between the aqueous solution and particles. As shown in Fig.4.2,
the NIR laser is focused with 100x objective and the nanocrystal is trapped inside the

aqueous solution in the glass slide chamber. The forward scattered light is focused
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and collected by a quadrant photodiode(QPD).[19] A white LED light placed behind
the collection condenser illuminates the nanoparticles in Brownian motion which can

be observed live through the color CCD camera.

The laser tweezer setup is a modified modular optical tweezer kit (Thorlabs,
OTKB), where the original condenser lens has been replaced with a 10x Mitutoyo con-
denser (Plan Apo infinity-corrected long WD objective, Stock No. 46-144). The 100x
objective focusing lens has a numerical aperture of 1.25 and a focal spot of 1.1 yum. The
quadrant photodiode and piezostage were interfaced to the computer through a DAQ
card (PClIe-6361 X Series, National Instruments) and controlled through modified
MATLAB software (Thorlabs). Experimental chambers were prepared as followed.
Several microliters of the nanocrystal/aqueous medium dispersion was transferred by
a pipette into a chamber consisting of a glass slide and glass coverslip. The edges of
the glass slide and the glass coverslip were then sealed with a 150-um-thick adhesive
spacer (SecureSeal Imaging Spacer, Grace Bio-labs). Nanocrystals were trapped at
the center (75 pm from the surface) of the temperature controlled perfusion cham-
ber (RC-31, Warner Instruments) and held at Ty = 25 °C while voltage traces were
recorded using the QPD for 3 seconds at a sample rate of 100 kHz. The QPD voltage
signal was calibrated by oscillating the piezostage at 32 Hz and an amplitude of 150

nm peak-to-peak during signal acquisition, as outlined in reference[50].

Since the beam is focused by high NA objective, there is a gradient of electric
field and the field is strongest at the beam waist. Due to light scattering and Lorentz
force, the nanoparticle is trapped in the beam waist, which is the narrowest point
of the focused beam. The photothermal cooling experiment is conducted through a
customized single beam laser trap system shown in Fig.4.2. The nanoparticles are sus-
pended in aqueous solution through sonication and undergo Brownian motion. The

NIR laser beam scatters off the trapped particles and creates dynamics interference
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pattern on the QPD. Then the photovoltage signal from the detector can be processed
with Fourier transform to power spectra density (PSD), which can be further pro-
cessed to achieve the local surrounding aqueous solution temperature of the trapped

particle.[37]

4.2.2  Cold Brownian motion temperature measurement

Power spectra from the QPD voltage traces were processed according to Berg-Sorensen
and Flyvbjerg[51] and used to calibrate the QPD traces following the method of
ref[50]. An experimental diffusion coefficient was then extracted by fitting the char-
acteristic function for the experimental power spectra derived in Berg-Sorensen and
Flyvbjerg.[51] Given that the temperature of the trapped particle is significantly
different than the temperature sufficiently far from the laser focus, the particle-
trap system is not isothermal and behaves according to nonequilibrium dynamics.
Thus, equating the experimental diffusion coefficient to nonisothermal Brownian dy-
namics necessitates the application of cold Brownian motion (CBM), as derived by
Chakraborty et al.[52] The CBM diffusion coefficient is then related to the CBM
temperature by:
kT oM

Decpy = ——— (4.1)
YCBM(T)

where Dcgy is the CBM diffusion coefficient, kb is Boltzmanns constant, Tcgy is the
CBM temperature, and ycpwm(r) is the CBM Stokes drag. To the leading order of the
temperature increment or decrement A T = (T}, - Ty), the temperature-dependence

of the viscosity on Tcpym can be neglected, giving the effective temperature[52]

5
Topw = To + 75 AT (4.2)

To account for the solvent viscosity temperature dependence, we follow the meth-
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ods of Reference[53] and use the Vogel-Fulcher-Tammann-Hesse (VF) law with the
viscosity functional form 7(T)=n.exp[A/((T-Tyr))], the CBM Stokes drag is given
by

YeBM(T) = 67 Rnesm(T) (4.3)

where R is the particle radius, and ncpwm(r) is the temperature-dependent CBM

viscosity that is related to the viscosity of the solvent at room temperature,ng, by

AT o6

~ 1 e ()]

Mo . 12563 o 7 AT
Ty In(—) (=]
TICBM(T) 486" 'ne’ (To — T'vr)

e ey =2
243" 118008 VN (To — TVF)]
(4.4)

Equations 4.2,4.3,4.4 are then used in Eq.4.1 to obtain DCBM, which is subse-

quently compared to the experimental diffusion coefficient to determine the particle
temperature Tp (excluding the temperature discontinuity at the particles surface from
the Kapitza resistance[51]). An alternative CBM temperature analysis using a semi-
phenomenological expression for DCBM that approximately accounts for higher order
terms in AT yields consistent results, indicating that these higher order corrections
are negligible, for our purposes. For the experiments reported here, the VF viscosity
parameters were fit to experimental data and are as follows:

D30, 7 50=3.456 x 10 Pa - s

A =4786 K
Tyr = 160 K,
and

DI water, PBS, DMEM

Noo=2.664 x 10 Pa - s

A =536.5 K

TVF = 145.5 K. VFT viscosity parameters for DI water, PBS (0.01 M, pH 7.4;
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Sigma P5368), and DMEM (1X, high glucose, pyruvate; Life Technologies Cat. 11995-
065) were assumed to be equivalent since it has been reported that water viscosity
can be used for purposes of modeling particle transport in non-serum containing

media.[55)]

4.2.83  Temperature extraction error analysis
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Figure 4.3: Laser trap temperature extraction error analysis. A 1.01 pum diameter
silica sphere trapped in D5O using a trapping wavelength of 975 nm in a temperature
controlled chamber held at Ty = 25 °C. QPD data was acquired 10 consecutive times
at an irradiance of 5.9 MW /cm? and the temperature of the sphere was determined
using (red circles, TCBM) the cold/hot Brownian temperature extraction method
detailed in section A, and (blue squares, TClassic) the classical isothermal assumption
method. The error bars represent the standard deviation.|[3]

