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Abstract 

Transparent conducting oxides are of great interest in semiconductor research and 

industry. Their ability to carry electricity while remaining transparent allows them to be used for 

different applications including photovoltaics, lighting, and photocatalysis. Among transparent 

conducting oxides, Ga2O3 has the widest band gap and is characterized by a strong broad-band 

blue-green afterglow emission, making it attractive for various lighting applications. The main 

motivation of this thesis is to use these unique properties of Ga2O3 to design new phosphors with 

targeted optical properties. The research described in this thesis specifically focuses on 

generating white light by non-radiative energy transfer between Ga2O3 nanocrystals, as energy 

donors, and orange-red emitting semiconductor quantum dots, as energy acceptors, and using 

dopant-induced trap states to extend afterglow emission. 

Solution phase conjugation of colloidal nanocrystals allows for short-range energy 

transfer processes to occur with high probability, which is valuable for sensing and lighting. The 

first part of this thesis demonstrates the conjugation and electronic coupling of Ga2O3 

nanocrystals with CdSe/CdS core/shell quantum dots. The introduction of a bifunctional organic 

ligand to the suspension mixture of these nanocrystals allows for their conjugation. The resulting 

Förster resonance energy transfer leads to quenching of Ga2O3 emission and an increase in the 

emission of CdSe/CdS quantum dots. As the ratio of CdSe/CdS quantum dots to Ga2O3 

nanocrystals increases, so does the quenching of Ga2O3 emission and the CdSe/CdS 

photoluminescence intensity. The increase in quenching of Ga2O3 emission was successfully 

modelled assuming a Poisson distribution of CdSe/CdS quantum dots bound to Ga2O3 

nanocrystals. Owing to the good emission colour complementarity of these materials, white light 

was observed for optimal nanoconjugate composition. 

Next, we demonstrated that the same phenomenon can be achieved without the organic 

linker by a careful deposition of the colloidal mixture on the glass substrate to remove the empty 

space between nanocrystals. This approach enables a surface-mediated Förster resonance energy 

transfer that allows for a design of all-inorganic white light emitting phosphors. The resulting 

films were highly luminescent and were tuned to give CIE coordinates of 0.31, 0.28. 
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Gallium oxide also has a long luminescence lifetime, compared to other nanoparticles 

with similar emission strengths, enabled by its donor-acceptor pair recombination. This 

phenomenon makes Ga2O3 nanocrystals a prime candidate for attempting to design persistent 

afterglow nanophosphors through doping nanocrystals with selected trivalent rare earth metals. 

These rare earth elements provide a mechanism for trapping excited free carriers because 

relaxation within these dopant ions is Laporte forbidden. As a result of doping Ga2O3 with Dy3+
, 

the emission of Ga2O3 nanocrystals becomes significantly longer at room temperature. More 

interestingly, the temperature-dependent emission of Ga2O3 nanocrystals doped with Dy3+ for 

doping levels between 3 and 13 % increased between 50 K and 200 K, where typical 

semiconducting nanocrystals show strong quenching. We attribute this anomalous behavior to 

the carriers trapped in Dy3+ excited states, that are thermally reactivated and subsequently relax 

to Ga2O3 native traps states. This assignment was validated by a kinetic Monte Carlo simulation, 

which was in good agreement with experimental results. 

As the importance of luminescence materials, particularly persistent phosphors, increases 

it is imperative that undergraduate students in chemistry and materials science become familiar 

with their properties and fabrication. A new laboratory exercise encompassing the combustion 

synthesis, processing, and characterization of SrAl2O4:(Eu2+, Dy3+) has been adopted by NE 

320L course in the Nanotechnology Engineering program at the University of Waterloo. In this 

laboratory, students produced crude strontium aluminate containing Eu3+ which was 

subsequently annealed under hydrogen gas, resulting in the red europium emission. This 

emission becomes green upon reduction of Eu3+ to Eu2+. Students performed XRD showing a 

dramatic increase in crystallinity after annealing, while their SEM measurements did not show a 

significant change in morphology. Mechanoluminescence was observed using a ballistic setup 

and found to show a linear dependence on the projectile velocity. 

In this thesis I demonstrated the extrinsic (external functionalization) and intrinsic 

(doping) manipulation of the electronic structure of gallium oxide nanocrystals. The obtained 

results allow for technological application of the resulting materials (e.g., to generate white light 

and extend afterglow emission), and provide a framework to enrich upper-year undergraduate 

curriculum in materials science and nanotechnology. 
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Chapter 1. Introduction 

1.1. Lighting 

As the world attempts to reduce its energy consumption and production of greenhouse 

gasses, improving lighting efficiency is a priority.1 Lighting has accounted for as much as 19 % 

of worldwide electricity consumption,2 however, increasing the efficiency of lighting options 

with functional materials is seen as an appealing way to curb our usage. There have been many 

advances in solid state lighting (SSL) because of its versatility compared to traditional light 

sources.3 Incandescent light bulbs have very low energy efficiency, while fluorescent light bulbs 

have reasonable efficiency but produce poor quality of light. This trade-off between efficiency 

and color quality occurs with both fluorescent lighting and SSL.4 However SSL devices can now 

be manufactured to produce light twice as efficiently as fluorescent bulbs.5,6 Decreasing the 

lifetime cost to operate lights has the greatest impact on the adoption of new lighting 

technologies, and this has typically been achieved by increasing luminous efficacy.1 

1.1.1. Color Space 

To be commercially viable, white light emitting devices must produce high color quality. 

The most intuitive way to visualize this is the 1931 commission internationale de l'éclairage's 

(CIE) CIE diagram (Figure 1.1), where the outer black line is individual wavelength and colors 

on the inside can be made by combining light of different wavelengths.7 The CIE coordinates of 

a light source can be calculated in two steps: 

 
ὢ ,ȟȟ ‗ὼӶ‗Ὠ‗ 1.1 

 

where (ὼӶ) is one of three color matching functions (performed for x, y, and z coordinates, with 

the corresponding spectra shown in Figure 1.2) and (Le,ɋ,ɚ) is the emission spectrum of the 

source. The (x) coordinate in the CIE diagram is the relative (X) contribution: 
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On the CIE diagram in Figure 1.1, pure white light is defined with 0.333, 0.333 

coordinates, however, our eyes do not have the spectral sensitivity to resolve minute differences 

in the color of a light source. Humans eyes have adapted to function in light ranging from 

slightly blue to slightly red, meaning that the socially acceptable range for commercial lighting 

devices is quite large, generally falling along the Planckian locus (the black curve in Figure 1.1, 

indicating the chromaticity of black-body radiation). 

 

Figure 1.1 CIE 1931 colorimetry diagram, showing single wavelengths (in nm) around the curved 

boundary and the emission color of idealized Planckian radiators along the line labeled TC(K). 
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Figure 1.2 CIE 1931 color matching functions for X, Y, and Z. 

 

1.1.2. Correlated Color Temperature 

The correlated color temperature (CCT) of a light source is the temperature, measured in 

Kelvin, of the Planckian radiator (black line in Figure 1.1) with the most similar chromaticity. 

Not all light sources that are assigned a CCT lie on the Planckian locus, however, the further the 

chromaticity is from that of black-body emission, the less valuable CCT becomes as a descriptor. 

Correlated color temperature is commonly referred to in disciplines such as lighting, 

photography, manufacturing and publishing for its ability to describe the color produced by a 

light source.8 A low CCT (2700 K to 3500 K, Figure 1.3 left) light source will appear yellow, a 

lamp with a high CCT (above 4500 K) will appear blue, while a lamp with a CCT between 3500 

K and 4500 K will appear a neutral white (Figure 1.3 right). Lower CCTs have been shown to be 

more comfortable for humans,9 while higher CCTs are associated with higher productivity.10 For 

these reasons, it is incredibly important to consider CCT in the design of light sources. 
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Figure 1.3 The same cat illuminated under two different commercial lights with different CCTs. Left: 

incandescent, CCT ~2700 K. Right: compact fluorescent, CCT ~4100 K. 

 

1.1.3 Color Rendering Index 

The color rendering index (CRI) of a light source is a quantitative description of the 

ability for a light source to faithfully show the color of illuminated objects when compared to an 

ideal light source. The ideal light source used in the determination of CRI is the black body 

radiator with the equivalent CCT under 5000 K or a phase of daylight if the CCT of the light 

source is above 5000 K.11 The unfaithful display of objects under different light sources with the 

same chromaticity (shown in Figure 1.4) is caused by the ability of different spectra to have the 

same chromaticity. When light from one region of the spectrum is present in one light source 

(e.g., red), but not the other, an observer will only be able to perceive the red in the pigment 

when illuminated by the light source with red. To determine CRI, the chromaticity of 8 or 12 

standards is measured under the illumination of the test and standard light source, and the 

difference is subtracted from the maximum score of 100. In addition to unfaithful color display, 

light sources with a low CRI (under 80)12 cause various negative health effects such as seasonal 

affective disorder,13 sleep problems,14 and depression.15,16 
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Figure 1.4. An example of metamerism. Two panels are shown under three different light sources. Left: 

daylight with a CCT of 6500 K, middle: an incandescent lamp with a CCT of 2856 K, right: a fluorescent 

tube light with a CCT of 4100 K.17 

1.2. Defects in Semiconductors 

Using defects to manipulate the properties of materials has been performed since 

antiquity. Egyptians made brilliantly colored glasses by adding small amounts of transition 

metals and metallurgists incorporated trace amounts of tin into copper to make an alloy (bronze) 

with a lower melting temperature, that was much harder.18 The chemical and physical properties 

of semiconductors, especially conductivity and carrier lifetime, can be manipulated by the 

introduction of small amounts of defects such as dopants of vacancies.19 The research in this 

thesis makes use of defects, both intrinsic (e.g., oxygen vacancies) and extrinsic (e.g., Dy3+), to 

design functional materials. 

1.2.1. Gallium Oxide 

Gallium oxide is a wide bandgap semiconductor (~4.9 eV), which has long been known 

to have an easily manipulated electronic structure.20 When synthesized under reducing 

conditions, Ga2O3 NCs will be an intrinsic n-type semiconductor, owing to low lying oxygen 

vacancies (0.03 - 0.05 eV binding energy),21,22 giving Ga2O3 an anomalously high conductivity 

for such a large bandgap.23,24 Thanks to these unique properties, Ga2O3 has been studied for 

applications in spintronics,25 lighting,26ï28 photodetection,29 and photocatalysis.30,31 
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In ambient conditions, bulk Ga2O3 is stable in ɓ-phase (monoclinic), however, in 

colloidal NCs under approximately 6 nm metastable ɔ-phase (cubic) Ga2O3 can be synthesized.24  

The cubic phase has a defective spinel structure (shown in Figure 1.5) with 2 Ga3+ vacancies per 

18 gallium sites.32 Ga3+ can occupy either tetrahedral or octahedral cationic sites, where the 

relative occupancy of each is governed by the method of preparation and crystal size.33 At 

smaller crystallite sizes the likelihood of gallium ions occupying tetrahedral sites is increased.34 

At sizes relevant to this thesis (ca. 5 nm NCs), ɔ-Ga2O3 will have approximately 40 % of its 

cations in four-coordinate sites.35 While both tetrahedral and octahedral sites are defective, 

octahedral sites exhibit more local disorder.35 

 

Figure 1.5 Crystal structure of (a) monoclinic Ga2O3 and (b) cubic Ga2O3. Ga3+ and O2- ions are 

indicated by white and red spheres, respectively. The green and blue polyhedra illustrate six and four 

coordinated Ga3+ sites, respectively.36 

There have been three different types of emission associated with Ga2O3: UV emission 

from a self-trapped hole,21 blue emission only observed in conductive samples,37,38 and green 

emission that is observed in the presence of a variety of dopants.21 The blue emission of these ɔ-

Ga2O3 NCs was originally asserted to be from a quantum-confined exciton (covered in depth in 

Chapter 1.3)39 because of the strong size-dependence of the emission. However, the absorption 

of these nanoparticles is not accompanied by a blue shift of absorption (and excitation) energies, 

meaning the bandgap is not size-dependent, proving there is no confinement. Instead, the size-
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dependent emission comes from a change in the donor-acceptor trap state separation as a 

function of particle size.24,40 The blue emission occurs through a process called donor-acceptor 

pair recombination (DAP) (schematics shown in Figure 1.6) where an electron and hole will 

become bound to a donor (oxygen vacancy) and acceptor trapping state (gallium-oxygen vacancy 

pair), respectively. Given a strong electrostatic interaction, the electron will tunnel from the 

donor to the acceptor (this is the rate-limiting step), where it will relax and release a visible 

photon.21 The energy of the emitted photon (EDAP) can be expressed as: 

 
Ὁ Ὁ Ὁ Ὁ

Ὡ

τ“‐ὶ
ὲὉ  1.3 

 

where Eg is the bandgap energy, ED and EA are binding energies of the donor and acceptor states 

respectively. The third term represents the electrostatic attraction between two sites (donor and 

acceptor) with the elementary charge (e) in a material with dielectric constant (Ң) separated by a 

distance (r), and (Ephonon) is the energy of phonons involved in radiative transitions. 

 

Figure 1.6 Scheme of DAP where excited electrons relax to donor sites (D), holes relax to acceptor sites 

(A), the electron tunnels from D to an A site where radiative recombination occurs.  

There are many donor states per NC, resulting in the formation of a small defect band just 

below the conduction band.21 While donor states are simply an oxygen vacancy, acceptor states 

require an oxygen vacancy and a gallium vacancy adjacent to one another. Since Ga2O3 is an n-
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type semiconductor, it is common to treat Ga2O3 NCs as having a single acceptor with multiple 

donors.41,42 Furthermore, the acceptor state is much deeper than the donor state.21 

The kinetics of this DAP are governed by electron transfer dynamics between the 

randomly distributed donor and acceptor sites, so the lifetime is non-exponential. The separation 

between donor states and acceptors states is reduced in smaller Ga2O3 NCs resulting in a shorter 

fluorescence lifetime.41 The extent of this shortening is described by: 

 
ὡ ὶ ὡ ÅØÐ
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Ὑ
 1.4 

 

where (Wmax) is the maximum decay rate which is a constant, and (RD) is the Bohr radius of the 

donor.40 In addition to the distribution of NC sizes, the distribution of donor-acceptor separations 

within a single nanoparticle means that the lifetime of Ga2O3 does not follow an exponential 

decay.41 

Multiple studies of Ga2O3 lifetimes have reported that defects most likely  reside on the 

surface,41,42 which is in agreement with equilibrium vacancy concentration;43 this suggests that 

NCs are often too small to consistently form defects in their core.44 Additionally, because of the 

increased complexity of forming acceptor defects, it is likely that they are highly outnumbered, 

with as few as a single acceptor per emissive nanoparticle. 

