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Abstract

The emerging field of plasmon-enhanced upconversion photoluminescence has a significant impact on a
variety of technologies, including high-efficiency solar energy systems and biotechnology. To date, the
upconversion efficiency of best reported rare-earth doped upconversion nanoparticles cannot meet the
requirements of practical utilizations in these fields. Therefore, it is of great significance to find new
approaches for the enhancement of upconversion efficiency. This thesis mainly aims to explore the

enhanced upconversion photoluminescence by several novel plasmonic nanostructures.

In this PhD work, I first studied the properties of rare-earth doped upconversion nanomaterials, which are
capable of the spectral conversion of the otherwise lost sub-band-gap photons from the solar spectrum.
The extra Gd** ion doping strategy was introduced in the hydrothermal synthesis process, which can
provide an approach to tune the geometry and upconversion efficiency of upconversion nanoparticles
(UCNPs). To achieve higher upconversion efficiency, advances in the experimental improvements in
plasmon-enhanced upconversion photoluminescence (UCPL) efficiency are explored, by using Au
mesoporous film, Au nanotriangle array or nanohole array substrates for the enhancement of upconversion
photoluminescence. It is demonstrated that the best plasmonic nanostructures can achieve about 360 times
UCPL enhancement. These experimental results demonstrated the great potential of the plasmonic effect
for UCPL enhancement. Furthermore, a triplet-triplet annihilation based upconversion nanoparticles
(TTA-UCNPs) were synthesized, which have much higher intrinsic upconversion efficiency than the rare-
earth based upconversion nanoparticles. A plasmon-enhanced upconversion photoluminescence substrate
was designed for high performance photocatalysis applications under solar simulator (AM 1.5 G)
irradiation. Five times faster photocatalytic activity rate was achieved by this plasmonic/TTA-

UCNPs/Au@TiO2 system, which demonstrates great value of plasmonic and upconversion mechanisms.
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The combination of excellent plasmonic substrate and high efficiency TTA-UCNPs makes it possible for
the realization of industrial level applications of the plasmonic and upconversion in the photocatalytic

field.
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Chapter 1 Introduction

Our global energy system that relies on fossil fuels and nuclear energy is facing great challenges. On one
hand, it is estimated that the fossil fuel demands may exceed annual production within the next two
decades.! On the other hand, to meet the increased global energy demands by large-scale exploitation of
fossil fuel and nuclear energy would contribute to a number of severe environmental, economic and social
threats.? To tackle these issues, renewable energy sources like wind power, hydro power, biomass, and
solar energy are urgently needed to play a major role in the near future. Sunlight offers our planet 10000
times more energy than the global daily consumption;? it appears to be virtually unlimited. Various
strategies have been proposed to achieve high performance solar energy systems. Among them, photon
upconversion, converting otherwise lost photons into usable energy, and plasmonic enhancement are two
promising approaches to enhance light harvesting and hence the performance of solar photocatalytic

systems.

In this thesis, plasmonic enhanced upconversion was investigated by using various designs of plasmonic
nanostructures. Two upconversion systems were investigated: 1) Sodium Y fluoride doped with Yb and
Er ions (NaFY4:YD, Er); 2) triplet-triplet annihilation upconversion (TTA-UC). Significance plasmonic
enhancement were observed for both systems. TTA was further investigated in a photocatalytic system,
5-fold enhancement of photocatalytic rate were achieved with the designer plasmonic system, using
AM1.5G. Chapter 1 in this thesis briefly outlines the motivation and thesis structure. A literature review
of the upconversion, plasmonic and photocatalysis are provided in chapter 2. Theoretical and experimental
studies for plasmon-enhanced upconversion are illustrated in the literature review. In chapter 3, the
synthesis and properties of upconversion nanoparticles by hydrothermal method was investigated. A novel

Gd** doping strategy in NaYF4 host materials, realized tuning of upconversion photoluminescence (UCPL)



lifetimes at selective emissions was adopted. Time-correlated single-photon counting (TCSPC), was
applied to measure the photoluminescence lifetimes accurately. We demonstrated the large dynamic range
of lifetimes of upconversion nanoparticles with good upconversion quantum yields, mainly owing to the
dominance of highly efficient energy transfer upconversion mechanism. The exceptional tuneable
properties of upconversion materials also allows great potential for them to be utilized in biotechnology

and life science.

In chapter 4, novel three-dimensional (3D) mesoporous gold films were fabricated by a low-cost and facile
dealloying approach to improve the upconversion photoluminescence efficiency. The mesoporous Au
films exhibit good chemical stability, large-area uniformity and abundant distribution of porous
nanospaces. Varying the time of the dealloying process leads to modification of pore size distribution,
surface roughness and residual Ag content, resulting in effective tuning the wavelength of the broadband
localized surface plasmon resonance (LSPR). Enhancement factors were identified to be a function of the
dealloying time. With the optimized upconversion photoluminescence enhancement, a 41-fold increase

was achieved by the mesoporous gold substrate which had been dealloyed for 8 days.

Subsequently, chapter 5 was motivated by the low-cost and versatile technique-nanosphere lithography,
which can be applied to achieve well-defined, periodic and large area Au nanostructure arrays such as
nanotriangle array and nanohole array, etc. By improving the technique and combining with other
technique including oxygen plasma etching, surface modification of upconversion nanoparticles, the
LSPR and SPP bands can be precisely tuned, and the distribution of UCNPs on Au nanostructure was
optimized. In our study, significant 360-fold upconversion photoluminescence enhancement was realized

by flat Au/10 nm SiO2 spacer/Au nanotriangle array architecture. These results pave the way to overcome



the limitation of poor upconversion efficiency for widespread practical applications in life sciences and

energy applications.

In chapter 6, the application of TTA-UC nanoparticles coupled with plasmonic nanostructures for TiO2
photocatalysis enhancement are studied. The practical applicability of the combination of upconversion
and plasmonics remains challenging in the oxygen-rich aqueous phase environment at sunlight excitation.
In this chapter, we developed an Au nanohole film/TTA-UCNPs/Au@TiO:2 architecture, which can be
applied to improve the photocatalytic performance of semiconductors. It was demonstrated that triplet-
triplet annihilation upconversion photoluminescence (TTA-UCPL) can be significantly enhanced by Au
nanohole array substrate by a factor of 15. Furthermore, increased TTA-UCPL, hot electrons generated
from surface plasmon decay of Au nanostructure and the plasmon-induced resonant energy transfer

(PIRET) from Au to TiO2 can enhance the photocatalytic activity of Au@TiO:2 by a factor of 5.

In the final chapter (Chapter 7), a summary of this PhD project is given and followed by outlooks and
future work. The results pave the way for the exploration of plasmon-enhanced upconversion

photoluminescence, and their practical application for high performance photocatalysis under sunlight.



Chapter 2 Literature Review

This review aims to survey the theoretical foundations of upconversion and the major relevant studies in
the field of plasmon-enhanced upconversion. Besides, basic mechanisms and recent experimental

advances at plasmon-enhanced upconversion and their application in photocatalysis are reviewed.

2.1 Upconversion Nanomaterials

The term upconversion refers to nonlinear anti-stokes optical processes that a successive absorption of
two or more lower-energy photons leads to the emission of one higher-energy photon. The origin of the
research on upconversion can be traced back to an idea of Bloembergen in 1959, who proposed an infrared
quantum counters in ion-doped systems.! The upconversion phenomenon was subsequently discovered by
Auzel in the 1960s.? Ever since then, enthusiasm for the research on lanthanide-doped upconversion

nanoparticles has been greatly driven by their diverse potential applications.

2.1.1 Synthesis Methods

There are a number of synthesis routes for the upconversion nanoparticles, such as hydrothermal synthesis,
thermal decomposition, sol-gel processing, etc. For simplicity, this section only reviews hydrothermal

synthesis and thermal decomposition method.

2.1.1.1 Hydrothermal method

Hydrothermal method can be described by any heterogeneous reactions within high pressure and
temperature solvents to dissolve and recrystallize materials. This method has the capability to create highly
crystalline phases at relatively low temperature and simultaneously implement a set of reactions.
Therefore, the size, shape, phase and stoichiometric composition can be precisely controlled by

hydrothermal method. However, one notable disadvantage is the need for specialized reaction vessel



named as autoclave, which may lead to safety risks. Typically, appropriate solvents, reaction precursors,
and surfactants are homogeneously mixed and then heated in an autoclave. The control of the crystalline

phase, size and the functional group on the surface of UCNPs can be realized by surfactants selections.

2.1.1.2 Thermal decomposition method

Another widely adopted synthesis method is called thermal decomposition method. The method can
produce high yield monodispersed UCNPs, and the as-synthesized UCNPs can be in well-controlled size
and shape at given experimental conditions. During the thermal decomposition process, rare-earth
precursors are dissolved in high-boiling point organic solvents (e.g. oleic acid (OA), oleyamine (OM),
and l-octadecne (ODE)) at temperature exceeding 300 °C. Mai et al. realized the synthesis of
monodispersed cubic and hexagonal phase NaYF4 by thermal decomposition method. They discovered
the reaction time and temperature are important to overcome the free energy barriers for the phase
transformation from cubic phase to hexagonal phase.® The drawbacks of this method are the air-sensitive

condition during the reaction and the toxic by-products generation.’

2.1.2 Selection of Host, Activator and Sensitizer for Lanthanide UCNPs

In general, lanthanide upconverting nanocrystals are comprised of an inorganic host (i.e. fluoride
phosphors) and rare earth dopant ions (i.e.Yb3*,Er3*, Tm3*, etc.). The choice of the host materials and
lanthanide ions as activators and sensitizers has a strong impact on the upconversion process. The
optimization of the upconversion process has been explored by combining a variety of nanoscale host
crystals and dopants. Some key considerations are the determination of distance between dopant ions, the
types of anions surrounding the dopants and the relative spatial position.® Furthermore, ideal host material

should not only have a lattice well-matched with doped-ions, but also with low lattice phonon energies in



order to suppress the non-radiative loss. Due to the stretching vibration of the host lattice of oxides, their
phonon energies are relatively high and generally larger than 500 cm™'. Compared with heavy halides and
oxides, fluorides usually exhibit both good chemical stability and low lattice photon energies (typically
350 cm™). Currently, the most efficient upconversion nanomaterial is determined as NaYF, co-doped
with Er3*or Yb3*, Tm3*. It is discovered that hexagonal-phase p — NaYF,: Yb3* Er3* bulk materials
have upconversion efficiencies about 10 times more than their cubic-phase counterparts.” Yb3* ions have
an absorption cross-section larger than those of lanthanide ions. There is a perfect resonance between the
®Fy/, - °Fsj; energy transition of Yb®' and many f-f transitions of lanthanide ions
(i.e.Er3*, Tm3*, Ho3*). This resonance facilities efficient energy transfer (ET) processes between Yb3+

and lanthanide ions.
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Figure 2- 1 Upconversion mechanism of the UCNPs co-doped with lanthanide Yb3*, Er3*.1° This figure

is reprinted from ref-10.



Figure 2-1 illustrates the visible upconversion emission of Yb3*, Er3* co-doped UCNPs. The UCPL
arises from 4f-4f orbital electronic transitions within an individual lanthanide ion, and the outer 5s and 5p
shells have a shielding effect on 4f electrons to minimize the appearance of photobleaching. Green
emissions (520nm, 540nm) are linked to the transitions from the 2Hj; /2 and S, /2 to the s /2
(ground state). A red emission peak at 660nm is attributed to the *F, /2 to ground state transition.

Likewise, upconversion emission at 451nm, 646nm and 800nm can be observed for Yb3*, Tm3*co-doped

NaYF, nanoparticles.

2.1.3 Upconversion Mechanism of Lanthanide-Doped Nanoparticles

As trivalent lanthanide ions have abundant energy-level structure (Dieke diagram), they are selected to be
the prime candidates to realize spectral conversion with high efficiency. In general, three main
upconversion processes have been identified, including excited-state absorption (ESA), energy-transfer
upconversion (ETU), and photon avalanche (PA).!! All of these processes sequentially absorb two or more
photons. In lanthanide based UCNPs, the most efficient mechanisms are some combinations of ESA and
ETU. Since photon avalanche is uncommon, the following discussion will be focused on ESA and ETU.

Excited-state absorption (ESA) is an appropriate pumping process for single ion doped UCNPs. In a
general ESA energy scheme, two photons are absorbed successively under a suitable excitation. It requires
that the energy of transition from the ground state 1 to the excited metastable state 2 is resonant with the
excitation energy. This resonant pumping energy immediately allows the successive excitation from
metastable state 2 to higher excited state 3. Subsequently, populated photon drops from excited state 3 to
ground state 1, which results in the upconversion emission. It is essential to keep a low concentration of
active ions to avoid cross-relaxation between luminescent centers. In addition, it is recognized that the

ESA process can be enhanced by suppressing the transfer losses through cross-relaxation.!?



It is acknowledged that the most efficient upconversion process in rare earth ions doped systems is energy
transfer upconversion (ETU). The ETU is similar to ESA as both processes involve the successive
absorption of two photons to excite the metastable state 2. However, there is a key difference between
ESA and ETU. In ETU process, two (or more) ions in close vicinity are involved in the upconversion
process. Energy transfer results in one ion to be found in a higher excited state whereas the other ion in a

lower excited state.
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Figure 2- 2 Basic energy transfer mechanisms of rare earth—related upconversion emissions: (a) excited

state absorption (ESA), (b) energy transfer upconversion (ETU). !

Five types of ETU process are identified as (1) Energy transfer followed by excited-state absorption (2)
Successive energy transfers (3) Cross relaxation upconversion (4) Cooperative sensitization (5)
Cooperative luminescence. For the first three mechanisms, energy-transfer process from sensitizer to
activator followed by excited-state absorption promotes the metastable state 2 to excited state 3 in the
activator. While for the latter two mechanisms, cooperative interplays of energy transfer between ions
produce the upconversion emissions. By measuring the photoluminescence decay curve under a pulsed

excitation, the dominating upconversion pathway can be determined. The ESA process is associated with



a simple exponential curve without a rise time. In contrast, the ETU process displays a peak in the decay

curve, which is caused by the slower energy transfer step. This decay curve will be studied in chapter 3.

It is also recognized that only one pump is essential for ETU. Importantly, the efficiency of an energy

transfer upconversion strongly depends on the concentration of the neighboring ions.

2.1.4 Nonlinear Nature of Upconversion

Comprehensive studies on the nonlinear effect of upconversion in lanthanide-based systems have been
reported by Pollnau et al.'* and Suyver et al.' In brief, the luminescence of upconversion is owing to the
intra 4f-4f orbital electronic-dipole transitions of lanthanide ions. These features of lanthanide ions lead
to the nonlinear nature of upconversion photoluminescence (UCPL), which generally is a function of the
excitation density'®
Iyc = KP" (Equ 2-1)

Where [,. represents the intensity of upconversion photoluminescence, K refers to a material coefficient,
P is the power of laser, and n is denoted as the number of the excitation photons required to produce the
upconversion photoluminescence. The value of n could be determined by the log-log relation of equation
2-1 associated with the upconversion photoluminescence peaks at a very low density of excitation.!” At
high excitation density, non-radiative relaxations increase and the competition processes between the
decay rate and the upconverted rate at the metastable energy levels lead to smaller n values. This is termed
as the saturation effect, which must be carefully avoided when distinguishing the photon processes of

upconversion photoluminescence peaks.



2.1.5 Efficiency of Upconversion Materials

The upconversion quantum yield (UCQY) is one of the most significant quantities for various applications,
especially for solar energy spectral conversion. As noted above, the efficiency of an upconversion process
is strongly linked to the density of incident excitation. In literature, there are two common definitions of
the UCQY:: one is the internal UCQY (iUCQY) and another one is the external UCQY (eUCQY). The
eUCQY '8 is defined as the photon flux of upconverted photons emitted by the upconverter divided by the

photon flux of the photons incident on the upconverter sample,

upconverted photon flux

eUCQY = (Equ 2-2)

incident photon flux
As external UCQY describes the overall efficiency of the upconversion process, it provides more useful
information for most applications. However, in literature the iUCQY is a more popular term, which is
defined as the fraction of the photon flux of upconverted photons divided by the photon flux of absorbed
photons,

_upconverted photon flux 1 1 Tuc

UcQyY =

10[6(0)'¢ (Equ 2-3)

absorbed photon flux ~ absorptance absorptance P
The iUCQY is also one of key factors, reflecting intrinsic efficiency of the UC process. By inserting (Equ
2-1) into (Equ 2-3), a new relation can be obtained,

iUCQYo pn-1 (Equ 2-4)
To sum up, we can also find a relationship between the efficiencies of solar cells and UCQY.

N « 19 « P! « iUCQYx eUCQY (Equ 2-5)
It can be recognized that the iUCQY and eUCQY are linked by a parameter absorbance of the sample.
Due to the low absorption cross-section of rare earth ions, internal UCQY is always dramatically greater

than the external UCQY. In addition, since the emission of one photon in the upconversion process

demands at least two lower energy photons, the value of UCQY will always be lower than 0.5. It is
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noteworthy that a common issue is the lack of transparency in the determination of the iUCQY and

eUCQY in literature. In 2013, a detailed protocol for transparent solutions was published in order to

achieve benchmark standard to determine the upconversion efficiency.!® To date, however, it seems that
reliability and uncertainty are still a general existing challenge.

Until now, poor upconversion efficiencies of UCNPs remain the most critical limitation for a range of
applications. During the past 5 years, a rising number of papers have reported the data of upconversion
efficiency. Van Veggel ef al. measured the absolute efficiencies of UCNPs by using the barium sulfate-
coated integrating sphere.?’ The samples were held in a quartz curvet placed in the center of the integrating
sphere and were illuminated by a 980nm laser. The sample holder was covered by baffles to avoid the

collection of scattered excitation or emission light before scattering off the inside of the sphere. In addition,

Cohen et al. reported protein-sized (4.5nm-15nm) hexagonal B — NaYF,: Yb3*,Er3* nanocrystals with
a QY of 0.18%.2! Prasad et al. reported NaYF, co-doped with Yb3* and Er3*, reaching a QY up to 1.2%
upon a 1490 nm excitation,?> which is about 4 times stronger than the upconversion photoluminescence
efficiency reported to date for 100nm B — NaYF,: Yb3*, Er3* illuminated by 980nm laser. In Fischer’s
work, B — NaYF,: Er3* 25% upconversion nanoparticles showed the iUCQY of 11.96% for 1523nm
emission under excitation intensity of 0.402 W+ cm™2. At a lower excitation intensity of 0.016 W- cm™2,
iUCQY was determined to be 1.99%. The iUCQY means internal upconversion quantum yield, higher
excitation intensity means more photons can be used to excite upconversion nanoparticles. However, if
eUCQY was calculated, higher excitation intensity should give lower eUCQY, since a large portion of
excitation photons cannot be absorbed by upconversion nanoparticles. Although this is one of the highest

efficiency values to date in literature, the method of measurement and the detection wavelength are

different to other work. Since most of the optical characterizations of UCQY were based on home-made
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instruments, the results of the UCNPs efficiency should be carefully interpreted. Indeed, further studies

of the enhancement of UCQY of UCNPs are needed to fulfill their practical applications in the future.
2.2 Plasmon-Enhanced Upconversion

It has been well studied that noble metal nanoparticles exhibit novel optical properties. Surface plasmon
resonance (SPR) refers to collective and coherent oscillation of conduction electrons in the surface of
metal nanoparticles, which is stimulated by the electric field of incident excitation.?* The resonance occurs
when the natural frequency of oscillating surface electrons in metal nanostructures matches the frequency
of incident light, producing an enhancement of the electric field. This intense local electric field results in
the enhancement of linear and nonlinear optical effect. Plasmonic nanostructures support two types of
SPR: 1) Localized surface plasmon resonance (LSPR), in which oscillating electric dipoles are confined
within nanoparticles. 2) Surface plasmon polaritons (SPP), in which the plasmon wave propagates along

the metal surface.
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Figure 2- 3 Schematic illustrations showing the mechanisms of localized surface plasmon resonance
(LSPR) (oscillating induced dipole, left side) produced by metal and surface plasmon wave propagating

(SPP) along a metal-dielectric interface (right side). This figure is reprinted from ref-23.

The plasmon oscillation will be confined within the metal nanoparticle if the mean free path length of

electrons is shorter than the particle size. At a certain frequency, the nanoparticle acts as a resonant cavity,
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in which an electron is forced to oscillate due to the incident electric field and the Coulomb attraction
between the nucleus and the electron. Then the nanoparticles can effectively store the incident sunlight

energy in a LSPR mode (Figure 2-3).

y position (nm)

-50 0 50
x position (nm)

Figure 2- 4 Diagram for a localized surface plasmon mode. An intense near-field electric intensity is closed
to the surface of metal nanoparticles.?*

Surface plasmon polaritons are the propagation of surface electromagnetic waves in the direction along
the metal/dielectric interfaces.?® The resonance occurs when the frequency of incident photons equals the
natural oscillating frequency of surface electrons. These oscillations are quite sensitive to any modification
of the interface. By judicious engineering of the metallic/dielectric structures, the concentrated and folded
light within a thin semiconductor layer can lead to the enhancement of the light absorption.?* In addition,
the SPR can be tuned from visible to near infrared range by modifying size shape, composition and
surroundings of nanostructures, favoring a specific optical process. Despite all these unique properties,
more systematic studies are demanded to realize the advantageous plasmonic in upconversion
enhancement and solar applications.