In order to determine the accuracy of the temperature extraction method presented

here, silica beads (SS04N /9857, Bangs Laboratories) are used for their monodisperse
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size distribution (1010 nm diameter) and their known capacity to heat minimally
when trapped with a near-infrared (NIR) laser trap.[50] The same experiment that
was performed on YLF particles in this study was performed on the silica beads in
D,0 using a trapping wavelength of 975 nm and an irradiance of 5.9 MW /cm?. For
this experiment, a temperature controlled chamber was used (RC-31, Warner Instru-
ments), with the chamber held at Ty = 25 °C while the same bead was trapped and
QPD data acquired 10 consecutive times. The cold Brownian analysis above was
then applied to the resulting QPD signals, and the temperature results are shown in
red circles in Fig.4.3. The average calculated particle temperature (red dashed line)
is TCBM = 35.9 °C with a standard deviation (red shaded area) of £6.8 °C. For
comparison, the same data was also analyzed with the method assuming isothermal
conditions, and the temperature results are shown in blue squares in Fig.4.3. The
average calculated particle temperature (blue dashed line) is T¢jassic = 29.5 °C with a
standard deviation (blue shaded area) of £2.8 °C. The result suggests that the tem-
perature calculated by cold Brownian analysis is obviously different than the classic

analysis.
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4.3 Laser cooling of LiYF,; nanocrystals
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Figure 4.4: Laser refrigeration of optically trapped YLF microcrystals. (A) Optical
micrograph of an optically trapped YLF crystal; scale bar = 3 pym. (B) Crystal
field energy level configuration of Yb3* dopant ions and employed cooling scheme.
(C) Extracted temperature (Tp) of optically trapped particles in DoO as determined
using the outlined CBM analysis. Yb?**-doped YLF particles are shown to cool when
trapping wavelength is resonant with the E4-E5 transition ( = 1020 nm) but heat
when the trapping wavelength is below the transition ( = 1064 nm).[3]

Trapping data was acquired using a diode-pumped solid state Yb3*:YAG thin-disk
tunable laser (VersaDisk 1030-10, Sahajanand Laser Technologies) at a wavelength
of 1020 nm, a 975 nm pigtailed Fiber Bragg Grating (FBG) stabilized single-mode
laser diode (PL980P330J, Thorlabs), as well as a solid-state Nd*":YAG 1064 nm
(BL-106C, Spectra-Physics) at different irradiances at MW /cm?. Magnitudes of cold

Brownian temperature changes presented were determined using methods outlined
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in reference.[19] Silica beads (SS04N /9857, Bangs Laboratories) were used for their
monodisperse size distribution (1010 nm diameter), and they have shown to minimally
heat when trapped with a laser tweezer at NIR wavelengths.[50] Electromagnetic sim-
ulations of the interaction of the trapping laser with a YLF T'TB were also performed
to predict the stable trapping configurations of optically trapped YLF particles. Each
YLF cooling data point in Fig.4.4 in the manuscript represents an average of 6 indi-
vidual particles with an average radius of 764 nm with a standard deviation of 293
nm. Discrete Dipole Approximation software DDSCAT 7.367 was used to simulate
laser trap interactions with ideal (nontruncated) YLF tetragonal bipyramids in wa-
ter. For a bipyramid of length of 7.6 ym and base of 3.9 um (Fig.4.5B), a dipole
density of 2267 dipoles/um?® (85,901 dipoles/octahedron) was used. At 1020 nm, re-
fractive indices of YLF and water are 1.44831 and 1.327, respectively. Although YLF
is a birefringent crystal, this has been ignored in the simulation based on the small
birefringence (0.02), which will only be reduced by the lattice mismatch of the many
domains within a single octahedron. Also, the approximation of a laser trap by a
plane wave becomes less appropriate as the size of the particle relative to the beam
spot gets large. By varying , , and (3 (see Fig.4.5A) and calculating the radiation pres-
sure and torque we are able to predict the optimal orientation for trapped particles
since we assume the particle will orient so as to minimize these forces and maximize
the trapping potential. One intriguing result of the simulations is the particle size
dependence of orientation. For example, a tetragonal bipyramid with a length of
7.6 pm is expected to align with the long axis perpendicular to both k and E, or
0=90°, »=90°, and f=0° (Fig.4.5C/D), whereas a similar particle with a length of
200 nm is predicted to align its long axis to be parallel with the direction of propa-
gation (Fig.4.5E/F). It is also notable that the particle is able to generate significant

internal and near fields as demonstrated in Fig.4.5B.
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Figure 4.5: Stable trapping configuration simulations. (A) Optically-trapped YLF
particle in an aqueous fluid chamber. Angles are used to describe numerical discrete
dipole approximation calculations in panels C-F. (B) Cross sectional plot of the in-
ternal electric field magnitude within a YLF particle with dimensions 7.6 pm and 3.9
pm at a trapping wavelength of 1020 nm. (C) Radiation pressure on a YLF parti-
cle shown in B. (D) Torque calculations as a function of angular coordinates for the
YLF particle shown in B. (E) Radiation pressure on a 200 nm long YLF. (F) Torque
calculations as a function of angular coordinates for a 200 nm long YLF particle.[3]
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4.4 Laser cooling of NaYF,; nanocrystals

Two NIR laser sources (A = 975 nm and 1,064 nm) were integrated within the laser
trapping instrument in order to determine how the optical traps NIR wavelength
influences the temperature of S-NaYF,; NWs. The dependence of heating on the
Yb3*-dopant concentration and pumping wavelength is shown in Fig. 4.6e, where
B-NaYF, NWs are irradiated by two different pumping lasers (975 nm and 1,064
nm). The average temperature of ten NWs is observed to rise from 33°C to 46°C
when the Yb** dopant-concentration changes from 0% to 10%, respectively, using an
optical trap with a fixed laser wavelength of A = 975 nm and a constant irradiance of 6
MW /cm?. Laser heating is observed to depend on the concentration of Yb3" dopants,
with an increase in local heating with elevated Yb3* doping concentration. When \
= 975 nm the photon energy (1.27 eV) is sufficient to excite electrons from the E1
crystal-field state to E5 state followed by both radiative and non-radiative relaxation,
leading to an increase in local solvent heating with increasing Yb3* concentration.
The same ($-NaYF,; NWs (with 0% and 10% Yb?*™ doping) were used for control
Brownian-thermometry experiments using a wavelength of A = 1,064 nm. In these
controls, the temperature for each both 0% and 10% doping was observed to remain
at a temperature of 42°C at an irradiance of 25 MW /cm?. In contrast to experiments
with A = 975 nm, when A = 1064 nm the photon energy (1.16 eV) is energetically
insufficient to pump the E4 to E5 resonance and heating is not observed to depend
on the concentration of Yb3* dopant ions.

