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ABSTRACT
Enhancing Upconversion nanoparticle performance of NaYF4: Yb,Tm with
doping optimization and shell addition and of NaYF4: Yb,Er with Yb,Nd shell addition
Ashleigh Chov
Director: Dr. Stanley May
Upconversion (UC), is a phenomenon that occurs when low-energy excitation
(usually near-infrared (NIR)) results in higher-energy emission. Upconversion
nanoparticles (UCNPs) are particles less than 100 nm in size that are synthesized using
rare earth metals such as Yb, Er, Tm, and Y. UCNPs have important applications in a
variety of fields, including bio-imaging, security printing, and latent fingerprint
development. Traditional methods for latent fingerprint development such as fluorescent
powder dusting have several drawbacks including low contrast, high background
interference, and autofluorescence. NIR-to-NIR UCNPs are composed of NaYF4: Yb,
Tm and emit 800 nm light under 980 nm excitation due to the absorbance of Yb3+ ions.
NIR excitation produces no background emission from substrates and ambient lighting
does not hinder the collection of the 800 nm emission from the nanoparticles. Exciting
using NIR light reduces fluorescence from the substrate and improves the contrast of
luminescent images created using the particles. These features make NIR-to-NIR UCNPs
attractive for latent fingerprint development. Here, NIR-to-NIR UCNPs of various Yb
doping with passive shell layers of NaYF4 were synthesized. Passive shells are those that
do not participate in upconversion but assist in covering surface defects that may have
occurred during synthesis and decreases the effect of surface quenching. The goal of this
research was to optimize and increase the brightness of the NIR-to-NIR UCNPs by
adjusting the doping concentrations of Yb, while also observing the effect of surface
iii

quenching before and after the addition of the inert NaYF4 shells to the UCNPs. The
brightness of the nanoparticles was analyzed using internal quantum efficiency
measurements at varying excitation power densities. In addition to the NIR-to-NIR
UCNPs, NIR-to-Green UCNPs with both an active shell of 10% Yb and 10% Nd and
passive shell of NaYF4 were synthesized. NIR-to-Green UCNPs are composed of NaYF4:
Yb, Er, and convert NIR excitation to shorter-wavelength green emission. The 980 nm
excitation wavelength required by traditional Yb, Er UCNPs overlaps a weak absorbance
band of water, interfering with excitation and increasing the chance of overheating tissues
while imaging. However, addition of the active shell allows for the NIR-to-Green UCNPs
to be excited by either 800 nm or 980 nm light while also covering surface defects and
decreasing surface quenching. Exciting the particles with 800 nm, which is in a
transparency window for biological samples, greatly reduces the danger of overheating
tissue while maintaining the high penetration depth for bio-imaging. For security
printing, these particles can also be used to print two different but overlapping images
which can be viewed individually using different excitation sources.

Key Words: Upconversion, Passivation Layers, Nanoparticles, and Lanthanides
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CHAPTER 1. INTRODUCTION

As with any research project, it is crucial to understand the big picture. This gives the
project focus and meaning. In this chapter, the motivation to synthesize and optimize
UCNPs along with the basic principles of the process are explained.

Latent fingerprints are fingerprints that are not visible to the naked eye. At a crime scene,
fingerprints can be one of the most crucial and incriminating pieces of evidence. The
methods that are used for fingerprinting often lack the level of detail on fine features such
as sweat pores and ridge detail that would make identification more efficient and reliable.
One of the most common methods for developing latent fingerprints is with fluorescent
powders. Fluorescent powders are down-conversion phosphors, meaning that the energy
of the excitation light (usually UV) is higher than that of the emitted light (usually visible).
Down-conversion powders are helpful in situations where the fingerprint is on a substrate
that has little background fluorescence. However, many substrates fluoresce under UV
excitation. In addition, cameras used to take these fingerprint images are not very sensitive
to the emission coming from the fluorescent powers, which results in poor quality images.
Upconversion (UC), on the other hand, is a phenomenon that occurs when low-energy
excitation (usually NIR) results in higher-energy emission. It is the successive absorption
of two or more photons and results in the emission of a single high energy photon. This
process is nonlinear and is a result of multiple energy-transfer events from Yb3+ ions to
either Tm3+ ions (for NIR-to-NIR upconversion) or Er3+ ions (for NIR-to-Green
upconversion).
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To utilize this process for the purpose of latent fingerprint development, rare earth metals
are used for the synthesis of the UCNPs. NaYF4 particles doped with Yb and Tm are called
NIR-to-NIR UCNPs, because they convert NIR excitation (980nm) to shorter-wavelength
NIR emission (800 nm) (see Figure 1). The Yb3+ ions act as a sensitizer, the ion that
absorbs the excitation energy (980 nm). The energy absorbed by the Yb3+ ions is then
transferred to nearby Tm3+ activator ions, which are responsible for the upconversion
emission of interest. It is imperative that the sensitizer and activator ions have similarly
spaced intermediate excited states to ensure efficient energy transfer. In the case of NIRto-NIR UCNPs, the activator within the system is Tm3+ ions. An incoming photon of
energy is absorbed by a Yb3+ ion which then transfers the energy to a nearby Tm3+, the
transferred energy is stored within the Tm3+ ion long enough for a Yb3+ ion to absorb
another incoming photon and the Yb→Tm transfer to occur once again. This results in a
buildup of energy within the Tm3+ ion promoting the Tm3+ ion to higher and higher energy
levels. The energy relaxation can result in 650 nm red (1G4 → 3F4), 475 nm blue
(1G4 → 3H6), 450 nm blue (1D2 → 3F4), and 800 nm NIR (3H4 → 3H6) emission. By
applying β-NaYF4: Yb, Tm upconversion nanoparticles to latent fingerprints, we can
capture images in the NIR region, corresponding to the 800 nm upconversion emission.