In lanthanide ions doped UCNPs, the upconversion emission intensity can be calculated by equation:

[=QoMer@a (Equ 2-6)
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Where ¢ is the photon flux of the incident excitation source, o is the absorption cross-section of the
sensitizer ions, Mgt represents the efficiency of the energy transfer from the sensitizer (i.e. Yb) to the
activator (i.e. Er), and the luminescence quantum yield of the activator is denoted by ¢ 4. The plasmonic
nanostructure can greatly influence the luminescence of nearby UCNPs (emitter) in three main ways:?® (1)
Enhancing the absorption of the sensitizer by locally concentrating the incident field through electric-field
coupling. (absorption enhancement) (2) Enhancing the radiative decay rate of the activator (emission
enhancement). On the other hand, the plasmons can possibly quench emission by increasing the
nonradiative decay. (3) Increasing the energy-transfer (ET) from the sensitizer to activator. These three
ways can interplay with each other if there are spectral overlap between the resonances,

absorption/emission frequencies, polarization, and incident excitation.

For upconversion photoluminescence, surface plasmon resonance (SPR) can induce a strong local electric
field (E).?” The photon flux (¢) in equation 2-6 is proportional to the square of the electric field (E),
px E? (Equ 2-7)

When a UC nanoparticle is located at the vicinity of a metallic structure, an effective coupling exists
between the transition dipole of the UCNP and the SPR induced electric field. Hence the light harvesting
of sensitizer ions can be improved, which leads to plasmon-enhanced upconversion. A theoretical study
demonstrated that the luminescence enhancement of upconversion is proportional to the fourth power of
the local field enhancement, (E,./ E0)4, in contrast to the square proportion described by Equ. 2-7 2
Another upconversion plasmonic enhancement depends on the increased radiative decay rate of the
activator doped in a UCNP. The radiative decay rate is influenced by a great deal of coupling between the
electrons and phonons in metal nanoparticles. This kind of coupling modifies the photonic-mode density

of UCPL. The quantum yield (¢,) and the lifetime of UCPL can be described by two equations:
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Ktk
Oa =
Ky +km+Knr

(Equ 2-8)

1

T=r———
Ky +Km +Knr

(Equ 2-9)

Where k,, k,,,and k. are the radiative decay rate, metal induced radiative decay rate and non-radiative
decay rate, respectively.?’ The coupling effect of the noble metal nanoparticles is very sensitive to distance.
Accordingly, the quenching effect refers to a direct electron transfer (or FRET) when a UCNP and a noble
metal particle are placed too closed to each other (around 5nm). Forster resonance energy
transfer (FRET), is a mechanism describing energy transfer between two light-sensitive molecules. This
effect indicates that a spacer thicker than 5nm is needed to enhance the UCQY.

To favor a specific optical process, the wavelength of surface plasmon resonance is of great importance.
When the particle size is considered to be much smaller than the wavelength of incident light, the
quasistatic approximation can be used to study the dipole plasmon resonance of metallic nanostructures.
This approximation treats the electric field as constant, thus electrodynamics questions are simplified to
electrostatic ones. The frequency and strength of the dipole plasmon resonance depends on &(w),
wavelength-dependent dielectric function of the particle; €4, the dielectric constant of the local medium;
R, the particle size, which determines the total number of electrons in the oscillating dipole. Thus, the
polarizability for a nanosphere of radius R is:*°

a = 4mggR3 —4 (Equ 2-10)

£+2gq
Equation 2-10 indicates that the wavelength range of SPR is a function of the composition, particle’s size
and shape, as well as local environment. Consequently, optical tuneability of SPR can be achieved by
modifying the surface dielectric particle size and particle shape. For instance, by embedding gold or silver
nanoparticles in SiO,, Si;N, or Si,3! the SPR can be tuned over the entire 500nm-1500nm spectral range.

Anisotropic nanoparticles can also be tuned from the visible range to the NIR. In a classical core-shell
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structure, the optical resonance can be tuned by varying the ratio of the core/shell radius. Moreover, the
shape of particles also plays a significant part in determining the plasmon mode. Nanorods can exhibit
transverse plasmon modes and longitudinal plasmon modes, respectively. Longitudinal modes of Au

nanorods can be easily red-shifted from 700nm to 1100nm.*? By contrast, the transverse modes show a

weaker resonance at 520nm and can only be slowly shifted to 500nm.>*3

2.3 Experimental Studies on Plasmon-Enhanced Upconversion

To date, a number of plasmonic geometries have been investigated to enhance the upconversion
luminescence. Normally experienced with newly emerging research topics such as research on the
efficiency of upconversion, there is also a challenging issue to compare different types of work due to the
lack of a detailed protocol in experimental parameters. As previously mentioned, upconversion is a non-
linear process, which means the UCQY of upconversion material itself increases at stronger power
densities. This nonlinear effect in fact allows absorption-matched plasmons to be more effective in
boosting upconversion at relatively weak incident irradiance. To illustrate this phenomenon, Lu et al.
compared the plasmon-enhanced upconversion in a well-designed silver gratings geometry at
distinguished incident power density. Clearly, at incident power densities above 40kW /cm? only offered
4.4X enhancement, which was much lower than 38.8X enhancement observed at below 2kW/cm?.3* To
date, one reasonable way to assess plasmon-enhanced upconversion is to normalize the intrinsic
upconversion efficiency (UCQY) of the compared upconversion materials beforehand. Furthermore, ETU
is a complicated mechanism involving multiple steps with distinguished processes. It has been proved that
light absorption, emission and Forster resonance energy transfer (FRET) are strongly sensitive to the

enhanced local electric field.>* Taking above-mentioned significant caveats into account, figure 2-5
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highlights a number of interesting studies involving diverse geometries. This figure serves as a visual
summary of the plasmonic enhancements achieved for two-photon upconversion in literature.
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Figure 2- 5 A number of plasmonic geometries reported for the enhancements of two-photon upconversion.
Green dots represent lanthanide-doped upconverting nanoparticles. Red dots and blue dots represent
erbium-doped upconverting nanoparticles and bimolecular films, respectively. Yellow (Au) and gray (Ag)
rings indicate the plasmonic materials. This figure is reproduced from ref 26. As mentioned above,
lanthanide-doped systems are utilized as the most popular UCNPs and NaYF,: Yb3*,Er3* has been
identified as the material with the highest UCQY.3* As a result, the table below will mainly focus on the
studies of the enhancement on NaYF,: Yb3*,Er3* with emissions at 540nm or 660nm upon excitation
at 980nm continuous wave laser, which dedicates to explore the plasmon-enhanced upconversion
influenced by the role of spectral overlap between the plasmonic resonance and emitter, power density of
incident irradiance, metallic nanostructures and distinct size of NaYF,: Yb3*,Er3* etc.

Table 2- 1 Summarize of the plasmon-enhanced NaYF, nanoparticles, with information on plasmonic

nanostructures, enhancement factors, emissions of surface plasmon resonance, particle size distribution,

excitation conditions of representative studies. CSS means core shell structure.
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Structure Emission Enhancement at 540nm or at | Plasmon resonance NaYF, Laser density Plasmonic/ spacer Ref.
other wavelengths(nm) Size
540-100X 920nm 25nm 100 W/cm? Au 36
660-301X
2.29X(red) 998nm 65nm CW980 Au 37
2.78X(green) 3mW
Pillars 25.9X (red) N/A N/A 980nm Au 38
(Gratings) | 540-32.6X 930nm 70nm 1.06W, Au 30nm layer on | 39
660-34.0X 0.05 W/mm? glass
540-30X 420nm (Ag) 30nm 1.06W Ag 40
650-45X 0.05 W/mm?
Holes 540-5.2X 529 (Au) 30nm 1.06W Au 40
array 650-3.5X 0.05 W/mm?
4.8X 540nm 30nm 973nm Au 30nm/60nm 41
2.7X (blue) 2 % 10° W/em?
522-12X, 550-5X, 652-5X 600nm 250 nm About20-30 Au20nm 42
Sphere
mW/cm?
11.2X 560nm 90 nm 2 W/em? Au 2.5nm 42
Islands 2.3X 420nm 30nm 980nm diode laser Ag 8nm 43
Nanowire | 4.4X 400 nm 28nm N/A Ag 44
CSS 2.5X 900 nm 30nm 35 mW/cm? Au 45
0.6X 820 nm 30nm 35 mW/cm? Au 46
0.5X 650 nm 30nm 35 mW/cm? Au 46
0.3X 580 nm 30nm 35 mW/cm? Au 46
542-14.4X,656-12.2X 420nm 45nm 400mW Agl5nm/SiO, 10nm 47
542-9.5X,656-10.8X 420nm 45nm 400mW Ag30/SiO, 10nm 47
545-2.6X 580 nm,660 nm,820 | 30nm 35mW/cm? Au2.8nm/SiO, 18nm 48
Css 660-2.3X nm, 900 nm
450-49.8X(5W); 520 nm 160nm 19W/cm? Au-10nm 49
20X(19W) 5 W/cm?
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The tunable surface plasmon resonance (SPR) of metal nanostructures can be easily achieved by adjusting
the nanoparticle size, shape, composition of the plasmonic materials or surface dielectric.>® Therefore, the
wavelength of SPR can be tuned from the ultraviolet region, to visible, to the NIR of the electromagnetic
spectrum. Thus, great efforts have been done to design and optimize the plasmonic configurations for the
purpose of enhancing upconversion emission intensity. Extended structures include various geometries
such as gratings, nanopillars/holes, islands, sphere assembly, and all of them exhibited a strong
dependence on spacer thickness. In 2012, Saboktakin et al. reported a metal/oxide/upconversion multi-
layered structure.® After a systematic investigation, the maximum upconversion enhancement of 45-fold
occurred when a 10 nm spacer was separated between the silver film and UCNPs. In their experiment, the
enhancement value dropped below 5-fold with only 5 nm modification on the spacer thickness. In the next
year, the same group managed to achieve a UCPL enhancement up to a total 35-fold by designing gold
nanohole arrays.*” The nanohole array with a 930 nm SPR peak enhanced the 980 nm to 540 nm
upconversion emission by 32.6-fold. This enhancement value is in line with a full field simulation, which
showed a 36-fold enhanced electric field at the center of the hole. Simultaneously, the decay rate of the
intermediate state was also increased by the enhanced electric field. It is widely acknowledged that silver
has an intrinsic stronger plasmonic response than gold due to its plasmon resonance is free from inter-
band transitions overlap.’! However, this work indicated that silver does not consistently give better

enhancement of UCPL than gold.

In 2012, Chou et al. observed another significant enhancement in UCPL, which further elucidate the
importance of the considerably increased excitation field. They deliberately designed a 3D plasmonic
antenna architecture: disk-coupled dots-on-pillar antenna array. By carefully tuning the height of the pillar,

the best 310-fold UCPL over a large area was achieved.> More recently, Kagan’s group designed a single
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heterodimer with upconverting nanocrystals attached at the tips of gold nanorod.** The heterodimer was
first illuminated under the light’s polarization along the length of the rod and then under perpendicular
polarization. The former illumination showed 6-fold upconversion emission, which demonstrated the
plasmonic enhancement of UCPL strongly depends on the excitation light’s polarizations. These studies

independently highlighted the significance of studying the 3D plasmonic nanoantenna architecture.

Interestingly, when the peak of the SPR is neither emission-matched nor absorption-matched, some studies
still demonstrated upconversion emission enhancement. Apart from enhancing the light absorption of the
sensitizer and an improvement over the radiative decay rate of the activator, surface-plasmon coupling
can also increase the energy-transfer (ET) from the sensitizer to activator. Nagpal ef al. tested this idea by
using gold pyramid arrays.>* To decouple distinct effects of patterned metal nanostructures on
upconversion photoluminescence, they compared the experimental results measured from the glass
substrate, flat Au coated on glass, and as-prepared Au pyramid substrates. Accordingly, a 6-fold rate
amplification in the energy transfer (ET) from Yb3* to Er3* in the architecture of gold pyramid arrays

was reported.

2.4 Plasmonic photocatalysts and upconversion

Over the past 40 years, the main limitations of semiconductor photocatalysts such as TiO2 and iron (III)
oxide (Fe203) have been the short-range light response due to narrow band gap, poor light absorption rate,
and quick recombination rate of electron/hole pairs. Recently, considerable efforts have been spent to
develop plasmonic photocatalytic systems to overcome these limitations. In this part, we will introduce
some studies of plasmonic photocatalysts as a potential candidate for enhancing utilization of the solar
spectrum. Plasmonic photocatalysts have been regarded as a promising alternative sustainable approach

for effectively harnessing sunlight to tackle global environmental and energy issues. Among the various
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photocatalytic systems, plasmonic photocatalytic composites represent one of the most popular
photocatalytic system since they have excellent solar energy utilization efficiency. In this system, the
energy transfer from plasmonic nanoparticles to semiconductor is the key mechanism for the improvement
of photocatalytic performance. Generally, semiconductor materials are characterized especially by their
band gap energy (Eg,p). The band gap energy is primarily determined by the periodic crystal lattice and
the binding energy of the atom of the semiconductor.>> Under an ideal illumination, an electron-hole

pair is excited when the energy of incident photon hw equalizes Eg,, and electrons are subsequently

populated into the conductive band. If the incident photon has energy larger than E the excessive

gap>
energy will be transferred into heat via lattice vibrations. However, incident photons with energy less than

Egap cannot be absorbed and will be transmitted through the device. These lost photons are termed as

sub-band-gap photons. The plasmonic photocatalysts aims to effectively utilize of sub-bandgap visible

range photons, known as ‘visible light photocatalysis’.>
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Figure 2- 6 Schematic diagram of the spectral losses of solar cells associated with a discrete band gap

energy Eg,p. This figure is reprinted from ref-18.

21



Plasmonic nanoparticles can efficiently absorb solar energy via localized surface plasmon resonance and
convert it to energetic electrons/holes in the neighboring of semiconductor. Plasmonic effects can improve
the photocatalytic performance of semiconductor via several mechanisms, including improve harnessing
of visible light, prolong the lifetime of the charge carriers, improve activation of electron-hole pairs and
enhance the redox reaction potential (figure 2-7).37 At the same time, the generation of excess of electrons
and holes can increase the rate of redox reaction.

Enhanced

visible light
absorption

Prolong the
lifetime of the
charge carriers
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Figure 2- 7 Schematic diagram of plasmonic effect for the photocatalyst enhancement.

Noble metals (such as Au, Ag, Pt) in the form of nanostructures or nanoparticles are good candidates for
high absorption of visible light. The unique characteristics of the LSPR effect in noble metal can enhance
the photons within the visible solar spectrum. Intense studies have revealed the physics of LSPR of
plasmonic nanoparticles.’®>° However, the mechanisms of energy transfer between plasmonic
nanoparticles and semiconductors are not very clear. Three energy transfer processes have been proposed
so far, including: 1. plasmon-induced hot electron injection, 2. plasmon-induced resonance energy transfer

and 3. plasmon-induced radiative energy transfer.
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2.4.1 Plasmon-induced hot electron injection

To date, the key role of LSPR related energy transfer for photocatalytic performance has been well
acknowledged. The term hot electron here refers to electrons that are not in thermodynamic equilibrium
with the atoms in a noble metal nanomaterial. The hot electrons are generated during the non-radiative
relaxation process mainly via electron-electron scattering, which results in intra- and inter-band excitation
of conduction electrons. In the case of plasmonic photocatalysts, a Schottky junction can be created
between a noble metal and a semiconductor due to retard of the recombination rate of electrons and holes.
The energies of hot electrons in Au plasmonic nanoparticles are reported between 1 eV and 4eV.°' Such
energetic hot electrons may migrate to the neighboring semiconductor if their energies are higher than the
Schottky barrier (SB) at the interface. In addition, hot electrons with energies lower than the Schottky

barriers may also be injected into the semiconductor by tunneling effect.%?

The Atwater and Louie groups also studied the generation of hot carriers through the decay of surface
plasmon polaritons (SPPs) on metal-dielectric interfaces.®*% Their theoretical studies show that Au is
beneficial for the generation of hot holes rather than hot electrons due to the special electronic structures.
Their calculation also indicates that the energies of some modes of SPPs were large enough to excite the
d to s inter-band transitions. The first experimental evidence of plasmon induced hot electrons migration
from Au to TiO2 was reported by Zhao et al. ® When the excitation matches the LSPR absorption of Au
plasmonic nanoparticles, an increase in the anodic photocurrent was observed for a TiO2 film electrode

containing plasmonic components. Furube et al.

realized direct observation of the injection of hot
electrons into the conduction band of TiO2,*” any possible direct electron transfer from Au to TiO2 was

detected by femtosecond-resolved IR probing. The IR absorption signal demonstrated that the ultrafast

hot electron transfer from Au nanodots to TiO2 was determined to be within 240 fs.
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2.4.2 Plasmon-induced resonance energy transfer

There are two terms refer to the plasmon-induced energy transfer: energy transfer through near-field
enhancement and energy transfer through dipole-dipole coupling.®® It is demonstrated that the plasmonic
dipole can induce near-field enhancement. Electromagnetic simulations using finite-difference time-
domain (FDTD) or discrete dipole approximation (DDA) method indicated that the intensity of the
plasmon induced near-field can be enhanced tens to thousands of times compared to the incident light.®:7°
If the LSPR band overlap with the inter-band or other optical transitions in the intimate semiconductor,

the full enhancement of light absorption can be estimated using the equation:

_J, az[adxdy|E(x,y,2)|*
J, dz[dxdy |Eo|?

FE (Equ2-11)

Where the integrating volume V refers to the volume in the semiconductor covered by the near field.
E(x,y,x) represents the value at near-field at the point of (x,y,z). E, refers to the electric field of incident
light. The energy transfer via near field enhancement have been experimentally demonstrated in a number

of researches.”!:"2

Cushing et al. proposed the term plasmonic resonance energy transfer in 2012.73 In this case, electron/hole
pairs were excited by plasmonic resonance in the semiconductors due to the coupling of plasmonic dipole
to the electron-hole pair dipole. Based on the plasmon-induced resonance energy transfer mechanism,
three key factors can influence the energy transfer efficiency: the overlap between LSPR absorption band
and the optical transitions in the semiconductor, the intensity of the enhanced near field, and the volume
of the enhanced near-field that can cover. The LSPR of plasmonic nanoparticles can also decay radiatively.
As a result, the emitted high energy photons may be absorbed by the neighboring semiconductor and

generate electron/hole pairs. Kumar et al. discovered evidence of this energy transfer experimentally.’
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The special energy transfer mechanisms from plasmonic nanomaterials to semiconductor is a prominent
characteristic of plasmonic photocatalysts. In most cases, the plasmon-induced energy transfer mechanism
is relatively weak compared to plasmon-induced hot electron injection. In general, plasmon-induced hot
electron injection and plasmon-induced resonance energy transfer are two major effects, while plasmon-
induced radiative energy transfer is negligible. The energy transfer efficiency is very sensitive to the
structure of plasmonic photocatalytic composite. Both the generation and injection of hot electrons are
influenced by the specific structure. On the other hand, the geometry of plasmonic nanostructure will
influence the LSPR absorption band and will thus influence the overlap between the LSPR and optical
transitions in semiconductors. In addition, proper band alignment and electronic coupling between the
metal and semiconductors are significant for the hot electron injection process. Francesca Pincella et al.
demonstrated a bottom-up approach to fabricating a visible light-driven titania photocatalyst device, which
bears an embedded 2D array of gold nanoparticles as a near-field light generating layer. The visible light
activity of their device was tested by using photocatalytic degradation of methylene blue (MB) by 700 nm
visible light excitation. Compared with the benchmark sample, the device showed 1.7 times higher

photocatalytic activity than titania under UV irradiation.”

In recent years, a burgeoning concept, plasmon-enhanced upconversion photocatalyst system was
proposed. To explore a better energy transfer pathway between the plasmonic, upconversion and
photocatalysts, which may ultimately realize the industrialization of photocatalytic technology. D. Ma et
al. designed Core@Shell microspheres based on lanthanide-doped NaYF4, TiO2 and Au photocatalytic
system, which achieved enhanced broadband photocatalytic activity.”® This is an early work towards the
concepts of plasmonic and upconversion to realize broadband photocatalysts. The role of

NaYF4@TiO2@Au microspheres is to capture photons over a wide wavelength range from UV, visible to
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NIR, significantly superior to the benchmark photocatalyst of P25 TiO2. However, as stated in the section
of rare-earth based upconverison nanoparticles, the upconversion efficiencies are still very limited so far.
Therefore, it is desired to search for an alternative upconversion candidate. In 2012, J-H. Kim reported
the first instance of aqueous-phase photosensitization of semiconductor photocatalysts (WOs3 loaded with
Pt) via triplet-triplet annihilation upconversion (TTA-UC) of sub-bandgap photons.”” In 2016, H. Kim et
al. demonstrated a plasmon-enhanced sub-bandgap photocatalysis via Triplet-Triplet annihilation
upconversion (TTA-UC) for volatile organic compound degradation. This work is the first reported
photocatalytic decomposition via TTA-UC.”® The photocatalytic efficiency was amplified by the
broadband surface plasmon resonance of AgNP-SiO> particles incorporated into the TTA-UC films.
Although this is just a proof-of-concept stage research, it validated the low-energy, low intensity indoor

light to clean contaminated air assisted by TTA-UPNPs.

In summary, research on plasmon-enhanced upconversion has driven by great enthusiasm, with a surging
of studies on conjugation of UCNPs and plasmonic nanostructures. Theoretical and experimental studies
are gradually revealing the fundamental principle for plasmon-enhanced upconversion. However, various
underlying mechanisms still needed to be explored in detail. Recent explorations in plasmon-enhanced
upconversion for photocatalysis enhancement have demonstrated great potential. Inspired by these

previous work, further explorations based on these studies will be conducted in this thesis.
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Chapter 3 Tuning the upconversion photoluminescence lifetimes of

NaYF4:Yb*, Er** through lanthanide Gd** doping
3.1 Introduction

This chapter studies the properties of rare-earth doped upconversion nanoparticles NaYFs:Yb*", Er*,
including their hydrothermal synthesis, geometrical properties, upconversion efficiency and lifetimes
modification according to a Gd*' doping strategy. Based on the upconversion efficiency
measurements, the low upconversion efficiency of NaYF4:Yb**, Er*" implies their drawbacks to be
applied in solar energy fields. However, the availability to fine-tune the lifetimes of NaYF4:Yb*",
Er’* suggests their great potential to be utilized in the biotechnology and life science. The major work of
this chapter has been published in Qin, H. ef al. Enhancement of the upconversion photoluminescence of
hexagonal phase NaYF4:Yb**, Er** nanoparticles by mesoporous gold films. Physical Chemistry Chemical

Physics 19, 19159-19167, do0i:10.1039/C7CP01959A (2017).