Single-particle laser-trapping experiments are also able to provide information on
local mass-transport processes occurring at the solid / electrolyte interface. Recently,
cation-exchange reactions have been shown to occur reversibly in ionic nanostructures
at room temperature, which can be used to create complex shapes and compositions

of nanocrystals.[57, 58]
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Figure 4.6: Laser heating/cooling of single 5-NaYF, nanowire in D2O. (a) Optically-
trapped $-NaYF, nanowire in an aqueous fluid chamber. (b) Top: Optical micrograph
of single B-NaYF, nanowire before trapping. Bottom: Single $-NaYF, nanowire
trapped in D90, scale bar = 1 um. (c) Photoluminescence from single trapped (-
NaYF4: 10%Yb nanowire in DyO before and after doping Er®*" ions showing cation
exchange, inset: integrated PL intensity versus time plot from a trapped Er3* doped
p-NaYF, nanowires shows a decreasing trend. (d) Crystal field energy level configu-
ration of Yb** dopant ions in 8-NaYF, hexagonal structure which shows the heating
mechanism with different laser wavelengths. (e) Temperature of single trapped (-
NaYF, nanowire with different Yb?* dopant concentrations under both 975 nm and
1,064 nm laser irradiance (f) Diagram of the anti-Stokes laser refrigeration process.
(g) Temperature change of individually trapped §-NaYF, nanowires with different
Yb3* dopant concentrations under increasing 1,020 nm laser irradiance. Error bars
are based on standard deviation of ten samples.[10]
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In addition, the Er3* fluorescence can be used as a sensitive probe of surface states

where excited ions may relax non-radiatively and cause heating.

In Fig.4.6¢ the photoluminescence of Er®* ions is tracked to monitor ion-exchange
between the surface of f-NaYF, NWs and the surrounding electrolyte solution. First,
B-NaYF4: 10%Ybs, NWs were suspended in Er®" nitrate solution for 24 hours to let
Er** ions exchange and diffuse into the surface of individual NWs. The particles were
then washed to remove excess Er3* ions and resuspended in D5O. The loss of Er3*
cations through diffusion at the solid-liquid interface was observed by measuring the
gradual decay of visible photoluminescence from a single 8-NaYF,: 10%Yb3t NW
irradiated with a 975 nm laser (Fig.4.6¢c, inset). In comparison, 3-NaYF4:10% Yb3*
NWs showed no photoluminescence when trapped at the same conditions described
above (Fig.4.6¢). Photoluminescence lifetime measurements of S-NaYF,:10% Yb3*t
/ 1% Er*™ NWs in vacuum were made using the experimental configuration shown
Fig.5.2. The lifetime of the Er** S; ), state is measured to be (221 & 6) us at 300 K
using a laser wavelength of 975 nm and an irradiance of 5.3 W/cm? which matches

recently reported literature values.[59]

The same instrument was used to conduct laser cooling experiments with J-
NaYF4: 10%Yb*" NWs. These NWs were observed to refrigerate by 9C below
ambient temperatures when trapped at a wavelength of 1,020 nm, resonant with
Yb3" ions, at an irradiance of 73 MW /cm?. The low-entropy laser excites electrons
within Yb3" ions from their E4 crystal-field level to their E5 level. The long (ms)
excited-state lifetimes of Yb?* excited states allow them to absorb optical-phonons
from the host crystal lattice, followed by spontaneous anti-Stokes fluorescence (with
a higher mean photon energy compared to the absorbed photons) that ultimately
removes heat from the lattice and cools both the crystal and its immediate surround-

ings. As a control, 8-NaYF,: 0%Yb3* NWs trapped under identical conditions (73
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MW /em? with A = 1,020 nm) show heating by 6 °C above the ambient temperature
(Fig. 4.6g). Without the Yb3" ions, defects and impurities (including hydroxyl ions,
capping ligands, etc.) can participate as non-radiative channels during multi-phonon
relaxation processes that ultimately act to increase the surrounding fluids tempera-
ture. Large laser irradiance values are required to enable the optical trapping and
photothermal characterization of single nanowires. The laser irradiance used here is
above the saturation irradiance (127 kW /cm?) recently reported for Yb*T ions in bulk
yttrium-lithium-fluoride single crystals,[00] and may reduce the migration of energy

through Yb3" ions to non-radiative nanocrystal surface-states.

)
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Figure 4.7: Laser refrigeration of cubic a-NaYF, nanocrystals. (a) Crystal field
energy level configuration of Yb3* dopant ions in a-NaYF, cubic structure and S-
NaYF, hexagonal structure. Inset: optical micrograph of optically trapped a-NaYFy
nanocrystal with Oh cation point group symmetry and S-NaYF4 NW with C3h cation
point-group symmetry. a-NaYF, scale bar = 300 nm, 8-NaYF, scale bar = 1 um(b)
Temperature change of individually trapped cubic a-NaYF, nanocrystals with dif-
ferent Yb3+ dopant concentrations under increasing 1,020 nm laser irradiance. Error
bars are based on standard deviation of ten samples.[10]

Similar experiments have been conducted on cubic a-NaYF, nanocrystals, where

Fig. 2.3 shows their representative crystal structure and morphology observed through
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TEM. Relative to hexagonal 8-NaYF, nanowires, the cubic a-NaYF,;:10%Yb3* nanocrys-
tal is observed to cool by 2 °C below ambient conditions (Fig. 4.7b) at an identical
laser trapping irradiance. This may be due to a larger crystal field splitting in the high-
symmetry cubic a-NaYFy: 10%Yb?* crystal structure relative to the smaller crystal
field splitting in the low symmetry hexagonal 8-NaYF,: 10%Yb3* structure, which
is shown in Fig.4.7a. For the initial state of the pumped transition, a smaller crystal
field splitting can provide a higher thermal population, which gives a higher pump
absorption coefficient and, consequently, higher laser cooling power.[9] Additionally,
the higher surface to volume ratio of a-NaYF, compared to S-NaYF, will introduce
more surface states, which may cause more nonradiative heat dissipation. Compared
to bulk materials, the fluorescence reabsorption in nanocrystals is negligible.[61] The
laser heating and cooling effect can be tuned by changing the pumping laser wave-

length (Fig. 4.6e,g), with potential applications in single molecule biophysics.[31]

The size of individual nanocrystals has also recently been shown to affect the over-
all efficiency of their photoluminescence when pumped at a fixed laser wavelength.[2]
Modeling the internal optical field distribution within S-NaYF, NWs is important for
understanding how a NWs size affects the absorption of incident electromagnetic ra-
diation. Although numerous studies of light scattering and electromagnetic energy
absorption of cylindrical nanostructures have been reported, there have been fewer

studies of hexagonal wires.