The β-NaYF4: Yb, Tm NIR-to-NIR upconversion nanoparticles are dusted onto a substrate
in order to identify the presence of latent fingerprints. The substrate is then excited with
980 nm light to reveal an 800 nm emission image of the fingerprint. Fingerprints that have
been dusted with upconversion material can be captured with no background fluorescence
from the substrate, because not many materials fluoresce when excited with 980 nm light.
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Utilizing NIR-to-Green UCNPs, or any other visible-light emitter, in ambient lighting can
be difficult. Due to green peaks in ambient room lighting, there is a possibility that, with
NIR-to-Green nanoparticles the emission peaks would be overshadowed by the
background from the ambient light. Because there is no 800 nm emission in ambient room
light, the NIR-to-NIR nanoparticles do not have this issue. Moreover, CCD-based cameras
are significantly more sensitive to 800 nm light compared to visible light. This makes it
easier to analyze fingerprints and reduces the intensity of excitation energy needed to do
so.

In general, UCNPs exhibit low internal quantum efficiency, meaning that the ratio of
photons emitted to photons absorbed is low. NIR-to-NIR UCNPs, however, appear to have
a higher quantum efficiency relative to NIR-to-Green UCNPs. Upconversion efficiency is
largely dictated by surface quenching and excitation irradiance. Surface quenching is
effective because excitation energy migrates rapidly among Yb3+ ions to quenching sites
on the surface of the nanoparticles. The use of protective shells, or passivation layers covers
surface defects and shields optically active ions within the system, especially Yb3+, from
quenching solvent molecules and surface ligands. Usually these layers are made of inert
material and therefore do not participate in upconversion. However, there have been
instances where active shells have been untilized.3 The active shell contains ions which
participate in the excitation absorbance and energy transfer of the system that ultimately
results in upconversion.
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Figure 1. Energy transfer diagram between lanthanides in the NIR-to-NIR system

For over a decade, researchers have investigated NaYF4: Yb, Er NIR-to-Green
upconverting nanoparticles (UCNPs).2,5-7,9,13 NaYF4 doped with Yb and Er are called NIRto-Green UCNPs, because they convert NIR excitation (980 nm) to 540 nm green emission
(see Figure 2.). As with the NIR-to-NIR UCNPs, the Yb3+ ions act as sensitizers, the ions
that absorb the excitation energy (980 nm). The energy absorbed by the Yb3+ ions is then
transferred to nearby activator ions, in this case Er3+. The energy is stored within the Er3+
ion long enough for the Yb3+→Er3+ transfer to occur again. This results in a buildup of
energy within the Er3+ ion promoting the Er3+ ion to higher and higher energy levels. This
energy relaxation can result in 540 nm green (4S3/2 → 4I15/2), 650 nm red (4F9/2 → 4I15/2),
and 1500 nm NIR (4I13/2 → 4I15/2) emission.
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Figure 2. Energy transfer diagram between lanthanides in the NIR-to-Green system

NIR-to-Green UCNPs have important applications in a variety of fields, including bioimaging, security printing, and latent fingerprint development.1,3,11-13,15 Most upconverting
nanoparticles are excited using 980 nm luminescence. 980 nm is within the transparent
biological window (650-1350 nm) and can offer deep tissue penetration. However, water
has a weak absorbance band that overlaps with the 980 nm excitation, weakening the
upconversion luminescence. In addition to this, exciting NIR-to-Green UCNPs using 980
nm may also lead to overheating tissues. To avoid such issues, we have synthesized NIRto-Green UCNPs that can be excited with 800 nm. By exciting UCNPs with 800 nm as
opposed to 980 nm, we can decrease the chance of overheating tissue and circumvent any
water interference.

In this project, β-NaYF4: Yb, Er UCNPs with an active shell consisting of 10% Yb and
10% Nd were synthesized. The addition of the active Nd (sensitizer) shell allows for the
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nanoparticles to be excited by 800 nm light. The Nd would then participate in energy
transfer to Yb3+ ions (bridging sensitizer) and then to Er3+ ions (activator) (Figure 3).

Figure 3. Energy transfer within NaYF4: Yb, Er NIR-to-Green UCNPs with an active shell
consisting of 10% Yb and 10% Nd
The Nd3+ ions absorb incoming 800 nm excitation and transfers the energy to a nearby
Yb3+ ion which, like the NIR-to-NIR UCNPs, transfers the energy to the activator ions,
Er3+. The energy is stored within the Er3+ ion long enough for the Nd3+ →Yb3+ transfer to
occur again. The additional photon of energy is again transferred to the Er3+ ion. This
results in a buildup of energy within the Er3+ ion promoting the Er3+ ion to higher and
higher energy levels. The core shell structure allows for successive Nd3+ → Yb3+ → Er3+
energy transfer.

Exciting the particles with 800 nm, which is in a transparency window for biological
samples, greatly reduces the danger of overheating tissue. For security printing, these
particles can also be used to print two different but overlapping images which can be
viewed individually using different excitation sources. Although these NIR-to-Green
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UCNPs are advantageous for bio-imaging applications, they do have a weakness when
used for latent fingerprinting development as discussed above.

Here, we aimed to increase the overall brightness of NaYF4: Yb, Tm UCNPs by adjusting
the Yb doping concentration and reducing the effect of surface quenching on the system
by adding a passive shell. To do so, NIR-to-NIR UCNPs with varying Yb concentrations
were synthesized. After UCNPs smaller than 100 nm were synthesized, inert shells of
NaYF4 were used to surround core particles to block the pathway of the energy migration
to any surface quenchers while still maintaining the surface area to volume ratio. In
addition to mitigating energy migration, the shells will also decrease the level of surface
imperfections of the UCNPs. Adding shells around the UCNPs will result in an overall
more efficient system.