Optical multiplexing gains significant attention in biotechnology and life science due to the capability of
identifying and quantifying multiple biomolecular species.!' To realize efficient multiplexing, one of the
great challenges is the exploration of optical markers possessing a matrix of optical codes, which could
be identified with minimal time, high sensitivity and accuracy. However, conventional fluorescence
materials, including quantum dots and organic dyes, only exhibit lifetimes in the order of nanoseconds,?
and are simply too short for the temporal identification of fluorescence interference from scattered
excitation photons. In contrast to these short-lived fluorescence counterparts, lanthanide ions doped
upconversion nanoparticles (UCNPs) demonstrate distinct photoluminescence lifetimes from

microseconds to even milliseconds.>* Upconversion photoluminescence nanoparticles, not only can
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realize frequency conversion via converting two (or more) low-energy photons into one high-energy
photon, but also exhibit unique optical properties such as high resistance to optical blinking, sharp and
multiple luminescence peaks, as well as high photostability.> All these advantages make UCNPs a great
candidate for multiplexing, allowing the creation of extra coding dimensions. Current research has already
suggested that Ln-doped fluorides (i.e., NaYF4:Yb*" 20%, Er** 2%) are the most promising and efficient
nanomaterial to achieve desirable UCPL.%7® However, poor upconversion efficiencies of UCNPs remains
to be one of the most critical limitation for a range of applications.®!? Further studies of the enhancement
of upconversion quantum yield (UCQY) of UCNPs are needed to fulfil their full potential for practical
applications. Recent advances demonstrated the availability of systematically tuning various properties of
UCNPs, including phase, morphology, and quantum yield through designing lanthanide doping strategy
and novel nanostructure, such as core-shell structure!'!, nanoarrays structure'?, etc. Liu realized
simultaneous phase and size control of UCNPs with strong UCPL by additional doping of Gd*" ions.!3
Despite these progresses have been achieved, it remains a challenge to precisely tune the UCPL lifetimes
of NaYF4 nanocrystals, with high efficiency UCPL to overcome the limitation in emission selectivity for

the multiplexed applications.

In this chapter, we developed a facile Gd** doping strategy in a hydrothermal process to synthesize a set
of upconversion nanomaterials with distinct luminescent properties. The dominant role of energy transfer
upconversion (ETU) process in Sensitizer—Activator-coupled UCNPs system was identified by accurate
lifetime measurement (TCSPC). Accordingly, we observed that the lanthanide Gd** ion doping approach
leads to a clear prolonged lifetime of photoluminescence, and the lifetimes of both green emission (at 540
nm) and red emission (at 656 nm) exhibit as a function of the internal upconversion quantum yield

(IUCQY). In addition, X-ray powder diffraction (XRD), field emission scanning electron microscopy (FE-
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SEM) were used to characterize the UCNPs. Our results indicate that tunable UCPL lifetimes have

remarkable potential for optical multiplexing applications.

3.2 Experimental methods
3.2.1 Chemicals

All reagents were of analytical grade. Yttrium(III) nitrate hexahydrate (Y(NO3); - 6H>O, Sigma-
Aldrich, >99.9%), ytterbium(IIl) nitrate pentahydrate (Yb(NO3)s - 5H>0O, Sigma-Aldrich,
>99.9%), erbium(IIl) nitrate pentahydrate (Er(NO3); - 5H>O, Sigma-Aldrich, >99.9%),
gadolinium(I1I) chloride hexahydrate (GdCls - 6H>0, Sigma-Aldrich, >99.9%), gadolinium(III) oxide
(Gd203, Sigma-Aldrich, >99.99%), sodium fluoride (NaF, Alfa Aesar, >99.99%), oleic acid (OA, Fisher
Scientific, >97%), ethanol absolute (VWR International, >99.7%), and sodium hydroxide (NaOH, VWR

International, 40% W/V) were used as supplied.

3.2.2 Synthesis of NaYF4:Yb3", Er** co-doped Gd*" Upconversion Nanoparticles

In a typical synthesis process, the rare earth (RE) nitrate RE(NOs3); (Re = Y**, Yb**, and Er**) and
gadolinium chloride GdCl; were dissolved in DI water to obtain the aqueous solutions,
respectively. Then, a 29.28 mL solution containing 1.952 mmol RE nitrate was mixed with 20 mL
ethanol and 25 mL oleic acid under vigorous stirring. The ytterbium nitrate and erbium nitrate
solutions were added to the resulting solutions according the calculated quantities. The molar ratio
of Yb**: Er*" was controlled to be 20 mol% and 2 mol%, respectively. And the molar ratio of the
Gd*" ion dopant was controlled to be 30 mol%, 50 mol% and 70 mol% respectively. The
gadolinium chloride aqueous solution was added to the resulting mixture according the calculated

quantities. Then, 1 mL NaOH solution and 0.85 g NaF powder were slowly added into the aqueous
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solution under vigorous stirring. After another vigorous agitation for 30 minutes, the mixture was
transferred into a 100 mL Teflon-lined autoclave, and then heated at 200 °C for 20 hours. The
resulting white precipitates were obtained by centrifugation, washed with DI water 5 times to
remove the residues. The final powder samples were collected and dried at 80 °C for 24 hours in a

vacuum furnace.

3.2.3 X-Ray Diffractometer characterization

The crystal phases of the products were identified by X-Ray Diffractometer (XRD) with 20 range from
10° to 70° at a scanning rate of 4° per minute, with Cu Ka irradiation (k=1.5406 A), step size 0.0167°,
scanning angle 20°-70°. The 980 nm CW laser (Beijing Hi-Tech Optoelectronic Co., Ltd.) was used as the
excitation source with the power being set at 20 W-cm™. The upconverting fluorescence spectra were
recorded on DCS200PC Photon Counting (Beijing Zolix Instruments Co., Ltd) with single-photon

sensitivity through an Omni-A500 monochromator (Beijing Zolix Instruments Co., Ltd).

3.2.4 Photoluminescence Lifetime measurement

Time-correlated single-photon counting (TCSPC), which is considered as the most sensitive
digital technique for determining photoluminescence lifetime to date, was used to obtain a
dynamic picture of the upconversion photoluminescence of the as-prepared samples (Figure 3-
1(a)).'* With well-defined Poisson statistics, TCSPC is a method based on the detection of the
arrival time of individual photon after optical excitation of a sample. Importantly, this mechanism
allows only one photon can be counted at any one time and the measured lifetimes are not affected
by changes in source intensity. It is worth to mention that the lifetimes of UCNPs in general cases

are independent of excitation power density in the low power regime (< 100 Wcm™2).!> We
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precisely modulated the pulse duration of the 980 nm pulsed laser to statistically characterize the

time dependent photoluminescence emission profiles of the as-synthesized UCNPs by repeating

the excitation-emission process to 10000 counts.

a
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Figure 3- 1 (a) Schematic diagram for TCSPC setup. (b) Schematic diagram of the integrating sphere setup

to measure the quantum yield values.
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3.2.5 Absolute quantum yield measurement

The absolute quantum yields were measured with an integrating sphere setup (Figure 3-1b). To
make the measured results comparable, all external-influence factors were controlled in the same
condition. This setup consisted of eight major components: integrating sphere, sample stage, 980 nm
diode laser, focusing lens, baffle, collection port, optical fiber, and spectrometer. During the experiment,
the resulting powder samples were excited under 980 nm laser at an input intensity of 4.13 W cm™. The
980 nm laser was placed inside the sample chamber and directed towards the specimen through a focusing
lens with a 15 cm focal length. Finally, the fluorescence emission output from the sphere was obtained by
a liquid light guide and then transmitted to the detector. The efficiency of UCNPs is typically defined by
internal upconversion quantum yield (iUCQY), which is calculated using the following equation:

number of photons emitted

iucQy =

(Equ 3-1)

number of photons absorbed

The upconverting fluorescence spectra were recorded on DCS200PC Photon Counting (Zolix Instruments
Co., Ltd) with single-photon sensitivity through an Omni-A500 monochromator (Zolix Instruments Co.,

Ltd).

3.3 Results and discussion

3.3.1 Morphology and Structure of the Nanocrystals

All samples were first examined by X-ray powder diffraction. Figure 3-2 shows the XRD patterns
of NaYF4:Yb**, Er’** materials doped with 0% - 70% Gd** ions synthesized at 200°C for 20
hours. The diffraction patterns show evidence of the co-existence of cubic phase (JCPDS File No.
772042) and hexagonal phase NaYF4 (JCPDS File No. 16-0334) without Gd** doping prepared in

this synthesis condition. Notably, the XRD patterns demonstrate the formation of hexagonal phase
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NaYF4:Yb*", Er¥* when doping additional 30% Gd*" according to standard hexagonal XRD
spectra of NaYF4. This suggests extra dopant Gd** ions can effectively induce a cubic to hexagonal
phase transition under this synthesize condition. No extra diffraction peaks appeared with further
increase of the Gd** concentration from 30 mol% to 70 mol%, which implies the formation of a
homogeneous Y-Gd solid solution. Since the Y>* ions were substituted by larger Gd*" ions in the
host lattice, the diffraction peaks shifted to lower diffraction angles with the increasing of Gd**

ions concentration.
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Figure 3- 2 XRD patterns of NaYF4 doped with 0 mol% - 70 mol% Gd3*ions and synthesized by a
hydrothermal method heated under 200°C for 20 hours. The orange squares indicate the characteristic

peaks of cubic phase.

To study the crystallite size and phase of NaYF4:Yb**, Er** doped with different concentrations of Gd**

ions, all the samples were synthesized under a same heating condition and characterized by scanning
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electron microscopy (SEM). A brief summary of the synthetic parameters of NaYF4:Yb*", Er**, Gd**

materials are listed in Table 3-1.

Table 3- 1 Reaction parameters and conditions for sample of NaYF4/Yb*" Er’*" doped with different

concentration of Gd3*.

Samples | Host/Sensitizer, | Gd** Molar ratio (Sensitizer: | Reaction Temp.
Activator Conc% | Activator) parameters and time
1 0 mol %
NaYF,/Yb*" Er**
Gd3+
30 mol Ethanol 200 °C
2 NaYF4/Yb*" Er’*
% Gd** 20mL 20 hours
50 mol% | 20:2 OA25mL
3 NaYF4/Yb*,Er*
Gd** NaOH 1 mL
70 mol% NaF0.85¢g
4 NaYF4/Yb*" Er**
Gd3+

The influence of Gd** doping on crystallite size distribution and crystal phase of NaYF4:Yb*", Er**
nanoparticles are listed in Table 3-2. The range of width and length were obtained by measuring the
smallest and largest values observed in SEM images of upconversion nanoparticles. The values have been

estimated to integer value for convenience.
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Sample Concentrations of | Phase Width (nm) Length (nm)
Gd*" doping
NaYF4:Yb*, Er¥* | 0 mol% Cubic 50-100 50-100
Hexagonal 300-500 1900-2200
NaYFsYb*, Er** | 30 mol% Hexagonal 200-450 700-1000
NaYF4Yb*, Er** | 50 mol% Hexagonal 130-490 600-950
NaYF4Yb¥, Er** | 70 mol% Hexagonal 150-550 200-700

Table 3- 2 illustrates the summary of the phase, size, and size distribution of the NaYF4:Yb?", Er’* (20, 2)

nanocrystals with various concentrations of Gd** dopant ions (0 mol%, 30 mol%, 50 mol%, and 70 mol%)

Figure 3- 3 (a-d) SEM images of NaYF4: Yb*", Er** (20, 2 mol%) nanoparticles doped with various

concentrations of Gd** ions. The scale bar in figure (a-d) are 500 nm.
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Figure 3-3(a) confirmed the co-existence of hexagonal phase and cubic phase NaYF4. Clearly, there were
significant differences in morphology as a function of the dopant concentration of Gd3*. Figure 3-3(b)
demonstrated that pure hexagonal phase of NaYF4 was formed when the Gd** ion concentration reached
30 mol%, and this as-prepared sample was of good crystallite size uniformity. In addition, the length of
the nanorods decreased gradually when the Gd** doping concentration increased from 30 mol% to 70
mol%. The transition from cubic phase to hexagonal phase could be well controlled by modulating the
doping concentration of Gd**. In view of geometry of UCNPs, 30 mol% Gd*" doped sample shows larger
physical dimension, high crystallinity and a smaller ratio of surface area to volume. On the contrary, both
50 mol% and 70 mol% Gd*" doping samples have a relatively smaller size, less homogenous morphology,
and lower crystallinity. High Gd*" concentrations are associated with an increase of unwanted surface
impurities, ligands and lattice defects, which could change the origin phonon energy of the host matrix.
Moreover, the size ranges become broader when the Gd*" doping content is raised from 30 mol%
to 70 mol%, indicates the tendency of less homogeneity with a higher concentration of lanthanide
doping. Notably, when the Gd** ions are doped into the NaYF4:Yb**, Er** nanoparticles, hexagonal
tubes have a protruding centre and distortional tubular structure with the end face convex in the
centre and concave between the centre and the edge. The evolution of morphology can be partly
attributed to the surface modification effect of dopant Gd** ions on crystal growth.'When the
Gd*" doping concentration is 30 mol%, and F/Ln*" molar ratio is calculated as 8:1, the obtained
UCNPs are the most uniform ones and have the smoothest morphologies among the three

lanthanide doping samples.

3.3.2 Predominant role of the energy transfer (ET) upconversion

In a typical Sensitizer—Activator-coupled UCNPs system, ground state absorption/excited state

absorption (GSA/ESA), energy transfer upconversion (ETU) and cooperative sensitization (CS) are three
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main mechanisms for upconversion.!” ETU, which comprises multiple competing transitions between
multiple energy levels in the Yb** - Er** couples system, is considered to be the most efficient mechanism
in upconversion process.!®>! NaYF4:Er**,Yb>" exhibits a combination of ESA and ETU process. Er**
ion is excited from the ground-state 1152 to the excited-state 1112 by one of the two following processes:
ground-state absorption by absorbing one 980 nm laser photon (GSA), or energy transfer (ET) from the
excited Yb** ions
1512 (Er) + 2Fs2 (Yb) — *I112 (Er) + 2F72 (Yb) (Equ 3-2)

Then, the ions in the *I11/2 state can be immediately excited to the *F72 level of Er’** ions by absorbing
another Yb3* ion. The Er** ions could decay non-radiatively to the luminescent states *Hu1/2, *S3/2, and *Foya.
Furthermore, the Er** ions at the excited state *I11/2 could undergo a non-radiative decay to the *Ii32 level

and subsequently be excited to the *Fo state by absorbing a second 980 nm photon.?°

P

Energy gap

Energy

s

b3 Er¥ G

Figure 3- 4 Energy level diagram and upconversion mechanism for the Yb** and Er** and Gd** co-doped
UCNPs system upon 980 nm laser excitation. The large energy gap of Gd indicates that the doping of

extra Gd ions will not change the original energy transfer pathway of NaYF4:Er**,Yb>".
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As illustrated in figure 3-4, three major emission peaks centered at 520 nm, 540 nm, and 656 nm are
observed in the range of UV to visible light spectrum, where two green emissions at 520 nm and 540 nm
are assigned to the 2Hii2 = “lis2 and #S32 — “*l152 transition, respectively; and the red emission at 656
nm is assigned to the “Fop— *l1522 transition. The UCPL of Er** and Yb*" ions co-doped nanoparticles
excited by a 980 nm laser emit yellowish green light, which is a combination of green and red color
emissions. In brief, the unique properties of UCPL is owing to the intra 4f-4f orbital electronic-dipole
transitions of lanthanide ions. The long-lived intermediate energy states in lanthanide ions can be
attributed to the quantum mechanical forbidden nature of the 4f-4f transition, which allows energy
transfers between two or more ions and favor the successive excitations in a single lanthanide ion.?' Since
Yb*" ions have a much broader absorption cross-section than that of Er** ions for 980 nm light,
the ETU process should play a predominant role among these mechanisms.?? To investigate the
ETU process, figure 3-5(a) and 3-5(b) signify the time evolution of upconversion
photoluminescence intensity measured under different excitation duration times of the pulsed laser
(109 ups, 1092 us, 4368 us, 4586 us, respectively). These figures comprise both the rise and
decay curves of photoluminescence intensity versus time, which are proportional to the population
of the excited states of Er** as a function of time. In terms of decay lifetime, longer time indicates

slower decay rate and favours the accumulation of population.??
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Figure 3- 5 (a) Time evolution of upconversion photoluminescence intensity measured under three

different excitation duration times (109 ps, 1092 us, 4368 us, respectively) of the pulsed laser. We

observed the dynamic picture of rise time versus excitation duration for 30% Gd** doped NaYF4 sample.
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The excitation is 980 nm pulsed laser, and the signals collected are 541 nm emissions. We fitted the values
of decay lifetimes and rise lifetimes by using algorithm in DAS6 analysis software, which allows re-
convolution analysis of time-domain luminescence data with two exponentials. (b) Time evolution of
upconversion photoluminescence intensity measured under two different excitation duration times

(4368 us and 4586 ps, respectively) of the pulsed laser.

The temporal evolution of the photoluminescence of NaYF4 as a function of time can be described
by a Vial’s type equation?,
I(t)= Liexp(-t/Tp)+Laexp(-t/Tg) (Equ 3-3)

where I(t) represent the photoluminescence intensity at a specific time point corresponding to the on and
off of the pulsed laser. Tp is decay lifetime of the UCPL, which can be influenced by the lifetime of
excited emitting level and the lifetime of energy levels that feed the emitting level via the ET process.
While tp represents the rise time, which is also influenced by the lifetime of the emitting state and ET
rate. We observed a pronounced rise lifetime dependence on excitation duration for 30% Gd**
doped NaYF4 sample. Within the entire measurement range of 11,000 us, as the pulsed laser
duration times prolonged from 109 ps to 1092us, the rise time was delayed from 74.6 pus to
125.3 ps. It was revealed that all GSA/ESA excitation only occurs within the duration of a short
laser pulse, when the sample is irradiated.?” In contrast, the contribution of ETU process can be
identified by the slower increase rate and delayed maximum in the time evolution picture of the
GSA/ESA and ETU co-existence upconversion photoluminescence. Interestingly, four times
longer duration time, 4368 us, leads to only a slight increased rise time, compared with the 1092
us duration time measurement. With further extension of the duration time to 4586 ps, there were
negligible change of rise time. This result could be attributed to the saturation of the intermediate

levels.! The appearance of a secondary peak at 4600 ps in figure 3-5(b) corresponds to the
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initiation of re-excitation of the ground state when the duration time (4586 ps) reached a critical
period of time (T,). Thus, in the following measurements, duration time of 4368 pus was selected

to overcome the restriction of re-excitation effect.

3.3.3 Gd** concentration dependent photoluminescence lifetimes

In order to demonstrate the Gd*" dopant concentration dependent photoluminescence dynamics, the
lifetime decay curves of the green (550 nm) and red (656 nm) emissions of NaYF4:Yb*", Er’**, Gd*" were

measured in samples with increased concentration of Gd** dopant under excitation of 980 nm pulsed laser.
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Figure 3- 6 (a) Decay curves for the green emission (540 nm) of NaYF4 doped with different molar ratio

of Gd" ions. (b) The decay curves for the red emission (656 nm) of NaYF4 doped with different molar

ratio of Gd*" ions.

Table 3- 3 Photoluminescence lifetimes of green emission (540 nm) and red emission (656nm) for NaYF4

samples, with different Gd>" molar concentration.

Samples | 0% Gd* | 30% 50% 70%
Gd3+ Gd3+ Gd3+
Lifetime | 194.44ps | 209.62us | 211.61us | 232.43ps
540nm | 40385 | £0.62pus |+ 082 |+ 043
us us
Lifetime | 442.69ys | 495.13us | 499.84us | 503.691s
656mm | 4314 | £2.62 s | £3.04 s | £2.43 s
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The results in table 3-3 shows that the decay lifetime T in creased with the increase of Gd** concentration.
Clearly, the photoluminescence lifetimes of both green and red emissions were prolonged accordingly as
a function of increasing the molar concentration of Gd*" doping in NaYF4. In case of samples doped with
30 mol%, 50 mol% Gd*" ions, the green lifetimes increase slightly from 209.62us to 211.61us, and from
495.1 us to 499.8 us for red emission. Theoretically, the lifetime () of an excited state is expressed

as, 26

1/t=1/Tpqqt1/TpTKkgr (Equ 3-4)
where T,,4 represents the radiative decay, T,, represents the non-radiative decay lifetime, and kgp is
energy transfer rate. As previously results informed, the upconversion process is dominated by ETU
mechanisms in the sensitizer to activator (S-A) coupled system (figure 3-7). Dexter’s theory?’ described

the relationship of energy transfer probability (Wgs_,) and the S-A separation (rs_4), which can be

simplified as,

W, , x (Equ 3-5)

(Rs—-a)
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Figure 3- 7 Schematic diagram of energy transfer upconversion (ETU) in sensitizer to activator, (S-A)

coupled system.