1.2.2. Persistent Luminescence 

The Chinese have observed persistent luminescence since antiquity, while the Europeans 

produced the first scientific explanation of persistent luminescence in the 1640.45 In the 1900s, 

ZnS doped with Cu, and later co-doped with Co, was used as the persistent luminescent material 

of choice in many commercial products, but the lifetimes achieved were shorter than desired for 

many purposes.46 Strontium aluminate doped with Eu2+ had been known to have luminescence 

comparable to ZnS:Cu,47 however in 1996 Matsuzawa et al.48 codoped Eu2+:SrAl2O4 with Dy3+, 

allowing it to achieve much higher initial emission intensity, as well as a dramatic increase in 

lifetime. The co-doping of SrxAl yOz ushered in a new era of interest in persistent luminescent 

phosphors.46 
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Despite Eu doped CaXAl YOZ and SrXAlYOZ being frequently co-doped with trivalent rare 

earth metal ions such as Dy3+, Nd3+, and Ce3+ to induce long thermoluminescent (TL) 

lifetimes,29,48,49 there has been some disagreement about the nature of trap states in these 

systems. Nevertheless, it is accepted that the main carrier trapped is electrons.48,50ï52 The 

common quality among all materials that experience persistent luminescence is they are able to 

stably trap free carriers in excited states only to be freed again through thermal excitation (a 

schematics for persistent luminescence of SrAl2O4 is shown in Figure 1.7. based on the Dorenbos 

model).53 The rate-limiting step can be from the thermal reactivation of an electron (Dy3+ site 

and process F in Figure 1.7.) or a hole (not shown). In either case, the binding energy of the trap 

must be overcome by the thermal energy available to the material. Once the carriers are excited 

back into their respective bands, they must be able to relax radiatively (depicted by Eu2+ 

emission in processes C and H). The rate-limiting step for this process is the thermal excitation 

of trapped electrons, where the lifetime (Ű) can be well described by a modified Arrhenius 

equation: 

 
†Ὕ ί Ὡ  1.5 

 

where s is the frequency factor or the frequency with which trapped carriers attempt to escape 

their trapping site, E is the binding energy of the trapping state and kT is the thermal energy. To 

determine the values of the frequency factor and activation energy under first-order kinetics, one 

needs to simply perform lifetime analysis at a handful of temperatures and fit with Equation 1.5 

using ln(Ű) vs 1/T.54 If the decay is not the first order, the thermoluminescent intensity is 

measured as the temperature is increased after an excitation and the fit to a model is dependent 

on the kinetic order of the detrapping.55 
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Figure 1.7 The Dorenbos model for the mechanism of Eu2+ emission (A-C) in Sr2Al3O4  and the 

mechanism of lifetime extension by way of thermal reactivation (D-H).53 

Very shallow traps may only hold carriers for a short time, while extremely deep traps 

require additional heating above room temperature for reactivation to occur.53,56 Extremely deep 

traps are ideal for stress sensors or radiation detectors because detrapping events are more likely 

to occur from physical stress or radiation than ambient conditions.56,57 The SrAl2O4:Eu2+,Dy3+ 

system is considered to be an ideal phosphor, because of its high quantum yield and intensity.48 

1.2.3. Thermal Effects in Semiconductors 

In a similar way to thermoluminescence, a carrier trapped in an excited state in a 

luminescent material may be thermally excited to the band edge. In case that the trap is a part of 

the luminescence mechanism, thermal reactivation of these trapped carriers allows an additional 

opportunity for non-radiative quenching. As the temperature is increased, the increased 

quenching behavior becomes more prominent and there is an overall decrease in quantum yield. 

This is modeled by the following equation:58 

 
ὍὝ

Ὅπ
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 1.6 

 

where A is a preexponential fitting factor and ȹE if the trap depth. 
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Additionally, the emission of semiconductors is typically red-shifted with increasing 

temperatures following Varshi's empirical formula:59 

 
ὉὝ Ὁπ

‌Ὕ

‍ Ὕ
 1.7 

 

where Ŭ and ɓ are both constants that describe the shift. The origin of the shift is thought to come 

from either temperature-dependent lattice dilatations or a shift in the relative position of the 

conduction and valence band from temperature-dependent electron-lattice interactions.59 

1.2.4. Dysprosium Emission 

Dysprosium can have two strong emissions originating from f-f transitions, one from the 

electric dipole (4F9/2 - 
6H13/2) occurring at around 580 nm, and one from the magnetic dipole 

(4F9/2 - 
6H15/2) occurring at around 480 nm.60 Additionally, there are also observable peaks from 

(4F9/2 - 
6H11/2) and (4F9/2 - 

6H9/2) transitions deeper into the red end of the spectrum, however, 

these transitions are much weaker then the previous two. Being parity forbidden, the electronic 

dipole emission is much more sensitive to the local environment, meaning that in order to 

observe emission from the transition, the Dy3+ cannot inhabit a centrosymmetric site.61  In 

commercial SrAlxOx, these transitions cannot be observed because the lattice allows the retention 

of symmetry.62 However, in Ga2O3 the smaller non-symmetric octahedral sites break this 

symmetry and render these transitions at least partially allowed. As the host lattice of Dy3+ 

distorts the f orbitals more, there is an increase in emission from the electric dipole transition, 

making it possible to assess local symmetry from the branching ratio of the observed Dy3+ 

peaks.63 

 

1.3. Cadmium-Based Quantum Dots 

Quantum dots have been an active area of research for many years, with different 

materials allowing the probing of different regions of the spectrum.64ï67 Quantum dots are of 

interest in lighting,68 sensitizing solar cells,69,70 and biological sensing.71 They are relatively easy 

to make and manipulate, while also having amazing tunability across the visible spectrum.68 
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Quantum dots can also be made to have incredibly high QYs, typically achieved by the 

preparation of core/shell QDs.72 

Semiconductor NCs smaller than the Bohr radius of its free excitons is called a quantum 

dot because it effectively exists in 0-dimensions and exhibits strong quantum confinement.73 The 

confinement energy of a QD is well described by the particle-in-a-box model,74 for a QD with a 

radius R. The bandgap energy of the QD Ὁᶻ is greater than the bandgap energy of the bulk 

material (Eg).
75,76 The masses of the electron (me) and hole (mh) are treated as the effective mass. 
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The second term of Equation 1.8 accounts for the particle in a box model used and the 

third term represents the Coulomb attraction between the free electron and hole.77 The effective 

mass approximation breaks down for very small QDs.77,78 Equation 1.8 is frequently used to 

determine the size of QDs, however, researchers typically use an empirically derived equation 

developed by Peng et al.79 to determine the diameter of Cd-based quantum dots (D, in nm) based 

on the wavelength of the lowest energy absorption maximum (ɚ, in nm). The equation for CdSe 

is given as: 

 Ὀ ρȢφρςςØρπ‗ ςȢφυχυØρπ‗

ρφςτςØρπ‗ πȢτςχχ‗ τρȢυχ 
1.9 

 

The extinction coefficient (Ң, in mol·L-1cm-1) of QDs examine by Peng et. al. increases 

proportionally to approximately the power of 3 of the diameter (D, in nm) of a nanoparticle. In 

the case of CdSe, this relationship is:79 

 ‐ υψυχὈȢ  1.10 

 

Quantum dots have a reduced number of energy levels and are unable to form continuous 

valence or conduction bands. Instead, their ñbandsò exist as discrete energy levels with the same 

center of mass as the bulk, as shown in Figure 1.8.73,80 For this reason, QDs are often referred to 
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as artificial atoms.81 Because of the discrete nature of QD bands, the absorption of the transition 

between a pair of states appears as a ŭ-functions. This holds true for the band-edge transition as 

well as interband transitions from states within the bands, which results in QDs having structured 

absorption spectra above their bandgap energy, not typically seen in bulk semiconductors.82 The 

width of a single QD transition is approximately 5 meV, and if the emission or absorption of a 

QD is wider than 5 meV it is generally due to the population distribution.83 Quantum dot 

emission spectra do not show secondary peaks at high energy because intraband relaxation is a 

much faster process than interband recombination.82 

 

Figure 1.8 Size dependence of semiconductor bandgap. 

A QD with a diameter of 5 nm will have ca. 15 % of its atoms on the surface, resulting in 

a strong surface influence on free carriers in the QD.84 The surfaces of NCs have a high defect 

concentration that results in the formation of energy levels that will typically reside within the 

bandgap and can act as traps. These trap states often lead to nonradiative relaxation, a decrease in 

conductivity, and oxidation or reduction of the QD.81,85 To reduce the negative effects of these 

surface defects, two approaches to passivation have been used. Passivation of the surface can be 

achieved using organic ligands such as phosphenes, phosphonic acids, and thiols. These ligands 

are preferred because they can be adsorbed during synthesis, protect the surface, and allow for 

the colloidal suspension of QDs in a variety of solvents.72,86 Unfortunately, these organic ligands 

are larger than individual atoms, and a particular ligand cannot passivate both cations and anions, 

meaning some dangling bonds will always be present.81 

Alternatively, passivation can be achieved through the growth of additional layers of a 

heterogeneous semiconductor, typically with a larger bandgap (band diagrams shown in Figure 

1.9).81 The shell should have the same crystal structure to that of the QD so that its growth does 

not introduce new defects at the interface.72 When this condition is satisfied with a material with 
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a larger bandgap, exciton confinement in the core will be maintained, resulting in a dramatic 

increase in quantum yield and a small red-shift from strain induced by a lattice mismatch that 

occurs to a greater degree at larger shell thicknesses.87 For optimal emission of CdSe-based QDs, 

the shell should be limited to 2 monolayers81,87 or additional strain can cause a reduction in 

efficiency and the emission to be further red-shifted.87 The simplest and most popular approach 

is to use smaller elements of the same groups for the shell. In the case of CdSe QDs: ZnS,88 

CdS,89 and Zn0.5Cd0.5S
90 are some of the most common shell compositions, boasting QYs to 

greater than 0.95.89 

 

Figure 1.9. Illustration of the core, type-1 core/shell, and type-2 core/shell quantum dots with 

accompanying band structures and electron wave functions. 

A small Stokesô shift is observed in CdSe QDs which increases with the growth of a 

small shell.87 Large shells have been observed to create a large Stokesô shift in Type-1 core/shell 

QDs because a large amount of absorption occurs in the shell, excited carrier then relax in the 

core, where all of the emission occurs.91,92 Using QDs with larger shells, it is possible to engineer 

the absorption spectrum of a QD sample so far as to make the QD appear transparent93 or to 

improve spectral overlap for Förster resonance energy transfer. 

 

1.4. Förster Resonance Energy Transfer 

Förster resonance energy transfer (FRET) is a nonradiative form of energy transfer that is 

caused by the interaction of transition dipoles of a donor and an acceptor species.94 The 

interaction of dipoles is highly distance dependent, but unlike many other types of quenching, it 

does not require contact, and can often occur over relatively large distances (5-10 nm), compared 
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to the chemical bond distance.95 In order for a FRET donor and acceptor to be compatible, their 

transitions must occur at similar energies, their transition dipoles must have some level of 

alignment, and they must be close enough spatially so that their dipoles can interact.96 FRET has 

been useful in many of different disciplines because it allows for the measurement of molecular-

scale distances based on changes in fluorescence,97 including the measurement of molecular 

concentrations,98 binding interactions99, and catalytic activity.100 

The efficiency of FRET (ɖFRET) between a single donor and acceptor pair separated by a 

distance R, is modeled by: 

 
–

Ὑ
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where R0 is the Förster radius, the separation at which 50 % of energy is transferred from the 

donor to the acceptor, and can be determined mathematically: 

 

Ὑ
ωπππÌÎρπ ‖ὗ

ρςψ “ὔ ὲ
ὐ‗ 1.12 

 

where ə is the alignment between the donor and the acceptor (sometimes referred to as 

orientation factor), QD is the quantum yield of the donor, NAv is Avogadro's number, (n) is the 

index of refraction of the medium between the donor and acceptor, and J(ɚ) is the spectral 

overlap integral of the active species (depicted in Figure 1.10). Since ɖFRET decreases with a sixth 

power dependence with R0, 2R0 will be considered the limit for the purpose of this thesis, beyond 

which ɖFRET is less than 1.5 %. 
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Figure 1.10.  Absorption spectrum of CdSe/CdS NCs (orange line) and PL spectrum of Ga2O3 NCs (blue 

line). Shaded area indicates a spectral overlap, as an essential requirement for Förster resonance energy 

transfer (FRET).  

The spectral overlap between donors and acceptors has the biggest impact on R0 because 

it can produce the largest magnitude of change. Spectral overlap can be calculated as follows: 

 
ὐ‗ Ὢ ‗‐ ‗‗Ὠ‗  1.13 

 

where fD is the donor emission spectrum with the integrated intensity normalized to unity and ҢA 

is the extinction spectrum of the acceptor. 

The alignment of the donor and acceptor transition dipoles is: 

 ‖ ςÃÏÓ—ÃÏÓ— ÓÉÎ—ÓÉÎ—ÃÏÓ‰  1.14 

 

where ˒  is the angle between the two dipoles, ɗD is angle from the midplane to the donor dipole 

plane, and ɗA is the angle from the midplane to the plane of the acceptor. This notation is shown 

visually in Figure 1.11. Molecular species that rotate relative to one another at a speed on par 

with their emission lifetime have essentially random alignment, allowing for an average 2/3 to be 

used. Larger species, like proteins, that are unable to rotate at the same speed, may have a ə2 that 

diverges from 2/3, which can lead to a higher101 or lower102 ɖFRET than would otherwise be 

expected. Most nanoparticles are large enough that their rotation will be slower than their 
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fluorescent lifetime, but the assumption that ə2 = 2/3 has been shown to hold for species with 

many possible binding sites and a large degree of symmetry.103 

 

Figure 1.11. A representation of the donor (blue) and acceptor (red) transition dipoles with appropriate 

notation for determination of ə2 term using Equation 1.14. 

The most reliable method for the determination of ɖFRET is by lifetime shortening: 

 – ρ
†

†
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where (ŰDA) and (ŰD) are the lifetimes of the donor with and without an acceptor present, 

respectively. The rate of energy transfer is given by: 
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FRET occurs on the same time scale as the lifetime of the donor, and contrary to other 

types of quenching, will not fully quench a fluorophore with an extremely long lifetime, the 

FRET efficiency only depends on the proximity of acceptors and the Förster radius. If the 

fluorescent acceptor has longer lifetime than the donor there should be no effect on the acceptor's 

lifetime, however, if the lifetimes of the donor is longer than the lifetime of the acceptor, the 

observed lifetime of the acceptor should increase as a result of delayed excitation events 
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produced by FRET.26 When the quantum yield of the acceptor is close to 1, the shortening of the 

donor lifetime can result in FRET complex being more efficient than the donor alone. 104 

When energy is transferred from a donor to an acceptor the emission intensity of the 

donor is quenched. The extent of this quenching can be used to determine the ɖFRET from steady-

state luminescent data: 

 
– ρ
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where FDA is the emission of the donor when coupled to the acceptor, and FD is the emission of 

the donor alone.96 If the acceptor is emissive, it is possible to use this same approach to calculate 

the ɖFRET from the increase in the acceptor emission by taking the quantum yield of the acceptor 

into account. In this thesis, ɖFRET is calculated from quenching of the luminescent lifetime of 

Ga2O3, and the emission increase for CdSe/CdS QDs was used as a qualitative confirmation of 

the values found using Equation 1.15. In a system with an emissive acceptor, energy received by 

the acceptor may be emitted. If the donor and acceptor are complementary, they can produce 

white light solely by exciting the donor, effectively making quasi-single chromophore white light 

mediated by FRET.27,105,106 

Original FRET experiments were carried out with molecules that had one binding site,94 

however, NCs have many possible binding sites, and NC films allow the interaction of many 

acceptors with a single donor. The population of FRET donors of acceptors has been shown to 

follow a Poisson distribution,107,108 which  can be modeled using a modified form of Equation 

1.11: 
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where ɝ is the average number of acceptors per donor, and (n) is the whole number of acceptors a 

specific donor can interact with. 



 

19 

 

Confirming the presence of FRET requires an agreement between all observable methods 

of quantification. In the case of two emissive nanocrystals, this means that we are looking for a 

decrease in donor emission, an increase in acceptor emission, a shortening of the donor lifetime. 

 

1.5. Purpose and Scope of Thesis 

The main motivation of the research discussed in this thesis is to manipulate the unique 

properties of Ga2O3 to design new phosphors with targeted optical properties for potential 

lighting applications, and the design of a new class of persistent luminescent phosphors of 

reduced dimensions. 

In Chapter 2, colloidal Ga2O3 NCs were used as a blue source and attached to CdSe/CdS 

QDs using an organic linker. Functionalization allowed for FRET to excite the QDs, activating a 

new single white-light-emitting nanoconjugate. Emissive properties were measured to determine 

the efficiency of the energy transfer and to demonstrate the good chromaticity achieved with this 

approach. 