Along with the work done on the NIR-to-NIR UCNPs, we also explored improving NIRto-Green UCNPs for dual wavelength excitation. β-NaYF4: Yb, Er with an active shell of
NaYF4: 10% Yb, 10% Nd were synthesized. In highly doped systems, concentration
quenching is more likely to be a problem due to either non-radiative energy migration
(Er3+) to surface quenchers or cross-relaxation non-radiative energy loss. To solve this,
UCNPs are usually synthesized with shell layers to reduce energy migration. The active
shell permits these UCNPs to be excited by both 800 and 980 nm excitation. The active
shell allows for not only dual wavelength excitation, but it subsequently curves the issue
of concentration quenching too. The effect of the shell on overall brightness of the NaYF4:
Yb, Er NIR-to-Green was also observed.
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CHAPTER 2. EXPERIMENTAL

In this chapter, the synthesis equipment and techniques used for this project are described
in detail.

2.1

SYNTHESIS OF LANTHANIDE OLEATE PRECURSORS

To begin, lanthanide oxides, glacial acetic acid and DI water were added to a 500 mL 3neck flask to convert the lanthanide oxides to lanthanide acetates. The solution was white
and turbid. The solution was then left overnight to reflux at 102-104 °C. As the solution
refluxed, it began to turn into a clear solution of lanthanide acetate. The following day,
oleic acid was added, and the solution was placed under vacuum at 65 °C and then heated
until the temperature was 105 °C. This is done to remove water from the reaction as the
lanthanide oleates formed. The solution became clear and colorless as the temperature
raised after the removal of water. Under controlled heating, the temperature was then raised
from 105 °C to 132 °C to remove acetic acid. The reaction was then left stirring under 60
mTorr vacuum at 132 °C to reflux for at least an hour. After, the mixture was cooled to
100 °C while under vacuum. The vacuum was replaced with a light flow of N2 gas. Once
cooled, 1-octadecene was added to the solution under stirring.

2.2

SYNTHESIS OF 𝛽-NAYF4 UCNPS

The green emitting UCNPs (β-NaYF4:2%Er, 18%Yb) and NIR emitting UCNPs (βNaYF4:2%Tm, 48%Yb, β-NaYF4:2%Tm, 58%Yb, and β-NaYF4:2%Tm, 98%Yb) were
synthesized according to the following procedure.
8

While stirring, an aqueous solution of NH4F and NaOH was added to the lanthanide oleate
precursor solutions described in Section 2.1. As the NaOH and NH4F were added, the
solution continued to cool to 43°C. The reaction was left stirring for another hour at 43°C.
After one hour, vacuum was applied, and the reaction was heated. As a result of applying
vacuum, the reaction mixture began to bubble as water was being taken out of the reaction.
As soon as the formation of bubbles ceased, the temperature was increased to138°C. After
an hour of heating at 138°C under 60 mTorr vacuum, the vacuum was replaced with a
gentle flow of N2 gas while the temperature was ramped to 320°C at a heating rate of 135%
on a Variac transformer. As the reaction proceeded to 320°C the nucleation and growth
mechanism involving the formation of small cubic (α) phase nanocrystals is induced. The
α-phase nanocrystals undergo Ostwald ripening until portion of the α-phase nanocrystals
surpass a size threshold. At this point the nanocrystals undergo a spontaneous phase change
to the hexagonal (β) phase.28 Due to the α-phase particles being more soluble than the βphase particles, the solution is supersaturated relative to the β-phase. The β-phase seeds
grow rapidly as the α-phase particles are dissolved.29 The upconversion emission and
temperature of the reaction mixture was monitored as described in Section 2.4. After
completion, the reaction mixture was cooled to room temperature. The UCNPs were
isolated and purified by three cycles of precipitation with acetone and subsequent redispersal in toluene. The UCNPs produced by this method are coated with oleate capping
ligands, which facilitate adherence to fingerprint oils.

2.3

SHELL ADDITION
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Two inert layers of NaYF4 were added to a portion of the β-NaYF4:2%Tm, 48%Yb (
resulting

in

NaYF4:2%Tm,

48%Yb@NaYF4

(core

shell) and

NaYF4:2%Tm,

48%Yb@NaYF4@NaYF4 (core shell shell)) using a procedure of sacrificial α-NaYF4
particles as shell stock; the α-NaYF4 particles dissolve in the presence of β-phase core
particles and deposit onto the surface of the core particles as a β-phase shell in the
procedure described in Section 2.3.1 below. The inert shell contained no component that
exhibits upconversion.

An active shell layer of NaYF4:10%Nd, 10%Yb was added to the β-NaYF4:2%Er, 18%Yb
UCNPs. The active shell contained both Yb3+ and Nd3+ ions which both participate in the
upconversion of the system.

2.3.1 PREPARATION OF SACRIFICIAL 𝛼-NAYF4 PARTICLES
A precursor of α-NaYF4 particles was prepared similar to the procedure mentioned in
Section 2.1 with a few modifications. Yttrium oxide, glacial acetic acid and DI water were
added to a 500mL 3-neck flask to convert the lanthanide oxides to lanthanide acetates. The
solution was then left overnight to reflux at 102-104 °C. As the solution refluxed, it began
to turn into a clear solution of lanthanide acetate. The following day, oleic acid was added,
and the solution was placed under vacuum at 65 °C and then heated until the temperature
was 105 °C. This is done to remove water from the reaction as the lanthanide oleates
formed. The solution became clear and colorless as the temperature raised after the removal
of water. Under controlled heating, the temperature was then raised from 105 °C to 132 °C
to remove acetic acid. The reaction was then left stirring under 60 mTorr vacuum at 132
°C to reflux for at least an hour. After, the mixture was cooled to 100 °C while under
10

vacuum. The vacuum was replaced with a light flow of N2 gas. Once cooled, 1-octadecene
was added to the solution under stirring. While stirring, an aqueous solution of NH4F and
NaOH was added. As the NaOH and NH4F were added, the solution continued to cool to
43°C. The reaction was left stirring for another hour at 43°C. After one hour, vacuum was
applied, and the reaction was heated. As a result of applying vacuum, the reaction mixture
began to bubble as water was being taken out of the reaction. As soon as the formation of
bubbles ceased, the temperature was also increased to138°C. After two hours of heating at
138°C under 60 mTorr vacuum, the reaction was left to cool under ambient conditions and
stored for later use.