This relationship indicates that S-A separation is a significant factor influencing the energy transfer
probability. The strong dependence of energy transfer rate on the interionic distance, (rg_,) directly
leads to the significance of sensitizer and activator ions concentration in the host of UCNPs. With the
increased Gd*" ions doped into the NaYF4 nanocrystals, more Y** and Yb** ions were substituted by Gd**
in the crystal lattice of NaYF4. With the average S-A separation( rg_,) increased accordingly, a decreased
energy transfer rate between sensitizer and activator could lead to the prolonged lifetime of NaYF4

Nanocrystals.
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3.3.4 Tuning of the upconversion quantum yield
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Figure 3- 8 (a) Irradiance of UCPL spectra of the resulting NaYF4:Yb3*, Er** when tuning the Gd3" dopant
molar concentration from 0 to 70 mol% upon 980 nm laser excitation. 3-8 (b) shows the UC luminescence
intensity at 656 nm, 540 nm, and 520 nm versus different Gd** doping concentration (0, 30 mol%, 50

mol%, and 70 mol%).

54



Figure 3- 9 This figure demonstrates the white precipitates of UC nanoparticles under 980 nm laser
excitation at an input intensity of 4.13 W cm2. A yellowish green was obtained under 980 nm laser

excitation.

To investigate the photoluminescence of NaYF4:Yb3", Er** UCNPs as a function of the Gd** concentration,
the absolute quantum yields of upconversion nanoparticles were measured (figure 3-8a). Clearly, the
absolute quantum yield of both green light emission (500 nm-570 nm) and red emission (620 nm-700 nm)
varied as a function of the Gd*" ions doping concentration. The calculated quantum yields at different

emission bands with various Gd?* concentrations are summarized in table 3-4.

Table 3- 4 Absolute Internal Upconversion Quantum Yield values at different wavelengths (521 nm, 541

nm, 656 nm represent the center of different upconversion emissions) of UCNPs doped with various Gd**

concentrations.
Gd** Conc.% 0% 30% 50% 70%
521 nm 0.196% 0.177% 0.116% 0.037%
541nm 0.338% 0.379% 0.266% 0.081%
656 nm 1.445% 0.991% 0.720% 0.276%
Total 1.980% 1.548% 1.102% 0.394%
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In figure 3-8(a), the shapes of the emission spectra for the four samples are similar, which suggests the
same combination of upconversion pathways for these as-prepared samples. Besides, the intensity ratio of
green and red emission demonstrated a remarkable change as a result of the incorporation of Gd** ions
into NaYFs: Yb**, Er3" host lattice. With 30 mol% Gd** doping, the UC luminescence efficiency is
enhanced at 540 nm and 520 nm, compared to those without doping. However, the highest emission
peak occurs at 656 nm when Gd*" ions are not doped into the NaYF4:Yb*", Er** UC systems. These
results reveal that the suitable lanthanide doping and controlled dopant ion concentration are able to
modify the UCPL efficiency at selective wavelengths. In the perspective of the ladder-like energy levels
in the sensitizer and activator, Gd*" doping induces large local distortion in crystal lattice, reducing the
site symmetry of the activators. Therefore, the probabilities of different pathways in the ETU process
could be changed due to the modified lattice symmetry, unit cell parameters and intra-4f transition
probability. In addition, the iUCQY were proved to be in correlation with the evolution trend of UCPL
lifetimes. Therefore, both the UCPL lifetimes and iUCQY were proved to be influenced by the tailoring

of ETU efficiency.

3.4 Conclusions

In summary, we demonstrate that UCPL lifetimes and iUCQY at selective emissions can be tuned by
varying the molar concentration of the Gd** ions. In addition, the properties of UCPL are identified highly
sensitive to the energy transfer rate between the sensitizer and activator. Based on the precise control of
UCPL lifetimes in the wide range timescale, this doping strategy make it possible to create extra temporal-
domain coding dimension promising significant potential for practical multiplexed applications. The low
upconversion quantum yield was measured in this study, which indicates their limitations to be applied in

solar energy systems.

56



This chapter represents our initial trial of synthesis high efficiency upconversion nanoparticles by
hydrothermal method. Based on previous work of Wang, F. et al.'3, we modified the synthesis strategy,
further explored the influence of lifetime by introducing extra ion Gd**. Experimental results show that
both upconversion photoluminescence and upconversion emission lifetimes can be modified by this
doping strategy. However, the minor improvements still cannot meet the requirements of high efficiency
upconversion for practical applications. As a result, we will explore the UCPL enhancement of UCNPs by

plasmonic substrates in the next chapter.
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Chapter 4 Enhancing the Upconversion Photoluminescence of Hexagonal

Phase NaYF4:Yb*", Er** Nanoparticles by Mesoporous Gold Films
4.1 Introduction

As introduced in Chapter 2, upconversion photoluminescence (UCPL) is a nonlinear process, through
which one photon at a shorter wavelength is emitted, following successive absorption of two or more
photons, at longer wavelengths. Research on lanthanide-doped upconversion nanoparticles (UCNPs) has
recently attracted considerable attention, driven by their diverse potential applications, including in solar
cells, biomedical imaging, solid-state lasers, display technology, and security printing.! Upconversion is
one potential approach to enhance the performance of all classes of solar cells, and is theoretically
predicted to be able to increase the efficiency above the Shockley-Queisser limit.? The Shockley—Queisser
limit, refers to the maximum theoretical efficiency of a solar cell using a single p-n junction to collect
power from the cell. Currently, the dominant losses (about 35%) of solar cell efficiency are due to the sub-
band-gap energy losses.? An efficient luminescence upconversion system could potentially improve the
efficiency of traditional solar cells, by harvesting the otherwise lost sub-band-gap photons in the solar
spectrum. However, the efficiency of the most promising upconversion materials, NaYF4 host lattice
doped with Yb*/Er**, remains low due to the small absorption cross sections arising from formally
forbidden f-level atomic transitions of the dopants.* As a result, there is negligible progress in the enhanced
performance of devices by incorporating upconversion materials. A very recent report®> demonstrated a
7.9% power conversion efficiency (PCE) enhancement of perovskite solar cells by placing the
upconversion single crystal on the front of the device. Improving the efficiency of UCNPs is urgently
needed for their practical applications, especially in solar cells. The emerging field of plasmon-enhanced
upconversion is a promising avenue for improving the upconversion efficiency of rare-earth (RE) doped

materials. To date, a number of plasmonic geometries such as nanograting,* disk-coupled dots-on-pillar
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antenna array® and core-shell nanostructure’® have been investigated for enhancing UCPL. These
nanostructures lead to the UCPL enhancement from 2.3 times?, to tens of times®!?, to about 300 times,°
respectively. In our opinion, the wide range of such enhancement factors being reported are not
comparable, as the individual systems reported have different pumping power. In addition, the
enhancement factors are also relying on various factors such as the choice of plasmonic materials, the
structural morphology, the distance between UCNPs and nanostructure surface and the optical properties
of UCNPs and plasmonic nanostructures etc. However, the difficulties in fabricating high quality
plasmonic substrates over a large area, without stringent experimental conditions, still hinder the practical
applications of plasmon enhanced upconversion luminescence. In some cases, the plasmons even

quenched rather than enhanced emission.!!!2

In this work, we utilized a three-dimensional (3D) mesoporous gold (Au) film by a free corrosion
dealloying process, to enhance the UCPL of hexagonal phase B-NaYF:Yb*", Er¥* co-doped nanocrystals
(Figure 4-3a). This dealloying approach is effective for producing mesoporous Au substrates with tuneable
pores sizes, extended framework. Compared with other reported plasmonic structures, the mesoporous Au
films have a large area and uniform distribution of porous nanospaces. Due to the existence of abundant
nanospaces, these structures also exhibit high carrier density, provide surfaces with sufficient functional
sites and thus fascinating optical properties.'* Moreover, the fabrication method utilized is low-cost, large-
scale and easy to control. In this work, by tuning the pore size of mesoporous Au films, a 41-fold
luminescence enhancement over a large area (~1.0 cm?) was achieved. A localized surface plasmon
resonance (LSPR) was measured experimentally at ~550 nm due to the nanopores. To obtain physical
insights of UCPL enhancement, both the red emission and green emission lifetimes were measured,

together with electromagnetic modelling. It was found that, for green emission (~540 nm), the
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enhancement was dominated by non-resonant enhancement at the pumping wavelength which increased
with increasing pore size. While for red emission (~650 nm), both emission enhancement and field
enhancement contributed to the UCPL enhancement. This chapter is based on the published paper: Qin,
H. et al. Enhancement of the upconversion photoluminescence of hexagonal phase NaYF4:Yb**, Er’*
nanoparticles by mesoporous gold films. Physical Chemistry Chemical Physics 19, 19159-19167,

doi:10.1039/C7CP01959A (2017).

4.2. Experimental

4.2.1 Materials and methods

All reagents were of analytical grade. Yttrium (III) chloride anhydrous powder (YCl3 99.9%), Erbium(I1I)
chloride anhydrous powder (ErCls 99.9%), Ytterbium (III) chloride anhydrous powder (YbClz 99.9
Ammonium fluoride (NH4F >99.99% trace metals basis), Sodium hydroxide (NaOH ACS reagent,
>97.0%, pellets) and 1-Octadecene (technical grade, 90%) was purchased from Sigma-Aldrich. Oleic Acid
(OA 70%) was purchased from Fisher Chemical (UK). All alloy silver/gold used in this work was
purchased from Sepp Leaf Products (New York). Concentrated nitric acid (HNO3) (Sigma Aldrich, ACS

reagent, >90.0%) and 18.2 Megohm-cm Ultrapure water) were used.

4.2.2 Fabrication of mesoporous gold films

The silver and gold (Ag-Au) alloy films were bought commercially from Sepp Leaf Products (New York).
Silver and gold (Ag-Au) alloy films, with the thickness of ~100 nm, were floated on the surface of
concentrated nitric acid (HNO3), based on a method described by Ding et al.,'® as illustrated in Figure 4-
1. The samples were exposed to the acid solution for different times (1 min, 3 min, 10 min, 30 min, 2 h,

12 h, 24 h, 3 days, or 8 days), to study the effect of dealloying time on the morphology and pore sizes of
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mesoporous Au film (Figure 4-4, Figure 4-5). The leaf was then transferred to ultrapure water for 35 min
to completely quench the dissolution and diffusion reactions. The floated films were then “fished” out of
the solution on the surface of glass substrates previously coated with an amine self-assembled monolayer,
by treating them with 4% v/v APTES (aminopropyltriethoxysilane) in acetone. This amine monolayer has
a high affinity to Au atoms, increases adhesion of the Au film to the glass substrate and prevents its
delamination during following processing steps. The fished samples were finally allowed to dry in ambient
atmosphere and used for morphological and optical characterization, and subsequent fabrication

processes.

Au/Agalloy

Nitricacid

Figure 4- 1 Schematic illustration of the free corrosion dealloying process used to fabricate Au mesoporous

films.

4.2.3 Synthesis of B-NaYF4:Yb**, Er** UCNPs by co-precipitation method

In chapter 3, we applied a hydrothermal method to synthesis NaYF4Yb*", Er’* upconversion
nanoparticles. However, considering the size and phase of as-prepared UCNPs are hard to control, a
different approach co-precipitation synthesis process?>?3 was applied in this chapter. Chloride-based rare
earth precursors Yttrium Chloride (YCl3 99%), Ytterbium Chloride (YbCls 99%), and Erbium Chloride
(ErCls 99%), were used as a dopants precursor. To fulfil the percentage composition, 0.75 mmol of

Yttrium Chloride (YCl3 99%), 0.064 mmol of Ytterbium Chloride (YbCl3z 99%), and 0.02 mmol of Erbium
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Chloride (ErCls 99%) were all mixed into three-neck round-bottom flask with 4 mL of Oleic Acid (OA)
and 15 mL of Octadecene (ODE). All of the mixtures then heated at 150 C in the open environment to
remove all of the unnecessary elements such as oxygen and water for 40 minutes. The colour of the mixture
should change from soft yellowish cloudy transparent to clear strong yellowish solution. The change of
colour indicates that all of the powder precursors had been dissolved completely. Then 2.5 mmol of
sodium hydroxide (NaOH) in 5 mL methanol and 4 mmol of ammonium fluoride (NH4F) in 5 mL
methanol were prepared separately and sonicated for about 15 minutes to be fully dissolved. Afterwards,
both of them were quickly injected into the dopant solution at room temperature with vigorous stir. After
injection sodium hydroxide and ammonium fluoride methanol solution simultaneously, the mixed solution
of dopant and crystal host solution was heated up to 50 C for 30 minutes under vacuum to remove
methanol. Then, the solution was continued to be heated up to 320 C under gentle argon gas flow for 90
minutes. Finally, the UCNPs product were washed and centrifuged (4500 r.p.m.) by ethanol and
cyclohexane in sequence and was repeated for 3 times, respectively. The colloid of UCNPs in cyclohexane

can be stored in a refrigerator (4 C) for further use.

4.2.4 Characterisation of UCNPs and plasmon-enhanced upconversion structure

The particle size, size distribution, phase, and homogeneity of as-synthesized UCNPs were characterized
by transmission electron microscopy (JEOL JEM-2100F,) combined with energy-dispersive X-ray
spectroscopy (EDX, Oxford Instruments, UK), under an accelerating voltage of 200 kV. In brief, the
resulting white precipitates of synthesized UCNPs were dispersed in cyclohexane by ultrasonic sonication
for 30 minutes. Several drops of the suspension were drop-casted onto a carbon-coated copper TEM grid.
Finally, the samples were allowed to dry in air for 120 minutes and analysed by TEM. Scanning electron
microscopy (SEM) was performed using a LEO Gemini 1525 field emission gun (FEG) SEM (Carl Zeiss

Microscopy GmbH, UK), to further characterize the phase and phase distribution of UCNPs. The
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suspension was then drop-casted onto a clean transparent glass substrate. Then, a 10 nm layer of gold (Au)
was sputter-coated on the surface of the glass substrate with UCNPs, to inhibit charging and reduce

thermal damage. SEM was also used to investigate the surface morphology of Au mesoporous substrates.

4.2.5 Optical characterization

UV Visible (UV-vis) absorption spectroscopy was performed using the Agilent Cary 5000 UV-Vis-NIR
spectroscopy system, to characterize the plasmonic properties of the mesoporous Au films. Glass
substrates were used for holding all the samples, as they do not have a restricted wavelength range within
our scanning range. Scans were performed over the range from 300-2400 nm, using a scanning rate of 100
nm/min, and a bandwidth of 0.1 nm. The baseline correction was performed using clean glass substrates.

All the spectra presented here were obtained using un-polarized light.

4.2.6 Photoluminescence (PL) Measurements

The fluorescence emission measurements were obtained using a Fluorolog®-3 Spectrofluorometer system
from Horiba Scientific, equipped with a LSR980H steady state laser with adjustable power supply from
LASEVER. The angle of acquisition was fixed at 30° for accuracy and consistency of the measurements.
The samples were excited by 980 nm NIR light laser excitation with a power density of 500
2

mW - cm™“ and the upconversion emissions were measured in the range of 450-700 nm, using a 5 nm slit

size. The enhancement factor due to the plasmonic Au substrates was estimated using the equation:

E _ [UC,NPG_ IGlass (Equ 4_1)

IUC,Glass_ IGlass

Where Iycnpg represents the upconversion photoluminescence intensity obtained from UCNPs coated

on top of a mesoporous Au substrate, while ;.55 represents the noise signal from clean glass substrate.

This equation does not include any corrections for the surface area coverage of the UCNPs. Since our
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substrates were prepared by the drop casting technique, which means the UCNPs densities on both Au
mesoporous film and glass control were identical. This was further confirmed by counting the numbers of
UCNPs within the same area on both surfaces of SEM images (Figure 4-7(a), (b)). Therefore, the UCPL

enhancement observed is only due to the plasmonic influence of Au mesoporous films.

4.2.7 Photoluminescence Lifetime measurement

Time-correlated single-photon counting (TCSPC), which is considered as the most sensitive digital
technique for determining photoluminescence lifetimes, was applied to obtain dynamic pictures of
upconversion photoluminescence of the as-prepared samples.”> We used the 980 nm pulsed laser to
statistically characterize the time dependent photoluminescence emission profiles of the as-synthesized
UCNPs by repeating the excitation-emission process up to 5000 counts. The DD-980L laser source has a
peak wavelength at 9804+10 nm, an extremely narrow 100 picosecond pulse width, 0.2 mW power on

average and the repetition rate is SOMHz.

4.3 Results and discussions

4.3.1 Plasmon-enhanced upconverters

A simple and reproducible plasmonic upconversion structure was fabricated, as illustrated in Figure 4-2.
The structure was composed of four parts: a transparent glass substrate for support, a mesoporous Au
layer, followed by an approximate 8 nm SiO, spacer layer (thickness was controlled by a sensitive detector
of Mantis Deposition System), and a sub-monolayer of the UCNPs on top. The fabrication of mesoporous
Au films on glass substrates was based on a free-corrosion dealloying process, which produces continuous

Au films with a wide range of tuneable pore sizes.!®!”!8 By exposing Au films to a concentrated nitric
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acid solution for varying times, the morphology and pore size of mesoporous Au films could be

modified.!8:1°

Mesoporous Au

Figure 4- 2 Schematic diagram of the plasmon-enhanced upconversion structure designed and fabricated
in this work. The structure was composed of four major components: (i) glass substrate on the bottom, (ii)
gold (Au) mesoporous film, (iii) silica (SiO2) spacer layer, and (iv) B-NaYF4:Yb**, Er** UCNPs sub-

monolayer.
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Figure 4- 3 (a) Transmission electron microscopy (TEM) image of hexagonal f-NaYFaYb*", Er**
nanocrystals. (b) High resolution (HR) TEM image of UCNPs with 300K magnification. The inset of
Figure 4-3(b) is the live-FFT diagram of the UCNPs. (c) X-ray powder diffraction (XRD) pattern of -

NaYF4:Yb3", Er¥* UCNPs.
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In our study, hexagonal phase B-NaYF4:20% Yb**, 2% Er’" nanoparticles were synthesized by a thermal
decomposition method. As shown in the transmission electron micrograph (TEM) in Figure 4-3a, the
nanoparticles were hexagonal in shape and with mean vertical length of 36.1 nm (standard deviation of &
=4.06 nm, for n=100 nanoparticles), with a lateral length of 25.5 nm (standard deviation of c = 1.4 nm,
for n=100 nanoparticles). The X-ray powder diffraction (XRD) pattern (Figure 4-3b) further confirmed
that the UCNPs consisted of pure hexagonal phase NaYF4 nanoparticles (3-NaYF4-JCPDS 16-0334). The
crystal host doped with combinations of rare earth elements Yb3" and Er** provides an opportunity to

study UCPL in both the green and red regions of the spectrum, when illuminated under 980 nm laser.

4.3.2 Morphological and compositional analysis of mesoporous Au films
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Figure 4- 4(a) Top-view SEM micrographs showing the porosity of Au mesoporous film with 2 hours
dealloying time (with 500 nm scale bar and 50K magnification). (b) Top-view SEM micrographs showing
the porosity of Au mesoporous film with 72 hours dealloying time (with 1000 nm scale bar). The inset of
Figure 4-4(b) is Au mesoporous film with 72 hours dealloying time with higher magnification. The
scalebar in the inset in 150 nm.

The Au mesoporous films used in this chapter were provided by Ahmed Shamso. When as-received Ag-
Au alloy films (Ag-Au, with equal weights of Ag and Au alloy films and very thin cross section down to
below 100nm) were floated on the surface of concentrated nitric acid through surface tension, Ag
dissolution started immediately, initiating the dealloying process. Dealloying of the films was visually
apparent by the change of their colour (from shiny golden to yellowish brown) SEM imaging revealed the
porosity evolution of the films with dealloying time of 1 minutes and 8 days, respectively, which led to
an increase in ligament and average pore sizes (Figure 4-4 (a), 4-4 (b) and Figure 4-5 (¢)) in agreement
with published literature.!” For UCPL enhancement study, we only choose representative four samples,
i.e. samples with dealloying times of 3 min, 10 min, 12 hours, and 8 days. The corresponding average

pore sizes are 5 nm, 15 nm, 52 nm, and 72 nm, respectively. The significant decrease of Ag content with
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time due to dissolution results in more pores generated in the structure of Au film. After 3 days of
dealloying, the pore size reached its plateaus. The residual Ag content of the mesoporous Au films, which
depends on dealloying time, was investigated by SEM-EDX analysis of the entire sample (Figure 4-5 (b)).
EDX analysis showed that the Ag content declined rapidly after reaction with HNO3. In these experiments
Ag was not detected for dealloying times greater than 30 min, which could be attributed to the presence
of Ag contents lower than the detection limit, but previous work'® suggests that up to 8% Ag is trapped

inside the Au ligaments.
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Figure 4- 5(a) Average pore size evolution as a function of dealloying time. (b) Residual silver content of
Au mesoporous films as a function of dealloying time. (c¢) Top-view SEM micrographs showing the Au

mesoporous film with 3 minutes dealloying time.

In addition to Ag dissolution, surface diffusion of Au is responsible for the porosity evolution. At the very
early stages of reaction, the porous network is not continuous following dealloying times of 3 minutes

(Figure 4-5(c)), and the porosity was not uniformly distributed. As dealloying times increased beyond 5
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minutes, the porous structure becomes homogenous and well-developed, and porosity evolution becomes
dominated by the surface diffusion processes. A growth in ligament size and spacing was observed, since
Au atoms rearrange themselves in such a way to lower their free energy and entropy. Adjusting dealloying
process parameters such as the alloy composition, time and temperature enable us to control the surface
features of mesoporous Au films for the optimization of their specific performances. The optical properties
of mesoporous films are in turn controlled by these resultant surface morphology and chemistry, features

that can be tailored by processing time.