In Chapter 3, Ga2O3 was co-deposited on a substrate with CdSe/CdS QDs, and FRET was 

observed. The deposition simplified the approach used in Chapter 2 and allowed for producing a 

brighter sample. It was shown that this hybrid nanoparticle approach allowed the generation of 

single-fluorophore white light. 

In Chapter 4, colloidal Ga2O3 NCs were doped with Dy3+. Dysprosium is believed to 

occupy octahedral sites on the surface of Ga2O3 NCs. The introduction of Dy3+ resulted in the 

extension of the room temperature fluorescent lifetime of Ga2O3 NCs as well as an increase in 

luminescent intensity between 50 K and 200 K. These results provide a guidline for the design of 

afterglow phosphor in reduced dimensions. 

In Chapter 5, we applied the expertise gained in other sections of this thesis to create an 

upper-level undergraduate lab experiment. In this experiment, students used combustion 

synthesis to create SrAl2O4 particles doped with Eu3+ and Dy3+. The students then anneal the 

particles resulting in a green luminescence from newly reduced Eu2+, and a prolonged 

luminescence when the excitation source is removed. Students then performed SEM and XRD 
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measurements, which confirmed the synthesis and morphology of SrAl2O4. Finally, students 

measured the mechanoluminescence of their samples with a ballistic apparatus and observed a 

linear dependence between mechanoluminescence and the impact velocity of a projectile. 
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Chapter 2. Energy Transfer between Conjugated Colloidal 

Ga2O3 and CdSe/CdS Core/Shell Nanocrystals for White Light 

Emitting Applications1 

Developing solid state materials capable of generating homogeneous white light in an 

energy efficient and resource-sustainable way is central to the design of new and improved 

devices for various lighting applications. Most currently-used phosphors depend on strategically 

important rare earth elements, and rely on a multicomponent approach, which produces sub-

optimal quality white light. Here, we report the design and preparation of a colloidal white-light 

emitting nanocrystal conjugate. This conjugate is obtained by linking colloidal Ga2O3 and IIïVI 

nanocrystals in the solution phase with a short bifunctional organic molecule (thioglycolic acid). 

The two types of nanocrystals are electronically coupled by Förster resonance energy transfer 

owing to the short separation between Ga2O3 (energy donor) and core/shell CdSe/CdS (energy 

acceptor) nanocrystals, and the spectral overlap between the photoluminescence of the donor and 

the absorption of the acceptor. Using steady state and time-resolved photoluminescence 

spectroscopies, we quantified the contribution of the energy transfer to the photoluminescence 

spectral power distribution and the corresponding chromaticity of this nanocrystal conjugate. 

Quantitative understanding of this new system allows for tuning of the emission color and the 

design of quasi-single white light-emitting inorganic phosphors without the use of rare-earth 

elements.  

 

2.1. Introduction 

Colloidal nanocrystals (NCs) offer a substantial promise for the design and fabrication of 

solid state structures and devices. Size-tunable electronic structure and optical properties render 

this class of materials attractive for various applications in photonics, optoelectronics, and 

 
1 The results of this chapter have been published: 

Reprint (adapted) under the Creative Common Attribution 4.0 Licence from (Stanish, P.; Radovanovic, P. 

Energy Transfer between Conjugated Colloidal Ga2O3 and CdSe/CdS Core/Shell Nanocrystals for White 

Light Emitting Applications. Nanomaterials 2016, 6, 32). Copyright 2016 MDPI (Basel, Switzerland) 

Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the 

candidate. 
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sensors.109 The size and shape of colloidal NCs can be controlled in situ by adjusting the 

synthesis conditions,110 allowing for the exploitation of quantum confinement to manipulate their 

optical properties. Furthermore, colloidal NCs can be modified post-synthetically by 

functionalization and conjugation with organic or biomolecules,111 or by forming a composite 

with polymers or other nanostructures.112,113 This ability to combine solid state-like optical and 

mechanical properties of NCs with the opportunities for their chemical modifications in solution 

opens a number of possibilities to use them as building blocks in optical and photonic devices. 

With increasing concerns about the global energy supply and sustainable use of natural 

resources, the search for new low-cost materials for energy efficient lighting has intensified in 

recent years.114 The total amount of electrical energy used for lighting is near 20% at the global 

level, with residential and commercial sectors being responsible for the majority of lighting 

electricity consumption.115 Light-emitting diodes (LEDs) have emerged as a long-term 

alternative to traditional incandescent light bulbs, owing to their efficiency, durability, and 

reliability.116 The most promising approach to white LEDs has been to combine GaN blue LED 

with remote phosphors, most notably yellow-emitting yttrium aluminum garnet doped with 

cerium (Ce:YAG).117 However, the adoption of such white LEDs for general lighting 

applications has been rather slow because of the high manufacturing cost, and non-optimal 

characteristics of light (low color rendering index and high correlated color temperature).118 The 

deficiencies of the spectral properties have been addressed by the addition of other rare earth 

element-based phosphors to augment the spectral density in the red region of the spectrum,119,120 

further increasing the complexity and cost of the final devices and making it difficult to obtain 

homogeneous white light in a reproducible manner. Colloidal IIïVI NCs with selected average 

sizes have also been used in combination with remote phosphors to generate ówarmô white 

light.121 

We have recently demonstrated the ability to produce white light and tune its 

chromaticity by conjugating transparent metal oxide NCs with organic fluorophores (dyes) 

emitting in the complementary spectral range.27,105 The core of this phenomenon is a defect-

based photoluminescence of these metal oxide NCs. In the case of colloidal ɔ-Ga2O3 NCs the 

emission is based on electron donor-acceptor pair (DAP) recombination.24 It arises from the 

recombination of an electron trapped on an oxygen vacancy forming localized electron donor 
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states with a hole trapped on a galliumïoxygen vacancy pair acting as an electron acceptor.122,123 

A range of distances between electron donor and acceptor sites, as well as coupling of the 

electronic transition with lattice phonons are likely reasons for significant broadening of this 

emission band.122,124 Owing to the proximity of the NC surface-bound organic fluorophore to the 

DAP recombination sites, and the overlap of its absorption spectrum with the DAP 

photoluminescence (PL) band, the photoexcited Ga2O3 NCs can transfer the excitation energy to 

the conjugated dye molecules via the Förster resonance energy transfer (FRET) mechanism.106 

This approach has allowed us to obtain a hybrid nanoconjugate acting as a single white light-

emitting fluorophore.119,120 

In this work, we demonstrate the design and preparation of new colloidal white light-

emitting nanocomposite obtained by controlled conjugation of IIïVI and ɔ-Ga2O3 NCs using a 

simple molecular linker. The ability to manipulate the PL spectra of CdSe/CdS (core/shell) NCs 

by changing the core size and/or shell thickness allows for fine tuning of the red side of the 

nanocomposite emission to generate white light with the desired chromaticity. The spectral 

overlap between the PL of the energy donor (Ga2O3 NCs) and the absorption of the energy 

acceptor (core/shell CdSe/CdS NCs) enables their electronic coupling by FRET. Using the PL 

quenching of the energy donor determined from the steady-state and time-resolved PL 

measurements, we quantified the contributions of the direct excitation and energy transfer to the 

emission of CdSe/CdS NCs. The nanocomposite demonstrated in this work represents an 

important step toward single-phased all-inorganic rare earth element-free white light-emitting 

phosphor. 

2.2. Materials and Methods 

2.2.1. Materials 

All materials are commercially available, and were used as received. Gallium 

acetylacetonate (Ga(acac)3 99.99 %) was purchased from Strem Chemicals (Newburyport, MA, 

USA). Cadmium oxide (99.99 %), selenium (99.99 %), dodecanethiol (98 %), 1-octadecene (90 

%), trioctylphosphine (TOP), oleylamine (70 %), oleic acid (OA, 90 %), thioglycolic acid 

(TGA), trioctylphospine oxide (TOPO, 90 %), tetradecylphosphonic acid (97 %), and 

tetrahydrofuran (THF, 90 %) were all purchased from Sigma Aldrich (St. Louis, MO, USA). 
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2.2.2. Synthesis of Ga2O3 NCs 

The synthesis of Ga2O3 NCs was carried out according to previously reported method.24 

Briefly, 0.5 g of Ga(acac)3 and 14 g of oleylamine were loaded into a 100 mL three-neck round 

bottom flask. The reaction flask was filled with argon and heated to 300 °C over the course of an 

hour. The reaction mixture was held at this temperature for an hour, and then the heating mantle 

was and the was left to cool to room temperature. The obtained product was suspended in 20 mL 

of ethanol and centrifuged at 3000 rpm. The washing procedure was repeated three more times. 

The NCs were finally capped with TOPO, as previously described.24 The capped NCs were 

dispersed in THF. 

2.2.3. Synthesis of CdSe NCs 

The synthesis of CdSe QDs was carried out according to previously reported method.125 

CdO (60 mg), tetradecylphosphonic acid (210 mg), and TOPO (3 g) were combined in a 100 mL 

three-neck round bottom flask. The flask was degassed at 150 °C for 1 h, then back filled with 

argon. The reaction mixture was brought to 320 °C and 1 mL of TOP-Se, prepared separately by 

dissolving 60 mg Se in 1 mL TOP, was injected rapidly. The reaction was allowed to proceed 

until the desired NC size is achieved, then cooled using compressed air. When the temperature 

reached 80 °C methanol was injected, and the precipitated NCs were isolated by centrifugation at 

3000 rpm. The NCs were then dispersed in hexane, and their concentration was determined from 

the absorption spectra.79 

2.2.4. CdS Shell Growth 

The growth of CdS shell was performed by a previously reported method.89 In summary, 

as-synthesized suspension of CdSe NC cores (ca. 100 nmol) was placed in a three-neck round 

bottom flask containing 3 mL oleylamine and 3 mL 1-octadecene. The reaction flask was held 

under vacuum for 1 h and subsequently purged with nitrogen. The shell was grown from 

cadmium oleate and dodecanethiol as precursors. Cd(OA)2 was prepared by dissolving 1 part 

CdO in 4 parts oleic acid at 230 °C, while dodecanethiol was dissolved in 1-octadecene. The 

temperature of the flask containing NC cores was increased to 320 °C, and the dropwise injection 

of 6 mL Cd(OA)2 and dodecanethiol solutions started at 240 °C. The addition was carried out for 

3 h, after which 3 mL of oleic acid was injected and the colloidal mixture was further heated for 
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1 h. The reaction mixture was cooled, suspended in acetone, centrifuged at 3000 rpm and the 

precipitate was dissolved in THF. 

2.2.5. Functionalization of CdSe/CdS NCs with TGA 

The capping of CdSe/CdS NCs with TGA was carried out by combining 1 mL of 5 ɛM 

CdSe/CdS NCs in hexanes, 1 mL acetone, and 0.2 mL TGA in a 25 mL scintillator vial under a 

nitrogen atmosphere, and stirring for 30 min. 0.5 mL ethanol was added to the vial and the 

mixture was stirred for another 15 min. The product was isolated by centrifuging at 3000 rpm. 

The precipitate was washed again in ethanol, and the supernatant liquid was collected. This 

process was repeated once more, and the resulting TGA-capped NCs were dispersed in THF. The 

amount of unbound TGA linker in the supernatant was determined by absorption spectroscopy, 

using a calibration curve established by measuring the absorbance of TGA solutions of known 

concentrations. 

2.2.6. Preparation of the Nanoconjugate 

One milliliter of stock suspension (4.45 ɛM) of Ga2O3 NCs in THF was placed in a 25 

mL vial. Varying amounts of TGA-bound CdSe/CdS NCs (0.2, 0.4, 0.6, 0.8, and 1.0 mL stock 

suspension) were added to these vials, and the mixture was diluted with additional THF to the 

final volume of 2 mL. These suspensions were left for 4 h and then characterized 

spectroscopically. 

2.2.7. Spectroscopic Measurements 

Absorption spectroscopy measurements were performed with a Varian Cary 5000 UV-

vis-NIR spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) using standard 1 cm 

path length quartz cuvettes, 1 nm bandpass, scanning at 120 nm/min. Photoluminescence spectra 

were collected with a Varian Cary Eclipse fluorescence spectrometer with 5 nm excitation and 

emission bandpass, and e˂x = 250 nm. Time-resolved PL measurements were performed with a 

Horiba Jobin Yvon iHR320 time-correlated single photon counting spectrometer (Edison, NJ, 

USA) using a 249 nm NanoLED and a Horiba Jobin Yvon TBX picosecond detector. 
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2.2.8. Nanocrystal Characterization 

The phase of Ga2O3 NC was determined by X-ray diffraction (XRD) measurements. 

XRD patterns were collected with an INEL powder diffractometer featuring a position-sensitive 

detector and copper KŬ source (ɚ = 1.5418 ¡).  

Size, morphology, and composition of the NCs were determined using JEOL-2010F 

transmission electron microscope operating at 200 kV. The specimens for transmission electron 

microscopy (TEM) imaging were prepared by dropping a hexane suspension of NCs on a copper 

grid containing carbon support film (Ted Pella, Inc). Energy dispersive X-ray spectroscopy 

(EDX) was used to map Ga and Cd. 

 

2.3. Results and Discussion 

The average size and morphology of colloidal Ga2O3 NCs used in this study were 

determined by transmission electron microscopy (TEM). The NCs are generally quasi-spherical 

and have an average diameter of ca. 5.5 nm (Figure 2.1a). The X-ray diffraction (XRD) pattern 

confirms that these NCs exhibit cubic crystal structure characteristic for the ɔ-Ga2O3 (Figure 

2.1b). We chose CdSe/CdS core/shell NCs as a complementary solid-state emitter because they 

possess a strong size-tunable red emission, which could allow for the generation of white light 

when coupled with the Ga2O3 DAP PL. A typical TEM image of CdSe/CdS NCs is shown in 

Figure 2.1c. As-synthesized CdSe NC cores have an average size of ca. 2.2 nm, as determined 

from the band gap absorption energy.79 From the comparison of the average NC sizes before and 

after the shell growth, the average thickness of the shell was estimated to be ca. 2.3 nm, 

consistent with the core/shell NCs prepared under similar conditions.89 These estimates were 

confirmed using the corresponding band edge absorption energy (Figure 2.1d). 
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Figure 2.1. (a) Overview transmission electron microscopy (TEM) image of ɔ-Ga2O3 nanocrystals (NCs) 

having an average dimeter of ca. 5.5 nm; (b) X-ray diffraction (XRD) pattern of the same NCs; vertical 

black lines represent a reference XRD pattern of bulk ɔ-phase Ga2O3; (c) Overview TEM image of ca. 6.8 

nm CdSe/CdS core/shell NCs; (d) Absorption (red) and photoluminescence (PL) (blue) spectra of 

CdSe/CdS NCs (solid lines), and the absorption spectrum of the corresponding CdSe NC cores (red 

dashed line). 

Phase and purity of Dy3+:Ga2O3 NC products were confirmed by X-ray diffraction (XRD) 

measurements. XRD patterns were collected with an INEL powder diffractometer featuring a 

position-sensitive detector and copper KŬ source (ɚ = 1.5418 ¡).  

Size, morphology, and composition of the NCs were determined using JEOL-2010F 

transmission electron microscope operating at 200 kV. The specimens for transmission electron 

microscopy (TEM) imaging were prepared by dropping a hexane suspension of NCs on a copper 

grid containing carbon support film (Ted Pella, Inc). Energy dispersive X-ray spectroscopy 

(EDX) was used to characterize the elemental composition of the samples. 
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To facilitate the conjugation of Ga2O3 and CdSe/CdS NCs we used thioglycolic acid 

(TGA), which can bind to NC surfaces through both thiol and carboxylic acid functional 

groups.126 Thiols are known to bind strongly to the CdSe or CdS quantum dot surfaces,127,128 and 

in our previous studies we showed that carboxylic acid group reacts with the surface of Ga2O3 

NCs.105,106 An overview TEM image of the CdSe/CdS-conjugated ɔ-Ga2O3 NCs is shown in 

Figure 2.2a. There was no segregation observed between Ga2O3 NCs and CdSe/CdS Qds. Figure 

2.2b shows a high-resolution TEM image of conjugated NC, these nanocrystals aggregated and 

were identified by measuring their lattice spacing. The close proximity of Ga2O3 and CdSe/CdS 

NCs shown in Figure 2.2b indicates that there is no mutual NC segregation and suggests that the 

two types of NCs may be conjugated. To determine the overall homogeneity of the colloidal NC 

conjugate we performed energy-dispersive X-ray spectroscopy (EDX) elemental mapping in the 

scanning transmission electron microscopy (STEM) mode. A STEM image and the 

corresponding maps of Ga and Cd are shown in Figure 2.2cïe, respectively. The Ga and Cd 

maps are well correlated, indicating homogeneous distribution of both types of NCs within the 

aggregate. 