Vacuum was applied and the reaction mixture heated from room temperature to 110 °C. At
110 °C the vacuum was replaced with a gentle flow of N2 gas and reaction temperature was
increased to 320 °C over an hour period. Temperature and emission were recorded as
mentioned in section 2.4. Once the emission spectrum of the sample was stagnant, the
reaction was left to cool to room temperature under stirring.

2.4

REAL-TIME MONITORING OF CORE AND CORE-SHELL UCNPS SYNTHESIS SETUP

A real-time setup, developed by Dr. John Sutter28, was used to analyze the synthesis of the
UCNPs as well as the addition of shells to the core UCNPs. This setup allows for
temperature and emission spectrum of a reaction synthesis to be taken simultaneously as a
function of time while the UCNPs are excited at 980 nm. The in-situ setup (Figure 4)
includes a mobile laser unit with an 8 W continuous-wave 980 nm laser diode, a laptop
connected to a miniature spectrometer connected to fiber-optic cable with a collecting lens,
and a mounted filter. The filter is a 850 nm short pass filter was used for the NIR-to-NIR
11

UCNPs. This filter allows wavelengths shorter than 850 nm to pass through. This filter was
discarded when monitoring the NIR-to-Green UCNPs. All of these were positioned in fixed
spots for consistency. Images of temperature and emission profiles can be seen in Section
3.1.

UCNPsynthesis
Focusinglens
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Collectinglens

s

tion

NIR UCNP

975 nm
excita

0
400

500

600 700 800
Wavelength (nm)

900

ion

20

emiss

Filter %trans

80

UCNP

missio

n

100

60

40

1000

Emissionspectrum

Spectrophotometer

Figure 4. Real-time monitoring setup of UCNPs synthesis

2.5

NIR-TO-NIR UCNPS
SPECTROSCOPY

CLEANING

AND

PREPARATION

FOR

IMAGING

AND

2 mL portions of NaYF4: 48%Yb, 2%Tm core, NaYF4: 48%Yb, 2%Tm@NaYF4 coreshell, NaYF4: 48%Yb, 2%Tm@NaYF4@NaYF4 core-shell-shell, NaYF4: 58%Yb, 2%Tm,
and NaYF4: 98%Yb, 2%Tm UCNPs were each transferred into two separate 15 mL
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centrifuge tubes. The UCNPs were precipitated with addition of 10 mL of acetone and
centrifuged for 1 minute. The supernatant was decanted, and the precipitate was redispersed in 3 mL of toluene and sonication to form clear dispersions. To the dispersion,
10 mL of acetone was added to re-precipitates UCNPs and sonicated for an additional 5
minutes and centrifuged for 1 minute. The supernatant was decanted and one of the tubes
was stored for reference. To the other tube, 5 mL of toluene was added, and UCNPs were
dispersed in toluene using sonication for 5 minutes.

For SEM and TEM imaging (Section 3.2), in a glass vial, 0.1 mL of NIR-to-NIR UCNPs
dispersions were added to 5 mL of toluene and sonicated for 10 minutes. This dilute
dispersion of UCNPs was used to prepare samples for morphological studies.

For spectroscopy (Section 3.3.1), core samples were prepared by diluting 1 mL of UCNPs
dispersion mentioned above, and additional 2 mL of toluene. The core-shell sample was
prepared by diluting 2 mL of UCNPs dispersion and 1 mL of toluene, and core-shell-shell
sample used the UCNPs dispersion from above without any further dilution.

2.6

NIR-TO-GREEN UCNPS CLEANING
SPECTROSCOPY

AND

PREPARATION

FOR

IMAGING

AND

2 mL of NaYF4: 18%Yb, 2%Er core and 4 mL of NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd
core-shell raw, unwashed UCNPs were added to 2 separate,15 mL centrifuge tubes for
washing. To each tube, ethanol was added to full the tubes to a volume of 14 mL. The tubes
were inverted and shook several times to mix. They were then sonicated for 1 minute and
centrifuged for 45 seconds at full speed (4500 RPM). The supernatant was decanted from
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each tube. The particles were then dispersed by adding 3 mL of toluene to each tube. The
tubes were sonicated for 30 seconds and agitated until fully suspended in solution. Once
again, the tubes were filled with ethanol to 14 mL, inverted and shaken to mix, sonicated
for 30 seconds, and centrifuged at full speed for 45 seconds. Supernatant was decanted. For
the third wash, the nanoparticles were dispersed in 3mL of toluene, sonicated for 30
seconds, and agitated until fully suspended in solution. After fully dispersed, the volume
was brought to 14 mL by adding acetone. The tubes were inverted and shaken to mix,
sonicated for 30 seconds, and centrifuged at full speed for 45 seconds. Supernatant was
decanted.