4.3.3 Plasmonic enhancement of B-NaYF4:Yb** Er*" UCNPs

Photoluminescence (PL) spectroscopy was used to investigate the plasmon-enhanced upconversion
photoluminescence by the Au mesoporous films. The upconversion emission spectra of UC nanocrystals
deposited on a series of plasmon-enhanced structures under 980 nm laser excitation with a power density

of ~ 500 mW-cm™2 are shown in Figure 4-6(b).
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Figure 4- 6 (a) UCPL intensity of B-NaYF4:Yb**, Er** nanoparticles on reference sample (glass) and 52nm
Au mesoporous sample directly without 8 nm SiO: spacer layer. This measurement shows strong
quenching effect at 541 nm emission and at 656 nm emission. (b) UCPL intensity of B-NaYF4:Yb**, Er**
NPs on reference substrate (glass) and Au mesoporous films with pore sizes of 72 nm, 52 nm, 15 nm and

5 nm, corresponding to different dealloying time for 8 days, 12 hours, 10 min, and 3 min, respectively.

This figure shows three main emission peaks centred at 520 nm, 540 nm, 660 nm, resulting from
2H 11211512, *S32—*1152, and 2S92—*115/2 energy transitions in the Er’* rare-earth ions, respectively. It
has been previous reported that the effect of plasmonic structures on upconversion can be two competing
processes, either enhancement or surface quenching, which is very distance sensitive.?’ The
electromagnetic (EM) field strength decays exponentially as a function of inverse sixth-power distance
away from the plasmonic surface.?! In our case, UCPL measurement demonstrated a strong quenching
effect of UCPL (Figure 4-6(a)), when UCNPs were deposited directly on mesoporous Au substrates

without a spacer layer. In this situation, the emissions of UCNPs relaxed rapidly by nonradiative energy
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transfer into the surface plasmon resonance. At an optimised distance from the plasmonic surface,
fluorescence resonance energy transfer (FRET) from UCNPs to the Au plasmon surface is decreased,
while the enhanced EM field can still strong enough to improve the UCPL efficiency. As shown in table
4-1, it was demonstrated that the PL signals was significantly enhanced on Au mesoporous film samples
with 8 nm SiO2 spacer. The PL intensity of UCNPs on mesoporous Au film with 72 nm averaged pore
size, exhibited the best enhancement performance with 32X and 41X enhancement factors, for peaks
centred at 541 nm and 656 nm, respectively. There are two main pathways of enhancement: excitation
enhancement and emission enhancement. Excitation enhancement indicates the improvement of light
absorption of sensitizer ions as a result of the dramatically strengthened local electric field (E) in the
vicinity of the surface of plasmonic nanostructure. In parallel, emission enhancement indicates an increase
of radiative decay rate of the activator doped in UCNPs, which can be significantly increased due to
coupling between electrons and phonons.?® Theoretical studies show that when a UCNP is located at the
vicinity of a metallic structure, an effective coupling exists between the transition dipole of the UCNP and
the SPR-induced electric field. The fundamental characteristic of excitation enhancement is that it directly
enhances the local field of the UCNPs, thereby causing higher emission intensities without changing the
intrinsic characteristics of decay processes. In contrast, emission enhancement occurs due to the increased
radiative decay rate, reduced quenching effect and lower localized temperature.!® In light of these
considerations, the observed enhancement in upconversion efficiency can possibly due to both metal-
induced enhancement of absorption of the excitation pump at 980 nm (excitation enhancement) and

plasmonic enhancement of the emission of the UCNPs (emission enhancement).

Table 4- 1 UCPL enhancement factors at 541 nm and 656 nm, with respect to averaged pore size of 5 nm,

15 nm, 52 nm and 72 nm, respectively. Mesoporous substrates have 8 nm SiO2 spacer layer. Note that the
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enhancement factors have been corrected based on the densities of the UCNPs on glass and Au film

substrates.
Averaged pore size A, =541 nm A, =656 nm
5 nm (3 min) 18 22
15 nm (10 min) 20.9 22.7
52 nm (12 hours) 27.2 324
72 nm (8 days) 32 41

Besides the significant enhancement factors, a clear trend was also observed that the UCPL signals were
a function of the dealloying time, i.e., with the increase in the mesopore size and the reduction of residual
Ag content in the mesoporous film. (Figure4- 6 and Table 4-1). After 3 days of dealloying process, the
pore size of the mesoporous Au film reached its plateau. The film became unstable and fragile with
extended dealloying times longer than 8 days. The increased enhancement factors with increasing pore
sizes, indicating significantly increase interaction between electromagnetic waves with mesoporous gold
surface at visible/NIR region, is possibly due to increased electromagnetic field enhancement around
bigger pores. The plasmon oscillation of the free electrons around the centre of the uniform nanopores can
effectively collect and confine light from the near-infrared (NIR) to the visible region into the cavity areas,

1314 suggesting a significant upconversion

building up a high density of ‘hot spots’ in the nanopores,
photoluminescence enhancement is possible due to this electric field enhancement. The random coverage
of UCNPs on the mesoporous Au film (Figure 4-7) means that there is still further potential to improve

the enhancement, by adjusting the pore size of the mesoporous Au with respect to the size of UCNPs, as

well as the distribution of UCNPs.
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Figure 4- 7 (a) Top-view scanning electron microscopy (SEM) image of the UCNPs sub-monolayer
deposited on 72 nm mesoporous Au substrates dealloyed for 8 days. The scalebar in this figure is 100 nm.
(b) Top-view SEM micrographs showing the reference sample - glass substrate with UCNPs on the top.

(With 120K magnification).
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Figure 4- 8 UV-Visible spectroscopy measurement of Au mesoporous films with different pore sizes of
72 nm, 52 nm, 15 nm and 5 nm, which corresponding to different dealloying time for 8 days, 12 hours, 10

min and 3 min, respectively.

To investigate the fundamental optical properties of the mesoporous Au films, UV Visible (UV-vis)
spectroscopy measurements were performed on selected mesoporous Au films. Figure 8 shows the UV-
Vis transmission spectra corresponding to Au mesoporous films with averaged pore sizes of 5 nm, 15 nm,
52 nm and 72 nm, respectively. Structural imperfections, pore size distribution, surface roughness and
residual Ag content may all affect the optical behaviour of Au films. The localised plasmon resonance is
observed in all cases at around 530 nm and there is a slight red-shifting with increased pore size. The other
observation is that the spectra has a broader band as the pore size increases, indicating a tuneable
interaction of the mesopore structures with electromagnetic waves in the broad frequency region. As
presented in Figure 4-8, the transmission of light increased gradually with the increase in the averaged

pore size. Clearly, there is a spectral overlap between the 541 nm emission of UCNPs and the UV-Visible
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spectra of mesoporous films, which may lead to the radiative energy transfer from 541 nm green emission
to Au mesoporous film. This energy transfer effect may contribute to the fact that enhancement factors

for green emissions (at 541 nm) was slightly weaker than red emissions (at 656 nm), table 4-1.
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Figure 4- 9 (a) Time-resolved measurement of the upconversion emission at 541 nm of UCNPs. (b) Time-

resolved measurement of the upconversion emission at 660 nm of UCNPs deposited on 12 hours dealloyed
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mesoporous Au film (Green dots), and UCNPs deposited on the reference sample-clean glass substrate

(Red dots), respectively.

To further obtain insight of the enhancement mechanism, the change in the decay rate of the UCNP at 541
nm was measured by time-resolved UCPL.** The decay times were measured by a series of duration
controllable pulsed DeltaDiode laser, and the decay curves were fitted by a DAS6 Analysis software
expressed as an exponential function:

I=A + B*exp(-i/T) (Equ 4-2)

Table 4- 2 UCPL lifetimes (t) at 541 nm and 656 nm, with respect to 52 nm mesoporous substrates (12

hours dealloying time) of and the reference sample, respectively.

Wavelength/Sample Ttat 541 nm T at 656 nm
Reference Sample 220 pus 506 ps
Mesoporous Sample 212 ps 467 us

The decay curve is mainly determined by the second excited level of Er3", as well as the population of the
first excited level of Er’* and Yb®". The green emission (at 541 nm) lifetime measured on the glass
substrate and on the mesoporous Au film were 220 pus and 212 ps, respectively. The two similar decay
rates measured here (Figure 4-9(a)) suggest that the emission enhancement of UCPL at 541 nm was
negligible. In contrast, the red emission lifetimes obtained from the reference glass sample and
mesoporous Au film sample were 506 pus and 467 ps, respectively. The lifetime of upconversion red

emission at 656 nm on mesoporous Au film was calculated to be 39 ps, shorter than its original lifetime
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exhibited on reference sample. These results suggest that there is negligible enhancement due to the

localised surface plasmon resonance.

4.4.4 Electromagnetic study of upconversion photoluminescence

The modelling information in this part is provided by Anthony Centeno. To consider this further
electromagnetic modelling using the finite difference time domain (FDTD) technique was carried out.?”-?
The mesoporous structure is fairly random in morphology making it difficult to model using
computational electromagnetic techniques. Nevertheless, some insight can be gained by considering a
structure with periodic nanoholes with similar diameter to those of the average pore sizes. Here Finite
Difference Time Domain (FDTD)?? is used and the metal considered is 100% Au. A Drude-Lorentz model
for Au is used.’* The center-to-center spacing of the nanoholes is 140% of the hole diameter, and the
thickness of the Au film 100 nm. The Au was on a glass slide with an 8 nm Silica film on top of the Au
film. Figure 4-10 shows the optical absorption response obtained from the calculations. The results show
the localized surface plasmon resonance by a transmission peak (or absorption minimum) which redshifts
with hole diameter between 505 nm and 547 nm. These results suggest that the transmission maxima at
around 550 nm in Figure 4-8 are the LSPR wavelength of the mesoporous Au films. To consider whether
this could lead to emission enhancement small dipoles were placed 10 nm above the Silica film, to try and
replicate the emission from the upconversion nanoparticles, similar to the procedure used previously when
considering metal enhanced fluorescence®*. The results are shown in Figure 4-11 for dipoles placed 20
nm above the center of the 72 nm nanohole and midway between adjacent holes (i.e. above the Au film).
From Figure 4-11 is can be seen that there is little enhancement or some quenching (enhancement factor
<1) around at 540 nm. For 660 nm there is some enhancement in both cases (< 2 times). The results
provide further evidence that there will be negligible emission enhancement at 540 nm and some at 660

nm, consistent with the lifetime measurements.
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Figure 4- 10 Absorption (1-Transmisison) for 5 nm, 15 nm, 52 nm and 72 nm nanoholes in a 100 nm Au

film.
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Figure 4- 11 Enhanced emission from a small dipole placed 20 nm above the Au-Nanohole surface.

The experimental and modelling data leads us to believe that the enhancement mechanism is at the
excitation wavelength. Figure 4-12 shows the electric field enhancement at 980 nm for the periodic
nanohole array with 72 nm holes obtained from the FDTD model. It shows some e-field enhancement but
not of the magnitude required to explain the experimental results. The physical mechanism of the

excitation enhancement due to the mesoporous films will be investigated in future work.
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Figure 4- 12 Electric field enhancement at 980 nm (in the cross section through the centre of the holes).

The incident plane wave was polarised parallel to the Au surface.

The details of the modelling are followed but to summarize nanoholes of same diameter as the average
nanopores were considered in a periodic array. The holes had a depth or 100 nm and the spacing between
adjacent holes was considered to be 40% of the hole diameter. The FDTD results (Figure 4-10) showed a
red shift (505 nm to 547 nm) with increasing nanopore size (5 nm-72 nm) and a widening of the absorbance
bandwidth. By considering small dipoles placed above the mesoporous film FDTD calculations also
showed insignificant emission enhancement at 541 nm, and a small enhancement (1.4x-2x) dependent on
the placement of the emitter at 656 nm (Figure 4-11). The electromagnetic modelling is in qualitative
agreement with the lifetime measurement, in suggesting that the enhancement mechanism is
predominantly excitation enhancement and not a plasmonic enhancement of the emission. Further
calculated electromagnetic field enhancement at the excitation wavelength for periodic arrays of 72 nm
nanoholes shows magnitudes of between 1 and 1.5 in the space above the holes (Figure 4-11). This leads
us to believe that the enhancement is due to the random morphology of the mesoporous surface causing

non-resonant enhancement. The exact mechanism will be the subject of future investigation. To further
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rationalize the observed results of mesoporous Au film enhanced UCPL, one has to consider the intrinsic
quantum efficiency of an emitter, Q, which is defined by,
Q = Kkrada/(Kraa + knr)  (Equ 4-3)

where quantum efficiency is the ratio of the radiative decay rate (k,,q) and nonradiative decay rate (k).
Note that the emitter quantum efficiency is related but not equivalent to the upconversion efficiency. The
UCPL lifetime, which means the average time of excited states spend before relaxations to ground state
can be described by equation,

T=1/(Krad + Knr) (Equ 4-4)
and it is the inverse of the sum of decay rates of all the decay pathways. Hence, we can get an alternative
equation for quantum efficiency,

Q=Kpaq" T (Equ 4-5)
Both radiative and nonradiative decay rate can be modified by the presence of the plasmonic surface such
as the mesoporous Au film.?° The plasmonic effect provides extra pathways for UC, alters the emission
dynamics and the new UCPL lifetime (t,) can be obtained. By comparing steady-state UCPL intensity
data and lifetime measurement data between mesoporous sample and reference sample, the enhanced
UCPL intensity and decreased lifetime T, at 656 nm indicate an increase of radiative decay rate K,,4.%!
On the other hand, the enhanced UCPL intensity but weak change of lifetime at 541 nm suggest negligible
decay rate modifications. To understand the plasmonic effect on the pumping power density dependence,
the green emission peaked at 541 nm and red emission at 656 nm from the reference sample (UCNPs
deposited on clean glass) and the enhanced sample (same amount of UCNPs deposited on 52 nm
mesoporous Au substrate) were measured under the same set of excitation power densities, respectively.

As a nonlinear effect, the intensity of UCPL (S,,.) is simply a function increasing pumping power density

(Ilr)lump)
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Sup % Ipump (Equ 4-6)
UCPL for both green and red emission are dominated by the energy transfer upconversion (ETU). For
both green and red emissions, the luminescence intensity exhibited quadratic dependence (n=2) on the
excitation power density at low power regime and exhibited linear dependence (n=1) at high power

regime.*® As a result, the exponent factor n is expected to decrease from 2 to 1 as | is tuned from

pump
low power to high power. The population of the second excited level will grows large and S, will

saturate at extremely high I,,m,. Upconversion is a non-linear process, which also means that the

upconversion quantum yield of the UCNPs itself increases at stronger power densities.??

Table 4- 3 UCNPs exponential factor (n) fitted from the 541 nm and 656 nm UCPL emission intensity as
a function of excitation power intensities, with respect to UCNPs deposited on 52 nm (12 hours dealloyed)

mesoporous samples and UCNPs deposited on the reference sample (glass), respectively.

Wavelength/Sample 541 nm 656 nm
Reference Sample 1.70£0.02 1.88+0.03
Mesoporous Sample 1.70£0.02 1.824+0.05

In table 4-3, we can see that the exponential factor n of mesoporous Au enhanced sample equals the
reference sample (Figure 4-13(a)), as calculated result shows ng, = n,,,=1.701£0.02, where the power
dependence of the log(I,ump)-10g(Syc) are consistent for both substrates in the low pumping power limit
(below 5.35 W/cm?). Again, consistent with the negligible changed lifetime at green emission (541 nm),
the unchanged exponential factor n further confirmed that the enhancement mechanism of UCPL at 541
nm was mainly due to excitation enhancement. While the exponential factors at 656 nm red emission
calculated from reference sample is 1.88 +0.03 and 1.824+0.05 from mesoporous enhanced sample,

respectively (Figure 4-13(b)). The slightly reduced exponent factor agrees well with the slightly decreased
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lifetime (39 ps), as well as the higher enhancement factor at red emission (656 nm) compared with that at

green emission (541 nm). Alternatively, the UCPL enhancement at 656 nm channels suggest the

contributions of both excitation enhancement and emission enhancement.
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Table 4- 4 (a) Green (541 nm) luminescence intensity of UCNPs as a function of increasing pumping
power density of the UCNPs deposited on the 52 nm mesoporous Au film sample (Green line) and UCNPs

deposited on the reference sample-clean glass substrate (Red line), respectively. (b) Red (656 nm)
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luminescence intensity of UCNPs as a function of increasing pumping power density of the UCNPs
deposited on the 52 nm mesoporous Au film sample (Green line) and UCNPs deposited on the reference

sample-clean glass substrate (Red line), respectively.

4.5 Conclusions

In summary, 3D mesoporous Au film fabricated by a dealloying process was prepared and optimized by
tuning their pore sizes with respect to dealloying times. These films induced significant enhancement of
UCPL of B-NaYF4:Yb*", Er** co-doped nanocrystals, with significant enhancement (41-fold) over a large
uniform area, with constant enhancement factor for low pumping power density. The UCPL enhancement
measurements and the time-resolved UCPL study indicate that enhanced UCPL is dominated by the
excitation enhancement at 541 nm, and a combination of excitation enhancement and emission
enhancement at 656 nm. The high emission intensity enhancement, together with other fascinating
advantages, such as low-cost, high throughput and reproducibility, make the plasmonic 3D mesoporous

Au film platform an excellent candidate for realizing high efficiency of UCPL.

Despite significant enhancement (41-fold) was obtained by this 3D mesoporous Au film, due to some
drawbacks of mesoporous substrates, such as their poor tunability of LSPR. In the next chapter,
nanostructures with well-defined feature, periodic and large area nanostructure arrays will be investigated.
To realize the practical applications of UCNPs, it is essential to investigate further of the plasmonic
enhanced UCPL, via coupling UCNPs to plasmonic nanostructures to increase the quantum efficiency of

inherent low quantum yield UCNPs.
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Chapter 5 Upconversion Nanoparticles NaYF4 Enhanced by Plasmonic

Nanostructures
5.1 Introduction

The control and manipulation of light is a classical research field and a fundamental topic for many
scientific and technological advances. Currently, the key is focus on the near-field effects at nanoscale,
which includes the light scattering by metal nanostructures. In chapter 4, we introduced a novel 3D
mesoporous Au substrate, and studied its UCPL enhancement for upconversion nanoparticles. However,
for NaYF4 nanoparticles, previous reported enhancement factors were often limited. For example, 41
times in the case of mesoporous Au film in our previous work by mesoporous Au film substrate. There
are several limitations that influence the enhancement effect: first, the spectral mismatch between the
plasmon resonance and the excitation light. Second, the unoptimized design of the plasmonic substrate,
and thirdly, the geometrical arrangement of the UCNPs and plasmonic substrate, in some situation
quenching effect will be caused by the Au nanostructures. Besides pursuing significant enhancement
factor, plasmonic substrates with large area and reproducible are also important. To tackle these issues, a
novel nanosphere lithography technique was employed to fabricate plasmonic substrates, with large area
and reproducibility. Nanoscale structures that have features below the resolution of optical diffraction
limit can be made in the laboratory. Localized surface plasmon resonance (LSPR) is one unique property
that can only be observed in nanoscale structure and have never been observed in bulk. The optical
properties such as reflection and transmission deviate from the peculiar interaction of light with the change
of materials and geometries. Significantly, the LSPR effect could also enhance the EM field in a specific
area of the structure. LSPR is sensitive to the geometries of nanostructures and the neighboring materials.
Three key geometry parameters are: size, shape, and the separation distance between the nanoparticles

and nanostructures.!® In designing such experiments, tuning of the LSPR frequency and control of the
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distance between the metal and upconversion nanoparticles are two major issues. We focused on exploring
the best plasmonic candidate by applying UCNPs@SiO:2 to a set of Au plasmonic nanostructures. A
maximum 360 times UCPL enhancement was achieved by our plasmonic substrate, with the maximum
absorption and emission bands of UCNPs overlapping with Au surface plasmon resonance. These results

pave the way to understand the mechanisms of upconversion PL enhancement.

5.2 Experimental Methods

5.2.1 Fabrication the substrates of periodic polystyrene monolayer

In this chapter, a large area and low-cost technique, nanosphere lithography is NSL technique was applied
based on the work of Xie et al.! Nanosphere lithography (NSL), also known as colloidal lithography,? is
basically a patterning method using spherical nanoparticles such as polystyrene and silica as mask. Similar
to other self-assembly methods, one major challenge in NSL technique is the formation of defects in
fabricated samples. These defects include aggregation, voids between the monolayer areas, grains of
monolayer, dislocation, etc. To improve the quality of nanoarrays, the reproducibility of nanosphere mask
is important. The fabrication processes of plasmonic arrays substrate demands high standards criteria, to
ensure repeatable good quality substrates and precise control over nanostructure geometrical parameters.
In NSL process, the mask nanoparticles self-assembled onto clean substrates to form close-packed
hexagonal pattern. This technique can be easily modified and combined with other nanofabrication
techniques and can be done without any expensive equipment and chemicals. All reagents were of
analytical grade. Ethanol absolute (VWR International, >99.7%), acetone (VWR International, >99.7%),
isopropanol alcohol (VWR International, >99.5%), polystyrene (PS) suspension with a diameter of 300
nm, 500 nm, 620 nm, 800 nm (Bangs Laboratories Inc., USA.), and super premium glass microscope

slides (VWR International) were used as supplied. In brief, monodisperse polystyrene (PS) nanoparticles

94



with a diameter of 500 nm (300 nm or 620 nm in other cases) were mixed with the same amount of ethanol
separately. Approximately 9 to 12 pL of the mixed solution was spread homogeneously onto the surface
of a clean silicon wafer (~50 mm x50 mm), which had previously been exposed to UV-Ozone for 35
minutes. Afterwards, the silicon wafer covered by a single layer of polystyrene was then steadily and
slowly immersed in a polypropylene vessel filled with 300 mL of DI-water, in order to allow the
polystyrene nanoparticles forming an ordered monolayer on the air-water interface. To improve the
uniformity of PS array, the water surface tension was modified by adding additional 3 pL of 2% sodium
deodecyl sulfate solution. These processes were repeated 3 times in order to obtain a large are (4x4 cm?)
PS monolayer with highly ordered area. Finally, this PS monolayer was transferred to the cleaned glass
substrate or Au surface (50 nm Au layer deposited on a cleaned glass substrate by a ‘lift-off” technique.
The type of PS monolayer deposited on substrates were obtained by repeating above procedures several
times as needed. Afterwards, all types of plasmonic nanostructure substrates were prepared, three above-

mentioned PS monolayer @glass substrates were treated by Os - 30s of O2 plasma etching.