CdSe/CdS NCs are excellent FRET acceptors because their absorption spectrum strongly 

overlaps with the emission spectrum of Ga2O3 NCs (Figure 2.3), providing a basis for the FRET 

mechanism. Furthermore, the quantum yield of these NCs is very high, in some cases reaching 

over 90%.129 The spectral overlap is calculated as: 

 

ὐ‗ Ὂ ‗‐ ‗‗Ὠ‗ 2.1 

 

where (FD(ɚ)) is the emission of the FRET donor with an integrated intensity normalized to 

unity, and (ŮA(ɚ)) is the molar extinction coefficient of the acceptor at wavelength ɚ. Spectral 

overlap is the key parameter determining the critical radius (R0), also known as the Förster 

radius, which is defined as the separation at which the energy transfer efficiency is 50%. 
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In this expression (Q0) is the donor quantum yield in absence of the acceptor, (nT) is the 

index of refraction of the solvent, NA is the Avogadro's number and (ə2) is the dipole alignment 

factor which we define as 2/3. This value is appropriate when donor and acceptor dipole 

orientations are random and experience no ordering.103,106,130 In the case of Ga2O3 and CdSe/CdS 

NCs, the Förster radius was calculated to be 7.13 nm. In order to observe FRET in colloidal 

suspension, Ga2O3 and CdSe/CdS NCs must be within 21.4 nm (3R0). This distance is much 

smaller than the average separation of free standing NCs in solution phase, which was estimated 

to be over 250 nm even for the highest NC concentrations used. To induce FRET in solution, the 

NCs were conjugated with a bifunctional TGA linker, as described in the Experimental Section. 

Based on the TEM images, the average sizes of Ga2O3 and CdSe/CdS NCs are ca. 5.5 and 6.8 

nm, respectively. Assuming the length of TGA of 0.5 nm, the center-to-center separation 

between NCs should be ca. 6.7 nm, well within the limit of 21.4 nm. 

 

Figure 2.2. (a) TEM image of a cluster of Ga2O3-CdSe/CdS NC conjugate obtained using NCs shown in 

Figure 2.1; (b) High resolution TEM image of the same sample. Orange and blue circles indicate 

CdSe/CdS and Ga2O3 NCs, respectively; the lattice spacings shown correspond to {002} and {311} planes 



 

30 

 

of CdS and Ga2O3, respectively; (cïe) Scanning transmission electron microscopy (STEM) image of the 

nanocrystal conjugate (c); and the corresponding Ga (d) and Cd (e) energy-dispersive X-ray 

spectroscopy (EDX) elemental maps. 

 

Figure 2.3. Absorption spectrum of CdSe/CdS NCs (orange line) and PL spectrum of Ga2O3 NCs (blue 

line). Excitation wavelength for Ga2O3 NCs is 250 nm. Shaded area indicates a spectral overlap, as an 

essential requirement for Förster resonance energy transfer (FRET). 

Figure 2.4a shows PL spectra of Ga2O3-CdSe/CdS NC conjugates having different 

CdSe/CdS to Ga2O3 NC concentration ratio, upon excitation at 250 nm (corresponding to the 

Ga2O3 band edge). The concentration of CdSe NC cores was determined from the absorption 

spectrum using the extinction coefficient (Ů) value reported for the samples prepared under 

similar conditions,79 which allowed us to estimate the concentration of CdSe/CdS NCs as FRET 

acceptors by assuming quantitative extraction and uniform coating of the cores with CdS shell. 

The relative concentrations of Ga2O3 NCs in the conjugate samples were inferred from EDX 

elemental analysis, accounting for an average NC volume. The emission intensity of Ga2O3 NCs 

is quenched up to ca. 40% concurrently with an increase in CdSe/CdS NC emission. 

Deconvoluted spectra of CdSe/CdS NCs in the nanocrystal conjugates are shown in Figure A.1 

(Supplementary Materials). This observation is consistent with the FRET coupling of the two 

components. However, CdSe/CdS NCs also emit light upon excitation at 250 nm. The PL spectra 

of CdSe/CdS NCs, treated exactly as in the preparation of NC conjugates but without Ga2O3 

NCs, are shown with dashed lines in Figure 2.4a. Higher PL intensity of CdSe/CdS NCs in the 

conjugated form attests to FRET between Ga2O3 and CdSe/CdS NCs (Figure A.1, 

Supplementary Materials). In contrast to the NC conjugate, a suspension containing the same 

concentrations of Ga2O3 and CdSe/CdS NCs without the linker exhibits only about a 10% 

decrease in Ga2O3 DAP emission intensity (Figure 2.4b). This reduction in the DAP emission 
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occurs because of the direct excitation of CdSe/CdS NCs by a fraction of the excitation source, 

and is an unavoidable phenomenon when studying FRET between nanoparticles. Similarly, a 

solution containing Ga2O3 NCs and the relevant amount of TGA linker (vide infra) leads to only 

a 7.5% reduction in the DAP emission. To determine the concentration of TGA bound to the 

surface of CdSe/CdS NCs, the absorbance of TGA in the supernatant obtained upon precipitation 

of TGA-bound NCs was measured. After the initial wash ca. 94.5% of TGA remained in the 

supernatant. Additional washing resulted in further removal of the TGA loosely adsorbed on the 

NC surfaces, suggesting that only ca. 0.3% of the original amount of TGA is actually bound to 

CdSe/CdS NCs. Hereafter, the concentration of TGA is given in terms of the equivalents of 

CdSe/CdS NCs added to Ga2O3 NCs (i.e., the amount of TGA corresponding to certain acceptor 

to donor concentration ratio). It is evident that some of the reduction in Ga2O3 PL intensity also 

comes from competitive light absorption and/or quenching by the TGA linker (Figure A.2, 

Supplementary Materials), but the extent to which Ga2O3 NC emission is quenched by energy 

transfer is far greater (Figure 2.4c). The existence of FRET is also evident from the excitation 

spectrum of CdSe/CdS acceptor in the NC conjugate (Figure A.3, Supplementary Materials). 

 

Figure 2.4. (a) PL spectra of colloidal Ga2O3-CdSe/CdS NC conjugates (solid lines) having different 

CdSe/CdS to Ga2O3 NC concentration ratio, as indicated in the graph. PL spectra of thioglycolic acid 

(TGA)-bound CdSe/CdS NC suspensions having the same concentration as in the NC conjugate are 

shown with dashed lines (ɚexc = 250 nm); (b) PL spectra of the mixtures of Ga2O3 and CdSe/CdS NCs 

prepared in the same way as the NC conjugate but without the TGA linker; (c) Quenching efficiency of 

the donor-acceptor pair (DAP) emission of Ga2O3 NCs in the conjugate (squares), mixed with CdSe/CdS 

NCs (circles), and mixed with TGA but without CdSe/CdS NCs (triangles). 

The energy transfer efficiency is defined by the Förster theory as: 
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where (RDA) is the average separation between donors and acceptors, and n is the acceptor to 

donor ratio. FRET efficiency (ɖ) can also be determined experimentally by measuring the donor 

lifetime shortening in the presence of the acceptors: 

 – ρ
†

†
 2.4 

 

where (ŰD) and (ŰDA) are the lifetimes of the donor alone and in the presence of the acceptors, 

respectively. Since DAP emission does not follow a simple exponential time decay,41 the 

integrated lifetimes were used to calculate ɖ, instead of the time components obtained as the 

fitting parameters. The ligands bound to the Ga2O3 NC surface can compete with native defects 

for trapping of the photogenerated free carriers.24 Therefore, the DAP emission can also be 

affected by the molecules bound to the surface of the NCs. When TGA replaces TOPO on Ga2O3 

NCs in the amount equivalent to that used to conjugate CdSe/CdS NCs, the DAP emission 

experiences a negligible reduction in lifetime (Figure 2.5a). The original DAP PL lifetime is 

decreased by maximum of ca. 3% for the amount of TGA corresponding to the highest 

CdSe/CdS to Ga2O3 NC ratio explored in this study (aqua blue trace). On the other hand, Figure 

2.4b shows progressive shortening of the Ga2O3 NC PL lifetime with increasing concentration of 

TGA-bound CdSe/CdS NCs, confirming that FRET is the dominant quenching mechanism. 

Figure 2.5c compares the quenching efficiency (ɖ) of Ga2O3 NCs conjugated with CdSe/CdS 

NCs via TGA with that of Ga2O3 NCs capped with TGA, for different concentrations of the 

corresponding quencher, calculated using Equation 2.4. CdSe/CdS-conjugated Ga2O3 NCs show 

significantly higher efficiency for all quencher concentrations confirming the FRET from Ga2O3 

donor to CdSe/CdS acceptor NCs. 
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Figure 2.5. (a) Time-resolved DAP PL decay of Ga2O3 NCs containing different amounts of surface-

bound TGA without CdSe/CdS NCs. TGA equivalents and absolute concentrations (in parentheses) in 

Ga2O3 NC suspensions are indicated in the graph (aqua blue trace (0.84 mM) represents TGA 

concentration for the highest acceptor to donor ratio); (b) Time-resolved DAP PL decay of Ga2O3 NCs in 

the NC conjugates having different CdSe/CdS to Ga2O3 NC concentration ratio, as indicated in the 

graph; (c) Quenching efficiency of the DAP PL of Ga2O3 NCs in the NC conjugate (squares) and with 

bound TGA (triangles). 

Förster resonance energy transfer efficiency between Ga2O3 and CdSe/CdS NCs, 

calculated using Equation 2.4, was corrected for possible quenching of the donor emission by 

TGA (triangle symbols in Figure 5c), and displayed in Figure 2.6 as a function of the acceptor to 

donor ratio (n). The acceptor to donor ratio was determined to be 0.9 when 1 mL of CdSe/CdS 

NC suspension (the largest amount) was added to 1 mL of Ga2O3 NC stock suspension. The 

expression for FRET efficiency (Equation 2.3) is an average approximation when the majority of 

binding sites are occupied or the stoichiometric ratio of the donor and acceptor can be 

controlled.103,106,131 The colloidal NCs generally have a large surface area, leading to a large 

number of possible binding sites, some of which are unoccupied, invalidating this basic model. 

Instead, the distribution of the acceptors per donor will obey Poissonian statistical model when 

most binding sites are unoccupied:107,108 
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where (ɝ) is an average number of acceptors per donor, while n is a whole-number acceptor to 

donor ratio. The FRET efficiency data in Figure 2.6 were fit using Equation 2.5 (dashed line). 

The fit is of a reasonable quality, with an R2 value of 0.87. The Poissonian fit in Figure 2.6 is 
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distinctly different from the energy transfer efficiency predicted by the Förster theory (Equation 

2.3) using the R0 and RDA values of 7.13 and 6.7 nm, respectively (solid line). 

The ability to control FRET efficiency in Ga2O3-CdSe/CdS NC conjugates by adjusting 

the acceptor to donor ratio can be used to control the overall chromaticity of the emitted light. 

Figure 2.7 shows an International Commission on Illumination 1931 (CIE 1931) color space 

diagram of the NC conjugates consisting of different average number of acceptors per donor. 

The photographs of the colloidal suspensions of the conjugates corresponding to the symbols 

labeled in the graph are shown as insets. The non-conjugated Ga2O3 NCs emit blue light (inset 

1). The addition of CdSe/CdS NCs increases the orange-red contribution to the spectral power 

distribution, owing to both energy transfer and direct excitation. For an optimal ratio of 

CdSe/CdS to Ga2O3 NCs the colloidal NC conjugate suspension has color coordinates in the 

white light emitting region (0.345, 0.282) (inset 2). The orange-red contribution becomes 

dominant for high concentration of the CdSe/CdS NCs (inset 3), reaching bright orange color for 

pure CdSe/CdS NC suspension (inset 4). The CIE 1931 diagram for the mixtures of Ga2O3 and 

CdSe/CdS NCs is shown in Figure A.4 (Supplementary Materials) for comparison. These results 

demonstrate the promise of using inorganic building blocks to generate tunable white light with 

characteristic spectral and color properties. 
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Figure 2.6. FRET efficiency in Ga2O3-CdSe/CdS NC conjugate (circles) determined from the DAP PL 

lifetime data corrected for the lifetime shortening due to TGA binding. The experimental data were fit 

using Equation 2.5 (dashed line). Solid line is the FRET efficiency predicted by the Förster theory 

(Equation 2.3). 

 

Figure 2.7. International Commission on Illumination 1931 (CIE 1931) color coordinate diagram for 

Ga2O3-CdSe/CdS NC conjugate having different acceptor to donor ratio. The photographs of the 

colloidal nanoconjugates corresponding to data points labeled in the graph are shown as insets. 

2.4. Conclusions 

In summary, we demonstrated a new white light-emitting colloidal NC conjugate 

consisting of CdSe/CdS core/shell NCs connected to ɔ-Ga2O3 NCs via TGA. Owing to the short 
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chain of TGA molecule, the NC conjugate is a donor-acceptor system undergoing FRET, where 

Ga2O3 NCs act as energy donors and CdSe/CdS NCs as energy acceptors. In spite of the direct 

excitation of the acceptor NCs, the FRET mechanism is evident through quenching of the donor 

PL, shortening of the donor emission lifetime, and an increase in the acceptor emission. The 

control of the CdSe/CdS NC excitation by simultaneous light absorption and energy transfer 

from Ga2O3 NCs allows for the control of the overall emission chromaticity of the NC conjugate, 

including the generation of the white light. The results of this work represent a step toward the 

design of all-inorganic white light emitting phosphors for various lighting applications. 

2.5. Supplementary Materials 

The following are available in Appendix A. Figure A.1: deconvoluted PL spectra of 

CdSe/CdS NCs, Figure A.2: absorption spectrum of TGA, Figure A.3: excitation spectra of 

CdSe/CdS NCs in the NC conjugate, Figure A.4: CIE 1931 color space diagram for mixtures of 

non-linked CdSe/CdS and Ga2O3 NCs. 
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Chapter 3. Surface-Enabled Energy Transfer in Ga2O3ï

CdSe/CdS Nanocrystal Composite Films: Tunable All-Inorganic 

Rare Earth Element-Free White-Emitting Phosphor2 

Development of inorganic phosphors capable of generating white light in a homogeneous 

and reproducible fashion without the use of rare earth elements can lead to an efficient, long-

lasting, and sustainable solid state lighting. The design of such phosphors requires that different 

inorganic components emitting in complementary spectral ranges are electronically coupled to 

avoid the challenges associated with a multicomponent approach, such as inhomogeneity, poor 

chromaticity control, and low color rendering index. Here, we demonstrate coupling between 

electronically excited blue-emitting Ga2O3 and orange-red-emitting CdSe/CdS core/shell 

nanocrystals by surface-enabled Förster resonance energy transfer. This energy transfer process 

is evident from quenching of Ga2O3 (donor) and an enhancement of CdSe/CdS (acceptor) 

nanocrystal emission and is further confirmed through the diminished lifetime of Ga2O3 and 

significantly extended lifetime of CdSe/CdS nanocrystals in the composite films. Controlling the 

energy transfer efficiency by adjusting the separation and distribution of codeposited CdSe/CdS 

and Ga2O3 nanocrystals allows for tuning of the emission color. White light is reproducibly 

generated for [CdSe/CdS]:[  Ga2O3] å 0.5 by tuning energy transfer efficiency to be ca. 25% 

using 4.5 ± 0.3 nm Ga2O3 and 6.4 ± 0.3 nm CdSe/CdS nanocrystals. The main goal of this work 

is to quantitatively explore the energy transfer coupling between heterogeneous nanocrystals 

having complementary optical properties, anchored without the application of organic linkers. 

