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Abstract

Fluorescence imaging is a growing biomedical technique; it can be used to localize the
luminescent biomarkers inside the tissue. Lanthanide-doped upconverting nanoparticles
(UCNPs) are promising luminescent probes for multiple applications in biophotonics.
They allow acquiring autofluorescence-free recordings with high spatial resolution. How-
ever, upconverting nanoparticles have a low quantum yield, especially at low excitation
power densities. In this thesis, an upconverting nanoparticles quantum yield measure-
ment system is developed, the upconverting nanoparticles used are the sodium yttrium
tetra fluoride doped with thulium and ytterbium ions, NaYF,: Yb3" Tm?*. The quan-
tum yield for UCNPs is dependent on the excitation power density. A well-characterized
dye, DY-781, with a known quantum yield of 11.9%, is used as the reference dye in these
measurements. Upconverting nanoparticles quantum yield is then obtained by using a
comparative method. At the balance point, half way to completely saturating the exci-
tation, the power density equals 3214 mWem ™2, and the nanoparticles have a quantum
yield of approximately 0.33%. The quantum yield of upconverting nanoparticles can be
presented as a function of the excitation power density, and the values for maximum at-
tainable quantum yield is estimated to be 0.69%. The setup is successful for obtaining
the saturation of thulium-doped upconverting nanoparticles as they saturate at low power
densities.
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APD
UCNPs
UC
UCL
QY
QD

RE

BP
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TPA
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Tm3+
Yb3+
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FWHM

Avalanche photodiode
Upconverting nanoparticles
Upconversion
Upconversion luminescence
Quantum yield

Quantum dot

Rare earth

Bandpass

Longpass

Two-photon absorption
Excited state absorption
Ground state absorption
Energy transfer upconversion
Cooperative upconversion
Ytterbium

Thulium

Sodium Rare earth fluoride
Sodium yttrium tetra fluoride
Trivalent thulium ion
Trivalent ytterbium ion
Avalanche photodetector
Neutral density

Optical density

Full width half maximum
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Introduction 1

Optical molecular imaging is growing research discipline. It aims at developing good
biomedical tools at levels ranging from subcellular structures to tissues. Its relative cost-
efficient and very low toxicity makes it promising for both in vivo and in vitro applications.
Molecular imaging has been widely applied in medical research, e.g., in understanding
molecular mechanisms of cancer development and treatment. Fluorescence molecular
imaging is an ideal tool for investigating biological samples [1| [2]. When a molecule
absorbs a photon, an energetically excited state is formed. The excited electron from the
molecule undergoes interactions with the host crystal lattice, the electron de-excites to
its ground state, the excess energy from the molecule is released in the form of a photon.
When the quantum energy precisely fits the energy gap between the up and down states,
the transition happens. To enhance the quality of recordings, contrast agents (contrast
media or dye), especially the exogenous types, are used in fluorescence imaging. The
contrast agents can also be a pharmaceutical drug carrier. Common fluorescent contrast
agents are quantum dots [4], organic dyes [5], and fluorescent proteins [6].

The next step to enhance the resolution of fluorescence imaging is to lower the back-
ground fluorescence. Background fluorescence provides a background and noise to the
signal. It is thereby a detected signal that disturbs the measurement. The background
fluorescence can be classified into two types: the background fluorescence from the exper-
iment setup and the autofluorescence of the sample. Autofluorescence is the emission of
light by an endogenous biological structure following absorption of light; it also happens
in non-biological materials. Phenylalanie, tyrosine, and tryptophan inside proteins show
some degree of autofluorescence [8]. The background noise caused by the instrument can
be removed by modifying the setup, for example, the excitation wavelength can be filtered
out by adding bandpass filters. The way to reduce the autofluorescence is a bit different;
it helps to work in the optical window where the light absorption is low. The optical
window corresponds to the red and near- infrared spectrum, where living tissue exhibits
low absorption. An ideal biomarker should have its emission wavelengths in the region of
the optical window, so the living tissue absorbs relatively little light, and the biomarker
should be non-toxic and exhibit long luminescence lifetimes.

Lanthanide-doped upconverting nanoparticles (UCNPs) meet all the requirements to
be a good biomarker. Upconversion contains sequential multiple photons absorption,
where the upconverting nanoparticles are the combination of trivalent lanthanide ions
with an appropriate inorganic host lattice, so that produce higher energy anti-Stokes
luminescence. Especially the NaYF4-based systems have been attracting extensive interest
due to their unique optical proprieties for in wvitro imaging application. Lanthanide ions
are acting as sensitizer and activator |9]; they have long lifetime and a ladder-like energy
levels structure. Rare earth elements include 15 lanthanides together with two additional
elements, scandium and yttrium. The electronic configuration of lanthanides can be



described as 15%2s22p83s23p93d104s24p® 4404V 5525p°5dM 652, where N and M are integer
numbers, specifying the number of 4f and 5d electrons for different elements. An activator
is an ion doped into a lattice, emitting light following an excitation. A sensitizer is an ion
in the crystal lattice that absorbs light and transfers the energy to the activator, often
through a radiationless energy transfer process. The sensitizer-activator pair Yb3* /Tm?"
is frequently used in fluorescence imaging research. The co-doped UCNPs can be excited
by a laser light with a wavelength of about 980 nm and releases light at a wavelength of
800 nm; both wavelengths are very good for in vivo imaging.

The emission intensity of UCNPs shows a nonlinear dependence on the excitation
power. An improved understanding and characterization of the UCNPs and their energy
levels would potentially provide more information for improving the biomedical imaging
applications. The UCNPs have the property of anti-Stokes shifting the emission with
respect to the excitation light. When an emitted photon has more energy than the ab-
sorbed photon, their energy difference is called anti-Stokes shift. Anti-Stokes shift of
the upconverted photoluminescence enables the detection of weak signals and allows a
background-free imaging with a higher spatial resolution than with conventional fluo-
rophores [3].

However, due to UCNPs’ relatively low luminescent quantum yield, which is defined
as the ratio between the amount of emitted and absorbed photons [10], the application of
UCNPs is still somewhat restricted. The challenge of improving the efficiency of UCNPs’
quantum yield has to be surmounted wisely. To date, researchers have shown there are
multiple ways of enhancing the upconversion luminescence, such as polymer modification
of NaYF,: Yb3" Tm3" |11], upconverting nanocrystals doped with different concentra-
tions of Litions [12], and nanocrystals with resonant waveguide grating substrate [13].
To specifically enhance the intensity of 800 nm luminescence, there are methods such as
increasing the content of Yb** ions [16], add Ho®" ions as the second sensitizer [14] and
specifically designing core/shell structures [17].