In Fig. 4.8 we plot results from finite element simulations of the internal optical
fields within hexagonal 3-NaYF, NWs using normalized units ((E;-E;1*)/Ey?), where
E; is the internal field, E1* is its complex conjugate, and Eg is the electric field
amplitude of the incident plane-wave. Morphology dependent resonances (MDRs) are
observed to exist within S-NaYF, NWs for an incident wavelength with A = 1,020

nm. The localization of resonant modes within the NW can enhance the absorption of
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laser radiation. |03, 61] Fig.4.8a shows the internal electric field 2D simulation of cross-
section of the NW under certain excitation. The average normalized electric field is
plotted with different sizes of the edge lengths. With tuning the width the NW’s
cross-section, the internal electric field can be tuned to maximize, which suggests
maximization of the absorption of excitation. Similarly, in Fig.4.8c, with fixing the
edge length of cross-section of the NW at 255 nm, the maximum internal electric field
of the 3D NW is plotted with different lengths of the NW. Fig.4.8b shows the 3D
electric field plot of the NW with edge length of 255 nm and height of 2,000 nm.
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Figure 4.8: Comparison of calculated values for the normalized electromagnetic source
term (E;-F1*)/Ey? for 3-NaYF, nanowires in water with 1,020 nm laser wavelength.
(a) Plot of the calculated maximum source term values for 5-NaYF, nanowires with
laser incidence perpendicular to the edge as a function of the hexagonal edge length
ranging from 10 nm to 5,000 nm. (b) Example 3D plot of 5-NaYF, nanowire electric
field. Color bar shows the amplitude of the normalized electric field. (c) Plot of
the calculated maximum source term values for a S-NaYF, nanowire with the laser
incident on the bottom facet as a function of the wire length ranging from 100 nm to
2,000 nm. The edge length of the nanowire is kept constant at 255 nm.[10)]

This field enhancement may compensate for the drawback of small optical inter-
action lengths in nanocrystalline materials, assuming the external radiative quantum

efficiency of anti-Stokes cooling photons is not reduced. In the future, hydrothermal
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synthesis can be used to synthesize S-NaYF, NWs with different sizes and shapes in
order to achieve a higher cooling efficiency by matching the pumping laser wavelength
to an internal cavity resonance within the NW. Therefore, the cooling efficiency can
be adjusted by changing not only the crystalline host matrix for rare-earth ions but

also the nanostructures size and morphology.
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Chapter 5

UPCONVERSION FLUORESCENCE THERMOMETRY

5.1 Introduction

Rare-earth-doped upconversion nanoparticles are widely suited to a range of ap-
plications including displays,[05, 66, 67] solar cells,[68, 69, 70, 71] bio-imaging,[72,

, 74, 75, 70] bio-labeling,[77, 39] biosensing,[78, 79, 80] drug delivery,[81, 82, &3]
theranostics,[31] nano-thermometry,[35, 28, 86, 87] photodynamic therapy,[88, 89, 90,

] and others.[92, 93] These nanoparticles can be excited with near-infrared (NIR)
radiation, which is transparent window for biological tissue, and emit bright, visi-
ble fluorescence.[94, 87, 91, 95, 96] As a major challenge in conventional fluorescence
imaging and labeling, UV or visible excitation can cause autofluorescence, which can
be solved by upconversion with NIR excitation. Among upconversion nanoparti-
cles, NaYF, nanocrystals have been intensely studied as the most efficient upconver-
sion nanocrystals with biocompatibility, low-toxicity, and non-blinking, photostable
properties.[95, 96, 97, 98] They are bright enough to use confocal microscopy to ob-
serve a single nanocrystal with size of 12.9 nm for super-resolution imaging.[99] In
addition to a good upconversion host material, NaYF, has been theoretically proven
to be an efficient host material for laser cooling with anti-Stokes fluorescence emission,
which is also demonstrated experimentally in optical tweezers.[10, 3] To improve up-
conversion performance, significant effort has been devoted to improve the quantum

efficiency
k,

= — 1
ot Fo (5.1)

n
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where k, is the radiative decay rate, k. is the nonradiative decay rate. There
are various approaches to modify the radiative and nonradiative decay rate. As
the size of a UCNP decreases, the lifetime shortens due to the nonradiative de-
cay caused by surface defects.[100), , | Surface modification with changing
ligand and/or coating inorganic shell can help reduce the surface defects and iso-
late them from emission quencher to increase the luminescence.[103, , , ,

| Changing the host material’s crystal lattice with different point group symme-
try can change the dopant ions’ local crystal field, which affects the PL.[108, ]
Tuning the dopant level in a UCNP can prevent from concentration quenching as
well as tune PL wavelengths.[1 10, , , , ] In addition to the intrinsic
factors, environmental factors including electric field,[115, , , | magnetic
field,[119, , , , | pressure,[121] temperature,[91, 87, , 30] solvent
solution,[126, , | and others can also affect the radiative and nonradiative
decay rate. To characterize the UCNP optical properties, one common way is to
prepare the sample on a glass substrate.[127, 96, 92, , , | Recently we found
that the total decay rate of Er®t %S, state of single S-NaYF;:20%Yb** /2% Er**
nanowires on a substrate is much higher relative to the decay rate of the same NW
far away from substrate. The total decay rate is the inverse of the lifetime, which
can be achieved by fitting the fluorescence intensity decay profile. It has been re-
ported that the lifetime of nanodiamond nitrogen vacancy (NV) centers in silica
aerogel has a significant increase compared with the NV centers on the plane sub-
strate, where the radiative decay rate is influenced by electromagnetic local density
of states (LDOS).[132, 133] Both semi-analytical theory and finite-difference time-
domain (FDTD) results have been predicted that emission rate for radiating dipoles
increases with reaching to a plane interface between two dielectrics, especially in the