Figure 5- 1 Experimental set-up for transferring a polystyrene monolayer on the silicon transfer substrate.
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5.2.2 Polystyrene Sphere Reduction by Oxygen Plasma

Nanosphere lithography has been conducted to obtain large area and highly reproducible PS monolayer
mask. Initially, 2D hexagonal close pack arrays (Figure 5-2 (a)) are formed on a surface by self-assembly
of these spherical polystyrene nanoparticles. It is important to have good control over the nanostructure
geometries to produce repeatable plasmonic arrays. Oxygen plasma provide an easy way to modify the
PS size, allows more plasmonic nanostructures can be produced. Then, metal can be deposited through
the interstices of the nanoarrays. In addition, other shapes such as nanoholes can be fabricated by exposing

the polystyrene nanoparticles to oxygen plasma.3

Figure 5- 2 SEM images of 500 nm polystyrene reduced by oxygen plasma time for Os, 5s, 10s and 30s,
respectively. These figures show the systematic reduction of the PS size as the exposure time of oxygen

plasma increased.
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The average size of polystyrenes and the distance between each polystyrene sphere can be precisely
controlled. Specifically, exposure of polystyrene polymer to oxygen plasma could lead to the breakage of
polymer backbone, side chain scissioning and depolymerization of polystyrene.** The center-to-center
distance of PS is determined by initial PS size and remained unchanged after oxygen plasma process. The
size reduction rate by oxygen plasma is a function of the exposure time, plasma power, accelerating
voltage and pressure. Figure 5-2 (a-d) illustrate the PS size with respect to the exposure time of oxygen
plasma for different initial PS sizes under 20sccm oxygen flow rate, 100 W plasma power and 200 V

accelerating voltage in a Sentech Etchlab 200 system.

5.2.3 Metal deposition

In this project, full coverage, high uniformity and low roughness thin Au film was deposited through
magnetron sputtering in a Mantis deposition system in Thin Film Lab of Imperial College London. It is a
custom made PVD chamber for magnetron sputtering and thermal evaporation of metals. This system
offers UHV (ultrahigh vacuum) performance for PVD researchers utilizing a conflat flange chamber. It
allows true UHV to be achieved while allowing excellent chamber access through the large top-flange.
Base ports are confocal as standard allowing a wider variety and number of deposition sources to be
employed than with non-confocal arrangements. The stage is rotatable and is designed to allow heating
up to 500 C or cool down by liquid nitrogen. After obtaining the high-quality PS nanoparticles array mask,
the as-prepared substrates were transferred into the vacuum chamber, 50 nm Au were deposited on the PS
monolayer by magnetron sputtering in the mantis deposition system (with 2 KeV HV voltage, 120 W
filament power and about Inm/min deposition rate). Afterwards, the PS mask along with residue Au was
removed by an adhesive tape; then the substrates were dipped in ultrasonic bath for 1 min to clean residues.
Finally, the dried substrates could be ready for scanning electron microscopy (SEM) characterization

(Figure 5-3). To obtain sample with good quality, well-packed polystyrene is an essential requirement.
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The mask quality can be easily observed after the deposition of metal. The maximum metal deposition

thickness should be less than half of the PS diameter, otherwise the PS will be very hard to remove.

Figure 5- 3 shows the removing of PS500 nm mask sample by adhesive tape, which was deposited with
50 nm Au. It is clear that part of the substrate is still covered by polystyrene nanoparticles, while the rest

of the image is Au nanotriangle array.

5.2.4 Experimental design for synthesis of NaYF4 precursor

The prerequisite for obtaining NaYF4@SiO2 core-shell structure is to synthesize high-quality NaYF4 core
first. Similar to the NaYF4 synthesis method in chapter 4, we applied a robust synthesis of lanthanide-
doped NaYFs nanoparticles named co-precipitation method.® The NaYF4 nanoparticles are prepared by
co-precipitation of the lanthanide acetate salts with long-chain hydrocarbons (1-octadecene) and
unsaturated fatty acids (oleic acid). The unsaturated fatty acid is used as the surface ligand to control
particle growth and subsequently stabilize the resultant nanoparticles against agglomeration. In this
synthesis process, the initial nucleation and following growth of the NaYF4 nanoparticles are carried out
in two steps, one at low 50 C and one at elevated 290 C, respectively. By tuning the composition of the
lanthanide-oleate precursor, concentration of lanthanide ions can be determined accordingly. In detail, an

inorganic source of lanthanide acetate salts is first transferred into a flask containing 1-octadecene and
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oleic acid. The mixture is then heated to 150 C to obtain lanthanide-oleate coordination complexes. The
nucleation and growth of the NaYF4 nanocrystals are triggered by the injection of a methanol solution of
NaOH and NH4F. The combined use of NaOH and NH4F enables a finer control over the reaction rate
than using NaF alone. In addition, it can minimize corrosion of the glass flask. Since most of lanthanide
reagents in the synthesis process are hydroscopic chemicals, which means they readily absorb water from
their surrounding atmosphere, hydration of the lanthanide reagents must be avoided to guarantee the
stoichiometry stability. Moreover, all chemicals are prepared in dilute stock solutions before the synthesis
process, in order to precisely control the dosage. The final product of UCNPs have good photochemical

stability, and they can work well under stringent conditions such as high temperature and low PH value.

5.2.5 SiOz coating of NaYF4

Silica coating was applied to improve the water solubility of lanthanide-based UCNPs through
modification of the Ln-UCNP surface. Besides, the separation distance of core UCNPs and Au
nanostructure surface can be controlled by tuning the thickness of SiO2 shell. A two-step reaction’ is
applied to get the core-shell nanostructure, in which the pre-synthesized core nanoparticles are used as the
template for growth of the shell layer. Different to previous procedure, the pre-synthesized UCNPs are
added to the solution before the injection of the NaOH/NH4F solution. The core particles play a role as
foreign seeds that mediate epitaxial growth of the silica shell growth. Disperse Igepal CO-520 (0.2 ml) in
cyclohexane (8.0 ml) by sonication in an Erlenmeyer flask. Add OA-capped Ln-UCNPs dispersed in
cyclohexane (4.0 ml, 10.0 mg ml™') into the solution. The resulting mixture was stirred vigorously until
the solution becomes transparent. Add ammonium hydroxide (29.4% wt/wt, 80 pL) into the mixture; stir
the mixture vigorously to form a transparent microemulsion. Since ammonium hydroxide is toxic and

corrosive, appropriate protection must be applied. Then add TEOS (40 pL) to the mixture, keep stirring
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the mixture gently for 48 h at room temperature. Afterwards, precipitate the resulting nanocomposites by
the addition of acetone (20 ml), and then collect the precipitates by centrifugation 10000 r.p.m. for 10 min.
Then re-disperse the collected nanocomposites in ethanol and purify them by sonication and centrifugation.
Finally, re-disperse the collected SiO2-modifid Ln-UCNPs in ddH2O to a concentration of 1.0 mg ml,
store the resulting samples at 4°C. Then we can proceed to the characterization of the SiO2 modified Ln-
UCNPs. Dilute the UCNPs@SiO:z aqueous dispersion (1.0 mg ml™') to 0.1 mg ml! with water, and then
deposit the sample onto a carbon-coated copper TEM grid. Dry the samples naturally at room temperature
for 36 h. The sample can be characterized by JEOL JEM 2100 transmission electron microscope at an

accelerating voltage of 200 kV.

5.3 Result and discussions

5.3.1 Properties of Au nanostructures

Nanosphere lithography is a versatile and low-cost technique to develop large area nanostructure based
on hexagonal close packed arrangement. Two types of plasmonic nanostructures were produced in this

section, nanotriangle arrays and nanohole arrays. These substrates were characterized by SEM Leo 15 to
investigate the morphologies and geometrical properties. Nanotriangle array samples (Figure 5-1, a-c) are

basic nanostructures to be fabricated by nanosphere lithography technique. Due to high curvature at the
nanotriangle tips, the surrounding electric field will be much enhanced as a result of localized surface
plasmonic resonance (LSPR).%° These SEM demonstrated the tip to tip distance of Au nanotriangles are
getting closer with the extension of oxygen plasma treatment time for polystyrenes. By selecting and
combining different polystyrene sizes, different metal thickness, and various exposure time to oxygen
plasma, these geometry parameters can be precisely tuned. These properties benefit for them to be applied

in the field of UCPL enhancement.
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Figure 5- 4 (a-c) 500 nm polystyrene, treated by oxygen plasma (OxP) for Os, 5s, 10s, with 50 nm thickness
Au deposited on the silicon substrates. (d) 500 nm polystyrene treated by oxygen plasma (OxP) for 15s

with 50 nm thickness Au deposited on the glass substrate.

As shown in Figure 5-4, closely spaced nanotriangular arrays has a long side length and a relatively

shorter perpendicular bisector length. The difference between these two lengths is about 13%. The lateral
dimensions of the nanotriangle are dependent on the size of polystyrene used. The tip-to-tip distance
between the nanotriangles can be reduced by extending the duration time of oxygen plasma treatment.
Since plasmonic resonance is sensitive to the geometry, the change of geometrical parameters can induce
different plasmon resonance peaks. Nanoparticle structural parameters are listed in Table 5-1. To facilitate

the comparison and differentiating samples in the figure, we adopt a labelling system in the following rule.
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PS (size)-Oxygen plasma treatment time-thickness of the Au film (height). For instance, PS 500 nm-OxP
10s-50 nm describes nanotriangle arrays fabricated with 500 nm diameter polystyrene as mask and with

10s oxygen plasma treatment, and then deposited with 50 nm Au.

5.3.2 Optical properties

Optical characterizations have been performed to study the geometry dependent LSPR resonance.
Materials, thickness, interparticle distance, lateral size were demonstrated to influence the plasmonic
resonance position. UV-VIS spectroscopy Agilent Cary 5000 system was used to characterize the optical
properties of the Au nanostructure samples with unpolarized light. The samples were placed in the UV-
VIS spectrometer facing the incident light, while clean glass substrate was used to correct the baseline of

the spectrometer. For these samples, same glass slides are used as substrates for all samples in this case.

—— PS500 nm OxP 0s

PS500 nm OxP 5s
0.6+ PS500 nm OxP 10s
[—— PS500 nm OxP 15s

0.5+

0.4+

Absorption (a.u.)

0.34

0.2

T T T T T
500 1000 1500
Wavelength (nm)

Figure 5- 5 Absorption spectra for Au 50 nm thickness nanotriangle array with different OxP time (0s, 5s,

10s, 15s). The d to s inter-band transitions of Au are around 650 nm and blue-shifted with longer OxP
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time. The absorption peaks within 900 nm to 1200 nm can be attributed to the excitation of strongly

localized surface plasmon (LSPR dipole),'""!? these peaks red-shifted with longer OxP time.

Figure 5-5 shows the absorption spectra of nanotriangle array substrates fabricated with PS 500 nm treated
by Os, 5s, 10s and 15s, respectively. It is important to precisely control the shape of nanostructures in
nanometers regime. Their LSPR peak positions according to geometrical parameters are summarized in
table 5-1. These LSPR data can be regarded as reference for the selection of geometrical parameters in
further applications. The plasmon peak widths are determined by damping/decay of the plasmon excitation,
which is inversely related to the lifetime of plasmon excitation (if inhomogeneous broadening can be

excluded).”3

Table 5- 1 Nanoparticle structural parameters corresponding to the Near- and Mid-Infrared Excitation. s

is the measured tip-to-tip distance, D is the size of the PS used, A e, 15 the measured extinction peak

wavelength.
Sample PS500-0s  PS500-5s PS500-10s PS500 15s
s (nm) ‘ 135+16 11516 60+4 40+8
D (nm) ‘ 500 500 500 500
Ameas (nm) ‘ 880 890 980 1100

The optical properties of plasmonic nanostructures is sensitive to the geometry. In the case of nanotriangle
array, another key parameter is the tip to tip distance of the nanotriangle particles. It can be observed that
the shift of extinction profile of Au nanotriangle samples as a function of different tip to tip distance.
When the tips of nanotriangle get closer, the LSPR resonance changed accordingly as a result of coupling
effect.'* From the table above, PS nanospheres with 500 nm were chosen, each of them was then exposed

to a short duration of oxygen plasma treatment and followed by deposition of 50 nm of Au, respectively.
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After the removal of PS masks, closely packed nanotriangle arrays were formed. With longer oxygen
plasma exposure duration, the tip to tip distance between the Au nanotriangles were reduced. The
resonance peak also changed in response to the geometry modifications as a result of changed coupling
between the adjacent nanotriangles. It has been well studied that the LSPR resonance is quite sensitive to
the dielectric function of the materials. Governed by LSPR resonance condition €;,(A) = —xep,, the
resonance peak of different metal with same geometry parameters ranges from UV, covers visible and up
to NIR." Since Au has relatively low €;;(A) value, the interband transition is around 650 nm and goes

up to NIR-II region.
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Figure 5- 6 Absorption spectra for Au nanotriangle array with 50 nm and 70 nm thickness, respectively.
From figure 5-6 and table 5-1, the LSPR resonance peaks demonstrated blue-shifting as the thickness of
Au increased from 50 nm to 70 nm. This phenomenon is due to increased phase retardation.!® When

reading the plasmonic resonance spectra, it is necessary to distinguish the dipole resonance and other
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modes, such as some secondary effects related to geometry defects. However, when conducting the optical
measurements, the acquisition area for the sample covers around a spot size of 5 mm, which contains
approximately 16 k nanotriangle array units. This large area makes it hard to distinguish the plasmonic

resonance from the secondary effects characteristic peaks.

Table 5- 2 Plasmonic peak location for nanotriangular arrays of PS 500 nm etched by 10s oxygen plasma

with 50 nm and 70 nm thickness, respectively.

Thickness Metal Dipole (nm) Quadrupole (nm)
50 nm Au 900 630
70 nm Au 1000 640

Figure 5-7 (a) is the SEM image of Au nanohole arrays with thickness of 50 nm. Hexagonal nanohole
array can be fabricated in the similar NSL technique as nanotriangle array. The major difference between
nanohole arrays and nanotriangle arrays is that the PS size has been further reduced, until the tip to tip of
nanotriangle nanoparticles touched each other. The reduction of 500 nm polystyrene by oxygen plasma

for Os, 5s, 10s, 30s are shown in Figure 5-2.
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Figure 5- 7 (a) SEM image of Au nanohole arrays (OxP 30s) with Au thickness of 50 nm. (b)Transmission

spectra for Au 50 nm thickness Nanohole Array with different OxP time for 30s. Note: The prolonged
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oxygen plasma time modified the tip distance of the nanotriangle arrays, and the structure evolved to be

nanohole array when oxygen plasma time reached 30s.

In nanohole arrays where the diameter of holes is small compared to the thickness of the metallic film, the
plasmonic resonance can be best regarded as excitation of surface plasmon polaritons (SPPs) at the
dielectric-metal interface by the incident electromagnetic wave.!”!8 Figure 5-7(b) shows the extraordinary
optical transmission (EOT) that related to SPP mode of Au nanohole array substrates that fabricated via
NSL approach. Similar to the optical properties of nanotriangle array samples, the transmission spectrum
of nanohole arrays samples is also determined by the materials, and geometrical parameter such as metal
thickness and nanohole diameter. In the case of Au sample, one minimum and one maximum peak are
observed. The transmission peak at 500 nm is caused by the interband transition, while the transmission
peak at 930 nm is due to the plasmonic resonance of the entire structure (the excitation of a surface
plasmon polariton mode (SPP))!-?° The SPPs are generated when the nearest neighbor distance in the case
of short-range order particle ensembles matches the SPP wavelength. In the case of an ideal metal, the
SPP only depends on the holes’ nearest neighbor distance but not on the holes’ size/geometry. The broad
resonances measured in the figure can be attributed to damping by electron scattering from the Au grains

in the sample.

5.3.3 UCPL enhancement by plasmonic effect

As discussed in chapter 3, rare earth-doped upconversion processes are realized by using continuous-wave
(CW) lasers, excited in the NIR range (usually 980 nm), and with a tunable emission across the UV visible
and NIR in accordance with the selection of doping lanthanide ions. Lanthanide-doped upconversion
nanocrystals possess outstanding chemical and optical properties, e.g. large effective Stokes shift, sharp

emission bands, high resistance to photobleaching and photochemical degradation.?!
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Figure 5- 8 TEM images of nanoparticles figure 5-8 (a), and NaYF4/SiO2 core shell with 2 nm (figure 5-8

(b)), 10 nm (figure 5-8 (c)), 23 nm (figure 5-8 (d)) silica shells, respectively.

We have demonstrated that different doping concentration of lanthanide ions can be used to fine tune the
NaYF4 nanoparticles, modifying the ion-ion interaction, and as a result, have a good control over the
characteristics of optical emissions. These unique properties allow lanthanide-doped upconversion
nanoparticles to be very useful in solar energy conversion and photodynamic therapy.?>?* However, the
practical applications of upconversion nanoparticles are still hindered by the poor upconversion quantum
efficiency. In the following part, the upconversion photoluminescence (UCPL) enhancement by various
Au nanostructure substrates are explored. Au substrates with different geometries were applied to

UCNPs@SiO2. We first demonstrate the TEM images of UCNPs@ SiO2 with different SiOz2 thicknesses,
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followed by the element mapping of UCNPs@SiO2. The UCNPs used in the experiments are spherical in

shape and monodisperse in size.

In this study, hexagonal phase B-NaYF1:20% Yb**, 2% Er** nanoparticles used were same to Chapter 4.
As shown in the transmission electron micrograph (TEM) in Figure 5-8(a), the nanoparticles were
hexagonal in shape and with mean vertical length of 36.1 nm (standard deviation of ¢ = 4.06 nm, for
n=100 nanoparticles), with a lateral length of 25.5 nm (standard deviation of ¢ = 1.4 nm, for n=100
nanoparticles). However, we further coated the surface of UCNPs by silica shells with different
thicknesses, 2 nm, 10 nm and 23 nm, respectively. This varying thickness determines the distance between

the UCNPs and Au nanostructures, which can influence the effect of plasmonic enhancement.

Yb Lal

Y Kal

25nm

25nm 25nm

Figure 5- 9 HRTEM images of 320 C Co-precipitation method synthesized UCNPs Core NaYF4:Yb*",

Er** and the element mapping of Yb, Y, F, Si and O respectively.
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We further characterized UCNP@SiO:2 by element mapping technique. The HRTEM shows that the SiO2
shell is about 20 nm in thickness. And the element mapping demonstrated the existence of Yb, Y, F, Si and
O elements in the NaYF4@SiO2 core-shell nanoparticles. The distribution of Si and O elements
demonstrate that this UCNP was well coated by SiO2. The distribution of Yb, Y and F elements indicate
the core is NaYF4doped with Yb** ions. The missing of Er element map was due to the low concentration
of Er and the sensitivity of the detector. Next, we modified the surface property of NaYF4@SiO:2 to
improve the distribution of NaY F4@Si02 on Au substrates. To optimize the plasmonic enhancement effect,
the control of surface distribution of UCNPs@ SiO:z on the Au nanostructures are also important factors.
We modify the NaYF4@SiO2 by ligand exchange method with MPTMS to make NaY F4@SiO2 uniformly
attached to the surface of Au nanotriangles. The degree of surface coverage of Au substrate mainly
depends on the effectiveness of MPTMS and on the concentration of NaYF4@SiO2 used for drop-casting.
The concentration of the solution is selected to guarantee there are suitable quantity UCNPs@SiO2
nanoparticles to form a sub-monolayer on the surface of plasmonic substrate. Before drop casting the
NaYF4+@SiO2, we sonicated the suspension of NaYF4@SiO:2 in DI water to avoid clustering or
agglomeration. It is also important to consider distribution and number density of UCNPs@SiO2 on
reference sample. Since the surface properties of bare glass and Au are different, even when depositing
same amount of UCNPs@SiOz solution, the number of UCNPs@SiO2 nanoparticles attached on different
type of surface are quite different. This difference is required to be corrected by calculating the number
density from SEM images. Figure 5-10 (a) and (b) show the SEM images of MPTMS modified

UCNPS@10nm SiO: of different amount attached on Au nanotriangle arrays.
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Figure 5- 10 UCNPS@10nm SiO2 attached on Au nanotriangle array fabricated by polystyrene size 500
nm oxygen plasma time for Os, with 50nm thickness Au deposited on the substrates. Figure 5-10 (a) is
substrate deposited with 3 mmol/mL concentration of UCNPS@10nm SiO2, while Figure 5-10 (b) is
deposited with 5 times amount of UCNPS@10nm SiO2 on substrate with same area. The difference
between two figures demonstrated that the coverage of plasmonic substrates can be controlled by tuning

the concentration and quantity of UCNPS@10nm SiO2 solution.

For the purpose of making quantitative comparison, the UCPL enhancement is corrected to the same
number of UCNPs@SiO: in a certain area of the plasmonic substrate and clean glass, respectively. Figure
5-10(a) was adopted as the UCNPs@SiOz distribution standard for the PL measurement. Accordingly,
0.05 mL of 3 mmol/mL of UCNPS@10nm SiO2 was used to deposit on each sample. It can be estimated
that the number of UCNP@SiO: attached on each triangle nanostructure is about 3 to 5. Meanwhile, we
deposited exactly the same quantity of UCNPS@10nm SiO2 on benchmark sample (clean silicon substrate)

in order to make reasonable comparisons.
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Figure 5- 11 3D schematic diagram shows the NaYF4@SiO2 deposited on flat Au/10nm SiO:2 layer/Au

nanotriangle array substrate.