In this thesis, an upconverting nanoparticle quantum yield measurement system is
developed. The concept is based on the experience from the previous master project by
Bjorn Thomasson. The aim of this thesis work is to facilitate an enhancement of the
upconversion luminescence of NaYF,: Yb3t | Tm3" in fluorescence imaging by minimiz-
ing the influences from the surroundings and to simplify the measurement procedures.
More specifically, the idea is to design a capable experimental setup of determining the
quantum yield as a function of excitation power density. Such a system will facilitate the
development of an improved quality luminescence particles imaging.



Theory 2

2.1 Quantum yield

As mentioned in the introduction chapter, the quantum yield (QY) is defined as the ratio
between the amount of emitted photons and the amount of absorbed photons. It gives the
probability of the excited stated being deactivated by fluorescence rather than by other
non-radiative processes, i.e. the transition occurs without the emission of photons. The
QY calculation formula is:

Nem o kOIem
Nabs [ex ’
where N,,,, and N, represent the amount of emitted photons and the amount of absorbed
photons, ky is a scaling factor which accounts for the photon energies at the two wave-
lengths involved, I.,, represents the emission intensity and I., represents the excitation
intensity. If there are n amount photons involved in the upconversion process, the QY is
generally denoted by 7,orm With the dimensions of [cm?W 1"~

U] (2.1)

[em
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(2.2)

2.1.1 Sample attenuation measurement

It is necessary to measure the excitation beam attenuation to calculate the amount of
excitation photons absorbed by the sample. The attenuation could be due to the reflection
at the solution interface and scattering inside the liquid, but mainly due to the absorption
by the sample. When a laser light of initial intensity I, passes through the sample which
was stored in the cuvette, some of the light is absorbed. Thus, the intensity of the
transmitted light [; is less than the initial I;. The intensity loss can be measured with
a blank cuvette filled with only the suspension liquid, and the light losses to the cuvette
wall (the container) and the suspending liquid are negligible. The relation between Iy and
I; are defined by the Beer-Lambert law:

A= logloé = lce, (2.3)

I
where symbol A represents the measured absorbance, [ represents the length of the light
path [cm|, ¢ represents the concentration of solution [mol L™!] and ¢ represents the molar
absorptivity of the solvent [Lmol~*cm™!]. An ideal value for absorbance A is between 0.04
and 0.05 [7]. If absorbance is lower than 0.04, it will lead to error in the experiment, as
there might be not enough fluorophore particle to emit detectable luminescence. On the



other hand, a relatively low absorbance ensures the emission intensity to be proportional
to the particle concentration. By writing the wavelength dependent coefficient yi;(\) [m™!]
and light path [ [cm], the transmitted light generally written as:

I, = Lye MWL (2.4)

Equation is known for describing the transmitted light intensity after it passed
through a medium. I, [Wem™] is the transmitted light intensity and I, [Wem™] is
the initial excitation light intensity, and both of them are wavelength dependent. The
light intensity [Wm™2] is defined as the power [W]| transferred per area [m?|, the area is
perpendicular to the direction of the power energy. Thus, equation can be rewritten
as:

A= logw& = lce. (2.5)
By
In equation Py [W| and P, [W] represent the power of the initial excitation power and the
transmitted power.

2.1.2 The quantum yield determination by the comparative method

Experimentally, relative fluorescence quantum yield can be determined by using the
Williams the comparative method [23]. Williams method involves a well-characterized
sample with a known QY. In an ideal situation, both reference and test samples have the
same experimental parameters (such as excitation wavelength, slit width, etc.); it simpli-
fies the work to assume that both samples absorbed the same amount of photons. The
QY is then calculated by:

Int 1 —1074% n? ¢z

X = 2.6
[ntR 1—-10-4 7’LR2 q f7 ( )

where ® represents the tested sample QY, Int is the integrated fluorescence intensity, ¢
[m~—2s7!] is the number of excitation photons per second integrated over the sample area,
A is an absorbance at the excitation wavelength, f represents the filter factor (transmis-
sion rate) and n represents the solvent refractive index. The subscript R denotes the
reference sample (with a known QY). The & ratio is needed, to take into account the
incoming photon flux for the absorption of the reference dye and the UCNPs sample,
respectively. The number of photons at one wavelength can be calculated by dividing
the excitation power in Watts [Js~!| by the energy of the incoming photon [J], the ratio
between the photon flux of the reference and the sample the equation simplifies to 785
nm / 975 nm, it is the value for %R. However, in experiment there are numerous factors
needed to consider, such as self-quenching ( the decreases of the fluorescence intensity)
due to a high concentration of solvent, different solvents may be used for reference and
test sample or laser light scattering.

O = Py

The considerations above can be solved by collecting data with a number of different
concentrations and by carefully choosing the concentration range. DY-781-01 (Dyomics)
is utilized as a reference sample in this thesis work. Ethanol was used as its solvent. Dye
DY-781 exhibits a linear emission dependence on the excitation power density. DY-781
has its maximum absorption peak at 783 nm, and the emission peak at 800 nm [24]. A
20 uM DY-781 stock solution is diluted by mixing 5 ul of the stock solution with 4000 ul
ethanol, due to the stock solution is too high concentration; its absorbance exceeds the
limit empirical of 0.05 |7] where re-absorption starts to become an issue.
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2.1.3 Filter factor

As shown in equation [2.6] the filter factor is one of the factors needed to correctly retrieve
the QY value. To explain it, one example is provided in figure[2.1l The emission spectrum
of DY-781 in ethanol was measured by previous master student Bjérn Thomasson [7]. All
filters transmission raw data can be found on Thorlab; each filter transmission is plotted as
a function of wavelength. The integrated fluorescence intensity of DY-781 without filter
gives the value 57.8, while the integrated fluorescence intensity of the same dye when
one 800 nm Bandpass (BP) filter is employed gives the value 19.3 and the integrated
fluorescence intensity of the same dye when the 830 BP filter and Longpass (LP) filter are
employed, the value is only 2.26. According to Bjorn’s thesis, the DY-781 dye exhibits
a QY of 11.9% when it is dissolved in ethanol. The use of equation provides the
expected QY values when one 800 nm BP filter used is 3.98%, and the QY when the 830
nm BP and LP filters both are utilized, is 0.47%.