sub-100nm distance range.[132, , ] Similar experimental and simulation stud-
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ies have been reported on single ions,[135, 130] single dye molecules,[137, 13%] thin
films,[139, | and rare-earth-doped glass near a substrate.[l11] To further inves-
tigate the substrate effect on the lifetime of the single NW level, we utilize optical
tweezers to manipulate and position the same 5-NaYF4:20%Yb?" /2%Er3t NW at dif-
ferent distances from the substrate without changing the local environment. Under
such condition, all the variables for affecting the Er®* *Ss 5 state lifetime can be ruled
out,[112, 113] except the trapping distance. The Er*t 4S5 state lifetime is increas-
ing by a factor of 1.62+0.01 as trapping distance increased from ~0Onm to a distance
where is considered as no substrate effect. The Er?*t 4Ss /2 state lifetime of a single
B-NaYF;:20% Y3t /2%Er3t NW has also been studied as a function of temperature.
We can manipulate individual 3-NaYF;:20%Yb*" /2%Er*™ NW with optical tweezers
and locally probe temperature field in the nanoscale range. In addition to the funda-
mental interest of physics, this work provides a realistic avenue for the development of
UCNP probes to measure LDOS and temperature in complex nano/microstructured
system, which can be potentially applied for sensing chemical and biological process,
and developing a range of photonic devices. Besides single NW study, we have made
B-NaYF4:20%Yb3* /2%Er3T embedded polydimenthylsiloxane(PDMS) composite for

potential microfluidic chamber with temperature probe and control functions.

5.2 Single nanoparticle thermometry

5.2.1 Synthesis and lifetime measurement

A low cost, scalable hydrothermal synthesis approach is used to prepare 5-NaYF,
NWs that exhibit a hexagonal crystal structure as shown in Fig.5.1a. Scanning elec-
tron microscopy (SEM) was used to measure the size and morphology of the as synthe-
sized NWs which are shown in Fig.5.1b. Dark field transmission electron microscopy

(TEM) was used to measure single NW’s diameter and size. The phase composition
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of the NWs has been confirmed by X-ray diffraction (XRD). All the XRD peaks are

matching with standard 5-NaYF, phase peaks.
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Figure 5.1: Synthesis and characterization of NaYF, nanowires. a) Schematic of
hexagonal crystal structure of 5-NaYF, with P63/m group symmetry. b)SEM image
of f-NaYF;:20%Yb*" /2%Er®* nanowires; scale bar = 2 um. c) Dark field TEM image
of B-NaYF4:20%Yb3t /2% Er®T nanowires; scale bar = 200 nm d) X-ray diffraction
of ensemble S-NaYF,;:20%Yb3" /2%Er3t nanowires confirming the hexagonal phase

structure.

A home-built single-beam NIR optical trapping instrument, as shown in Fig.5.2a,
is used to perform single NW optical trapping experiments. A schematic graph for

a characteristic, optically-trapped NW is shown in Fig.5.2a inset. A 975 nm diode
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Figure 5.2: Schematic of laser trapping instrument with single particle life-
time and fluorescence measurement capabilities. (a) An optically trapped [-
NaYF;:20%Yb* /2%Er*t NW in aqueous fluid chamber. (b) Er** 4S3 ), state lifetime
of an optically-trapped 5-NaYF4:20%Yb3" /2%Er3*t NW in water at various distances
from quartz surface. (c) Left: bright field image of f-NaYF4:20%Yb3* /2% Er3™ NW in
Brownian motion, scale bar = 1 ym; Middle: Bright field image of optically-trapped (-
NaYF4:20%Yb*T /2% Er3T NW with 975 nm laser; Right: Image of optically-trapped
B-NaYF;:20%Yb3+ /2%Er3t NW without illumination source showing strong green
emission.

laser is focused by a 100x oil-immersion objective lens down to a diffraction limit
with spot size of 1.1 um. The gradient optical force can trap a single NW in the
focus spot, which enables three-dimensional manipulation of single NW by a piezo
translation stage. The PL of a single NW is collected by the same oil-immersion
objective lens and passes through 750 nm shortpass filter focusing on either APD
or liquid nitrogen cooled spectrometer via flip mirrors. A 550nm bandpass filter is
placed before the APD to collect Er?* 483/2 state lifetime. The lifetime collection
is described in the methods session. A color CCD is used to monitor the in-situ

optical trapping process, which is shown in Fig. 5.2c. The left figure in Fig.5.2c
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shows the bright field image of a 3-NaYF;:20%Yb3" /2%Er*™ NW under Brownian
motion in water. The NW shows strong upconversion emission in an optical-trap
under 975 nm excitation, which exhibits in the middle and right figures of Fig.5.2c.
Forward-scattered laser radiation from optically-trapped single NW creates a dynamic
interference pattern within the microscope’s back-focal-plane that is detected with a
high-speed silicon QPD. The time-dependent photovoltage signal from the QPD is
then Fourier-transformed in order to compute the resulting power spectral density
(PSD). A computer-controlled piezo-stage can be driven at a known frequency and
amplitude to convert the units of the PSD from V?/Hz to m?/Hz in order to probe
the diffusion coefficient of the trapped NW in solution.
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Figure 5.3: Measurement of optically trapped nanowire’s distance from quartz surface
substrate. (a) Power spectra comparison of nanowire at different distances from
substrate. (b) Corner frequency comparison of nanowire at different distances from
substrate.
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As the distance of trapped NW close to the surface of quartz, the diffusion coef-
ficient gradually decreases due to the wall-drag effect.[111] For the same NW under
the same trapping condition, the diffusion coefficient of the NW can be represented
by corner frequency obtained from the power spectrum, as shown in Fig.5.3a. The
corner frequency changes as a function of trapping distance between the NW and the
substrate, which is shown in Fig.5.3b. The drastic change indicates friction between
NW and quartz surface when contact, which define d = 0 nm point. With changing
the voltage of piezo-stage, the distance between trapped NW and quartz surface can

increase up to 150 nm.
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Figure 5.4: Raiometric thermometry of optically trapped 8-NaYF,:20%Yb3*+ /2% Er3+
NW close to substrate. (a) Spectrum of (B-NaYF;:20%Yb?"/2%Er?"
NW under 975 nm laser excitation. (b) Temperature calibration of [-
NaYF;:20%Yb3T /2%Er>t NW ratiometric therometry.  (¢) Temperature mea-
surement of B-NaYF4:20%Yb*T/2%Er®"™ NW at different distances from quartz
substrate with ratiometric thermometry. (d) Yb*™/Er3* energy transfer diagram.