To one tube, 5 mL of toluene was added, and UCNPs were dispersed in toluene using
sonication for 5 minutes. For SEM and TEM imaging (Section 3.4), in a glass vial, 0.1 mL
of NIR-to-Green UCNPs dispersions were added to 5 mL of toluene and sonicated for 10
minutes. This dilute dispersion of UCNPs was used to prepare samples for morphological
studies.

The second tube of the particles was then left uncapped to allow excess solvents to
evaporate until they have dried to a hard-wet mass (~2 hours) and capped. 1 mL of carbon
tetrachloride (CCl4) was added to the tube of dried NaYF4: 18%Yb, 2%Er core (100mg)
and 1.5 mL of CCl4 was added to the tube of dried NaYF4: 18%Yb, 2%Er@ 10%Yb,
10%Nd core-shell (200mg) to disperse particles. The tube was sonicated for at least 30
seconds and centrifuged at 2000 RPM for ~45 seconds. Supernatants were collected for
absorption and excitation spectroscopy seen in Section 3.3.2.
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2.7

ELECTRON MICROSCOPY

A scanning electron microscope (SEM) with a field-emission source (Sigma FE-SEM;
Zeiss) was used to characterize the size and morphology of the UCNPs.

2.8

SPECTROSCOPIC MEASUREMENTS

To determine the optical quality of the core and core-shell samples, we performed
luminescence measurements on the nanocrystals. Time-resolved and steady-state
spectroscopy was used to determine and compare 800 nm emission (NIR-to-NIR) and 540
nm (NIR-to-Green) intensity of the core and core-shell samples. The measurements were
made using a 90o excitation-collection configuration with the nanocrystals dispersed in
toluene in a 4 mm x 4 mm quartz cuvette. Through our measurements, we observed that
the nanocrystals had a dispersion of high optical quality, with no discoloration. Following
these measurements, emission spectra were taken using continuous wave (cw) excitation
at 931 nm for the NIR-to-NIR UCNPs and 936.6 nm for the NIR-to-Green UCNPs.
Lifetimes of the 1 µm emitting state of Yb3+ were taken using a pulsed optical parametric
oscillator system, OPO, (Opolette HE 355 LD, Opotek, Inc) which was operated at 20 Hz
(pulse width, FWHM < 7 ns; spectral linewidth= 4-7 cm-1) and excited at 976 nm for both
NIR-to-NIR and NIR-to-Green UCNPs. Excitation densities were approximated from the
spot size of the laser and the measured laser power (Melles Griot 13PEM001). Spectra
were obtained using a home-built system employing a 0.33m monochromator (iHR320,
Horiba) and time-resolved photon counting techniques (SR430 multichannel scaler, SRS).
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CHAPTER 3. RESULTS AND DISCUSSION

3.1

REAL-TIME MONITORING PROFILES OF UCNPS SYNTHESIS

Real-time monitoring profiles allows us to determine nanoparticle growth and temperature
as a function of time. As temperature increases, the formation of α-phase nanoparticles
takes place. As the α-phase continues to grow under constant heating, they undergo a
thermodynamically driven a phase change (Oswald ripening) to β-phase nanoparticles.
These β-phase nanoparticles are more energetically stable than the α-phase particles. The
growth of β-phase nanoparticles leads to an increase of emission. Once the increase of
emission begins to level out, it can be assumed that most of the α-phase nanoparticles have
converted to β-phase nanoparticles and the reaction is completed.28

Using the setup described in Figure 4, we are able to simultaneously monitor the synthesis
of UNCPs using temperature and emission as a function of time. Below in Figure 5 and 6,
we have the real-time monitoring profiles of the synthesis of the NaYF4: 48%Yb, 2%Tm
core UCNPs and the addition of an inert shell on NaYF4 to the

NaYF4:2%Tm,

48%Yb@NaYF4 core-shell UCNPs respectively. The excitation wavelength was 980 nm
and the monitored emission wavelength was 800 nm for each profile. For both the core and
core-shell-shell the plots the black corresponds to the temperature as a function of time and
the red is the intensity of 800 nm emission coming from the sample.

In the NaYF4: 48%Yb, 2%Tm core synthesis profile (Figure 5) as temperature increases to
320°C over the span of 20 minutes. After the initial 20 minutes, the 800 nm emission from
the 800 nm intensity decreased slightly as a result of the reduction of black body radiation
16

from the heating mantle. The reaction temperature remains constant at 320°C for an
additional 40 minutes. After that, the 800 nm emission intensity from UCNP begins to
increase and ultimately plateaus as time passes. Once the plateau in 800 nm emission is
seen (at 80 minutes), we can conclude that the majority of the small cubic α-phase
nanoparticles have dissolved and undergone Oswald ripening to convert to hexagonal βphase nanoparticles. After the plateau was seen, the reaction mixture was taken off heat
and cooled to room temperature.

Figure 5.Real-time monitoring profile of NaYF4: 48%Yb, 2%Tm core synthesis (λexc=980
nm and λem=800 nm).

With the core-shell-shell profile (Figure 6), the addition of an inert shell of NaYF4 to
NaYF4: 48%Yb, 2%Tm@NaYF4@NaYF4 core-shell UCNPs was monitored.

This

resulted in the synthesis of NaYF4: 48%Yb, 2%Tm@NaYF4@NaYF4 core-shell-shell
17

UCNPs. The first 10 minutes of the plot was a result of the excitation laser being off. From
then on once the laser is on, we can see there was primordial 800 nm emission coming
from the sample. Since the reaction mixture contained already synthesized βNaYF4:2%Tm, 48%Yb particles, we observed initial 800 nm emission from the sample.
As the reaction temperature was increased to 310°C, beginning at 10 minutes, the 800 nm
emission was decreased greatly, as a consequence of thermal quenching. After 35 minutes
of heating at 310°C, the 800 nm emission from the reaction increased and began to plateau.
Like the previously discussed core profile, we can conclude that the majority of the α-phase
nanoparticles dissolved and deposited onto the β-phase NaYF4 to NaYF4: 48%Yb,
2%Tm@NaYF4 core-shell nanoparticles.
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Figure 6.Real-time monitoring profile of the addition of an inert shell of NaYF4 to NaYF4:
48%Yb, 2%Tm@NaYF4 core-shell UCNPs resulting in the synthesis of NaYF4: 48%Yb,
2%Tm@NaYF4@NaYF4 core-shell-shell UCNPs (λexc=980 nm and λem=800 nm).