1k (a}. —— D781
———FLB30-10 | ol (b) DY-781 with B30 BP and B0 LP

— 830 LP D781 with 600 BP
natk 800 BP
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Figure 2.1: (a) The FL830-10 BP filter has maximum 70% transmission at wavelength
830 nm with a FWHM of 1042 nm, the 800 nm BP filter has a maximum transmission
of 80% with a FWHM of 2042 nm. For the 830 nm LP filter, any wavelength shorter
than 830 nm, is blocked. It has transmission 52% at wavelength 830 nm. (b) An
example of how filters will affect the QY value. The blue plot line represents the dye
DY-781 emission spectrum, green plot line represents the same dye emission spectrum,
but with an 800 nm BP filter is in the emission detection path, the red plot line is when
both the 830 nm BP and 830 nm LP filters are in the emission detection path.

2.1.4 The quantum yield coefficient

The quantum yield for UCNPs can be presented as a function of the excitation power
density y [Wm™2]. A factor a is defined as the maximum attainable QY of the system. It
can be obtained by measuring the QY at very high excitation power; b [Wm™2] is defined
as the power density at the so-called balance point. The balance point is defined in a QY
against power density plot, where a slope of 1.5 is considered the balance point [35].

=27 (2.7)




2.2 Upconversion mechanism

Upconversion is a family of non-linear optical processes that can be categorized as three
basic mechanisms; excited state absorption, energy transfer upconversion and cooperative
upconversion. Another well-known non-linear optical process is two-photon absorption
(TPA), which requires simultaneously absorption of two photons to induce a transition
to the excited state. Unlike TPA, upconversion does not require simultaneous absorption
of photons. Upconversion process is instead a sequential absorption of several photons.
The frequently light will excite the ion to long-lived metastable energy state allowing
sequential absorption events. One of the significant features of upconversion is the anti-
Stokes shift of the luminescence emission. This feature allows upconversion luminescence
(UCL) materials to emit shorter wavelength than the exciting light.

(a) (b) (c) g2
— ™ - - ™ &
E2 B E2 , T .
ESA Ry 4 1 '
NN ' . ' -
] M 1 '
] ] 1 [
E1 - E1 v E1 |
GSA A PNy ' ETU2 A con ) ':'\N—E‘
SV R E ETU1 AN :GSA
1

Sensitizer Activator

Figure 2.2: Principal upconversion processes for UCNPs. (a) Schematic diagram of
excited state absorption (ESA) following a ground state absorption event (GSA). (b)
Schematic diagram of the energy transfer upconversion (ETU) following GSA. (c)
Schematic diagram of cooperative upconversion (CUC).

2.2.1 Excited state absorption

Excited state absorption (ESA) occurs only when the RE ion already has been excited by
ground state absorption (GSA). The GSA process is when an ion is photo-excited from
the ground state G to the metastable state E1. In the case, the RE ion absorbs additional
pump photons to excite the ion from the metastable state E1 to higher excited state E2.
This process is called ESA. The ESA and GSA transitions are illustrated in figure [2.2)(a).
Upconversion emission is generated when ions in the E2 state are de-excited to the ground
state G and release the excess energy in the form of one photon per de-excited ion.

2.2.2 Energy transfer upconversion

As mentioned above, ESA happens for a single ion. When there are two neighboring
ions involved, the non-radiative energy transition happening between them is called en-
ergy transfer upconversion (ETU). This process involves two ions: a sensitizer ion and
an activator ion, as illustrated in figure 2.2l The energy transfer upconversion between
two neighboring ions is considered as a non-radiative process, the transitions without the
emission of photons, and the excess energy is dissipated in the form of photons and asso-
ciating with lattice vibrations. Two non-radiative energy transition can happen, between
excited and ground state (ETU1 in figure[2.2b)) or between two excited states (ETU2 in
figure2.2b)). The latter transfers the activator ion from the metastable state to a higher
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excited energy level E2, while the sensitizer ion returns to electric ground state G. The
concentration of dopant is very critical; it determines the distance between neighboring
ions which affects the energy transfer between two ions and the upconversion rate. The
probability for energy transfer is defined as:

Psy = ——, (2.8)

where 7 [s] represents the sensitizer lifetime, Ry [m| is the transfer distance for which
excitation transfer and spontaneous deactivation of sensitizer have equal probability, R
[m] is the distance between two dopant ions. The number n is a positive integer which
has different value for different interaction [18] :

e n—6 dipole-dipole interactions
e n—38 dipole-quadrupole interaction
e n—10 quadrupole-quadrupole interaction

The ETU process has been seen in numerous types of ion doped crystals. The one issue
with ETU is the non-radiative decay that leads to unwanted heat in the crystal. However,
due to it allows efficient energy transfer from sensitizer to the activator, it is still wildly
used in creating new upconversion nanomaterial.

2.2.3 Cooperative upconversion

Cooperative upconversion (CUC) is the interaction between three ions as illustrated in
figure (c) At least two adjacent sensitizers simultaneously provide energy to the ac-
tivator, the combined energy excites the activator ion to the higher excited state E2.
Following this process, the ion returns to its ground electronic state and releases upcon-
version luminescence. This progress is called cooperative luminescence. CUC happens in
Yb?" singly doped crystal as a cooperative luminescence [30] and acts as a cooperative
sensitization in bulk material Yb3" /Th3* or Yb3*+ /Eut [31].

2.3 Upconverting nanoparticles

Lanthanide-doped upconverting nanoparticles, especially the NaYF,-based systems, hold
promise as novel luminescent probes for numerous applications in biophotonics. In gen-
eral, UCNPs are formed by doping inorganic host crystal with rare-earth (RE) ions. The
presence of RE ions the crystal may provide luminescent, while some inorganic crys-
tals may not show upconversion (UC) luminescence by themselves. UCNPs are anti-
Stokes shifting [9] the upconverted photoluminescence signal. This property enables a
background-free imaging, and also with an improved spatial resolution, allows to detect
weak signals in the presence of tissue autofluorescence. In this thesis sodium yttrium
fluoride crystals have been employed doped with trivalent ytterbium ions and trivalent
thulium ions (NaYF4: Yb3", Tm®"). NaYF, is among the most efficient host material for
upconverting luminescence, and Yb?*"/Tm3* activator-sensitizer pair is frequently used
in recent research.



2.3.1 Activator and sensitizer

The way activator ion works is by letting the ion undergo a series excitation process to
reach a high-lying bound state. When the excited electron returns to its ground state it
releases energy in the form of a photon, an upconversion luminescent is achieved. A good
activator has multiple long-lived metastable energy levels that match the excited energy
levels of the sensitizer. The activator luminescence wavelength range shall fulfill the
application demand: in this thesis, it is around 800 nm. A good sensitizer should have
a simple energy structure and relatively long-lived excited energy levels. The excited
sensitizer ion transfers energy multiple times to the activator ion to indirectly excite this
ion. The schematic energy level diagram of the sensitizer and activator used are shown

in figure 2.3
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Figure 2.3: Schematic energy level diagrams of the sensitizer ion Yb3" and activator
ion Tm?®**. The proposed upconversion mechanism with the following excitation at 975
nm and emission at 800 nm.