These broadly relevant results are applied to demonstrate a path to all-inorganic rare earth 

element-free nanocrystal phosphors for potential application in white light-emitting diodes and 

other light-emitting devices. 

 
2 The results presented in this chapter have been published: 

Reprint (adapted) with permission from (Stanish, P. C.; Radovanovic, P. V. Surface-Enabled Energy 

Transfer in Ga2O3ïCdSe/CdS Nanocrystal Composite Films: Tunable All-Inorganic Rare Earth Element-

Free White-Emitting Phosphor. J. Phys. Chem. C 2016, 120, 19566ï19573. ). Copyright 2016 American 

Chemical Society. 

Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the 

candidate. 
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3.1. Introduction 

Solid state lighting (SSL) has gradually matured into a mainstream technology, with the 

prospect to fully replace incandescent and fluorescent lamps for general lighting applications in 

the near future. This paradigm shift is motivated by the necessity for a reduction in the global 

electrical power consumption, of which ca. 20% is used for lighting.116 Inorganic semiconductor 

light-emitting diodes (LEDs), as the most prominent SSL technology, have a number of other 

advantages over incandescent light bulbs, including small size, mechanical durability, and long 

lifetime.116,132 These characteristics make LEDs suitable for a host of other applications, 

including automotive industry, architectural lighting, and displays. On the basis of the United 

States Department of Energy (DOE) estimates, projected conversion to LEDs by 2030 would 

reduce annual electricity consumption by ca. 300 TWh and carbon emission by 210 million 

metric tons.133 

However, the design of white LEDs (WLEDs) remains challenging and their adoption by 

consumers relatively slow. The generation of white light by WLEDs is generally based on 

combined emissions from multiple independent components,134 which leads to inhomogeneous 

and inconsistent output. The RGB approach involves combining three separate diodes emitting 

primary colors, red (R), blue (B), and green (G), in a single light bulb.134 This approach proved 

to be complex and costly owing to the challenges in fabricating devices with the optimal balance 

of the primary colors necessary to obtain white light with desired characteristics. In an 

alternative strategy, light emitted by blue or ultraviolet (UV) LEDs is partially downconverted 

using a selected phosphor or a combination of phosphors.132,135 White light is then generated by 

combining the emissions from LED and/or remote phosphors.118,132,134ï136 The most common 

remote phosphor in commercially available WLEDs is yellow-emitting Ce3+-doped yttrium 

aluminum garnet (Ce3+:YAG).118 In this case, WLEDs are fabricated by incorporation of 

Ce3+:YAG into a blue InGaN/GaN LED. The combination of the LED and phosphor emissions 

approximates a white light, although with a low color rendering index (CRI) and high correlated 

color temperature (CCT). The main reason for low CRI and high CCT is the lack of sufficient 

spectral density in red,136 necessitating the addition of suitable red-emitting phosphors, usually 

containing europium ions.119,120 Although the phosphor-converting LEDs are easier to 

manufacture than RGB diodes, they depend on rare earth elements, which are critical for a 
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variety of civilian and military technologies, including renewable energy, electronics, 

telecommunication, and advanced defense systems.137 In addition, rare earth phosphor-

converting WLEDs lack the consistency of the generated light, due to challenges of matching the 

emissions of multiple components. 

In recent years a number of approaches to inorganic phosphor-converted WLEDs without 

the use of rare earth elements have been demonstrated. Examples of white light-emitting 

phosphors include mixtures of semiconductor nanocrystals (NCs) of varying sizes and 

compositions,124,138ï140 IIïVI NCs that combine excitonic and surface defect emissions,141,142 

Mn2+-doped IIïVI quantum dots exhibiting surface defect and dopant intraionic emissions,143 

and codoped ZnSe quantum dots which combine excitonic emission with luminescence of 

multiple dopant centers.144 Although these examples represent significant steps toward rare earth 

metal-free LEDs, they require sensitive control of the surface states and dopant incorporation and 

speciation and generally yield only specific emission chromaticity values. 

Continuous tuning of the emission color has been achieved by hybrid organicïinorganic 

nanostructures obtained by conjugating luminescent colloidal metal oxide nanocrystals with 

organic fluorophores emitting in the complementary spectral range.27,105 We developed a facile 

procedure for binding of the selected organic dye molecules to NC surface sites via carboxylic 

functional groups.144 This procedure relies on the transport of organic fluorophores from aqueous 

solution to a nonpolar solvent containing suspended NCs. Using functionalized colloidal metal 

oxide NCs, we were able to expand the PL range of the defect-based NC emission via Förster 

resonance energy transfer (FRET),106 thereby creating an efficient white light-emitting phosphor. 

The obtained hybrid material acts as a single illumination entity, rather than a mixture, and 

provides a homogeneous and uniform white light emission.27 Emission chromaticity tuning has 

been achieved by controlling the average NC size and the type and number density of surface-

bound molecules. A potential drawback of this system is the presence of organic molecules, 

which may be sensitive to thermal and photodegradation during LED operation. In relation to the 

above considerations, exploring the design of tunable, fully inorganic white light-emitting 

phosphors consisting of coupled, rather than separate, components that do not contain rare earth 

metals could lead to the new paradigm in the fabrication of lighting devices. 
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We have recently shown that CdSe/CdS core/shell NCs can be bonded to Ga2O3 NCs 

using an organic linker and undergo excitation by FRET analogously to dye-conjugated Ga2O3 

NCs.145 The ability to tune PL energy of colloidal semiconductor NCs by changing both the core 

size and the shell thickness146 or composition147 makes them ideally suited for the design of 

light-emitting phosphors. Here, we demonstrate substrate-enabled FRET between codeposited 

Ga2O3 and CdSe/CdS NCs, which allows for generation of tunable white light in a reproducible 

manner without the use of an organic linker or fluorophore. While FRET between the same type 

of molecularly linked NCs having different sizes has been studied extensively, the coupling of 

different types of NCs can lead to unique functional properties and targeted applications.148 The 

results of this work demonstrate a path to all-inorganic rare earth element-free NC composite for 

potential application in WLEDs. 

3.2. Expirimental Section 

3.2.1. Chemicals 

All chemicals are commercially available and used as received. Gallium acetylacetonate 

(Ga(acac)3) (99.99%) was purchased from Strem Chemicals. Cadmium oxide powder (99.99%), 

selenium powder (99.99%), 1-octadecene (90%), 1-dodecanethiol (98%), oleylamine (70%), 

oleic acid (90%), tributylphosphine (TBP) (92%), tetradecylphosphonic acid (TDPA) (97%), and 

trioctylphosphine oxide (TOPO) (90%) were purchased from Sigma-Aldrich. 

3.2.2. Synthesis of Ga2O3 Nanocrystals 

Gallium oxide NCs were synthesized using the previously reported procedure.24 Briefly, 

0.5 g of Ga(acac)3 was placed in a 100 mL three-neck round-bottom flask with 14 g of 

oleylamine. The flask was purged with argon and heated to 250 °C over the period of an hour. 

The reaction was held at this temperature for 1 h; then the flask was cooled naturally to room 

temperature. The product was precipitated with 20 mL ethanol and centrifuged at 3000 rpm. 

Washing with ethanol was repeated three more times. The NCs were then capped with TOPO by 

submersion in 4 g of molten TOPO at 90 °C and then precipitated and washed with ethanol two 

more times to remove excess TOPO. TOPO-capped Ga2O3 NCs were finally suspended in 

hexane. 
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3.2.3. Synthesis of CdSe/CdS Core/Shell Nanocrystals 

CdSe NCs were synthesized using a reported method.79 Briefly, 60 mg of CdO, 210 mg 

of TDPA, and 3 g of TOPO were placed in a 100 mL three-neck round-bottom flask. The 

reaction vessel was heated to 150 °C, degassed for 1 h, and then backfilled with argon. The 

reaction flask was then brought to 320 °C, and 1 mL of TBPïSe solution (prepared separately by 

combining 1 mL of TBP and 60 mg of Se in a degassed container) was rapidly injected. The 

flask was held at 320 °C until the desired NC size was achieved and then cooled using 

compressed air. When the temperature reached 80 °C, methanol was injected and the product 

was centrifuged at 3000 rpm and then suspended in hexane. 

For CdS shell growth,89 100 nmol of synthesized CdSe NCs was placed in a 100 mL 

three-neck round-bottom flask containing 3 mL of each oleylamine and 1-octadecene. The flask 

was degassed under vacuum for 1 h and purged with argon. The temperature was then increased 

to 320 °C. Meanwhile, a dropwise injection of Cd(OAc)2 (prepared separately by heating a 1:4 

molar ratio of CdO to oleic acid in 6 mL of octadecene to 220 °C in an oxygen-free container) 

and dodecanethiol was started at 240 °C and carried out for 3 h. A 3 mL amount of oleic acid 

was then added, and the reaction mixture was left at the designated temperature for an additional 

hour. The obtained reaction product was cooled to room temperature using compressed air, 

washed with acetone, and centrifuged at 3000 rpm before dispersing in hexane. 

3.2.4. Preparation of Composite Films 

0.5 mL of 5 ɛM Ga2O3 NC stock suspension was placed in a vial, a different volume of 

CdSe/CdS NC suspension (5 ɛM) was added, and the volume of the total suspension was 

brought to 1.0 mL. Glass substrates, having a surface area of approximately 7 × 7 mm, were 

cleaned with ethanol. Three 100 ɛL aliquots of a NC suspension mixture were gradually dropped 

on the substrate and allowed to dry. 

3.2.5. Sample Characterization 

The size and morphology of colloidal NCs were characterized by transmission electron 

microscopy (TEM) imaging using a JEOL-2010F microscope operating at 200 kV. The 

specimens were prepared by depositing NCs from dilute colloidal suspensions on copper grids 

with lacey Formvar/carbon support film purchased from Ted Pella, Inc. 
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The crystal structure was confirmed by X-ray diffraction (XRD) performed with an INEL 

diffractometer equipped with a position-sensitive detector and monochromatic Cu KŬ1 radiation 

source (ɚ = 1.5418 ¡). 

The composite NC films were examined by scanning electron microscopy (SEM). SEM 

imaging and energy-dispersive X-ray spectroscopy (EDX) elemental mapping were performed 

with a LEO 1530 microscope. The macroscopic film thickness and its variation were estimated 

by scratching the film at different regions and scanning with a KLA Tencor P-6 profilometer. 

3.2.6. Spectroscopic Measurements and Analysis 

Absorption spectra were recorded with a Varian Cary 5000 UV-vis-NIR 

spectrophotometer with 1 nm bandpass. Steady-state PL spectroscopy measurements were 

performed using a Varian Cary Eclipse fluorescence spectrometer. Unless stated otherwise, the 

PL spectra were collected upon excitation at 256 nm (corresponding to band edge of ɔ- Ga2O3 

NCs). Time-resolved PL measurements were performed with a Horiba Jobin Yvon iHR320 time-

correlated single-photon counting (TCSPC) spectrometer equipped with a 249 nm NanoLED 

excitation source (1.2 ns fwhm pulse width, 100 kHz repetition rate) and a Horiba Jobin Yvon 

TBX picosecond detector. Three-dimensional (3D) TCPSC maps were constructed by collecting 

the PL time decay profiles at wavelengths from 320 to 600 nm in 5 nm steps with a 540 s 

integration time. 

3.3. Results and Discussion 

Resonance energy transfer involves a nonradiative coupling of the electronic transition 

moments of the donor and acceptor species, which is analogous to coupling of the electronic 

oscillators.96 For weakly coupled fluorophores, the energy transfer requires proximity of the 

donor and acceptor, as shown schematically in Figure 3.1a for Ga2O3 as the donor (blue sphere) 

and CdSe/CdS as the acceptor (red sphere) NCs. This energy transfer process is effectively 

described by Förster theory,94 which allows for quantitative analysis of the electronic coupling 

and the extraction of geometric parameters of the donorïacceptor pairs using steady-state and 

time-resolved spectroscopic data. In colloidal NC suspensions, the average separation between 

donors and acceptors is generally too large (>250 nm) for any appreciable energy transfer 

between NCs acting as donors and acceptors to occur (Figure 3.1b, top left).145 However, linking 
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Ga2O3 and IIïVI NCs with a short bifunctional ligand can lead to FRET between the two types 

of NCs (Figure 3.1b, top right).145 Owing to the possibility of tuning the blue-green and orange-

red emission by adjusting the size of Ga2O3 and CdSe/CdS NCs, respectively, this NC conjugate 

can in principle be used to generate white light with desired chromaticity. This approach to 

generating white light still involves organic linkers, which may be sensitive to degradation by 

heating and UV exposure. Furthermore, it results in a low concentration limit of the FRET pairs 

in the final suspension as well as a significant probability of donorïdonor and acceptorïacceptor 

binding, which reduces the effectiveness of FRET. Our goal in this work was to explore the 

possibility of inducing and controlling FRET between metal oxide donor and IIïVI acceptor NCs 

to obtain tunable white light emission without the use of organic molecules or rare earth 

elements. Surprisingly, simple codeposition of Ga2O3 and CdSe/CdS NCs on a transparent 

substrate allows for tight packing of the NCs with the controlled ratio of the energy acceptors 

and donors (Figure 3.1b, bottom), enabling the generation of homogeneous white light with high 

brightness and desired characteristics. 

 

Figure 3.1. (a) Schematic representation of the resonance energy transfer between Ga2O3 and CdSe/CdS 

core/shell NCs. (b) Schematic representation of the spatial correlation between free-standing (left), 

molecularly linked (right), and substrate codeposited (bottom) donor (blue) and acceptor (red) NCs. 
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TEM images of Ga2O3 and CdSe/CdS NCs used in this study are shown in Figure 3.2a 

and 3.2b, respectively. Spherical Ga2O3 NCs have an average diameter of 4.5 ± 0.3 nm and cubic 

crystal structure characteristic for ɔ-phase Ga2O3 (Figure B.1). Core/shell CdSe/CdS NCs, acting 

as energy acceptors, have an average size of 6.4 ± 0.3 nm, with a core size of ca. 1.8 nm (Figure 

B.2). A typical SEM image of a composite white light-emitting film obtained by codeposition of 

ɔ- Ga2O3 and CdSe/CdS NCs (vide infra) is shown in Figure 3.2c. The substrate is relatively 

evenly coated with some microscopic roughness and voids formed during the drying process. A 

representative profile of the film cross section is shown in Figure 3.2d, indicating a film 

thickness of ca. 30 ɛm. Additional profilometry measurements in different regions on the 

substrate suggest a uniform topology of the film (Figure B.3). SEM-EDX elemental mapping 

demonstrates homogeneous distribution of Ga2O3 and CdSe/CdS NCs within the film (Figure 

3.2and 3.2f), confirming the proximity of the donor and acceptor NCs. 
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Figure 3.2. (a) TEM image of CdSe/CdS NCs. (Inset) Lattice-resolved TEM image of a single NC (scale 

bar, 5 nm). (b) TEM image of Ga2O3 NCs. (c) SEM image of a composite white light-emitting film 

prepared from colloidal CdSe/CdS and Ga2O3 NC mixture. (d) Thickness profile of a typical NC 

composite film. SEM-EDX elemental maps of the white light-emitting NC composite film for (e) Ga and 

(f) Cd. 