Figure 5-11 is the 3D schematic diagram of the plasmon-enhanced upconversion structure in this work.
The structure was composed of five major components: (i) silicon substrate on the bottom, (ii) 50 nm flat
gold (Au) film, (iii) 10 nm silica (SiO2) spacer layer, and (iv) Au nanotriangle/nanohole array (v) (-
NaYF4:Yb**, Er¥* UCNPs sub-monolayer (green balls). Silicon substrate was used to support the whole
system. The 10 nm silica spacer layer was used to separate the flat Au and Au nanostructure array, in order
to maximize the coupling effect between these two structures. The plasmon resonance of Au

nanostructures can be modified by changing the geometrical parameters.
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Figure 5- 12 SEM image of flat Au 50 nm/10nm SiO2 spacer layer/PS500 nm-OxP 10s/Au nanotriangle
array substrate. Au nanotriangle array fabricated by polystyrene size 500 nm, with oxygen plasma for 10s,
with 50nm thickness Au deposited on SiO2 as wafer with 10 nm between Au nanotriangle disk arrays and

flat Au layer with thickness of 50 nm directly.

Figure 5-12 demonstrates the SEM image of flat Au 50 nm/10nm SiOz2 spacer layer/PS500 nm-OxP 10s/
Au nanotriangle array substrate, which also shows the edge of 50 nm flat Au. This structure was
constructed according to schematic diagram presented in Figure 5-11, with a 50 nm Au layer underneath
the Au nanotriangles and a 10 nm SiO2 spacer layer in the middle of flat Au and Au nanostructure arrays.
This 3D design aims to couple the LSPR mode and SPP mode, to achieve an enhancement effect that
could not be obtained by each plasmonic mode alone. Similar to figure 5-10 (a), the NaYF4@SiO2
nanoparticles can be deposited near the tips of nanotriangle arrays, in order to realize higher enhancement
factors. The PL emissions are measured by a Fluorolog system designed by Horiba Jobin Yvon, under the
same excitation condition. We excited the nanocrystals at a power density of 4.13 W/cm?. A minimum

excitation power density of 1 W/cm? is suggested for the anticipated results below to be observed. The
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sample holder allows a tunable angle of excitation on the flat substrate. To obtain consistency and

comparable results, the angle of acquisitions was set to 45° in general cases.
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Figure 5- 13 (a) Enhancement factors exhibited as a function of different values (2nm, 6nm, 10nm, 14nm)

of the spacing distance (the silica shell thicknesses of NaYF4@SiO2) deposited on flat Au/10nm SiO2

layer/Au nanotriangle array, 500 nm polystyrene etched by oxygen plasma for 10s substrates. UCPL

emissions demonstrated peaks around 541 nm and 656 nm, respectively. (b) Enhancement factors for
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NaYF+@10 nm SiO2 deposited on flat Au/10 nm SiO2 spacer/nanotriangle array, 500 nm polystyrene

etched by different oxygen plasma etching time (0s, 5s, 10s, 20s), respectively.

To explore spacer distance dependent of plasmon-enhanced UCPL, a set of UCPL measurements by
tuning the SiOz shell thickness of UCNPs@SiO2 were conducted. We systematically modified the distance
by synthesizing NaYF4@SiO: with different thickness of silica layer, with 2 nm, 6nm, 10 nm and 20 nm
(Figure 5-8), respectively. Experimental results (Figure 5-13(a)) confirmed that the UCPL reaches a
maximum at 10 nm spacing distance. These NaYF4@SiO2 samples allows us to investigate the different
regimes of interaction between Au substrate and NaYF4 nanoparticles. The coupling between the UCNPs
and Au changed as a function of spacing distance. Introduction of silica spacer layers of different
thicknesses tested the optimal spacing to achieve the best metal induced enhancement. It has been proved
that if UCNPs and Au are too closed to each other, quench effect will be dominated.?®?° However, if
UCNPs were placed at a certain distance from the plasmonic surface, energy transfer into the plasmon
would be remarkably reduced but the electromagnetic field strength can still be great enough to enhance
PL emission.?*3! According to the result of Figure 13(a), samples with 10 nm silica spacer layers between

50 nm flat Au layer and 50 nm Au nanotriangle array layer were chosen in further comparisons.

To understand the mechanisms of spectral overlap effect, plasmonic substrates with various extinction
profiles have been fabricated to be conjugated with same UCNPs@SiO:2. Figure 5-13 (b) shows UCPL
measurements for samples with different duration of oxygen plasma treatment. The best enhancement
factor can be seen at emission of 541 nm, up to about 360 times was achieved by NaYF4@10 nm SiOz by
flat Au 50 nm/10nm SiO:2 spacer layer/PS500 nm-OxP 10s/Au nanotriangle array substrate, compared to

the emission from the reference sample (UCNPs deposited on clean glass). NaYF4@10 nm SiO2 deposited
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on this substrate gives the best enhancement effect. However, with oxygen plasma treatments shorter or

longer than 10s, much weaker UCPL enhancement factors were achieved.

Plasmon-enhanced UCPL is due to very different coupling mechanisms between the energy levels of the
lanthanide ions (Yb, Er) and the surface plasmonic resonance modes of Au. The advances in control of
optical energy in subwavelength nanostructures provides great opportunities for the improvement of
upconversion photoluminescence. Especially, the coupling effect between localized surface plasmons
generated by closely separated Au nanoparticles results in electromagnetic hot spots.?*?> For example,
periodic high electric spot formed near the surface of nanotriangle array substrate, which could be felt by
the attached upconversion nanoparticles. These plasmonic nanostructures are ideal candidates to generate
enhanced local electromagnetic field, especially at the locations of tips and corners.?%2” Close proximity
of Au nanostructures to UCNPs can cause UCPL enhancement by influencing both absorption in the near-
infrared (980 nm) and emission in the visible range. As demonstrated in former part, the LSPR peak is
highly rely on the geometrical parameters of the nanostructures. Since the LSPR band of Au
nanotriangle/nanohole substrates are easily tuned from visible range to NIR range, they are good choices
for studies of SPR/UCPL with different emission and absorption spectral overlap. Extinction spectra of a
set of nanotriangle arrays substrates were presented in former section (Figure 5-5). However, in the case
of substrates using 50 nm flat Au as the bottom layer, UV-Vis measurement cannot obtain the extinction
spectra. FDTD method will be adopted to estimate the reflection, transmission and absorption spectra for

flat Au 50 nm/10nm SiO2 spacer layer/Au nanotriangle array substrates.
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Figure 5- 14 (a) Electromagnetic field mapping of flat Au 50 nm/10nm SiO2 spacer layer/Au nanotriangle
array (OxP 10s) substrate and flat Au 50 nm/10nm SiO2 spacer layer/Au nanohole array (OxP 30s)
simulated by FDTD method. (b) The calculated reflection, transmission and absorption spectra for flat Au
50 nm/10nm SiO:2 spacer layer/Au nanotriangle array (OxP 10s) substrate. (c) The calculated reflection,
transmission and absorption spectra for flat Au 50 nm/10nm SiO2 spacer layer/Au nanohole array (OxP

30s).
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To understand the complex EM field of these plasmonic nanostructures, simulations were performed with
collaboration with Q. Jiang from Xie’s group. The background absorption of the flat Au layer makes it
difficult to measure the positions of surface plasmon resonance experimentally. However, the FDTD
simulation demonstrated that these two structures exhibit very strong plasmonic resonance and significant
electric field enhancement. The local electric field enhancement created by nanotriangle/nanohole
deposited on flat Au were simulated. A 3-dimensional model was developed based on the SEM
measurements. The electric field intensity was solved with a finite-difference time-domain (FDTD)
method, with periodic boundary conditions in the lateral direction, and a plane wave normal to the
substrates as the excitation source. As shown in Figure 5-14 (a), the electric field is strongly localized and
the enhanced in the nanotriangles-backplane gaps due to the strong vertical coupling between them. The
Au nanotriangles and Au backbone confine the light both vertically and laterally. The formed nanogaps
at the edges between nanotriangles and flat Au and the gaps between the tips of two nanotriangles can
collect and concentrate the light from external large space into the cavity, and hence create an extremely
strong electric field with the small areas. Au nanohole/nanotriangle arrays deposited on flat Au substrates
explored the combination of the LSPR and SPP modes to provide a greater UCPL enhancement. The

significant UCPL enhancement origins from the strong resonant coupling of the Au nanogaps.

This localized field enhancement has demonstrated remarkable potential to increase the UCPL efficiency.
Theoretically, if plasmonic bands demonstrate significant spectral overlap with the absorption/emission
bands of UCNPs, a large resonant enhancement of UCPL is desired. Absorption enhancement is defined
as the ratio of the absorption efficiency of the UCNPs in proximity to metal nanostructures to the
absorption efficiency. The absorption enhancement is proportional to the square of the EM field

enhancement. The emission enhancement (Purcell effect) exists since UCNPs and Au substrate are
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resonant with the UCNPs’ emissions and the Au change the local photon density of states. Basically, there
are 3 different situations. First, excitation overlapping, which means the extinction peak matches the
absorption band of UCNPs (absorption enhancement). Secondly, excitation and emission overlapping, in
which case the extinction peaks match the absorption band and emission band of UCNPs simultaneously
(absorption enhancement and emission enhancement). Thirdly, it is a case that neither the excitation band
nor the emission band of UCNPs overlap with the extinction peak of plasmonic substrate. It is clear that
the calculated reflection, transmission and absorption spectra for flat Au 50 nm/10nm SiO:2 spacer
layer/Au nanotriangle array (OxP 10s) substrate exhibits a 980 nm absorption, which can provide the
absorption overlap with NaYF4:Yb**, Er** (Figure 5-14(b)). While Figure 5-14(c) shows that absorption
spectra for flat Au 50 nm/10nm SiO2 spacer layer/Au nanohole array does not match the 980 nm
absorption of NaYF4:Yb**, Er**. This could be one of the major reasons that flat Au 50 nm/10nm SiO:
spacer layer/Au nanotriangle array (OxP 10s) substrate generated much higher enhancement effect.
Considering the UCPL enhancement factors, these results demonstrated that the spectral overlap between
SPR bands and emission/excitation of UCNPs are significant for UCPL enhancement factor. If we could
manage to perform the lifetime measurements on the samples with both absorption and emissions spectral
overlap, a decrease in decay times may be observed due to a metal-induced Purcell effect. However, due
to limited amount of UCNPs@SiO2 deposited on Au substrates and the moderate intensity of our pulsed
laser, the weak emission signals were beyond the detection capability of our photodiode in the lab.
Moreover, the SiO2 shells have an obvious effect of block the photoluminescence of UCNPs. Therefore,

lifetime measurements were not conducted in this experiment.

5.4 Conclusions

Nanolithography approach was applied to fabricate periodic Au nanostructure samples. We have

systematically investigated the properties of Au nanotriangle array and nanohole array as a novel class of
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plasmon-enhanced substrates for UCPL. Enhancement factors as a function of Au nanostructure and
UCNP surface distance were measured, a maximum 360 times UCPL enhancement was achieved. These
results suggest that Au nanohole/nanotriangle arrays on flat Au substrates are excellent candidates for
UCPL enhancement. The novel and simple self-assembly, nanolithography and gold evaporation method
for fabrication of nanotriangle array samples allows promising applications, include solar light harvesting,

development of new photonic systems and so forth.

The work thus far has achieved great enhancement factor of rare-earth doped upconversion nanoparticles
by the 3D Au nanostructures. Given these good experimental results, more valuable explorations could be
there for practical applications in the solar energy field. There are two considerations to make further
improvement: 1. Use Au nanostructure array to enhance upconversion nanomaterials with intrinsic higher
upconversion efficiencies than rare-earth based upconversion nanoparticles, such as triplet-triplet
annihilation upconversion nanoparticles (TTA-UCNPs). 2. To combine the advantages of plasmonic and
upconversion mechanisms for the enhancement of photocatalytic performance of traditional
semiconductor. In the next chapter, we will move on to study one practical application of this type of

plasmonic substrate.
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Chapter 6 Plasmonic Enhanced Triplet-Triplet Annihilation Upconversion

for Broadband Photocatalysis
6.1 Introduction

Solar-energy driven semiconductor photocatalysts have received considerable attention in the field of
environmental protection’? due to their potential for the photodegradation of organic pollution.>* A
significant challenge of current research is to realize broadband solar energy harvesting, which is
inherently limited by the semiconductor band gap. Upconversion nanomaterials, which convert low-
energy photons into high-energy ones, offer versatile absorptions to efficiently harvest the visible region
and even the infrared region of sunlight.>¢ Lanthanide-doped nanoparticles have been demonstrated with
potential to enhance the performance of solar cells and photocatalytic systems through photon
upconversion. However, their practical use is currently hindered due to inherently low upconversion

quantum yield, and the requirement for high-intensity excitation (10 to10* W /cm?).7:3°

Compared to rare-earth based upconversion, the Triplet-Triplet annihilation process has a much stronger
absorption coefficient of sensitizer (~10~17cm?), which is capable of operating efficiently with incoherent
and low-power radiation (1- 10 mW/cm?) such as sunlight.!%!! Further, by combining various types of
sensitizers and activators, the wavelength ranges of excitation and emission of TTA-UC can be precisely
tuned, thus favoring the requirements of upconversion-assisted photocatalytic systems. Although TTA-
UCNPs already have higher quantum yield (2.1%-30%) compared to rare-earth based nanoparticles,!?!3:14
it is desirable to further improve the upconversion quantum yield for sunlight-powered applications.

A possible approach to realize a more efficient upconversion process and high efficiency photocatalytic

activity is by integrating a plasmonic metal nanostructure with TTA-UC nanoparticles and the
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semiconductors. The electromagnetic field enhancement at the metal/dielectric interface, enables higher
efficiency upconversion. In parallel, to further boost this upconversion quantum yield, metallic
nanostructures have also been recognized as photosensitizers when in contact with wide bandgap
semiconductors by enabling energetic hot electron transfer into the semiconductors.'>1%17 Therefore, one
can expect an advanced architecture of plasmonic nanopattern metal to simultaneously realize an

upconversion photoluminescence enhancement, and act as an efficient photosensitizer.
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Figure 6- 1 A recyclable Au nanohole film/TTA-UCNPs/Au@TiO:2 coupled architecture as presented in

three-dimension (3D).

In this work we have developed a novel Au nanohole film/TTA-UCNPs/Au@TiO:2 coupled architecture
for high efficiency photocatalysis activity enhancement. The system is depicted in Figure 6-1, which was
operated in an oxygen-rich aqueous phase and excited by an AM 1.5G solar simulator. There are three key
components in this structure: Au nanohole film bottom layer, TTA-UCNPs and Au@TiO2 nanoparticles
on the top layer. The long-range ordered Au nanohole array film excites surface plasmon polariton (SPP)

modes which enhance the TiO2 semiconductor and the UCNPs through the plasmon-induced resonance
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energy transfer (PIRET). The photoluminescence of TTA-UC was enhanced 15-fold by an optimized Au
nanohole array substrate. An enhanced photocatalytic rate, 5 times faster than the benchmark Au@TiO2
sample, was achieved using the Au nanohole film/TTA-UCNPs/Au@TiO2 coupled sample. The results
obtained pave the way for a more rational design of plasmon-enhanced upconversion nanostructure in the

search for a high-performance photocatalytic system operating under natural sunlight illuminations.
6.2 Materials and Methods

6.2.1 UCNPs TTA@SiO: Step-by-Step Synthesis Process

TTA@SIO: in figure 6-2 (a) was synthesized following the protocol provided by Liu et al.'® First, 2.0 g
of Pluronic F127, 0.5 mg (7.8x10-7 mol) of 2, 3, 7, 8, 12, 13, 17, 18-octaethylporphyrin palladium
(C3sHa6N4pg) and 10 mg (3.0x10° mol) of 9, 10-diphenylanthracene (C26H1s) were prepared and

transferred into a 100-mL three-neck round-bottomed flask.

O
)

Figure 6- 2 Photographs of the experimental setup and condition for TTA@SiOz2 synthesis. (a) the first
mixture of the precursor before drying; (b) powder obtained from drying process was dissolved in HCI;

(c) dialysis tubing process with a handler and a magnetic stirrer.
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These precursors were dissolved in the organic solvent mixture of toluene and dichloromethane, 15 ml
and 5 ml, respectively and started stirring. When the powder was completely dissolved and the color of
the solution changed to lavender as depicted in figure 6.2 (a), the solution was left to dry out in a mild

nitrogen flow for 24h to be exchanged into water-based solution.

To ensure there was no solvent residues left after drying, a vacuum pump was used to provide a reduced
pressure environment to the flask at 40 C. Then the solid product was dissolved in 100 mL of HCI (0.85
mol/L") and stirred using a magnetic stirrer for 10 minutes. When the powdery product was once dissolved
as depicted in figure 6.2 (b), 2 mL of TEOS was added into the solution and kept stirred for 6 hours at
room temperature. Subsequently, 450 uL of 2.1 mmol DEDMS was added for another 48 hours stirring.
Then the solution was transferred into dialysis tubes for nanoparticle synthesis (the amount of the tube
was various according to the size of the tube). The dialysis tubes were then tightly sealed and hanged
inside 2-liter beaker glass previously filled with DI water of approximately 1.8 liter. A large magnetic
stirrer was later on chosen to stir DI water inside the beaker. The experimental setup is depicted in Figure
6.2 (c). To remove large particulate of organic component and to obtain sufficiently uniform particle
geometry, this synthesis process took 2 days (48 hours) to complete, DI water was replaced 4 times within
every 24 hours. The product was verified without impurities and ready for further use. The solution can

be stored in the refrigerator under 4 °C within a week.

6.2.2 Fabrication of 4x4 ¢m? substrates of periodic Au nanostructure array

The colloidal lithography method?'*> was used to prepare large-area polystyrene monolayers. In brief,
monodisperse polystyrene (PS) nanoparticles with a diameter of 500 nm were mixed with the same amount

of ethanol. Approximately 9 to 12 pL of the mixed solution was spread homogeneously onto the surface

127



of a clean silicon wafer (~50 mm x50 mm), which had previously been exposed to UV-Ozone for 35
minutes. Afterwards, the silicon wafer covered by a single layer of polystyrene was then steadily and
slowly immersed in a polypropylene vessel filled with 300 mL of Milli-Q water, allowing the polystyrene
nanoparticles forming an ordered monolayer on the air-water interface. To improve the uniformity of PS
array, the water surface tension was modified by adding 3 pL of 2% sodium deodecyl sulfate solution.
This procedure was repeated 3 times in order to obtain a 4x4 ¢m? of PS monolayer with highly ordered
lattice. Finally, this PS monolayer was transferred to the Au surface (50 nm Au layer deposited on a cleaned
glass substrate (4x4 c¢m?)) by a ‘lift-off” technique. This type of PS monolayer at Au surface on glass
substrates were obtained by repeating the above-mentioned procedures several times as needed.
Afterwards, three types of plasmonic nanostructure substrates were prepared, three above-mentioned PS
monolayer@Au surface@glass substrates were treated by 0Os, 10s, 25s 0, plasma etching, respectively.
Subsequently, the as-prepared substrates were transferred into the vacuum chamber of the Mantis e-beam
evaporation system, for Au deposition with a monitored thickness of 50 nm. Finally, the PS nanoparticles
array mask were gently peeled off by tape, and the surface of the treated substrates were ready for scanning

electron microscopy (SEM) characterization.

6.2.3 Synthesis of Core-Shell Au@TiO; nanoparticles

Typically, the synthesis of Au@TiO2 nanoparticles is carried out in line with the literature.?® Minor
modifications are listed here: 3 mL of 0.01 M HAuCls solution (Sigma-Aldrich, UK) was added into 4.5
mL of 0.01 M sodium citrate solution (Sigma-Aldrich, UK). The mixed solution was then stirred
vigorously for 5 minutes. Afterwards, 2 mL of 0.01 M ascorbic acid solution was added into the mixture
dropwise with stirring continuously for 10 minutes. During this process, the color of the solution turned

from orchid to reddish brown due to the localized plasmon resonance shift. Then, 4.5 mL 0.04 M TiF4
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solution was added into the reddish-brown mixture. Subsequently, 70 mL deionized water was used to
dilute the mixture. All the solution was transferred into a 100 mL Teflon-lined stainless autoclave. The
hydrothermal reaction took place in an oven kept at 180 C for 48 hours. Finally, the as-synthesized product
was cooled to room temperature, washed and centrifuged by ethanol at 5400 rpm and 15 minutes for 3

times. The washed sample was dried in an oven at 70 C and was weighed for further use.

6.3 Results and Discussion

6.3.1. Properties of TTA-UCNPs

TTA-UC nanoparticles obtained by a direct micelle assisted approach were characterized. '® Figure 6-3 (a)
presents a typical TEM image of TTA-UCNPs, confirming that the TTA-UCNPs are spherical and
monodispersed, with a diameter of 1011.5 nm. Figure 6-3 (b) shows the UV-visible absorption spectrum
of dispersed TTA-UCNPs dissolved in DI-water, showing an absorption band between 530 nm and 550
nm. Figure 6-3 (b) has pronounced characteristic peak pairs of 390 nm, and 515 nm and 546 nm indicate
the presence of Palladium octaethylporphyrin (PdOEP, excitation 500-550 nm) and 9, 10-
diphenylanthracene (DPA, emission 400-500 nm) in the silica shell.!” PAOEP and DPA were selected as
the sensitizer and annihilator, respectively. Polyethyleneglycol F127 was employed to load PAOEP and

DPA into the SiO2 microcapsule.

The Jablonski diagram (Figure 6-3(c)) shows five possible steps of TTA-UC?’: (1) Low energy photon
absorption, (2) Intersystem crossing (ISC), a sensitizer first absorbs a low energy photon and rapidly
populates its first triplet excited state after ISC from the singlet state. (3) The triplet energy is then
transferred to an annihilator species through triplet-triplet energy transfer (TTET), generating one triplet
excited annihilator molecule. (4) Triplet-triplet annihilation and (5) High energy photon emission.