Activator and sensitizer ions are chosen from Lanthanide elements. Trivalent erbium
and trivalent thulium ions are amongF the most utilized activator ions, and trivalent
ytterbium ion is one of the most utilized sensitizers in UCNPs. Lanthanide elements are
characterized by their partially filled 4f shells which allow the electron transition between
4f and 4d levels. Sensitizer harvests energy and transfers to activator ions. Tm?* ion as
an activator, fulfills the requirements, and it has relatively large energy gaps to reduce
the nonradiative transfer (the sensitizer separated energy level is being resonant with the
corresponding energy gap in activator). Yb*" ion as a sensitizer, its ground state is ?F /2
and it one excited 4f state ?F5o. Its simple structure nicely fits the energy structure of
activator Tm?.

2.3.2 Host material

The primary requirement for the host material is that it should have a good lattice match-
ing with the dopant ions; the distance between dopant ions, relative spatial position, and
coordination numbers [21]. Upconversion relies on energy transfer between activator and
sensitizer within a close range. A suitable host material needs to be able to host the
activator and sensitizer ions within a proper distance to allow generating strong lumines-
cence.

Secondly, low phonon cutoff energy and low crystal field symmetry are preferred;
they can decrease non-radiative loss during upconversion and increase the emission. The



luminescence intensity is sensitive to the distribution of phonon density; the non-radiative
process is the main loss for upconversion emission [22].

Fluoride based crystals, oxide based crystals and many other different materials are
used to as crystal host material in UCNPs. NaYF, seems today to be the most promising
material for UCNPs, and there are two different type of it, cubic (o) NaYF, and hexagonal
(6) NaYFy, see figure . The NaYF, phase can be transformed in NaREF, structures
by lanthanide doping [19]. For example by adjusting the Y*/F~ ratio in the synthesis
reaction solution one can change the NaYF, phase between cubic and hexagonal. The host
material phase affects the upconversion emission; efficiency low phase symmetry contains
more uneven components which allow a stronger coupling between 4f energy levels and
give higher upconversion emission efficiency.

[
Half occupied by Na*

Figure 2.4: Structure of a hexagonal and cubic phase of NaYF, crystal. The figure on
the left-hand side is the hexagonal structure, green color balls represent the Na or RE
atoms and their projection on the bottom lane are shown by gray balls, the red color
balls represent the half empty half occupied Na atom, and the blue balls represent the
RE atoms. The figure on the right-hand side is the cubic structure, where green balls
represent the Na or RE atoms, and red balls are F atoms.

In cubic NaYF,, Y3tand Na® ions are randomly distributed on the host material
cation sites, but in hexagonal NaYF,, there are three cation sites only and one for Y3+
ions, one for Na' ions and the last one for both Y3 and Na™ ions [15]. Hexagonal-
NaYFs-based UCNPs have been proven to be the most efficient [20], it is a much better
host lattice for the luminescence of RE ions than the cubic NaYF,.

2.4 Luminescence anisotropy

Light is a harmonic electromagnetic wave. When it interacts with an object, usually
its magnetic effect can be neglected. Natural light or fluorescence contains all possible
orientations of the electric field vector directions. When the direction of the electric vector
does not change during propagation, it is called linearly polarized. When the random light
goes into the polarizer, only the light polarized in the given direction can pass through
the polarizer. Polarization is a fundamental property of light [32].

The fluorescence from the sample is the combination of signals from individual fluo-
rophore dipole emissions; it is the key to how the polarization and fluorescence are con-
nected. An electric dipole is defined as the separation of positive and negative charges.
The dipole moment represents the strength and direction of the dipole. The possibility
of a transition of a molecule between two energy states is proportional to cos®¢p, where
¢ is the angle between the direction of excitation polarized light and the dipole moment.
Thus, when the excitation light is parallel to a molecule’s dipole moment, the molecule



has the highest chance to absorb a photon. On the other way around, if the polarized ex-
citation light is perpendicular to the dipole moment, the molecule cannot be excited. The
degree of polarization can be obtain by studying the polarization ratio (p) and emission
anisotropy (r);

IH_IJ_
p— B 2-9
P ]||+IL ( )
Iy—1 Iy —1
AU ek SO et (2.10)

Ir  Lj+2I°

where [ | Wm 2], is the intensity measurements made parallel to the emission light, and
I, [Wm™? is the intensity measurement made orthogonal to the emission light. Both
measurements can also be made by rotating the polarizer in the excitation path instead
of emission path. The direction of emission dipole affects the value and sign for p. When
the dipole moment and the electric field are parallel to each other p equals 1, and when
the dipole moment is perpendicular to the electric field, p equals -1. Emission anisotropy
(r) is preferred as it contains the total intensity Ir. The reason Iy equals I + 21, is that

Figure 2.5: (a) An illustration of fluorescence polarization measurement. The incoming
light in excitation path is linearly polarized, and the resulting fluorescence composed of
the combination of measurements I; and /,. (b) An illustration diagram of a polarizer
oriented with an angle £, and how it is related to both I and I, in the emission path

in geometry only light of one polarization is detected, while light polarized both in the x
and y-direction will have the same intensity I,. If there is no polarizer in the emission
path, the detector measures the I + I, , which does not equal the total intensity. To get
a value for the total intensity, it can either measure separately /| and I, and calculate
I7 or place a linear polarizer in the emission path with a given magic angle, 54.74°. To
calculate the magic angle, an analysis diagram is presented in figure 2.5 Assume at an
angle £ which can obtain I, with double weight than Ij:

1(¢) = I||0032£ + 1, sin’¢, (2.11)
sin’¢ = 2cos’E, (2.12)
tan?¢€ = 2, (2.13)

¢ = 54.74°. (2.14)
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Experiment 3

3.1 Experiment setup

Lasgr source

Convex lens

¥ g
Linear palanizer Lens tube(Contain: Two focal lenses,
JCOI’IVEX lens 830nm band pass filter, 830 longpass filter)

-

Am/plified Photodetector

Rectangular Step ND Filter
Beamsplitter

Amplified
Photodetector

Lens tube(Contain: Two focal lenses, 800nm band pass filter)

Figure 3.1: An illustration of the relative quantum yield measurement system. A
simpler illustration diagram is inserted at the bottom right corner. All components are
mounted along a common optical axis; it simplifies the beam alignment process, the
entire setup in this way can easily be transported. The distance between APD1 and
APD2 is about 42 cm, the distance between the laser source and power meter is about
35 cm, so the size of the system is relatively small. Both APDs are connected to a
preamplifier to boost the signal strength with two different input channels.