We previously reported the generation of white light by dye-conjugated metal oxide NCs, 

enabled by FRET from electronically excited NCs to organic fluorophores bound to NC 

surfaces.143,144 The ability to control blue emission by controlling the size of metal oxide NCs 

and the orange-red emission by selecting a dye molecule with optimal PL spectrum allows for 

the design of homogeneous quasi-single white light-emitting phosphor. Quantum dots based on 

CdSe have size-tunable PL throughout the visible range and can also be excited by a FRET 

mechanism,149,150 making them an attractive material for the design of composite inorganic white 

light-emitting phosphors. In this work we used Ga2O3 NCs as a blue emitter.21,27 These NCs 

display a broad PL band in blue-green (Figure 3.3a, blue trace), which arises from the 

recombination involving defect-induced electron donor and acceptor states within the NC band 

gap.122,123 Significant broadening of this donorïacceptor pair (DAP) recombination band is 
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associated with a range of separations between donor (oxygen vacancy) and acceptor (galliumï

oxygen vacancy pair) sites, which defines the Coulomb interactions among them.122 We chose 

CdSe/CdS core/shell NCs as a secondary solid-state emitter because they possess a strong 

orange-red emission that can be tuned by controlling the NC core diameter and shell thickness 

(Figure 3.3a, red dashed trace). These dimensional parameters were optimized to allow for the 

generation of white light when CdSe/CdS PL is combined with the DAP emission of Ga2O3 (vide 

infra). Furthermore, the PL band of Ga2O3 NCs strongly overlaps with the absorption spectrum 

of CdSe/CdS NCs (Figure 3.3a, red trace), enabling their excitation by FRET mechanism.96 

 

Figure 3.3. (a) PL spectrum of Ga2O3 NCs (blue line), and absorption (solid red line) and PL (dashed red 

line) spectra of CdSe/CdS NCs deposited on glass substrates. Shaded area indicates spectral overlap as 

an essential requirement for FRET. PL spectra of (b) composite NC films and (c) colloidal mixtures 

containing different acceptor to donor ratios upon excitation into the Ga2O3 band gap. Spectra are 
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normalized at the maximum of the Ga2O3 DAP PL band (ɚmax = 425 nm), and [CdSe/CdS]/[Ga2O3] NC 

ratios are indicated in the graphs. 

PL spectra of the composite NC films containing different ratios of CdSe/CdS to Ga2O3 

NCs upon excitation into the Ga2O3 band gap are shown in Figure 3.3b. Although increasing 

concentration of CdSe/CdS NCs results in quenching of Ga2O3 emission (see Figure B.4), the 

spectra in Figure 3.3b are normalized at the Ga2O3 DAP PL band to emphasize the relative 

increase in CdSe/CdS NC emission intensity. In addition to FRET, CdSe/CdS NCs are also a 

subject to direct excitation and reabsorption of light emitted by Ga2O3 NCs. To elucidate the 

effect of FRET in the composite films we collected the PL spectra of colloidal mixtures used for 

preparing the NC films (Figure 3.3c). In contrast to codeposited NCs, these spectra exhibit a 

smaller decrease in Ga2O3 PL intensity and a smaller increase in the CdSe/CdS emission 

intensity (see also Figure B.4). A decrease in Ga2O3 PL intensity is mostly due to competitive 

absorption by CdSe/CdS NCs and possibly occasional collisions of Ga2O3 NCs due to Brownian 

motion in a suspension. Similarly, an increase in CdSe/CdS emission intensity arises from direct 

excitation at ca. 250 nm and to much smaller degree reabsorption of blue light emitted by Ga2O3 

NCs. Consequently, both Ga2O3 PL quenching and an increase in the CdSe/CdS NC emission in 

the composite films are consistent with FRET. 

An important manifestation of FRET is diminishing of the donor excited state lifetime in 

the presence of acceptors.96 Figure 3.4a shows the PL intensity time decay of the Ga2O3 NCs for 

different concentrations of CdSe/CdS NCs in the composite films. As expected, with increasing 

amount of acceptor NCs, the rate of the DAP emission decay increases, consistent with FRET 

coupling. FRET efficiency (ɖ) can be calculated from the reduction in the lifetime of the donor 

excited state in the presence of the acceptors as 

 –
†

†
 3.1 

 

where (ŰD) and (ŰDA) are the lifetimes of the donor alone and in the presence of the 

acceptors, respectively. The DAP emission time decay does not follow a typical exponential or 

hyperbolic form;21,38,41 hence, integrated lifetimes were used to calculate ɖ. The FRET 

efficiency, calculated using Equation 3.1, as a function of the relative amount of CdSe/CdS NCs 
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is shown in Figure 3.4b. According to the Förster theory, the energy transfer efficiency can be 

expressed as 
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where (RDA) is the average separation between donors and acceptors, n is the acceptor to 

donor ratio, and (R0) is the critical (Förster) radius. The Förster radius is defined as the donorï

acceptor separation corresponding to ɖ = 0.5 
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where (Q0)is the donor quantum yield in the absence of the acceptor, nr is the index of 

refraction of the surrounding medium, NA is Avogadroôs number, (J(ɚ)) is the spectral overlap 

integral, and (ə2) is the dipole alignment factor which we assumed to be 2/3 based on random 

orientation of the acceptor NCs.103,130 Equation 3.2 is found to be valid when the ratio of the 

donor and acceptor can be accurately controlled or if all donor binding sites are fully 

occupied.103,131 These conditions are satisfied only in a limited number of cases. More often the 

distribution of acceptors per donor follows the Poissonian statistics,107,108 for which the FRET 

efficiency attains the form 
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where (ɝ) is an average number of acceptors per donor while n is a whole-number 

acceptor to donor ratio. The best fit to the experimentally determined ɖ using Equation 3.4 for R0 

= 6.65 nm is shown in Figure 3.4b (dashed line), where RDA is the fitting parameter. The 

resulting value of RDA is 6.8 nm, which is very reasonable given the sizes of donor and acceptor 

NCs and their random packing. This RDA value was used to calculate ɖ in Equation 3.2 for 

different acceptor to donor ratios (solid line in Figure 3.4b). Förster theory (Equation 3.2) 
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provides a better match to the experimental data at low acceptor to donor ratios. However, due to 

the absence of specific binding sites and well-defined number of acceptors per donor, the 

Poissonian fit (Equation 3.4) shows significantly better agreement with the experimental data at 

high acceptor to donor ratios. The overall discrepancy between the two functions and the 

experimental data is likely due to a wide range of RDA values associated with the nature of the 

system and sample preparation. 

 

Figure 3.4. Normalized time-resolved PL data of the composite NC films measured at 425 nm (the 

maximum of the Ga2O3 DAP PL band) upon excitation at 249 nm. Acceptor to donor concentration ratios 

([CdSe/CdS]/[Ga2O3]) are indicated in the graph. (b) FRET efficiency as a function of 

[CdSe/CdS]/[Ga2O3] NC ratio. Solid and dashed lines are best fits to Equations 3.2 and 3.4, respectively. 

Figure 3.5a shows time-resolved PL decays of composite NC films monitored at 575 nm 

(CdSe/CdS NC emission maximum) upon excitation at 249 nm for increasing CdSe/CdS to 

Ga2O3 NC ratio (direction of the arrow in Figure 3.5a). Unlike DAP emission of Ga2O3 NCs, 

which has a lifetime of several microseconds, CdSe/CdS NCs have an average excited state 

lifetime of ca. 16 ns, up to 103 times shorter than Ga2O3 NCs. In addition to shortening of the 

lifetime of the Ga2O3 DAP emission, FRET should also lead to the elongation of the CdSe/CdS 

NC PL lifetime. The energy transfer adopts the dynamics of the Ga2O3 NC PL decay, effectively 

extending the apparent lifetime of the CdSe/CdS NC emission, upon excitation into Ga2O3 band 
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gap. To separate the effect of FRET from the residual DAP PL at 575 nm, we constructed 

delayed PL spectra by recording decay curves at different emission wavelengths. Figure 3.5b 

compares the spectra corresponding to 2.8 ɛs delay for pure Ga2O3 (purple line), pure CdSe/CdS 

(orange line), and composite NC films (blue line). CdSe/CdS NCs, solely deposited on a glass 

substrate, show no observable emission intensity 2.8 ɛs after excitation, while afterglow of 

Ga2O3 NCs remains strong. However, in the composite film, a significant emission intensity of 

CdSe/CdS NCs persists at ca. 575 nm upon excitation at 249 nm (blue line). The maps of the PL 

decay dynamics as a function of wavelength for Ga2O3 and composite NC films are shown in 

Figure 3.5c and 3.5d, respectively. The PL intensity of CdSe/CdS NCs clearly follows that of 

Ga2O3 NCs. This result serves as another evidence that the excitation of CdSe/CdS NCs occurs 

by FRET, allowing for convenient control of the chromaticity of the emitted light. 

 

Figure 3.5. (a) Normalized time-resolved PL data of the NC films measured at 575 nm upon excitation at 

249 nm for different acceptor to donor ratios (arrow indicates an increase in the relative amount of 

CdSe/CdS NCs). (b) Delayed PL spectra constructed by collecting the decay curves at different 

wavelengths (delay time, 2.8 ɛs). Maps of the PL decay dynamics as a function of wavelength for (c) 

Ga2O3 NC films and (d) composite NC films deposited on a glass substrate. 

The ability to control FRET in composite films fabricated by simple codeposition of NC 

building blocks emitting in complementary spectral regions paves the way for a convenient 

fabrication of all-inorganic white light-emitting structures and devices with tunable lighting 

characteristics. To demonstrate the flexibility of this approach, we plotted the CIE 1931 diagram 
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color coordinates for a series of composite films containing different Ga2O3 to CdSe/CdS NC 

ratio (Figure 3.6a) with the ratio of Ga2O3 to CdSe/CdS NCs indicated in the inset. The color 

coordinates of the colloidal mixtures used for preparing the films are shown in Figure 3.6b. The 

comparison of the two diagrams reveals a significant difference in the chromaticity of the 

composite films and analogous colloidal mixtures. The photographs showing the emission of 

these colloidal mixtures and the corresponding composite films are compared in Figure 3.6c. The 

visual difference in PL chromaticity is a direct consequence of FRET, enabled by anchoring NCs 

on a solid substrate. The composite film prepared with the NC concentration ratio 

[Ga2O3]/[CdSe/CdS] = 2 emits white light with the color coordinates (0.31, 0.28), based on the 

optimized energy transfer parameters. Determination of the relative quantum yield of this film is 

complicated by the fact that the samples are not in the solution phase, which makes it difficult to 

consistently measure and compare their absorbance and integrated PL intensity to those of a 

reference fluorophore solution. Furthermore, the PL efficiency is impacted by the fact that there 

is a relatively significant direct excitation of CdSe/CdS NCs in the composite films, together 

with some reabsorption of the Ga2O3 NC emission, as described above. However, the overall 

quantum yield can be estimated based on the FRET efficiency and the ratio of acceptors and 

donors in the composite films. Although defect-originated trap emissions are generally less 

efficient than the PL arising from exciton transitions, the DAP emission of Ga2O3 nanocrystals is 

determined to be up to ca. 30%,123 which is an appreciable value with a prospect for some 

practical applications. By introducing an energy acceptor with a superior quantum yield relative 

to the donor, an increase in the overall quantum yield can be achieved via FRET. This is indeed 

the case for our system, given that the quantum yield of CdSe/CdS NCs can be as high as 90%, 

depending on the NC core size and shell thickness. On the basis of the determined FRET 

efficiency (25%) and the estimated fraction of the incident radiation used for the Ga2O3 NC 

excitation (ca. 65%), routinely achieved quantum yield of 50% for CdSe/CdS NCs results in the 

overall efficiency of the white light-emitting composite films of 40%. The quantum yield of the 

analogous colloidal NC mixture is estimated to be ca. 37%, suggesting that FRET increases the 

emission efficiency of the composite white light-emitting film by ca. 10% relative to the 

colloidal mixture, in addition to tuning its chromaticity. Surface-enabled FRET allows for 

seamless integration of NCs as a remote phosphor into LEDs and other optical devices by simple 

spin coating of colloidal suspensions. Fabrication of practical LEDs using this approach would 
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require further development, including investigation of the optimal phosphor configuration (i.e., 

codeposition vs layer-by-layer deposition of Ga2O3 and CdSe/CdS NCs on LED chips) and the 

design of donor NCs absorbing in the near-UV region. Importantly, it is expected that these 

results are transferable to other composite multifunctional materials requiring electronic coupling 

between NCs having complementary properties. 

 

Figure 3.6. CIE 1931 diagrams for (a) composite films prepared by depositing colloidal Ga2O3 and 

CdSe/CdS NC mixtures on a glass substrate and (b) corresponding Ga2O3 and CdSe/CdS colloidal NC 

mixtures. (c) Photographs of the samples in the colloidal form and deposited on glass substrates. 

Numbers indicated on the graphs represent [Ga2O3]/[CdSe/CdS] NC concentration ratios. White light-

emitting composite film corresponding to [Ga2O3]/[CdSe/CdS] = 2 is indicated in c. 

3.4. Conclusions 

In summary, we demonstrated a new approach to all-inorganic tunable white light-

emitting phosphor based on surface-enabled FRET between codeposited Ga2O3 and CdSe/CdS 

core/shell NCs. The emission of Ga2O3 NCs arises from recombination of an electron trapped in 

a shallow defect-originated electron donor state with a hole trapped in an electron acceptor state. 
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This DAP emission band is strongly broadened due to the large surface area and a range of 

separations between participating defect sites, necessitating only a small additional spectral 

density in the orange-red to produce white light. The ability to control the emission energy and 

optimize the quantum yield of core/shell IIïVI NCs by controlling the core size and shell 

thickness renders these materials very promising candidates for energy acceptors. In this work 

we demonstrated the generation of tunable white light by composite films consisting of Ga2O3 

and CdSe/CdS core/shell NCs. Fabrication of composite films by simple codeposition of Ga2O3 

and CdSe/CdS NCs allows for a control of the NC distribution and separation without the use of 

an organic linker. The proximity of the constituent NCs enables their coupling by FRET. The 

electronic coupling between two complementary color-emitting NCs allows for the design of 

homogeneous and tunable white phosphor by controlling the CdSe/CdS to Ga2O3 NC ratio. The 

results of this work demonstrate a path to all-inorganic rare earth element-free NC composite for 

potential application in WLEDs and more broadly multifunctional inorganic materials requiring 

electronic coupling of heterogeneous NCs. 
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Chapter 4. Extending Afterglow Emission of Ga2O3 

Nanocrystals by Dy3+ Dopant-Induced Carrier Trapping 

Design and preparation of persistently luminescent nanostructured phosphors is of a 

significant interest in lighting, photonic, and photovoltaic technologies. Among other 

applications, this class of materials could enable seamless integration with the next generation of 

nanocrystal solar cells and photocatalysts, where they could provide a light source in the absence 

of natural lighting. However, afterglow generally occurs in bulk phosphors synthesized by high-

temperature solid-state reactions. Here we report the synthesis of colloidal Dy3+-doped Ga2O3 

nanocrystals and demonstrate an extension of the nanocrystal afterglow, arising from native-

defect-based donor-acceptor pair recombination, relative to undoped Ga2O3 nanocrystals. Using 

temperature-dependent steady-state and time-resolved photoluminescence measurements we 

show that Dy3+ dopants reside in the vicinity of NC surfaces and generate trap states that are 

significantly shallower than donor states originated by the presence of oxygen vacancies in 

Ga2O3 nanocrystals. This defect configuration allows for thermal reactivation of kinetically 

trapped electrons in Dy3+ excited states, resulting in an increase in the nanocrystal emission 

intensity and an extension of the afterglow lifetime with temperature. These results are supported 

by kinetic Monte Carlo simulation based on the probability of different electron transfer 

processes. The results of this work demonstrate a pathway to extending afterglow emission and 

designing long-persistent phosphors of reduced dimensions. 