Below, Figure 7, is the real time monitoring profile of the addition of an inert NaYF4 shell
to NaYF4: 18%Yb, 2%Er@Yb, Nd core-shell UCNPs resulting in the synthesis of
NaYF4:18%Yb, 2%Er@ 10%Yb, 10%Nd@ NaYF4 UCNPs. Like the Figures 5 and 6, the
18

plot in black is the temperature as a function of time and the red monitors the intensity of
emission, but for Figure 7 we are monitoring the 540 nm green emission. Previously, we
monitored a similar reaction using 800 nm excitation, however due to extreme thermal
quenching of the Nd, the monitoring was unsuccessful. Here we opted to excite using 980
nm to avoid quenching the Nd. Initially, while the reaction was being excited by a 980 nm
laser there was some 540 nm emission. This is due to the core NIR-to-Green UCNPs being
excited by the laser. However, we see that as temperature increased to 310°C, the 540 nm
emission intensity begins decrease as a result of thermal quenching. After about one hour
of consistent heating at 310°C, the 540 nm emission slowly decreased after 60 min of
consistent heating at 310°C.This is unlike the previous profiles where an increase of 800
nm emission was seen along with a plateau of emission following shortly after. For this
particular synthesis, as we continually heated the reaction, the reaction mixture turned
black, decreasing the 540 nm emission. The reaction mixture was taken off heat and begins
to cool, the 540 nm emission rises rapidly due to the reduction of thermal quenching.
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Figure 7. Real-time monitoring profile of an inert NaYF4 shell addition to NaYF4: 18%Yb,
2%Er@10%Yb, 10%Nd (λexc=980 nm and λem=540nm)

3.2

CRYSTAL SIZE AND MORPHOLOGY

Below is a comprehensive table (Table 1) detailing the size of the nanoparticles of 8
separate synthesis batches. All discussed UCNPs are hexagonal prisms. The edge-edge
width is measured across the axial face of the nanoparticles and the length is measured
along the c-axis which is perpendicular to the axial face of the nanoparticles.

Looking at entries 1 and 2, the addition of the inert NaYF4 shell to the NIR-to-NIR UCNPs
led to a shell thickness of 3.5 nm along the edge-edge width across axial face thickness of
4.5 nm along the length of c-axis, which resulted in an overall particle size of 48x49 nm
and a shell thickness of 7x9 nm. This first addition was relatively uniform allowing the
UCNPs to maintain their 1:1 surface ratio. The second inert shell addition seen in entry 3,
resulted in an increase of the UCNPs size by 9x13 nm. The shell thickness along the edge20

edge width across axial face was 4.5 nm and 6.5 nm along the length of the c-axis. After
the second shell addition, the nanoparticles became slightly oblong due to an uneven
deposition of material onto the core-shell particles.

By adjusting the doping concentration of Yb for the NIR-to-NIR UCNPs, the size of the
crystals can be somewhat controlled. With higher amounts of Yb, the nanocrystals increase
in size. With higher amounts of Yb, the crystals become more plate like in shape compared
to their usual hexagonal prism shape. These results are reflected in the size comparisons of
the 58% Yb, 2% Tm core nanocrystals (entry 4) and the 98% Yb, 2% Tm core nanocrystals
(entry 5) with the average size of a crystal being 132 nm and 259 nm along the axial face
and 71 nm and 68 nm along the c-axis respectively (see Figure 8).

As for the NIR-to-Green UCNPs, comparing the core (entry 6) the addition of the first
shell, an active shell consisting NaYF4:10%Yb, 10%Nd (entry 7), resulted in a shell with
an edge-edge width across axial face of 8.5 nm and 7.5 nm along the length of c-axis. The
shell increased the overall size of the nanoparticles by 17x15 nm but maintained the 1:1
ratio of the core particles. After the synthesis of the active shell, a second inert shell was
added to the NIR-to-Green UCNPs. We aimed for a particle increase of 5 nm (a shell
thickness of 2.5 nm on both the axial face and along the c-axis) to preserve the 1:1 surface
area ratio. However, after the second shell addition, the nanoparticles were found to have
increased slightly on the axial face (thickness of 1.5 nm) and substantially along the c-axis
(thickness of 15 nm). Overall, there was a 3x30 nm increase in size and a 1:2 surface ratio
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for this batch of nanoparticles. Images of the NIR-to-Green UCNPs can be found in Figure
9.