In this chapter, the developed system is presented. The setup and a block diagram can
be seen in figure 3.1} The design of the setup is based on the filter fluorimeter concept to
characterize the luminescence of quantum yield. The important optical components usage
is explained in the following sections. The entire setup is covered with black cardboard to
block the surrounding background light; a cap made of black paper is used to cover the
top of the sample holder. Three optical fibers were used in the setup; two optical fibers
were used to connect the laser drives to a simple fiber switch. For the third optical fiber,
one side of it is mounted to the setup and the another side is momentarily mounted to
the fiber switch depends on which wavelength is going to be used.

11



3.1.1 Fluorometer

A filter fluorometer can be built at a low cost. It is easy to modify, but it is not the ideal
choice since it can only look at a fraction of the emitted photons. The coherent light
beam emitted by the laser system (excitation source) will be expanded after it passes
through an excitation lens. This process is important for the beam profile measurement
with the profiler. It is not required for normal dyes but only for UC materials, since
they are dependent on the excitation power density. After passing through the excitation
polarizer, the laser beam is separated into two beams; one is detected, and the other beam
passes through the sample. The avalanche detector (APD) is located a distance away and
at a 90-degree angle from the sample. It is used to detect fluorescence. The BP and LP
filters are used to select the wavelength, while the BP filter blocks unwanted radiation
and transmits a well-defined wavelength band of light. The LP filter blocks wavelengths
shorter than the defined cut-on wavelength to minimize the potential leakage from the
laser to disturb the measurement.

3.1.2 Light source

For the UCNPs and the reference dye DY-781 corresponding excitation wavelength are
975 nm and 785 nm separately. Two diodes from Thorlabs were used to provide these
wavelengths, label L975P1WJ and L785P090. The maximum current one can apply to
the L975P1WJ laser diode is 1.8 A, and the maximum current one can use for L785P090
diode is 160 mA. The maximum radiation power obtained by the power meter is 200 mW
for the 975 nm diode and 20mW for the 785 nm diode. The laser beam loses power in the
optical fiber, linear polarizer, focal lens and beam splitter. The optical fiber used during
the measurement has a core size of 600 pm.

3.1.3 The excitation path

The excitation path is defined as the beam path from the laser source (fiber adapter)
to the sample holder. A multimode optical fiber transfers the laser light from the laser
diode mount to the system. The fiber end is connected to the laser source fiber adapter,
the fiber adapter is adjusted by two small screws to move the laser beam spatial position
vertically and horizontally. The laser mount is connected to both a laser diode current
controller and a temperature controller. The temperature for the laser driver is always
set to a constant value of 25 °C. A distance of 7 cm away from the adapter there is a 60
mm cage plate mounted with a convex lens (f=9 cm). It expands the laser light. Those
60 mm cage plates used in the setup are designed to hold ¥2"(diameter 50.8 mm) optical
components with various thicknesses. Another convex lens (f=22 c¢m) is mounted 7.5 cm
away from the first convex lens. Besides a linear polarizer was placed here to ensure that
the laser light interacting with the sample is linearly polarized. A magic angle detection
in the right polarized is needed for this measurement. This is discussed more details
in section Then 12 cm away from the second convex lens is the beam splitter. It
separates the beam into two directions with an intensity ratio 8:92. The 8% light passes
through one rectangular ND filter and reaches a CCD camera, the 92% light is directed
through the sample. It is very important that the distance from the center of the beam
splitter to the CCD camera and the center of the sample is the same; 6.5 cm in this case.
The CCD camera is used to analyze the beam cross section profile. The rectangular step
ND filter is interchangeable, and it has ten different optical densities, from OD 0.1 to 4.0.

12



3.1.4 The emission path

The emission path is directed at a 90-degree to the excitation path. It is the range between
the two APDs in figure The sample is contained inside a UV fused quartz cuvette
with four polished sides; this allows optical access from the four sides used. The power
meter is mounted to the right side of the sample holder, and the sensor side is facing
the excitation path direction. The power meter is used to examine the laser beam and
record laser power before and after the sample is placed. The concept with data collected
both by the power meter and the CCD camera enables to obtain the power density at
the sample. The laser beam profile is examined by the CCD camera. Since both current
and temperature can alter the beam profile, it is necessary to examine the beam profile
during the measurement.

So for both the top and bottom sides of the sample holder, there is a mechanical
shatter placed next to it. It is used to protect the APD from high-power beam damage.
Along the direction where APD1 locates, 5 cm away from the sample holder a convex lens
is placed to collect the emitted luminescence. A slit with a width of 1.0 mm is placed 5 cm
away from the convex lens to block the out of focus light. As the detection is dependent
on the laser power, the placement of the slit is to select only the center of the beam for
the detection, to ensure the same excitation power throughout the detection path. At
a distance of 6 cm away from the slit, a linear polarizer is placed. It is rotated 54.74
° compared to the polarization direction of the reference polarizer (the first polarizer in
the excitation path). The polarized light will pass through two convex lenses and one
800 nm BP filter in a lens tube. The filtered light reaches the APD1 in the end. Along
the direction where APD2 locates, the luminescence light passes through one 830 nm BP
filter and 830 LP filter. DY-781 has a very broad emission, and it is possible to excite it
at short wavelengths. The 785 nm laser was already available in the lab, so it was used to
excite the DY-781 dye. The wavelength 785 nm is very close to the emission wavelength;
an LP filter is needed to cut off unwanted radiations. The filtered light passes through
two convex lenses and reaches APD2. Both detected signals will be fed to a preamplifier
with a 20x gain. The reason chose 20 is because that is the highest factor it can boost
the signal strength before the preamplifier is overloaded. The preamplifier is employed to
reduce the interference and noise in the recorded signal. The prepared signal will be sent
to a computer for further data analysis.