4.1. Introduction 

One of the intriguing properties of inorganic solid-state phosphors is a long-lasting 

luminescence, often referred to as afterglow, which persists for a long time (microseconds to 

hours) after the excitation source had been switched off.151 Such long-lived emission allows for a 

slow release of the accumulated excitation energy in the form of light, making the afterglow 

phosphors an important component of various decoration products and electronic displays,152 

emergency and traffic signs,153,154 as well as the platforms for optical imaging,155,156 medical 

diagnostics,157ï159 and sensing,160,161 to name a few. Another emerging application of this class of 

materials is to use stored energy to provide radiative excitation in photovoltaic devices and 

photocatalytic systems in the absence of the sunlight or other external lighting sources.162 The 
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possibility to use delayed luminescence in the next generation of nanocrystal (NC) solar cells and 

photocatalysts largely rests upon the ability to design persistently luminescent nanostructured 

phosphors that can be integrated with NC structures and devices. Design and synthesis of 

afterglow phosphors in colloidal NC form and understanding their afterglow mechanisms is therefore 

of significant fundamental and practical importance for new energy-conversion technologies. 

A variety of inorganic persistent phosphors having different chemical nature and 

composition163 (e.g., oxides,48 nitrides,164 sulfides,165 halides,166 etc.), luminescence properties (e.g., 

emission energy and lifetime),167 and type of excitation (e.g., photoluminescence, 

cathodoluminescence, thermoluminescence, mechanoluminescence, chemiluminescence, etc.) have 

been developed over the past few decades.  The common characteristics of all phosphors exhibiting 

persistent luminescence is the coexistence of activators (usually luminescent dopant ions that act as 

emission centers) and carrier traps (impurity sites responsible for storage and slow release of the 

excitation energy).55 The prototype material for persistent luminescence applications is strontium 

aluminate codoped with Eu2+ and Dy3+ (Eu2+, Dy3+: SrAl2O4),
48 where Eu2+ ions act as emission 

centers due to strong interconfigurational parity allowed 4f65d1
Ą4f7 transitions, while Dy3+ sites 

provide trap states for energy storage (for details, see Figure C.1).48,53,151,168 However, the solid state 

reactions typically used for the synthesis of oxide-based inorganic phosphors require a prolonged high 

temperature treatment, resulting in an average particle size in the micrometer range, significant 

particle agglomeration, as well as heterogeneity in particle size and morphology,151,163 making these 

phosphors incompatible with various nanophotonic structures and devices.46,169ï173 

We have previously demonstrated a size- and composition-tunable afterglow of colloidal 

Ga2O3 NCs containing both donor and acceptor impurities,24,122,124,174 where likely donors are 

positively charged oxygen vacancies (
OV ) and possible acceptors are negatively charges gallium-

oxygen vacancy pairs [
O Ga(V ,V )¡].21,37,38 When optically excited above the NC band edge, 

electrons and holes can be bound forming neutral donors (x

OV ) and acceptors (
x

O Ga(V ,V ) ), 

respectively, which recombine giving rise to donor-acceptor pair (DAP) emission: 

 
( ) ( )

x x

O Ga O O Ga OV ,V V V ,V V  (PL)hɜ¶¡+ ­ + +  4.1 
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The energy of a photon emitted through DAP recombination can be defined as:   

 2

DAP g D A( )
4

e
E E E E

rpe
= - + +  4.2 

 

where r is the separation between the given donor and acceptor sites in NCs, Ů is the dielectric 

constant, and Eg, ED, and EA are the band gap, donor, and acceptor binding energies, 

respectively. The last term represents stabilizing Coulomb interaction, which is responsible for a 

perturbation of the ionized donor and acceptor levels toward the conduction and valence band 

edges, respectively. Consequently, the emission energy varies as 1/r, enabling a blue shift of 

DAP PL band with decreasing NC size. The DAP recombination involves a tunnel transfer of an 

electron from a donor to an acceptor, as the rate determining step, and is also responsible for 

persistent luminescence of colloidal Ga2O3 NCs and for size-dependent decay dynamics.21,41,42,122 

The temperature dependence of the DAP tunnel transfer can be viewed analogously to the 

thermal component of the tunnel current density in insulating film between two closely-spaced 

metal electrodes:175 
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where 
0VJ  is the current density of tunneling at 0 K, s is the electrode separation (analogous to r 

in DAP recombination mechanism), ˒ is the height of a symmetric barrier that an electron must 

tunnel through, T is the temperature, and V is the potential across the barrier. In case of a single 

excited electron, 
0VJ is related to the probability of a tunneling event occurring.  

The fact that Ga2O3 NCs contain native defects as afterglow activators that can be 

controlled via reaction conditions123 implies that only the dopants responsible for energy storage 

need to be externally introduced to design a longer lasting nanophosphor based on Ga2O3. This is 

particularly important given the well-documented challenges associated with doping colloidal 

NCs,176ï178  and the possibility of mutual exclusion of different types of dopants. In light of Dy3+ 

acting as an electron trap in Eu2+, Dy3+:SrAl2O4, we sought to exploit its role in Ga2O3 NCs. 
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Delayed PL spectra of Dy3+ ions allowed us to assess the change in dopant speciation with 

respect to the doping concentration. Using variable-temperature steady-state and time-resolved 

PL measurements we demonstrated that Dy3+ indeed forms trap states in Ga2O3 NCs, and 

established the correlation between the doping concentration and the electronic structure of trap 

states. Importantly, the formation of these trap states leads to an increase in the DAP PL 

intensity, and an extension of the DAP emission lifetime at room temperature. The results of this 

work demonstrate the possibility of compositional manipulation of afterglow in colloidal NC 

systems, and provides a guideline for the design and preparation of persistent nanostructured 

phosphors. 

 

4.2. Experimental and Theoretical Methods 

4.2.1. Materials 

All chemicals are commercially available and used as received. Dysprosium nitrate 

hydrate (Dy(NO3)3ÅnH2O) (99.9 %), oleylamine (70 %) and trioctylphosphine oxide 

(TOPO)(90%) were purchased from Sigma-Aldrich. Gallium acetylacetonate (Ga(acac)3)(99.99 

%) was purchased from STREM Chemical. All chemicals were used as received.  

4.2.2. Synthesis of Dy3+:Ga2O3 NCs 

Dy3+:Ga2O3 NCs were synthesized according to previously reported method.24,179,180 

Briefly, 500 mg of Ga(acac)3 and a desired amount of Dy(NO3)3 were dissolved in a 3 neck 

round bottom flask and heated to a desired temperature over the course of 1 hour. Once the final 

temperature was achieved, the reaction was allowed to proceed at this temperature for 1 hour. 

The flask was then removed from heat and allowed to cool down. The product was flocculated 

by the addition of ~40 mL of ethanol and the precipitate was collected by centrifuging at 3000 

rpm for 10 min; this procedure was performed 5 times to ensure high purity of the colloidal NCs. 

The isolated product was then added to molten TOPO at 90 ° C for 1 hour to remove loosely-

bound Dy3+ and replace coordinated oleylamine from NC surfaces. The final product was 

washed with ethanol additional 2 times before being dissolved in hexane. 
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4.2.3. Nanocrystal Characterization 

Phase and purity of Dy3+:Ga2O3 NC products were confirmed by X-ray diffraction (XRD) 

measurements. XRD patterns were collected with an INEL powder diffractometer featuring a 

position-sensitive detector and copper KŬ source (ɚ = 1.5418 ¡).  

Size, morphology, and composition of the NCs were determined using JEOL-2010F 

transmission electron microscope operating at 200 kV. The specimens for transmission electron 

microscopy (TEM) imaging were prepared by dropping a hexane suspension of NCs on a copper 

grid containing carbon support film (Ted Pella, Inc). Energy dispersive X-ray spectroscopy 

(EDX) was used to characterize the elemental composition of the samples. 

X-ray absorption spectra were collected at the Advanced Photon Source (APS) using 20-

BM beamline. All dysprosium L3-edge spectra were recorded in the fluorescence mode 

employing a Si (111) monochromator and a germanium detector. A rhodium-coated harmonic 

rejection mirror was set at 6 mrad, and the monochromator was detuned 15% CCW at 7708.9 

eV. A mixture of 50 % N2 and 50 % He gas was used as an ionization gas in the ion chamber I0. 

Ultrahigh purity N2 gas was used as an ionization gas in ion chambers It and Iref. A cobalt metal 

foil was measured simultaneously in standard transmission geometry between the It and Iref 

chambers which were used for energy calibration.  Samples weighing ca. 30 mg were prepared 

by pressing the powder into Teflon washer which was then sealed with a Kapton tape. 

Fluorescence data was measured in a standard geometry with the samples at 45° to the incident 

X-ray beam, using a 13-element liquid-nitrogen-cooled germanium detector which was position 

90° with respect to the incident X-ray beam.  

4.2.4. Photoluminescence Measurements 

PL emission spectra were recorded with a Cary Eclipse fluorescence spectrometer by 

exciting NC samples into the Ga2O3 band gap at 230 nm. For time-gated PL spectra the 

measurement delay time was set to 0.2 ms, detection window (gate time) to 5 ms, and the total 

decay window to 20 ms. PL lifetime measurements were performed using a 40 ɛs delay, with a 

gate time of 1 ɛs for Ga2O3 DAP emission and 5 ɛs for Dy
3+ emission. Low temperature 

measurements were performed using an Oxford Instruments Optistat CF cryostat cooled with 

liquid helium and controlled by an Oxford Instruments ITC 5035 controller. 
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4.2.5. Monte Carlo Simulation 

Monte Carlo simulation was performed using a sample size of 1 million excited NCs with 

a single excited electron per NC. This configuration was chosen to avoid the effects associated 

with electron interactions, which has been shown to provide a good model in the past.36  

Electrons in the conduction band could be trapped by an oxygen vacancy or Dy3+ dopant site, 

forming dysprosium excited state (Dy*), or undergo nonradiative recombination with a hole in 

the valence band. Electrons trapped in the aforementioned sub-band-gap states could be excited 

back to the conduction band, relax radiatively (characteristic DAP or Dy3+ intra-4f emission), or 

just remain trapped. Probabilities of these processes were first tuned manually to match 

measured temperature-dependent PL spectra and lifetime data for undoped Ga2O3 NCs (without 

Dy3+ trapping). Once a good agreement for undoped NC sample was achieved, the likelihood of 

electron trapping on Dy3+ site was introduced and the simulated DAP PL intensity compared to 

the analogous experimental data for 3.6 % Dy3+:Ga2O3 NC sample for different temperatures. 

Full description of the simulation is given in Appendix C. 

4.3. Results and Discussion 

We prepared a series of Dy3+:Ga2O3 NCs samples having different doping concentrations 

(0, 3.6, 9.2, and 13.3 %). Typical XRD patterns of colloidal Ga2O3 and Dy3+:Ga2O3 NCs are 

shown in Figure 4.1a. Unlike bulk samples, that have monoclinic crystal structure (ɓ phase) at 

room temperature, colloidal Ga2O3 NCs (gray trace in Figure 4.1a) are stabilized in the ɔ phase 

and exhibit a defective spinel-type structure ( 3Fd m).181 Detailed structural analysis and modeling 

have revealed that metastable ɔ-Ga2O3 has a complex structure in which Ga3+ cations partially 

occupy two pairs of octahedral (Oh) and tetrahedral (Td) sites in the total ratio Ga3+(Oh)/Ga3+(Td) å 

1.35:1.181,35 Upon doping with Dy3+, the XRD peaks broaden significantly. This broadening is mostly 

attributed to an increased structural disorder in the presence of dopant impurities.  Under the given 

synthesis conditions in this work, an average size of undoped Ga2O3 NCs is ca. 5.5±0.4 nm (Figure 

4.1b). The size of NCs decreased upon introducing Dy3+ to the reaction mixture (Figure 4.1c and 

Table C.2). The actual doping concentration for the sample in Figure 4.1c was determined to be 

9.2±1.1 % using EDX elemental analysis. The doping efficiency remains similar for low to 

intermediate Dy3+ precursor concentrations, but begins to saturate at high starting concentrations of 

Dy3+ (Table C.1). 
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Figure 4.1. (a) XRD patterns of Dy3+:Ga2O3 NCs having different doping concentrations as indicated in 

the graph. (b,c) TEM image of  (b) undoped Ga2O3 and (c) 9.2 % Dy3+:Ga2O3 NCs. 

Figure 4.2a shows PL spectra of Dy3+:Ga2O3 NCs having different doping concentrations, 

together with a spectrum of undoped Ga2O3 NCs, upon excitation at 230 nm (NC band edge 

excitation). With an increase in doping concentration the DAP emission band shifts to higher energies, 

suggesting a decrease in the average donor-acceptor separation.123 This decrease in the distance 

between donors and acceptors is associated with an increase in the number density of oxygen 

vacancies with increasing Dy3+ doping concentration. As we discussed elsewhere,180 the formation 

of oxygen vacancies can be stimulated by substitutional doping of an ion having lower ionization 

potential relative to the Ga3+,182 which is indeed the case for Dy3+. At high doping levels a weak 

narrow band is observed at ca. 580 nm, arising from Dy3+ 4F9/2Ą
6H13/2 intra-ionic f-f transitions. 

Photoluminescence excitation (PLE) spectra of Dy3+:Ga2O3 NCs are shown in Figure 4.2. The 

excitation spectra corresponding to Ga2O3 NC DAP (430 nm) and the delayed excitation spectra 

Dy3+ 4F9/2Ą
6H13/2 (580 nm) emission are in excellent agreement, confirming a sensitization of 

Dy3+ emission by the NC host lattice. The lifetime of the DAP emission is significantly shorter 

than that of Dy3+ emission (Figure 4.2c). This difference in the PL lifetime allows for using time-

gated PL spectroscopy to characterize the Dy3+ dopant speciation. Figure 4.2d shows time-gated 

PL spectra of Dy3+:Ga2O3 NCs from Figure 4.2a, collected 0.2 ms upon termination of the 

excitation pulse. In addition to the strongest Dy3+ 4F9/2Ą
6H13/2 peak, two other features 
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characteristic for Dy3+ are observed at ca. 480 nm and 675 nm which are assigned to 4F9/2Ą
6H15/2 

and 4F9/2Ą
6H11/2 transitions, respectively. In contrast to electric-dipole 4F9/2Ą

6H13/2 transition, 

4F9/2Ą
6H15/2 transition in magnetic dipole allowed, and its intensity is independent of the local 

crystal field. Hence, the branching ratio of 4F9/2Ą
6H13/2 to 4F9/2Ą

6H15/2 intensities can be used to 

gauge the Dy3+ site symmetry, where the dominance of the 4F9/2Ą
6H13/2 band generally suggests 

a low site symmetry. This type of spectroscopic analysis for Eu-doped Ga2O3 NCs has 

demonstrated that a significant fraction of Eu3+ dopants substitute for octahedral Ga3+ sites on 

NC surfaces,180 which have higher symmetry compared to bulk Ga3+ (Oh) sites. Given the 

comparable intensities of 4F9/2Ą
6H13/2 and 4F9/2Ą

6H15/2 bands, in the ratio that does not change 

significantly with increasing doping concentration, it is likely that the same phenomenon holds 

for Dy3+ dopants. The presence of Dy3+ in the immediate vicinity of NC surfaces is also 

consistent with a large discrepancy between ionic radii of Ga3+ (0.62 Å) and Dy3+ (0.91 Å).     