Table 1. Dimensions of NIR-to-NIR UCNPs (entries 1-5) and NIR-to-Green UCNPs
(entries 6-8) synthesized

Entry

Sample Name

1

AR17MAY17
NIR- NaYF4: 48%Yb, 2%Tm

2

AR19MAY17
NIR-NaYF4:48%Yb, 2%Tm@NaYF4
CS

55 ± 1

58 ± 3

3

AC06JUN17
NIR-NaYF4:48%Yb, 2%Tm@NaYF4
CSS
AC21JUN17
NIR- NaYF4: 58%Yb, 2%Tm
AC10JUL17
NIR-NaYF4: 98%Yb, 2%Tm
AC25JUN18
Green-NaYF4: 18%Yb, 2%Er
AC29JUN18
Green-NaYF4:18%Yb, 2%Er@ 10%Yb,
10%Nd CS
AC10JUL18
Green-NaYF4:18%Yb, 2%Er@ 10%Yb,
10%Nd@ NaYF4 CSS

64 ± 2

71 ± 2

132 ± 4

71 ± 2

259 ± 8

68 ± 6

40 ± 1

46 ± 2

57 ± 2

61 ± 1

60 ± 1

92 ± 1

4
5
6
7

8

Edge-Edge
Length along
width
across c-axis (nm)
axial face (nm)
48 ± 2
49 ± 3
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Figure 8. Left is an SEM image of NIR-to-NIR core NaYF4:98% Yb, 2% nanocrystals
(AC10JUL17). Right is an SEM image of NIR-to-NIR core NaYF4:58% Yb, 2% Tm
nanocrystals (AC21JUN17).

Figure 9. Top left is an SEM image of NIR-to-Green core NaYF4: 18%Yb, 2%Er nanocrystals
(AC25JUN18). Top right is an SEM image of NIR-to-Green core-shell NaYF4:18%Yb,
2%Er@ 10%Yb, 10%Nd core-shell-shell nanocrystals (AC29JUN18). Bottom is an SEM
image of NIR-to-Green NaYF4:18%Yb, 2%Er@ 10%Yb, 10%Nd@NaYF4 nanocrystals
(AC10JUL18).
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3.3

SPECTROSCOPY

3.3.1 NIR-TO-NIR UCNPS
Internal quantum efficiency (IQE) is defined as

Equation 1.
𝐼𝑄𝐸 =

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

Spectroscopic measurements described in Section 2.8 were used to determine IQE
following a method described in the literature.20 Because upconversion is a nonlinear
process, IQE is dependent on the excitation flux. The measurements of the spectroscopic
properties of the UCNPs were taken using a fixed experimental geometry and therefore the
excitation flux becomes proportional to the intensity of the excitation beam. When using
direct excitation into the emitting state, IQE can be calculated by obtaining the 1 μm decay
curve of the UCNPs at a low power density to approximate a radiative decay constant of
the 1 μm emission of Yb3+.20

In Figure 10, we have plotted the IQE of 800 nm upconversion from core NaYF4: 48%Yb,
2%Tm (red) and NaYF4: 48%Yb, 2%Tm @NaYF4@NaYF4 core-shell-shell (blue) under
various excitation power densities ranging from 1.5 to 14.5 W/cm2 using 980 nm laser
excitation and monitoring the 800 nm emission. From the data plotted in Figure 10, we see
that the internal quantum efficiency of the core is much lower than the core-shell-shell
sample measured at the same power density. The addition of passivation layers onto the
NaYF4: 48%Yb, 2%Tm core has a large effect on reducing surface quenching and
increasing the overall IQE of the system.
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To further quantify effect of the inert shell additions to the NaYF4: 48%Yb, 2%Tm core
UCNPs enhancement factors (EF) were using Equation 2. below and plotted in Figure 11.
To calculate the EF, the ratio of the IQE of the NaYF4: 48%Yb, 2%Tm@NaYF4@NaYF4
core-shell-shell and NaYF4: 48%Yb, 2%Tm core was taken at the same power density.

Equation 2.
𝐸𝐹 =

𝐼𝑄𝐸(𝑐𝑜𝑟𝑒 − 𝑠ℎ𝑒𝑙𝑙 − 𝑠ℎ𝑒𝑙𝑙)
𝐼𝑄𝐸(𝑐𝑜𝑟𝑒)

The 800 nm emission from the NaYF4: 48%Yb, 2%Tm @NaYF4@NaYF4 core-shell-shell
UCNPs at lowest power density, 1.5 W/cm2, is more than 35 times brighter that the NaYF4:
48%Yb, 2%Tm UCNPs at the same excitation density. The addition of an inert shell onto
the core NaYF4: 48%Yb, 2%Tm nanoparticles increased the internal quantum efficiency
of the nanoparticles and brighter 800 nm emission from the nanocrystals when excited with
980 nm light.
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Upconversion Enhancement Factor

Figure 10. Internal quantum efficiency of 800 nm emission from NaYF4: 48%Yb, 2%Tm
𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒆𝒎𝒊𝒕𝒕𝒆𝒅
core and core-shell-shell plotted as a function of power density. 𝑰𝑸𝑬 = 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅

NaYF4: 48%Yb, 2%Tm
Enhancement factor for 800 nm upconversion
as a result of shell addition
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Figure 11. Enhancement factor for quantum efficiency increase in NIR-to-NIR UC
𝑸𝑬(𝒄𝒐𝒓𝒆 𝒔𝒉𝒆𝒍𝒍 𝒔𝒉𝒆𝒍𝒍)
resulting from shell addition vs excitation power density. 𝑬𝑭 =
𝑸𝑬(𝒄𝒐𝒓𝒆)

Figure 12 is a comparison of the 800 nm emission of NaYF4: 48%Yb, 2% Tm@ NaYF4@
NaYF4 core-shell-shell, 48%Yb, 2% Tm@ NaYF4 core-shell, NaYF4: 48%Yb, 2% Tm
core, NaYF4: 58%Yb, 2% Tm, and NaYF4: 98%Yb, 2% Tm UCNPs excited at 931 nm
with varying power densities. The 800 nm emission of the UCNPs did increase with Yb
26

concentration, but the size of the higher doped UCNPs (NaYF4: 58%Yb, 2% Tm, and
NaYF4: 98%Yb, 2% Tm) were much larger than 100 nm (see Table 1) and did not have a
1:1 surface ratio. Ultimately, passivation layers were added to NaYF4: 48%Yb, 2% Tm
core UCNPs to ensure that the resulting particles were smaller than 100 nm.
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Figure 12. Comparison of NIR-to-NIR UCNPs 800 nm upconversion intensity at varying
power densities (solutions were normalized for absorbance).