3.1.5 The excitation power detection

As mentioned in section [3.1.3] a power meter is placed in line with excitation path; it is
ideal for metering low power light sources. The power meter is also named photodiode
power sensor. The incoming laser power causes the photodiode sensor to deliver a corre-
sponding current to a trans-impedance amplifier, which will be converted to a proportional
voltage value. The power meter used in this system is Thorlabs PM16-121 standard pho-
todiode power sensor with wavelength range 400 - 1100 nm. The maximum power range is
500 mW [25]. The power meter can be controlled by the Thorlab’s power meter software
PM100. The wavelength should be set individually with an actual wavelength value, as
the power meter response is wavelength dependent. The software calculates the optical
power from the measured current; it presents a time scale plot for each measurement;
the data can be saved as a text file. To get power density value, the beam cross section
measurement is required. A CCD camera is used to characterize the incoming beam and
to help align the system. The CCD camera used in the thesis is a Thorlabs DCU224M
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CCD camera with 1280x1024 pixels resolution [26]. The advantage of a CCD camera is its
high dynamic range, i.e. it is capable of a wide range of intensities of light and it also has
low noise which is ideal for low power source imaging. The software used to obtain the
image from the camera is developed by Anders Persson, Atomic Physics, Lund University.
The name of the software is 'LabView Laser Beam Profiler - Stabilizer’. The program is
written in LabVIEW. The acquisition panel is mostly used; it selects a region of interest,
subtracts a recorded background and saves the image to the computer. Calculated panel
from beam profiler program can control and display the fit to a Gaussian beam profile,
and the ideal beam type is top-hat. Thus, the CCD camera is also used to examine the
beam type. An extra program Fiji [27] is used to analyze the raw image saved by the
beam profiler program and calculates the beam cross section size where each pixel size is
4.65 pm x 4.65 pm.

3.1.6 Luminescence detection

The emission detection path with the 800 nm BP filter is the most important one, as it
can be used for both UCNPs and DY-781 fluorescence measurements. The APDs used in
this thesis is Thorlabs APD410A /M, which has a detection wavelength from range 400
to 1000 nm. It is furthermore temperature compensated [28]. This APD has low noise
and high sensitivity. It is ideal for low optical power measurement. The software SIGAV
LabView 2015 is used to read the output from the APD and save the data as a text file.
This program is also developed by Anders Persson, Atomic Physics, Lund University. The
emission detection path with the 830 nm BP and 830 nm LP filters, does not contain a
linear polarizer. The reason of having this side is to allow the system to perform other
dye measurements rather than UCNPs and DY-781 only. An issue with the 800 nm side
in the arrangement is that all optical components are very packed. The 800 nm BP filter
is mounted inside a lens tube. To change the filter, the system needs to be dismounted,
and after changing the filter, the lenses needs to be re-calibrated. Both the DY-781 and
UCNPs used have a strong emission peak around 800 nm, meaning that the signal can
be detected with the 800 nm detection path. If other reference dyes are used, like Pacific
Orange, which has an emission peak at 500 nm, it will not be detectable with the 800 nm
detection side. The 830 nm BP and LP filters can be easily exchanged. It enables the
measurement for different reference dyes. The problem with this side is that the detected
emission signal is dependent of a possible emission anisotropy, as the emission intensity
is not the total intensity.

3.2 Measurement procedures

Laser safety goggles must be worn during the measurement. The goggles should block
the used wavelength range. The UCNPs sample solution and stock DY-781 solution were
all a prepared by previous Biophotonics group member, Haichun Liu. The DY-781 stock
solution of 20 uM was diluted by mixing 5 pl stock solution with 4000 pl of ethanol
to minimize any re-absorption within the cuvette. The absorbance shall not be higher
than 0.05 [7]. For the UCNPs, the molar ratio between Y2, Yb™ Tm™ ions is about
75:24.7:0.3, the details of the UCNPs synthesis can be found in Xu et al. article [29]. The
measurement procedure is divided into two parts; procedure for the reference dye
DY-781 measurement and procedure is for UCNPs measurement.
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3.2.1 Reference dye measurement (Timing ~ 60 min)

Two cuvettes (10 mm x 10 mm) were cleaned and dried out. Water and ethanol were used
to clean the cuvettes. One cuvette was filled with a 2mL diluted DY-781 solution; this
cuvette is called the sample cuvette, and the another cuvette was filled with 2mL ethanol;
this cuvette is called the blank cuvette. The ethanol used was F-sprit 95% (Contains 95%
denatured alcohol). The absorption spectrum of DY-781 was provided by the product
company [24], and the emission spectrum was measured by the previous master student
Bjorn.
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Figure 3.2: (a) The absorption spectrum provided by the producing company. For
DY-781 has the maximum absorption peak is at 783 nm. (b) The emission spectrum of
DY-781 in ethanol. The dye has maximum spectrum emission peak at 800 nm, and the
second peak at 830 nm.

The laser with the excitation wavelength 785 nm was chosen to excite dye DY-781;
the wavelength 785 nm is close to the maximum absorption peak of the reference dye. For
both the power meter and the APD read out programs, integration time was set to 1.0 s
and the total measurement time was 200 s. The APD has a sample rate of 25000.00 Hz,
that means in each one second the program takes the average value out of 25000 detected
signals. The temperature controller was turned on and set to 25 °C, then laser driver
was turned on. The blank cuvette was placed inside the sample holder. The laser current
was adjusted to the first measure data point. Both APD and power meter programs were
started at the same time. After simultaneously recording for 60 s, the blank cuvette was
removed to record the background for another 65 s. After that then the sample cuvette
was placed in the holder and recording continuously till both programs stop after 200 s.

During the data evaluation, the data region of 5-55 were used for blank sample eval-
uation, data points 70-120 were used for the empty holder and data points 140-190 were
used for sample evaluation. The procedures were repeated for multiple data points till
reaching the laser driver limit power. In the continued measurements, the data points
follow the power densities with a step size 10%® mWem =2 while the first data point was
10%6 mWem™2 (the beam area were assumed to be 0.005 cm?). In the reference dye
measurement, a second APD (name APD2) were used. Unlike the first APD, APD2 its
emission detection path does not have a slit and a linear polarizer. Instead, it has one 830
nm BP filter and an 830 nm LP filter and two focal lenses. The measurement procedure
was the same as when using APD1.
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3.2.2 UCNPs measurement (Timing ~ 90 min)

For the UCNPs with Tm3"/Yb3" sensitizer and activator pair, exhibit emission spec-
trum showing strong emission in the NIR, red and blue following excitation at 980 nm.
Thus, a laser with excitation wavelength 975 nm was chosen. The UCNPs measurement
procedures were very similar to the reference dye measurement.
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Figure 3.3: On the left-hand side is the emission spectra of SrFy: Tm3", Yb3" at room
temperature. The picture on the right-hand side was Tm?3"/Yb3" sensitizer and
activator pair energy diagram. The figure was cited from Journal of Materials
Chemistry C, 2015.3.3108 [33] without any modification.