Processes (4) and (5) shows that when two triplet excited annihilator molecules meet, triplet-triplet
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annihilation process occurs to form a singlet excited annihilator, which can deactivate to its ground state
by emitting a high energy photon. The emission profile of these nanoparticles was determined with
excitations from 500 nm to 580 nm, where anti-Stokes (390 nm to 490 nm, Figure 6-3 (d)) and Stokes
(640 nm to 710 nm, Figure 6-3 (e)) emissions are observed. In Figure 6-3 (d), the upconversion emission
intensity forms a plateau (emission wavelength 425-437 nm) when excited by 515-530 nm light. The
emission intensities decline gradually when the excitation wavelengths approaching the boundaries of the
absorption range of PAOEP (500-550 nm). This result demonstrates that the TTA-UC system is capable of
converting photons in the range 515 to 530 nm. The strong intensity of the upconversion emissions also
indicate that these TTA-UCNPs operate effectively under low-intensity excitation, in an oxygen-rich
aqueous phase condition. These properties can be utilized in sub-bandgap harvesting for the enhancement

of photocatalysis activity of semiconductors.
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Figure 6- 3 (a-c) Material properties of TTA-Upconversion nanoparticles. (a) TEM image of TTA-UCNPs.
(b) UV-Visible measurement of the absorbance spectra of TTA-UCNPs in aqueous solution. (¢) Schematic
diagram of the inside part of the of TTA-UCNPs@SiO2 core/shell nanoparticles and energy transfer
processes of TTA-UC.*® (d) Anti-stokes emission (EM wavelength) diagram of TTA-UCNP as a function
of different excitations (EX wavelengths, 500 nm-580 nm). (e) Stokes (EM wavelength) diagram of TTA-
UCNP as a function of different excitations (EX wavelengths, 500 nm-580 nm). The UC
photoluminescence from the TTA-UCNPs dissolved in DI-water was collected under 150 W Xenon solar

simulator (Newport 94021A) illumination with AM 1.5G filter for a range of 10~100 mW/cm?.

6.3.2 Au nanostructure arrays and TTA-UCPL enhancement

UC emission intensities and lifetimes of the upconversion process are significant indicators of optical
characteristics in designing TTA-UC enhanced photocatalysis. The TTA-UC processes influenced by

plasmonic effect of gold nanostructure arrays are investigated. For the enhancement of TTA-UC processes,
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it is desirable to assemble a precisely controlled, close-packed and large area gold nanostructure array
with tunable optical properties. Plasmonic nanotriangle and nanohole array substrates (4 X 4 cm?) were
fabricated by nanosphere lithography (NSL).?! Figure 6-4 (a-d) present the SEM images of gold
nanotriangle and nanohole arrays developed via this approach. The structural evolution gradually from
nanotriangle to nanohole array benefits from the precise control of the duration time of Oz plasma

treatment of the polystyrene masks. (As shown in Chapter 5, Experimental section)

Figure 6- 4 (a-d) Scanning electron microscopy (SEM) images of Au nanohole array on Au film fabricated
through nanosphere lithography using 280 nm polystyrene. The duration of Oxygen plasma treatments

were (a)-0s, (b)-12s, (c)-20s, (d)-25s, respectively. The scale bar in these figures are 500 nm, respectively.
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Figure 6- 5 Transmission spectra for PS280 nm polystyrene treated by oxygen plasma for 25s nanohole

array deposited on transparent glass substrate sample.

We measured the enhancement of photoluminescence spectroscopy with and without the optimized
plasmonic substrate. TTA-UC nanoparticles are conjugated to Au nanohole array films with different
geometrical parameters, compared to their counterpart with TTA-UC nanoparticles deposited on flat Au
substrate sample. Optimization of the Au nanostructures leads to a maximum 15 times increase in the
photoluminescence intensity compared with control samples without plasmonic component (Figure 6-6
a). The UV-Visible transmission spectra (Figure 6-5) was characterized by Cary 5000 spectrophotometer.
The excitation of SPP mode in Au nanostructure arrays which is directly related to the pitch size of the
nanoholes and the excitation of LSPR mode which connects to the nanoscale morphology both lead to a
highly localized electromagnetic near field on the nanoscale, thus giving us a significant wavelength—

tunable enhancement during the light-matter interaction process. When excited by light resonant with the
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SPP mode, the Au nanostructure arrays are involved in the energy transferring process by exciting the
carriers in the semiconductor non-radiatively. When the incident light resonances with the LSPR mode,
the Au nanostructure arrays generate substantial near-field enhancements near the surface of the thin
plasmonic film, leading to increased levels of light absorption by the PAOEP.?22° The DPA:PtOEP system
can generate higher density of excited triplet states as a result of near-field enhancement under the same
excitation intensity, and therefore a corresponding increased photoluminescence intensity. By varying the
geometrical parameters of the Au nanostructures, the scaling the peak positions of the plasmon resonances
was modified as a function of the geometries. In order to maximize either of these plasmonic enhancement
effects to be active, the spectral overlap between surface plasmon resonance of the substrate and the
absorption/emissions spectral of UCNPs have been demonstrated as the key to boost the upconversion
efficiency.?*?* The nanohole array that deposited on transparent glass and treated by oxygen plasma for
25s exhibits a strong plasmon resonance band centered at 530 nm, which matches the absorption band of
the TTA-UCNPs (Figure 6-3 (b)). Therefore, the nanohole array film could give rise to the near-field

enhancements at the right wavelengths required by TTA-UC.
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Figure 6- 6 (a) TTA-UC luminescence of TTA-UC reference sample and plasmon-enhanced luminescence
of same amount of TTA-UC sample with the absorption spectra of Au@TiO2 DI-water solution. The
plasmonic substrates were treat by 0Os, 12s, 25s Oxygen Plasma, respectively. (b) Time-correlated single
photon counting measurement of time-evolution of TTA-UC as the reference and TTA-UC deposited on
25s oxygen plasma treated Au nanohole array substrate at 440 nm. The excitation for the measurement of

time-evolution is by 532 nm nanosecond pulsed laser, with 0.027 ns per channel and with a 14nm bandpass.
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Then, time-evolution of TTA-UC decay curves were measured by time-correlated single-photon counting
approach. Figure 6-6 (b) signify the normalized intensity decay curves of upconversion emission at 440
nm. The temporal evolution of the TTA-UC emission as a function of time can be fitted by a single-
exponential decay function®®:
I(t)= Liexp(-t/Tp) (Equ 6-1)

where I(t) represent the photoluminescence intensity at a specific time point corresponding to the on and
off processes of the pulsed laser. 7 is decay lifetime of the UCPL. It is clear that the decay time of the
UCPL of TTA-UC deposited on Au nanohole array substrate is longer than that deposited on flat Au film
substrate (reference sample). In addition to the absorption enhancement, the change of radiative decay rate
of excited state of emitter can also contribute to the increased photoluminescence. A longer decay time
implies that the triplet sensitizer exhibits longer lifetime, which in turn would enhance energy transfer
processes between the triplets of sensitizer and acceptor (TTET). Given this observation, longer PAOEP
excited state lifetime would be expected to deplete the reservoir of excited triplet states slower, and thus
leading to an increased TTA efficiency.?>?” This result indicates that UCPL enhancement can also be
attributed to the radiative mechanism, which has been demonstrated in previous Au nanoparticles/TTA-
UC lifetime measurement.?® To this stage, we have successfully applied the Au nanostructures film to
substantially enhance the TTA-UC photoluminescence. The minor spectra overlap between the absorption
of Au@TiO:z and upconversion photoluminescence of TTA-UCNPs indicates the availability of radiative
energy transfer from TTA-UCNPs to Au@TiOz. This could be attributed to one of the mechanisms for the
photocatalytic activity enhancement in the next section. These results suggest that plasmon-enhanced

TTA-UCPL can be utilized as a very promising component in thin film devices upon sunlight illumination.
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6.3.3 Enhancement of Au@TiO: photocatalytic activity

Next, we examined the Au nanostructure/TTA-UCNPs/Au@TiO2 coupled system for the
photodegradation of methyl orange (MO). Core-shell Au@TiO2 nanoparticles with truncated wedge-
shaped morphology was selected as the benchmark sample, because it has been proved to be a good
performance candidate upon ultraviolet or visible light irradiation.?® Besides, Au@TiO2 nanoparticles can

be synthesized with a simple and flexible hydrothermal route at relatively large scale.

Figure 6- 7(a) TEM images of the core-shell structure Au@TiO2 nanoparticles. (b) HR-TEM images of
the core-shell structure Au@TiO2 nanoparticles. The inset in part (b) is the corresponding FFT patterns.
(c-f) STEM image of the core-shell structure Au@TiO2 nanoparticles and elemental mapping of Au, Ti,

O element, respectively.
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Figure 6-7 (a) shows the TEM images of core-shell Au@TiO2 nanoparticles with about 35 nm Au cores
and about 100 nm radial wedge-shaped TiO2 layers. HR-TEM (Figure 6-7 (b)) and the inset FFT pattern
indicate high-quality crystallinity of the Au@TiO2 nanoparticles. The FFT pattern shows a diffuse
diffraction circle, which can be attributed to (101) planes and anisotropic diffraction of (004) planes,
respectively. Figure 6-7 (c-f) demonstrate STEM image of the core-shell structure Au@TiO2 nanoparticles
and elemental mapping of Au, Ti, O element, respectively. The elements distribution of Au@TiO2 can be

clearly obtained from these figures.
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Figure 6- 8 (a) Photodegradation of MO by 20 mg P25 as reference and 20 mg Au@TiOz in aqueous phase,
with a reaction of 120 minutes, under irradiation of 532 nm laser, respectively. (b) UV-Visible

measurement of the absorbance spectra of Au@TiO2 nanoparticles in aqueous solution.

Our result (Figure 6-8(a)) confirmed that after illuminated by 532 nm laser, Au@TiO2 nanoparticles
showed a noticeable photocatalytic activity under 532 nm (45 nm bandwidth) laser illumination, while
the benchmark commercial Degussa P25-Titanium Dioxide Nanopowder (TiO2, Degussa, Rutile: Anatase/
85:15, 99.9%, 20nm) remained inactive for up to 6 hours reaction. This is because Degussa P25 cannot

generate reactive species when excited by light with wavelength longer than 387 nm (3.2 eV). However,



owing to the surface plasmon resonance (SPR) effect of Au cores, Au@TiO2 nanoparticles exhibit an
absorption band around 550 nm (Figure 6-8(b)). The hetero-interface between Au core and TiO:2 shell
shows good continuity and leads to the modification of electronic state of Au and TiO2.? In addition to
enable the visible light absorption TiO2, Au cores are able to trap electrons, improve the lifetimes of
electron-hole pairs. The high Fermi level of the Au can efficiently separate electron-hole pairs of TiO2,
thus improving the interfacial charge-transfer process.’® Subsequently, the photocatalytic activity of
Au@TiO2 nanoparticles mixed with TTA-UCNPs were measured. Under simulated solar irradiation,
Au@TiO2 with the assistance of TTA-UC nanoparticles demonstrated about 1.63 times faster MO
degradation rate than Au@TiO2 benchmark (Figure 6-9 (a)). This enhanced photocatalytic activity
indicates the existence of radiative transfer between TTA-UCNPs and Au@TiO: nanoparticles. The
neighboring TTA-UCNPs were demonstrated to provide an extra pathway for Au@TiOz to harness visible
range light. This pathway should be attributed to the radiative energy transfer between TTA-UCNPs and

Au@TiO2, where the upconverted photons reach the band edge of Au@TiOx.
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Figure 6- 9 (a) Photodegradation of MO by 100 mg Au@TiO:2 as reference and 100 mg Au@TiO2 with
the assistance of TTA-UCNPs in aqueous phase, with a reaction of 80 minutes, under irradiation of

simulated sunlight A.M 1.5G, respectively. (b) Photodegradation of MO by 2mg Au@TiO: as reference
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and 2 mg Au@TiO2 with the assistance of TTA-UCNPs and Au nanohole array film substrates, with a

reaction time of 6 hours under irradiation of simulated sunlight A.M 1.5G, respectively.

To investigate the Au nanostructure film/TTA-UCNPs/Au@TiO:2 substrates for the photocatalytic activity
enhancement, we measured the photodegradation rate of MO by a set of samples as shown in Figure 6-9
(b). Based on the experimental results, it is demonstrated that our substrates realized a hybrid structure,
achieving broadband photocatalyst by taking advantage of both plasmonic and TTA-UC effects.
Specifically, the hybrid structure is composed of visible-absorbing plasmonic Au nanohole arrays, TTA-
UC nanoparticles (TTA-UCNPs) and catalytically active Au@TiO2 nanoparticles. Overall, significant 5
times enhancement was achieved by the hybrid structure compared with benchmark Au@TiO2
nanoparticles deposited on glass. It confirms that Au nanohole array sample (treated by 25s oxygen plasma)
was the best candidate. The mechanism in which the plasmonic sensitization of noble metal facilitates the
selective formation of electron-hole pairs in the near-surface region of the neighboring semiconductor has
been widely accepted.?!3? According to previous studies, three mechanisms allow plasmonic sensitization
to occur: direct electron transfer (DET), plasmon-induced resonant energy transfer (PIRET) and increased
light scattering.3*3* However, the detailed enhancement depends on optical features and geometrical
relationships. PIRET process is a result of nonradiative dipole-dipole coupling between the plasmon of
the Au and the electron/hole pairs in the TiO2, and thus with enhanced exciton generation rate.?>3¢37 This
mechanism can enhance the photocatalytic activity even with the existence of insulating barrier between

Au and TiOa.
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Figure 6- 10 (a) Scanning electron microscopy (SEM) images of Au@TiO2 nanoparticles deposited on the
Au nanotriangle array film, PS were not treated by Oxygen Plasma. (b) The E*-field mapping graphs of

corresponding Au nanotriangle array film at 532 nm wavelength.

Figure 6- 11 (a) Scanning electron microscopy (SEM) images of Au@TiO2 nanoparticles deposited on the
Au nanohole array film, PS were treated by 25s Oxygen Plasma. (b) The E>-field mapping graphs of

corresponding Au nanohole array film at 532 nm wavelength.

For Au nanohole arrays, the SPP mode is able to provide an enhanced localized field with a much larger
effective area and higher intensity which determines that PIRET mechanism should be the dominant effect
in this case. By contrast, the direct electron transfer (DET) from the LSPR mode only requires an intimate

contact between the Au and TiO2, where a proper band alignment and electronic coupling established at
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the interface of Au and TiO2 components while its enhancement effect is actually much weaker compared
to SPP mode due to its limited effective area.3>>8 In the DET case, “hot” electrons generated by plasmonic
effect of Au nanostructures surface can directly jump over the interfacial Schottky barrier between Au and
TiOz. Alternatively, photonic enhancement can also enhance the solar energy collection of semiconductors.
When surface plasmon resonance (SPR) energy is larger or equal to the bandgap energy of a
semiconductor, the strong scattering of the nanohole array substrate may enhance the light absorption of
Au@TiO2. Within the large patterned plasmonic nanostructure, the incident light can be efficiently
scattered multiple times, increasing the optical path length and light absorption for the neighboring

semiconductor.3%40

To further study the SPP and LSPR resonance of Au nanostructure arrays, finite difference time domain
(FDTD) method was used to calculate the electromagnetic field distribution around the light-illuminated
plasmonic nanostructure. The E?-field mapping graphs and transmission-reflection spectra for nanohole
arrays is calculated through (FDTD) method. In the model, the gold nanohole arrays are defined by their
thickness, pitch size and hole diameter. In this case, Au nanohole array is deposited on 50 nm Au layer. A
board band plane wave source which is parallel to the film in x-y plane with a minimum wavelength of
400 nm and a maximum wavelength of 1000 nm is applied. It is demonstrated in the E>-field mapping that
dramatic enhancement of the electromagnetic field around the edges of Au nanohole arrays, where exist
abundant ‘“hot spots”.** The plasmonic hot spots generated by the Au nanohole array indicates an
enhanced localized field which can increase the efficiency of the energy transferring process. EM field
enhancement can also lead to a more effective injection of hot electrons from Au to the conduction band
of TiO2, thus favoring the creation of radical species that decompose the MO.*'*> The superior

photocatalytic activity achieved here should be mainly attributed to the localized electric field

144



improvement of the neighboring TiO2 by the SPR effect of the Au, and especially, the hot spot resulting
from the coupling effect of the opposite Au nanoparticles can magnify the localized electric fields
significantly due to this favorable Au film/TiO2/Au core nanostructure.** The EM field distribution figures
shows that the EM field is sensitive to the size and shape of gold nanoparticles.** For the control sample
nanotriangle array substrate, although the incident light can be much stronger absorbed at the tips of two
Au nanotriangles, collected energy cannot be efficiently transferred due to weak coupling between the Au
and semiconductor. Compared to nanotriangles, the nanohole arrays are able to utilize the SPP mode due
to its periodic continuous nanostructure which gives extra PIRET enhancement effect. Variations in
geometrical features of Au nanostructures can influence the EM field distributions and the coupling effect

with semiconductors, thus leading to remarkable enhancement of photocatalytic performance of Au@TiOx2.

6.4 Conclusions

In summary, a novel plasmonic nanostructure substrate conjugated with TTA-UC nanoparticles was
developed for enhanced Au@TiO:2 photocatalysis efficiency. We show that PIRET mechanism from
plasmonic SPP mode and DET mechanism from LSPR mode are mainly responsible for the observed
efficiency enhancement of Au@TiO2. This is the first demonstration of plasmon-enhanced TTA-UC
photoluminescence for the improvement of photocatalytic degradation of MO with visible and AM 1.5G
irradiation. In comparison with control samples, our device showed the highest photocatalytic degradation
rate, which was 5 times faster than that of Au@TiO2. These results highlight that both green-to-blue TTA-
UCNPs and plasmonic effect of noble metals are promising routes to enhance the visible light sensitivity
under natural light environment. The coupling and synergistic effect of these two technologies are

promising approach for practical applications.
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Chapter 7 Summary and future works
7.1 Summary

Plasmon-enhanced upconversion has attracted tremendous research interests in applications of solar
energy harvesting and biomedical technologies. The PhD work demonstrated that the intrinsic
upconversion efficiency of lanthanide-based upconversion and triplet-triplet annihilation based
upconversion nanoparticles, can be dramatically enhanced by novel plasmonic nanostructures under
optimized conditions. In this thesis, the properties of lanthanide-doped upconversion nanoparticles were
firstly investigated. Several synthesis methods and Gd*" doping strategy were applied to obtain UCNPs
with different sizes, phases, upconversion quantum yields and selective lifetimes. These initial results laid
the foundation of further studies. In chapter 4, mesoporous Au film substrates were used to enhance the
UCPL of UCNP, with promising 41-fold enhancement achieved. The enhancement mechanisms were
investigated experimentally and simulated by FDTD method. Furthermore, the designer plasmonic
structures with chemically stable, reproducible and optically highly tunable properties were further
fabricated, including nanotriangle arrays, nanohole arrays and the nanostructures coupled with Au and
silica films as bottom layer and spacer layer, respectively. Nanoscale engineering were carried out to place
the UCNPs in the hot spots of the optimized Au nanostructures that would produce significant
enhancement factors. These structures could achieve reliable and dramatic UCPL enhancement in steady
state photoluminescence measurement. In chapter 6, given the knowledge gained in previous chapters, we
designed a photocatalytic system that could take advantages of both plasmonic and upconversion
mechanisms to achieve broadband solar light absorption for as much as 5 times faster photocatalytic

activity compared to benchmark sample, Au@TiO2 product.
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In summary, this work explored the properties of upconversion nanoparticles (UCNPs), especially
upconversion photoluminescence (UCPL) and its enhancement by novel plasmonic nanostructures,
including mesoporous film and periodic nanotriangle/nanohole arrays deposited on flat Au. Furthermore,
the high efficiency TTA-UCNPs combined with plasmonic nanostructure realized remarkable
photocatalytic activity enhancement compared to benchmark sample. These results demonstrated UCPL

can be dramatically enhanced by plasmonic nanostructures and their great potential in sunlight harvesting.

7.2 Future works

With exciting discoveries and stimulating experimental achievements, there remains great room to be
explored and improved.

1. The search for highly efficient of rare-earth based upconversion nanoparticles has been a topic that last
for decades in the world. Although so many efforts have been conducted by researchers, there is still no
breakthrough to tackle the problem of intrinsic low upconversion efficiency.

2. Plasmonic nanostructures allows great opportunities for the enhancement of UCPL, however, there are
great potential to further improve the performance of UCPL by designing more advanced plasmonic
nanostructure. In addition, some mechanisms remain unclear, including the energy transfer between
plasmonic nanostructures and upconversion nanoparticles, the quantitively characterizations of
contributions from absorption enhancement and emission enhancement, et al.

3. Triplet-triplet annihilation UCNPs represents a novel upconversion materials, which demonstrated high
intrinsic upconversion efficiency compared to lanthanide-based UCNPs. However, the combination of
TTA-UCNPs and TiO2 should not be an excellent photocatalytic system owing to the very limited spectral
overlap between the emissions of TTA-UCNPs and the absorption of TiO2 nanoparticles. There are two
ways to solve this drawback, 1. synthesis different TTA-UCNPs with emissions in ultraviolet ranges. 2.

Apply different semiconductors with higher band energies to meet the emission spectra of TTA-UCNPs.

153



Moreover, it would be a very fascinating topic to synthesis UCNPs that are conductive and with even
higher upconversion efficiency, in order to maximize the performance of upconversion nanoparticles in
solar energy devices. I truly hope the studies in this thesis could push forward the field of plasmon-

enhanced upconversion related technologies and sciences.
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