3.3.2 NIR-TO-GREEN UCNPS
Using the preparation mentioned above in Section 2.6, absorbance spectra both the NaYF4:
18%Yb, 2%Er core and NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd core-shell UCNPs were
taken (Figure 13). The green spectrum is the core sample and the red the core-shell. The
core sample a few, very weak, absorbance peaks and a large peak at 980 nm due to the Yb
in the system. However, the core-shell spectrum has several large absorbance peaks at 520
nm, 580 nm, 760 nm, 860 nm, 980 nm and most importantly at 800 nm (Figure 13). From
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this, we can conclude the presence of Nd and that the Nd was successfully synthesized onto
the UCNPs in the form of a shell.

Figure 13. Absorbance spectra of NaYF4: 18%Yb, 2%Er core UCNPs (green) and
NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd core-shell UCNPs (red)
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Figure 14. Absorbance and excitation spectra (λem=540nm) of NaYF4: 18%Yb,
2%Er@ 10%Yb, 10%Nd core-shell. Insert is the upconversion emission spectrum of
NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd CS UCNPs excited (λexc=976 nm).

Above (Figure 14) is the excitation (green) and absorbance (red) spectra of the of NaYF4:
18%Yb, 2%Er@ 10%Yb, 10%Nd core-shell. Absorption is the absorbance of photons by
the system. The excitation spectrum allows us to monitor the various bands of Nd, Er, and
Yb that promotes upconversion. The absorption spectrum is similar to the excitation
spectrum, yet the greater the absorbance at the excitation wavelength (936 nm) the more
molecules are likely to be promoted to the excited state and more emission will be observed
(2H11/2 → 4I15/2). Here we can see that the absorbance and emission of peak size at 800 and
980 nm are switched. In the excitation spectrum, the 980 nm peak is much larger than the
800 nm peak. However, in the absorbance spectrum, the 800 nm peak appears to be larger
29

than the 980 nm peak. By comparing these two spectra, we can see that the Nd is more
likely to absorb incoming excitation, but a smaller fraction of the absorbed photons
contributes to UC compared to direct Yb excitation. The energy transfer from the Nd3+
→Yb3+ occurs, however the energy transfer from the Yb3+→Er3+ does not arise as much.
In other words, the IQE of the active shelled NIR-to-Green UCNPs is less than the IQE of
the core NIR-to-Green UCNPs.

Figure 15. Plot comparing of NaYF4: 18%Yb, 2%Er core (bowtie) and NaYF4: 18%Yb,
2%Er@ 10%Yb, 10%Nd CS UCNP (triangle), 1 micron, green, red, and blue emission
at various power densities.

In Figure 15, we are comparing the intensity of 1 micron, green, red, and blue emission of
the NaYF4: 18%Yb, 2%Er core and NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd CS UCNPs
as a function of irradiance. The slope of the lines to describe how sensitive the UCNPs
emission is to the excitation power density. The higher the slope, the more sensitive the
particles are.
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CHAPTER 4. CONCLUSION

4.1

NIR-TO-NIR UCNPS

For this project, three different batches of NIR-to-NIR UCNPs were synthesized with
adjusted amounts of Yb, 48%, 58%, and 98% and fixed amount of Tm (2%). After
measuring and each batch of nanoparticles, we concluded that with increasing levels of Yb,
the particle dimensions increase from a 1:1 surface ratio to a 1:2 surface ratio, becoming
plate-like. For the NaYF4: 48%Yb, 2%Tm nanoparticles two separate inert shells of NaYF4
were synthesized onto a portion of the batch. The luminescence of the NaYF4: 48%Yb,
2%Tm core and NaYF4: 48%Yb, 2% Tm@ NaYF4@ NaYF4 core-shell-shell were
analyzed and compared using IQE measurements. As a result of the shell additions, the
core-shell-shell UCNPs emit 800 nm light over 35 times that of the core UCNPs at low
power densities (<1.5 W/cm2). This is most likely due to the reduction of the surface
quenching on the particles. The effectiveness of shell additions to the UCNPs systems will
assist in further work to excited UCNPs at power densities comparable to LED lights.
Extending the use of the NIR-to-NIR UCNPs with LED lights will further assist in
implementing these powders in latent fingerprint development.

4.2

NIR-TO GREEN UCNPS

In this work, NIR-to-Green NaYF4: 18%Yb, 2%Er UCNPs were synthesized with the
addition of a 10%Yb, 10%Nd active shell and an inert shell of NaYF4. It was found through
the absorbance and excitation spectra of the core-shell NIR-to-Green particles that the Nd
of the NaYF4: 18%Yb, 2%Er@ 10%Yb, 10%Nd core-shell UCNPs is more likely than the
Nd to act as the initial sensitizer in the system and absorb the incoming photon. However,
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Yb is most probable to participate in energy transfer of the photons. Although IQE
measurements were not recorded with the NIR-to-Green UCNPs, we still saw an increase
in 540 nm emission (Figure 13). Like the previously discussed NIR-to-NIR UCNPs, the
addition of a(n) (active) shell to the NIR-to-Green UCNPs resulted in brighter overall
emission when compared to the core counterpart. The core-shell NIR-to-Green UCNPs
were also successfully excited at both 800 nm and 980 nm. The inert shelled batch of NIRto-Green UCNPs were synthesized, but we have yet to analyze their emission. There is still
future work to be done to further explore the upconversion capabilities of the active shelled
NIR-to-Green UCNPs. We hope to utilize their duel wavelength excitability for increasing
anticounterfeiting measures.
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