Two cuvettes were cleaned and completely dried. It is important to know if the cuvette
stored fluorophores before. Hydrogen chloride was used to remove the possible UCNPs
inside the cuvette wall; the cuvette was filled with hydrogen chloride for at least one hour.
Afterward, the hydrogen chloride was poured out, and the cuvette was cleaned with water
and ethanol. One cuvette was filled with 2 mL cyclohexane, and another cuvette was filled
with 2 mL of the UCNPs dispersion. The UCNPs emission spectrum is in figure when
it is under 980 nm wavelength excitation. The detection side with 800 nm BP filter was
used. Both the APD1 and power meter readout programs; their measurement time was
200 s and the integration time was set to 1.0 s. The APD has a sample rate 25000.00
Hz. The temperature controller was always set to 25 °C, the laser driver was turned
on. The cyclohexane blank sample was placed in the sample holder. Both the APD and
power meter readout programs were started the same time. After measured for 60 s, the
cyclohexane cuvette was removed to record the background for another 65 s, then the
UCNPs sample cuvette was placed, and recording kept until both programs stop. After
one measurement is performed, the laser driver current was set to a low value (where the
beam was not saturated and can clearly see the beam shape); then a beam profiler picture
was recorded. During data evaluation, the data region of 5-55 was used for blank sample
evaluation, data points 70-120 was used for the empty holder and data points 140-190 was
used for sample evaluation. The procedures were repeated for multiple data points till
reached the maximum laser power. The data points follow the power densities with step
size 10%1% while the first data point was 101" mWem ™2 (The beam area was assumed to
be 0.5 mm?).
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Results & discussion 4

This chapter will present the obtained result and analysis the data. Start with measured
DY-781 power meter data. In figure[4.1|(a), it can be seen from the trend of each measure-
ment that the 785 nm laser is not very stable at a relatively high power. The variation of
laser power would affect the fluorophore luminescence signal, which can be seen in figure
4.1)(b), the luminescence varies along the time, especially the measurement represented
by the purple line. Each color line in luminescence plot corresponds to the same color line
power meter measurement, different colors represent a different group of measurements.
In the luminescence plot, the scattering light was detected by APD (the measurement
of empty sample holder increases when excitation power increases). This is due to the
spectral range of blocked light of the 800 nm bandpass is too wide, allowing the scattered
excitation wavelength 785 nm to be detected.
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Figure 4.1: The recorded power meter measurement(a) and the recorded luminescence
signal(b) for ethanol, empty holder, and reference dye DY-781. The counts between 0 to
60 are the measurement of ethanol, the region 60 to 135 is for an empty sample holder
and the region 135 to 200 is when the reference dye is placed.

In UCNPs power meter measurement, compare figure [£.2[a) to figure [4.1j(a), the 975
nm laser is more stable when it is at a high power region, it has very low variation. Thus,
the luminescence signal detected will be relatively stable as well, which can be seen in
figure (b) In the luminescence plot, the region between 0 to 60 is for cyclohexane, as
can be seen in the figure it is grounded. The region 60 to 135 is when the sample holder is
empty; the signal is grounded, which means the APD does not detect any scattering light.
The 800 nm BP filter suppresses the excitation light sufficiently to block the scattered
wavelength 975 nm. The region 135 to 200 is when the UCNPs sample is placed. The
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curves show the signal responses of the UCNPs when the excitation laser power increases.
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Figure 4.2: The recorded power meter measurement(a) and the recorded luminescence
signal (b) for cyclohexane, empty sample holder and UCNPs. The region 0 to 60 is the
measurement of cyclohexane, the region 60 to 135 is for an empty sample holder and the
region 135 to 200 is for UCNPs.

The Dye DY-781 exhibits an 11.9% QY when it is dissolved in spectroscopic grade
ethanol [7]. An expected QY value for DY-781 at the emission wavelength 800 nm is
3.98% (within the narrow filter used), and at the wavelength 830 nm, it gives a QY 0.47%.
Both two expected QY values were examined by Marco Kraft [34] by comparing the data
collected with his standard dye IR140 and reference dye DY-781 using the system built
in this thesis with emission wavelength 800 nm. Marco measured the QY for dye DY-781
at 800 nm to be 4.49% and the QY at 830 nm to be 0.39%, while he made an absolute
determination of the QY of IR140 in Berlin beforehand. Thus, the stock DY-781 dye is
still available to use, and the expected QY values are reasonable. The detected signal for
reference dye DY-781 is plotted against laser power density in a double logarithmic scale,
see figure [4.3} both slopes values are close to the theoretical value 1.
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Figure 4.3: Detected DY-781 luminescence signal plot against laser power density in
double-logarithmic scale. The red triangles represent the measurement at 830 nm
wavelength while the blue square dots represents the measurement at 800 nm.
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The reference dye is linearly dependent on the excitation power density. The magni-
tude ratio between wavelength 830 nm and 800 nm is 2.36. For 830 nm, its ethanol and
luminescence signal plots are very similar as figure [£.1(b), but with a magnitude 2.36,
thus it is not included in the result part.
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Figure 4.4: The power density dependence of core UCNPs upconversion emission at
800 nm in a double-logarithmic scale. The measured beam area is 0.05 cm?.

For UCNPs, theoretically, the slope starts at value 2 and decreases to value 1 at high
power density. Unfortunately, the 975 nm laser driver used during this thesis cannot reach
excitation power higher than 200 nW. However, the data collected still provide enough
information to prove the upconversion emission is nonlinear dependent on the excitation
power density, see figure [£.4]

In section [2.1.4] it was mentioned that the balance saturation point is when the up-
conversion emission power density dependent plot has a slope of 1.5. To present the QY
as a function of the excitation power density, the experimental data can be fitted with
equation 2.7 The a value is defined as the maximum attainable QY, since setup limita-
tion this value cannot be obtained experimentally. The a value is instead estimated to
be twice the QY at the balance point [35], equaling 0.23%. The b value is defined as the
power density at the balance point. It equals 2250 mWem 2.

Back to the UCNPs upconversion mechanism, its emission intensity is non-linearly
dependent on the excitation power density, the measured beam area is 0.05 cm?, see
figure 4.4l As shown in equation [2.2] the n-power is directly related to the slope of the
double-logarithmic plot, see figure 4.4, UCNPs upconversion emission is quenched due to
relevant non-radiative relaxation processes [33|. If the relaxation has a higher probability
to occur than the upconversion, the slope of the curve will equal to n. However, since
UCNPs is in a crystalline lattice host, with relatively low phonon energies, upconversion
has a higher possibility to occur than relaxation. Saturation happens with increasing of
excitation power density; the slope value becomes lower than n for the same upconversion
emission band. Energy levels are saturating and therefore less low energy photons are
required to produce one high energy photon. The QY will be dependent on the excitation
power density rather than a constant value. The saturation can be obtained easier when
the excitation power density is low (not lower than 221.4 mWem ™2, before this value
cannot obtain any saturation).
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Figure 4.5: Experimentally determined the QY for the NaYF,:Yb3*" /Tm3*t UCNPs at
800 nm upconversion emission band. The solid black lines are the fitting curves using
equation [2.7] Both blue and red dots are measured data, but only blue dots were used
for the linear fitting.