As the trapping distance between NW and substrate increases, the Er** 4S;
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state average lifetime increases from 69 us to 139 us, which is shown in fig.5.2b. The
PL lifetime is the reverse of the sum of the radiative and nonradiative decay rate.
Under the condition of same laser power and same trapped NW, the only variable is
trapping distance. To diminish laser heating effect on substrate, quartz silica substrate
is used to decrease 975 nm trapping laser absorption,[115] which shows a no obvious

temperature change from ratiometric thermometry in Fig.5.4c.
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Figure 5.5: Temperature dependent Er3* 45, /2 state temperature dependent lifetime
study of single optically-trapped 3-NaYF;:20%Yb*T/2%Er3"™ NW in water. a) (-
NaYF4:20%Yb3 /2% Er3T NW trapped 40 ym away from quartz surface. Inset: pho-
toluminescence from the trapped NW; scale = 2 ym. b) 8-NaYF4:20%Yb3" /2% Er3+
NW trapped on quartz surface. Inset: photoluminescence from the trapped NW;

scale = 2 pm.

The Er** ions have two close energy levels, S35 and *Hyy /2, as shown in Fig.5.4d.
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The energy difference between the two states are kT, which can be affected by sur-
rounding temperature to cause phonon absorption or emission. The spectrum of the
B-NaYF;:20%Yb3t /2%Er3* emission shown in Fig.5.4a can be used for spectral ther-
mometry. The R1 and R2 regions stand for 2H11/2 and 483/2 states. With calibrating
the ratio of the integrated R1 over R2 versus the temperature, a temperature depen-
dent trend can be achieved as shown in Fig.5.4b. Based on the ratiometric method,
the optically trapped 3-NaYF4:20%Yb3 /2%Er®"™ NW shows no obvious temperature

change.

Therefore, the temperature dependent nonradiative decay rate should be consis-
tent at different trapping distances. The only explanation for this drastic lifetime
change is the interference between NW and plane substrate.[132, | The radiative
decay rate can be affected by the proximity of the emitting dipole to the interface.
When dipole radiating near an plane interface, the rate is governed by the interference
between the directly emitted waves and those reflected from the surface. Therefore
the radiative decay rate is sensitive to the dipole polarization and distance relative to
the interface, which results in PL lifetime changes. In our experiments, we use optical
trapping to keep the same single NW’s polarization with only tune the separation of
NW and interface. The distribution in lifetimes at the same distance is attributed to
the differences between individual NWs;, including dopant concentration fluctuation,
morphology, crystallinity, and others.[96, 93] To further investigate the substrate ef-
fect on single S-NaYF,;:20%Yb3* /2%ErT NW’s radiative decay, a lifetime thermal
coefficient parameter « is applied to estimate relative radiative decay rate of single
optically-trapped NW at different trapping distances. Fig.5.5a shows the temper-
ature dependent trend of optically-trapped S-NaYF;:20%Yb3" /2% Er3T 40um away
from substrate, which we can consider as no interference effect from the substrate.

The temperature of solution is controlled by perfusion chamber with a resolution of
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0.1°C. With increasing the temperature of solution, the Er** 4S35 state lifetime of
the single NW is decreasing due to the temperature dependent nonradiative decay
rate. In this short temperature range, linear algebra is applied to fit this trend to
achieve a 0.283 us per degree C change, which provides a high R? value. Similar
experiments have been conducted with the same 8-NaYF,;:20%Yb*" /2%Er*™ NW at
trapping distance is 0 nm from the substrate. The lifetime of the same NW shows a
decreasing trend of 0.227 us per degree C. The derivative of lifetime with respect to

temperature is a defined as the lifetime thermal coefficient

_dr d(ky + kpy) 7!
4T dT

dk,,
dr

a! = —(ky + kp) 2 (5.2)

where k, is temperature independent radiative decay rate and k,, is the temperature
dependent nonradiative decay rate. The lifetime thermal coefficient ratio of the same

optically-trapped NW at different distances is

Ao o kO + knr 2
a0 ot k! >

From the experimental data achieved in Fig.5.5, we achieve the values o, = 0.283 us

Ao

°C' and ap = 0.227 pus s°C. Then we get the ratio — = 1.147. To get a boundary
Qo

condition for minimum substrate effect on the radiative decay rate change of a single

optically-trapped NW, we assume there is no nonradiative decay, in which k,, is 0.

ko oo [0.283
Mo T T 1117 5.4
ko V o 0.227 (54)

Since the nonradiative decay is not affected by the substrate LDOS, the minimum

Then we get

relative change of radiative decay rate is 1.117 times higher when the single NW
getting close to the substrate. Since the nonradiative decay is a crucial factor, then

its value is more than 0, which result in the relative change of radiative decay rate is
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higher than 1.117.

5.2.2  Lifetime thermometry application

In addition to quantify the radiative decay rate change, the temperature dependent
Er¥t 45,5 state lifetime of single 5-NaYF,;:20%Yb*" /2%Er*" NW can also be used
for non-contact fluorescence nanothermometry. Compared to conventional thermom-
etry, fluorescence nanothermometry is able to make measurements with spatial reso-
lution below the Rayleigh limit,[116, 99] which can be applied in various fields, such
as microoptics, microelectronics, photonics, microfluidics, and others. The accurate
precise temperature measurement of living cells enables investigation of temperature
sensitive biological processes, such as gene expression, metabolic activity, cell divi-
sion, and others.[117, 91, , 119] Nanothermometry of cancer cells that have higher
temperature compared to normal tissues due to stronger metabolic activity can help
understand their pathology and physiology, which leads to the improvement of di-
agnosis and therapeutic processes. A series of nanomaterials with their temperature
sensitive optical properties including emission band shape, peak position, intensity or
lifetimes have been utilized in nanothermometry, such as quantum dots, upconversion
nanocrystals, carbon nanotubes, noble metal nanoparticles, fluorescence dyes, nan-
odiamond, nanogel, and other complex structure materials.[35, 28, , ] As one
of the most efficient upconversion materials, RE-doped-NaYF, nanoparticles exhibit
strong visible emission under NIR excitation, which provides simultaneous functions
of imaging, temperature sensing, heating, and thermaldynamic therapy with composi-
tion and surface modification. The Yb?** and Er®* codoped NaYF, nanocrystals have
been extensively studied for nanothermometry in the range of biological temperature,
due to the existence of thermally coupled 2Hy; /2 and 48, /2 energy levels. For single