The developed setup is very successful in obtaining the saturation of Tm3* particles,
since they saturate at low power densities. A curve with slope 2 represents the two-photons
excitation process. Increases the power density value, the power dependent upconversion
emission curve starts to change, and the slope value decreases. The laser at 975 nm used
can only reach maximum power 200 mW, but it provides enough excitation power to
demonstrate its strong influence on upconversion. The saturation is used to evaluate the
UCNPs QY efficiency; a low saturation power density indicts a high QY. The excitation
beam is assumed to have a Gaussian profile, and the beam size is 4.50 mm? which is
about ten times bigger than the estimation. The beam profiler is calculated based on
eig half-width of the beam, which corresponds to 500 pixels in the image recorded by
CCD camera. Converting the beam size from pixels to mm gives a diameter of 2.40 mm.
During the beam size estimation, the Full-Width Half Maximum (FWHM) was used for
the Gaussian beam size measurement. Later during the data analysis, the e% width was
used to present the beam size. It is more precise to take the distance between points
where the beam intensity falls to e%: 13.53% of the maximum intensity instead of the
FWHM. This is one of the reasons for the beam size difference between the estimation
and experimental data.

The laser power transmission is 85.36% for UCNPs, and the transmission is 77.27%
for dye DY-781. The refractive index for cyclohexane is 1.43 and the refractive index
for ethanol is 1.36. Where applying equation can calculate the luminescence QY
of UCNPs, the QY result is plotted in figure [4.5] The experimental QY can be nicely
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fitted with equation as shown in figure [4.5 with the solid black line. The a value
is the estimated maximum attainable QY, it is about 0.23% and the b value is defined
as the power density at balance point which equals 2250 mWem=2. The y value is the
excitation power density. The discrepancy that the experimental data and line fitting
could be due to the excitation laser beam having a uniform cross-section profiler. Based
on a paper published by Haichun Liu [35], where the QY is the half of the maximum
at balance point, the full QY can be calculated by determining the balance point power
density and the corresponding QY this is how to obtain the value for variable a. In Liu’s
paper [35], he obtained the balance power density 3800 mWem =2 with 0.45% QY for core
NaYF,:Yb?" Tm?3* nanoparticles. In this thesis, the balance point has power density 2250
mWem 2 with QY 0.11%. If subtract out the transmission effect from the 800 nm BP
filter, the experimental QY value will be 0.33% for nanoparticles, and the balance power
density will be 3214 mWem 2. The values for the maximum attainable QY is estimated to
be 0.69%. The difference between the QY achieved in this thesis and the QY measured by
Haichun is probably due to the UCNPs sample itself. It is unknown if the nanoparticles
are expired or polluted, and that was no information about the nanoparticle size either.

There are multiple factors would also affect the measurement. A dirty cuvette would
incline the absorption or emission spectrum. Thus, it is very necessary to clean the
cuvette. If the cuvette had stored fluorophore before, there is a possibility that the
fluorophore is absorbed by the cuvette wall. It is important to use an acid like hydrogen
chloride to help clean the cuvette or just use a new cuvette. During the measurement,
the 20uM DY-781 solution was too concentrated, its absorbance exceeds the limit 0.05,
but this problem can be solved by dilute the fluorophore solution like we performed
during the experiment. When there is scattering light in the detection path, this problem
can be solved by adding LP and BP filterS, but the addition of filters will lower the
luminescence intensity. During the mathematical calculation, it is important to know
the transmission rate of filters. Otherwise changing the excitation wavelength can help
increase the separation difference between the scattered excitation light and emission light,
especially because the DY-781 has a broad emission spectrum. Also, as mentioned above,
the excitation beam cross-section profiler affects the QY calculation, it is important to
have a stable, perfect Gaussian beam or a stable top-hat laser beam. For the lasers used
during this thesis, the excitation power output varies with time; the variation can be
obtained from figure and figure [£.2] And view the beam profiler at high power; should
be noted the beam profiler contains too much noise.
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Outlook 5

Although the setup shows promise for relative weak luminescence detection from UCNPs,
there are still some factors affecting the measurement. In the future, it is necessary to
check the quality of the UCNPs, which can be performed by exciting the UCNPs and the
reference dye (with an absolute QY) with same excitation wavelength. It is also important
to know the size and morphology of the UCNPs, a transmission electron microscope should
be able to examine the particles and provide the information. The biggest challenge during
the experiment is that the laser driver is unstable when it is in a certain power range.
For the laser with excitation wavelength 785 nm, between power 700 W to 5.0 mW the
laser has strong variation, but when the power value is lower or above that range, the
laser is stable. Since the QY is nonlinearly dependent on the excitation power density,
the variation of power will cause the variation of detected signal, which will increase the
uncertainty of the QY determination. There are two suggestions for solving the laser
stability problem.

Two excitation pathways

L
LS

Figure 5.1: The new designed two excitation pathway setup. This setup ensures to
record both blank and sample luminescence and transmitted power the same time with
the same type of laser beam. Simply subtract the blank cuvette signal data with the
sample cuvette signal, can provide the luminescence signal in real time.

Linearly polarized laser light will be split into two beams at the beginning of the excitation
path. Two beams will be examined by its individual CCD camera in their excitation path
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and be focal into either blank or sample cuvette. Each sample holder has one power
meter mounted onto it. Both blank and sample cuvettes have their own but identical
luminescence detection path. A program that can record data for two power meters and
two APDs the same time should also be developed. Using this setup, it cannot fix the
laser stability problem, but it will ensure the same type of laser beams are focal to two
different samples the same time. Even there will be laser variation at higher power, but
since both power meters and APDs are recording data the same time, during the data
evaluation the variation can be easily normalized.

Laser drive stabilization

As mentioned before, the laser drive is unstable when it is in a certain power range. When
the laser power is at a very low or a very high value, the laser is stable. Thus, one can
set the laser drive always to its maximum power for a stable output, with a reflective ND
filter wheel is mounted right after the laser source adapter. It can be manual filter wheel
or a motorized filter wheel; the only requirement is it shall contain as many reflective ND
filters with different OD values as possible. The excitation power will now depend on the
OD values instead of drive current; the laser beam output will stay stable. However, the
problem with this setup is, due to filter itself will absorb energy from the beam, so it will
be very difficult to achieve a low excitation power. It is not recommended to perform
this setup if the lasers used during this thesis work continues to be used. Otherwise, this
would be a good approach to investigate the sample with different high excitation power
density with a stable laser beam.
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