particle thermometry, it usually requires an expensive spectrometer with complex
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post data processing to achieve temperature at nanoscale. We have developed a life-
time thermometry only requires a cheap and compact avalanche photodiode with live
data extraction and process in LabVIEW, which can accurately and quickly probe the
local temperature. In addition, optical trapping of nanoparticles with laser tweezers
for nanothermometry can provide a precise temperature sensing at different locations
in nanoscale.[152]. With the capability of 3D manipulation, optical tweezers can de-

termination of the extension of the thermal gradient created in the surrounding of a

plasmonic-mediated photo thermal treated HeLa cancer cell. [153]. It has been re-
ported to measure the temperature of vapor nucleation in water.[151]. The NIR laser
can be applied to study the heating effect on cell viability.[155] A precise calibration

of temperature dependent lifetime change shown in fig.5.5 shows the capability of
thermal mapping with single UCNP in the temperature range of biological processes.
Additional substrate effect is also discussed earlier to improve the nanothermometry

accuracy.

5.3 Ensemble nanoparticles thermometry

To further demonstrate the application of NW lifetime thermometry, we have embed-
ded B-NaYF4:20%YDb3 /2%Er3™ NW in optical transparent PDMS composite, which
is shown in the fig.5.6a. We use pulse 975 nm laser as temperature probing laser and
1064 nm for heating laser, since the 1064 nm is energy insufficient to pump Yb3* tran-
sition, which will minimize the upconversion process. From the 3D reconstruction of
confocal image of the composite, we can observe the uniformity and size distribution
of NWs inside of the PDMS. We put the composite on a temperature control stage
and calibrate its lifetime at different temperatures. It shows a thermal coefficient of
lifetime -0.475 us°C. With co-aligning a 1064 nm laser on the 975 nm laser spot, we

can increase the 1064 nm power to heat up composite and the temperature can be
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measured with 975 nm laser. With increasing the irradiance of 1064 nm laser to 495
kW /cm?, the local temperature of PDMS composite can be tune from 300 K up to
336 K, which is in the temperature range of most biological processes. This dual laser
beam system can be potentially applied in microfluidic system for non-contact local

temperature control and probe.
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Figure 5.6: Er** 4S;/, state lifetime study of ensemble -NaYF;:20%Yb*" /2%Er**
NWs embedded in PDMS.a) Schematic of ensemble S-NaYF;:20%Yb3"/2%Er3+
embedded in PDMS structure. b) Temperature calibration of ensemble (-
NaYF;:20%YDb*T /2%Er*t NWs in vacuum. c¢) Temperature calibration of ensem-
ble 3-NaYF4:20%Yb3" /2%Er3™ NWs embedded in PDMS. d) Irradiance dependent
study of ensemble S-NaYF;:20%Yb3* /2%Er3t NWs embedded in PDMS.

B-NaYF4:20%Yb* /2% Er3tT embedded in PDMS: 40 mg 3-NaYF,:20%Y b3 /2% Er3+
were vigorously mixed with 50 mL SYLGARD 184 silicone elastomer base for 10 min-
utes and then the mixture were sonicated for 20 minutes. Take 5 mL in 10 mL tube
and drop 0.5 mL SYLGARD 184 silicone elastomer curing agent to form final mix-

ture. Then put the mixture in vacuum desiccator connected with house vacuum (-30



75

inHg) for 20 minutes to remove any gas bubble inside of the mixture. 0.5 mL of the
clear mixture was drop casted on 1 inch No.1 thickness glass coverslip. 100 rpm was
used to spin coat 2 minutes and then speed was increased to 500 rpm for another 2
minutes. The spin coated coverslip was then heat in an oven at 70 C for 12 hours to
achieve the final S-NaYF;:20%Yb3" /2%Er*t embedded PDMS.

To get time domain lifetime measurement, a Tectronix function generator is used
to modulate Thorlab LDC 220 laser diode voltage controller. A 200 Hz and 1 ms
width condition is applied to the laser diode. To get power stability of the laser
during lifetime collection, the laser diode output signal and APD voltage signal are
both collected through DAQ card to a computer and analyzed through a home-built
LabVIEW code. The energy of each laser pulse is considered as the integration area
of each pulse signal. The starting point for fitting lifetime decay curve is chosen as
the 99.99% diminished laser energy. For collecting data only from Er** *S;, state
emission, a 550 + 10 nm band-pass filter was used in place of 750 nm short-pass
filter. The APD intensity signal has been fitted with double-exponential terms to get

lifetime value.

5.4 Ratiometric thermometry

5.4.1 Ratiometric thermometry mechanism

RE*" ions doped NaYF, nanocrystals have been used in bioimaging/labeling study
for a long time due to its strong upconversion, narrow spectral transition and long
lifetime.[156, 157, 158] The Er*T, Yb3* codoped NaYF, (Er®*, Yb3T:NaYF,)nanocrystals
can upconvert NIR light (920-1030 nm) to green and red light with two photon pro-
cess via energy transfer from excited Yb®' ions to fluorescent Er** ions.[17] The
strong emission from a single optically trapped Er®*, Yb* :NaYF, nanocrystals can

be seen with unaided eyes. This unique property can be used in flat panel displays,
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light emitting diodes, security ink, biolabels and so on.[159, , , , | Re-
cently, the emission band shape, peak position or lifetime have been found that can
be affected by temperature significantly.[16, | Fig. 5.4d presents the two pho-
ton process affected by the temperature change. The Yb?*" ions excited by the NIR
photon to ?Fj/, state which is easily transferred to the resonant *I; 5 state of Er®*.
With two transfers of energy from Yb?*, the Er** is excited from ground state *Iy5
to intermediate state *I;;» and finally excited state *F7/. The green emission from
’Hyy /2 and 48, /2 excited states relates to two different emission bands of 515 nm-535
nm and 535 nm-570 nm. Since the two excited states are so close that have only
few hundreds wavenumber difference. The intensity of the emission bands may be
used to infer temperature changes through ratiometric thermometry by analysis of

Boltzmann thermal populations,[165, 166] which is given by the equation:

— ) (5.5)

I, and I, are the integrated emission bands which relate to the transition between
energy states Ey and E; from the ground state. The temperature change of Er3*,
Yb3T:NaYF, nanocrystals can lead to a thermalized Boltzmann distribution between
the Ey (*Hyy/2) and E; (*Ss/2) manifolds of Er*" and an intense green upconversion

emission.

5.4.2  Ratiometric thermometry of carbon aerogel precursors

The Er*T, Yb3T:NaYF, nanocrystals were incorporated in the RF (resorcinol - formalde-
hyde) gels reaction system to investigate their thermometry ability. To study the
temperature change of RF gel during formation with different electric field, Er3™,
Yb3+t:NaYF, nanocrystals were mixed with gel precursors including Nay,COs, resorci-

nol, formaldehyde and water. The mixture were put in a glass chamber with indium
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tin oxide (ITO) coated on the surface to apply alternative electric field. The chamber
was placed in the laser tweezers setup with defocused 980 nm laser beam at 10 mW
power output, which is shown in Fig.5.7a. The photoluminescence was collected with

a Princeton liquid-nitrogen cooled Si detector.
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Figure 5.7: Ratiometric thermometry measurement of RF gel synthesis. (a)

The experiment setup to measure dual emission photoluminescence from f-
NaYF4:20%Y b3 /2%Er®t nanocrystals in RF gel precursors. (b) Photoluminescence
spectra showing the integration regions I and I;, representing emission from Er3* en-
ergy states Ey (*Hyy/2) and E; (483/2) to the ground state level (4115/2), respectively.
(c) Natural logarithm of the ratio I5/I; showing a linear decrease with temperature
change under 980 nm laser at 10 mW. (d) Temperature determined by the photolumi-

nescence from B-NaYF4:20%Yb3t /2%Er3" nanocrystals as a function of the applied
voltage.

To calibrate the temperature of certain integrated bands ratio, a separate temper-

ature controlled chamber was used to collect photoluminescence. At the same laser
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conditions, the temperature was precisely controlled from 30 °C to 50 °C, in which
In(R;/Ry) corresponds to 1000/ T with a linear trend shown in Fig.5.7c. With the lin-
ear temperature calibration, the temperature of RF precursors at different electric field
was calculated. The observed quadratic dependence in Fig.5.7d is reasonable since the
Joule dissipated energy various with the square of the applied voltage. Therefore we
are able to study the gel formation as a result of external heating with temperature
affected photoluminescence changes. Potential applications for Er**, Yb**:NaYF,
nanocrystals include triggering and probing fundamental temperature-controlled bi-
ological processes due to the biocompatible property of NaYF, which has minimal

interaction with cellular constituents to affect the temperature related processes.
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Chapter 6

CLOSING REMARKS AND CONCLUSIONS

6.1 Conclusions

6.1.1 Summary of results

For the last five years in the Pauzauskie lab, I have been focusing on development and
characterization of RE doped fluoride nanocrystals for laser cooling with a home-built
laser tweezers setup. A low-cost, scalable, and environmentally friendly hydrothermal
method has been investigated extensively to yield a final recipe for synthesizing high
quality (low impurity and high crystallinity) fluoride nanocrystals in different phases,
sizes, morphologies, and dopant concentrations. The hydrothermal growth mecha-
nism has also been revealed in the thesis, which can help obtain complex structures
of fluoride nanocrystals to meet requirements for future laser cooling or upconversion
applications. The laser cooling occurs by Yb3* ions inside the crystal absorbing laser
photons and emitting a mean higher energy fluorescence to extract heat from the crys-
tal lattice. Using a temperature extraction technique based on cold Brownian motion
analysis, laser cooling of Yb?* doped YLF nanocrystals in a condensed phase has
been achieved for the first time. Furthermore, NaYF, nanocrystal, which has been
predicted to be a good host structure for laser cooling, has also been proved for laser
cooling in aqueous medium for the first time. The ability to optically generate local
refrigeration fields around individual nanocrystals holds promises for applications in
localized optoelectronic device cooling and physiological laser refrigeration. In addi-

tion to laser cooling, RE doped fluoride nanocrystals are demonstrated for nanoscale
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thermometry with spectroscopy methods, including lifetime of excited states, and
spectra intensity ratios, which enables precise temperature control and sensing at the

nanoscale.

6.1.2 Future directions

The laser cooling efficiency of nanocrystals can be further enhanced by several ways.
First, one can minimize the surface quenching to improve the cooling efficiency. Mul-
tiphonon relaxation not only can happen through interaction with phonons in the
host lattice, but also through interaction with molecular groups that attached on the
surface of the host materials.[3] The energy migration between different active ions
may transport excited state energy to the surface which causes heating of the surface.
In order to minimize the energy transfer between internal active ions to surface active
ions, the RE ion doped nanocrystal can be coated with non-dopant host materials.
This will insulate the internal active ions transport energy outside. Second, one can
change the laser cooling host material. Liu et al. have made an orthorhombic crystal
structure upconversion nanocrystals KYbsF7, in which the RE ions are distributed
in a tetrad clusters.[167] This special structure can effectively minimize the energy
migration from tetrad clusters to defects and other clusters, which can make the Yb3*
concentration as high as 98%. Their research shows that the Er3* doped KYb,F; has
8 times higher intensity than previous reported. This super-enhanced upconversion
may also bring significant laser cooling effects, which may freeze liquid water using
only a near-infrared laser beam.

The laser cooling of solid-state materials is mostly focused on bulk crystals, which
needs extreme synthetic conditions and expensive hardware to achieve high purity and
minimal defects to increase the cooling efficiency. In contrast, hydrothermal synthesis

can make large amounts of high purity and quality nanocrystal materials inexpen-
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sively and safely. Cooling a nanocrystal composite will be a major step forward for the
future cryo-industry, as it can be easily shaped and fabricated. KBr and PDMS will be
first tried as a composite matrix to suspend nanoparticles due to their low absorption
and high transparency around the pumping laser wavelength of 1020 nm. Macro-
scopically, a thermal camera may be used to detect temperature of the composite
illuminated with laser.[168] Microscopically, quantum dots may be used as a temper-
ature sensor due to their luminescence variance at different temperature.[150, ]
The investigation of composite laser refrigeration proposed here could have far reach-
ing impacts on a range of fields as well as unforeseen broader impacts in a range of

other physical science applications.
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