 

Figure 4.2. (a) PL spectra of Ga2O3 NCs (bottom panel) and Dy3+:Ga2O3 NCs (top three panels) having 

different doping concentrations, as indicated in the graph. (b) PLE spectra of NCs in (a) for Ga2O3 DAP 

emission at 430 nm (solid lines) and Dy3+ emission at 580 nm (dashed lines). PLE spectra for Dy3+ 

emission were collected for delayed PL. (c) Time-resolved PL intensity for 9.2 % Dy3+:Ga2O3 NCs 

corresponding to DAP and Dy3+ emission (purple lines). Time-decay DAP PL intensity for undoped 

Ga2O3 NCs having nearly identical average NC size (gray line) is shown for comparison. (d) Room 

temperature delayed PL spectra of Dy3+:Ga2O3 NC having different doping concentrations. Assignments 

of the characteristic Dy3+ intra-4f transitions are labeled in the graph. 
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To confirm these conclusions and further characterize dopant speciation in Ga2O3 NCs 

we performed X-ray absorption spectroscopy measurements (Figure C.3). Dysprosium L3ïedge 

X-ray absorption near-edge structure (XANES) spectra of Dy3+:Ga2O3 NCs for different doping 

levels are shown in Figure 4.3a. All spectra have nearly identical structure, characteristic for 

Dy3+, with a sharp intense peak (known as the white line) at ca. 7790 eV.183 However, there is a 

significant decrease in the amplitude of the white line with increasing doping concentration. The 

relative intensity of the white line in L3-edge XANES spectra has been associated with the 

symmetry of the absorbing ion.184 Specifically, a decrease in the intensity of the white line has 

been correlated with a lower degree of local distortion. The data in Figure 4.3a suggests that 

increasing doping concentration results in a lower average distortion of the Dy3+ sites, consistent 

with conclusions derived from the PL spectra in Figure 4.2d. We also collected extended X-ray 

absorption fine structure (EXAFS) spectra of Dy3+:Ga2O3 NCs (Figure C.4). Figure 4.3b shows 

the Fourier-transformed EXAFS spectra of the NC samples from Figure 4.3a. The band 

corresponding to the first Dy3+ coordination shell is shifted to larger radial distances with 

increasing doping concentration. These results suggest an elongation of an average Dy-O bond 

length due to an expansion of the NC lattice associated with the substitution of Ga3+ with larger 

Dy3+ cation. 

 

Figure 4.3. (a) XANES spectra of Dy3+:Ga2O3 NCs having different doping concentrations, as indicated 

in the graph. (b) Fourier-transformed EXAFS spectra (pseudo-radial distribution functions) of 

Dy3+:Ga2O3 NCs in (a). 

  

The effect of Dy3+ dopants on carrier trapping and DAP afterglow was investigated by 

temperature-dependent PL measurements. Figure 4.4a shows PL spectra of 9.2 % Dy3+:Ga2O3 

NCs collected at different temperatures from 5 to 300 K. With increasing temperature, the DAP 
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band shifts to lower energy (longer wavelength) and increases in intensity. On the other hand, no 

shift is observed in Dy3+ f-f spectra, but there is a significant increase in 4F9/2Ą
6H13/2 to 

4F9/2Ą
6H15/2 intensity ratio with increasing temperature, as evidenced from the time-gated PL 

spectra (Figure 4.4b). This temperature-induced change in the Dy3+ peak intensities is observed 

for other doping concentrations (Figure C.4). These results indicate a change in the local 

environment of Dy3+ dopants with increasing temperature, such that the Dy3+ site symmetry is 

effectively lowered. We believe that this is largely due to Dy3+ residing in the vicinity of NC 

surfaces. The local coordination of surface or near-surface sites is more sensitive to thermal 

fluctuations than the coordination of the sites buried deeper in a NC. 

Figure 4.4c and d summarize the effect of temperature on the energy and intensity of the 

DAP luminescence (PL spectra collected at different temperatures for different Dy3+ doping 

concentrations are shown in Figure C.5). Figure 4.4c plots the DAP band maximum energy as a 

function of temperature (EDAP(T)) for Dy3+:Ga2O3 NC having different Dy3+ doping 

concentrations. The data are fit to Varshniôs equation (solid lines in Figure 4.4c),59 which 

establishes an empirical relationship between the semiconductor band gap energy and 

temperature:   

 2

DAP DAP( ) (0)
T

E T E
T

a

b
= -

+  

4.4 

     

where EDAP (0), Ŭ, and ɓ are materials constants. In this case, EDAP (0) represents the DAP 

emission energy at 0 K, and is determined as a free parameter for the fits in Figure 4.4c. EDAP (0) 

increases from 3.07 to 3.23 eV by increasing the doping concentration from 0 to 9.2 %.  An 

increase in EDAP (0) has been suggested to reflect a reduction in the smallest average separation 

between donors and acceptors in Ga2O3 NCs.122 As the Dy3+ doping concentration increases, so 

does the number density of oxygen vacancies, as discussed above. Consequently, the separation 

between nearest donors and acceptors will also become smaller, leading to the change in EDAP 

(0). 
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A more intriguing and unique behavior is observed for temperature dependence of the 

DAP PL intensity. The DAP emission intensity dependence on temperature (I(T)) for 

Dy3+:Ga2O3 NCs is related to the activation energy (ȹE) as:21  
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kTEA

I
TI

D-+
=  4.5 

where A is the pre-exponential factor and k is the Boltzmann constant. The data for undoped 

Ga2O3 NCs are fit very well with Equation 4.5 (Figure C.6). The thermal quenching of the DAP 

intensity is due to detrapping of the electrons bound to the donor sites. Surprisingly, upon doping 

a small amount of Dy3+ into Ga2O3 NCs, the thermal quenching becomes less pronounced (blue 

spheres in Figure 4.4d), and when doped with 9.2 % Dy, the DAP intensity even increases with 

temperature (purple spheres in Figure 4.4d).  This phenomenon can be explained by thermal 

reactivation of carriers trapped in shallow Dy3+ states. With increasing temperature electrons 

trapped on Dy3+ can be thermally promoted to the conduction band, forcing their subsequent 

trapping on the oxygen vacancies and eventual radiative relaxation through the DAP mechanism. 

These results also suggest that Dy3+ trap states are shallower than the trap states originating from 

oxygen vacancies, allowing for a slow transfer of electrons from Dy3+ to the donor sites via 

conduction band delocalization. Importantly, it should be mentioned that this delay in electron 

trapping on the donor sites has a larger effect on the afterglow than the above mentioned 

decrease in the average donor-acceptor separation induced by Dy3+ dopants. 
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Figure 4.4. (a) PL spectra of 9.2 % Dy3+: Ga2O3 NCs collected at different temperatures, as shown in the 

inset. (b) Delayed PL spectra of 9.2 % Dy3+:Ga2O3 NCs collected at different temperatures, as shown in 

the inset. The spectra were normalized to the Dy3+ 4F9/2Ÿ
6H15/2 transition. (c) Temperature dependence of 

the relative PL intensity for Dy3+: Ga2O3 NCs having different doping concentrations, as shown in the 

inset. (d) Temperature dependence of the DAP PL band maximum energy for Dy3+: Ga2O3 NCs having 

different doping concentration, as shown in the inset. 

Figure 4.5 compares the PL lifetime data for Ga2O3 and Dy3+:Ga2O3 NCs at 5 K (Figure 

4.5a) and 300 K (Figure 4.5b). At low temperatures Dy3+:Ga2O3 NCs have a shorter PL lifetime, 

indicating a smaller electron tunneling distance, which is consistent with a smaller average 

separation between donors and acceptors. However, at room temperature, the presence of Dy3+ 

dopant centers extends significantly the DAP afterglow. These results suggest that excited 

electrons in the conduction band are trapped in metastable long-lived Dy3+ states, delaying their 

trapping on the donor sites and a subsequent DAP recombination. 
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Figure 4.5. Time-resolved DAP PL intensity data for typical Ga2O3 NCs and 9.2 % Dy3+:Ga2O3 NCs 

having similar average NC sizes, collected at (a) 5 K and (b) 300 K. 

To test this hypothesis we designed a Monte Carlo simulation based on a simple kinetic 

model (see Experimental and Theoretical Methods, and Appendix C for details). In this model an 

electron generated in the conduction band upon NC excitation could be trapped in the Dy3+ 

excited state (Dy*) or an oxygen-vacancy-based donor state (D), relax non-radiatively to the 

valance band, or remain in the conduction band. Electrons in Dy* and D states could relax 

radiatively, be excited back to the conduction band or remain in the excited state (Figure 4.6a). 

The probability of thermal activation of the electrons in trap states (Dy* and D (
x

OV )) is 

determined by trap depth (i.e., probability that an electron can overcome the energy gap between 

the trap state and the conduction band minimum), and the probability of the temperature 

dependent DAP tunnel transfer is described by Equation 3 (Figure C.6 and the associated 

discussion in Appendix C). Comparative simulation of the relative DAP PL intensities with 

respect to temperature for Ga2O3 and Dy3+:Ga2O3 is shown in Figure 4.6b. Even though this is a 

relatively simplistic model, the simulation results and the experimental data are in a very good 

agreement. The results of Figure 4.6 further suggest that a smaller depth of Dy* relative to the 

depth of Ga2O3 donor states ( OV¶) causes an increase in electron flow toOV¶ as the primary trap. 

This process results in an increase in DAP emission intensity with increasing temperature (see 

also Figure 4.4d) until detrapping of the electrons from the deeper primary trap states becomes 

significant. Further increase in temperature causes a decrease in DAP emission intensity.  
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Figure 4.6. (a) Schematic presentation of the electron pathways in Dy3+:Ga2O3 NCs used in Monte Carlo 

simulations. Dashed lines indicate non-radiative electron pathways (relaxation, trapping, or transfer), 

and solid lines indicate observed PL processes. (b) Temperature dependent PL intensities for 0 % and 3.6 

% Dy3+:Ga2O3 NCs. Solid lines represent Monte Carlo simulated results. 

4.4. Conclusions 

In summary, we synthesized colloidal Dy3+-doped Ga2O3 NCs, and explored the effect of 

Dy3+ dopants on the PL properties of the NC host lattice. Based on structural characterization 

and steady-state PL measurements we proposed that a majority of Dy3+ dopants are located on 

NC surfaces and lead to an increased concentration of oxygen vacancies relative to undoped Ga2O3 
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NCs. Surprisingly, in contrast to undoped Ga2O3 NCs, Dy3+-doped Ga2O3 NCs exhibit an 

enhancement in the DAP PL intensity with temperature upon NC excitation into the band gap, 

which is attributed to the thermal reactivation of electrons kinetically trapped in shallow Dy3+ 

states. This trapping is also responsible for an extension of the Ga2O3 DAP emission lifetime at 

room temperature. Using a kinetic Monte Carlo simulation based on the probability of different 

electron pathways, we demonstrated that a smaller activation energy of Dy3+ trap states relative 

to oxygen-vacancy-based donor states in Ga2O3 NCs leads to a controlled release of electrons 

from Dy3+ and their subsequent capture byOV¶ sites. This process results in a delayed DAP 

emission, despite a decrease in the average donor-acceptor separation caused by the Dy3+ 

incorporation. The results of this work demonstrate the mechanism of generating or extending 

afterglow in luminescent NCs that are only a few nanometers in size, and could allow for the 

design and preparation of nanophosphors with persistent luminescence. 
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Chapter 5. Inorganic Phosphors for Teaching a Holistic 

Approach to Functional Materials Investigation3 

Inorganic phosphors are the main component of light emitting diodes which have caused 

the revolution in lighting industry as an energy-efficient and long-lasting replacement of 

traditional incandescent light bulbs and fluorescent tubes. They are also used in various 

consumer products and displays and can potentially find applications in photocatalysis, solar 

cells, optical thermometers, and stress indicators. Long-afterglow phosphors provide an 

opportunity to visually observe and test different phenomena in solid-state materials and can be 

used as an effective teaching tool at the undergraduate level. We developed an upper-level 

undergraduate laboratory experiment that integrates the synthesis, processing, structural and 

spectroscopic characterization, and applications of strontiumïaluminate-based phosphors. 

Observation of the intensity and duration of the phosphor afterglow under different conditions 

reinforces studentsô learning of various concepts related to materials structure and properties, and 

spectroscopic principles, in an engaging and impactful way. The phenomena of 

thermoluminescence and mechanoluminescence, and their potential applications in thermal 

sensors and ballistics, respectively, are also introduced. Depending on the instructorôs goals, the 

described laboratory experiment can be used in a modified form in inorganic or physical 

chemistry laboratory courses, but we believe it is particularly well-suited as a module for 

advanced laboratory courses in interdisciplinary programs. 

5.1. Introduction 

Functional optical materials have become an important part of different industries and a 

focus of significant fundamental research.185 Incorporation of the topics on functional optical 

materials into chemistry curriculum requires an interdisciplinary approach and the development 

 
3 The results of this chapter have been published: 

Reprint (adapted) with permission from (Stanish, P. C.; Siu, H.; Radovanovic, P. V. Inorganic Phosphors 

for Teaching a Holistic Approach to Functional Materials Investigation: From Synthesis and 

Characterization to Applications of Thermo- and Mechanoluminescence. J. Chem. Educ. 2019, 96, 1008ï

1014. ). Copyright 2019 American Chemical Society. 

The candidate conceived of the idea, created a proposal to the instructor of NE 320L and developed the 

experiment. H. Siu and the candidate developed the Mechanoluminescence setup and apparatus. 

 

 



 

70 

 

of laboratory experiments and demonstrations that are both engaging and educational. 

Luminescent materials offer an opportunity to introduce undergraduate students to this broad 

class of functional materials, while providing a vehicle for hands-on learning about materials 

synthesis and characterization, electronic structure and spectroscopy, and surface chemistry, as 

well as relevant ñreal worldò applications. Solid-state inorganic phosphors are widely used in our 

daily lives, with the applications ranging from consumer products such as decorating stickers, 

glow-in-the-dark toys, and wristwatch displays, to safety and security signs, optical 

thermometers, probes in bioimaging and molecular sensing, and general lighting sources 

(compact fluorescent lamps and light emitting diodes).135,142 Phosphors are often characterized 

by long afterglow, which allows the students to visualize the performance of these materials in 

real time and gain an intuitive understanding of their properties, while offering the instructors an 

opportunity to be creative in designing the laboratory experiments. 

The phenomenon of luminescence, i.e., the emission of a photon of light, occurs when an 

electron in an excited electronic state relaxes to a lower state.96 Typically, at room temperature, 

electrons of most compounds are in their ground state. However, these electrons can be promoted 

to the excited state upon absorption of photons of specific energies. Strictly speaking, there are 

two types of luminescent materials: (i) fluorescent materials, which emit almost immediately 

(typically a few nanoseconds) after excitation, and (ii) phosphorescent materials, which continue 

to emit for a long time (milliseconds to hours) after initial excitation. In typical phosphorescent 

molecules, the slow relaxation of the excited states is associated with the transformation of the 

excited electron to a triplet state by a process known as intersystem crossing, which can then 

return to the ground state only via a quantum mechanically ñspin-forbiddenò transition.96 By 

contrast, in solid-state phosphors which are a subject of this Laboratory Experiment, the 

afterglow occurs because charge carriers become trapped in a state that energetically prevents (or 

delays) its immediate relaxation to a lower energy state.151 

The electronic structure of solid-state materials is typically represented by the valence 

and conduction bands separated by a band gap. Dopants are small amounts of impurity elements 

that, depending on their nature, can introduce energy levels into the band gap. Excited electrons 

in the conduction band are mobile and can relax into a trap state created by a dopant. From there, 

electrons may be re-excited into the conduction band, or relaxed into a lower energy trap or back 
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into the valence band. Photons produced by the electrons relaxing from a trap within the band 

gap into the valence band are red-shifted relative to the initial excitation wavelength of light. 

Traditionally, afterglow phosphors have been primarily based on zinc sulfide.186,187 Although 

widely used, zinc sulfide phosphors have some significant drawbacks such as being sensitive to 

moisture, as well as only maintaining its glow for relatively short periods of time (tens of 

minutes) in the dark. A class of materials that promises major improvements over zinc-sulfide-

based phosphors are metal aluminates doped with lanthanide ions. Of these doped metal 

aluminates, a particularly popular phosphor is strontium aluminate (SrAl2O4) doped with 

europium and dysprosium (SrAl 2O4:Eu,Dy or SAED).48 The advantages that SAED has over 

other phosphor materials are that it is chemically inert, maintains its glow for tens of hours in the 

dark, and is relatively nontoxic. 

In the SrAl2O4:Eu,Dy system, Eu2+ and Dy3+ dopants substitute Sr2+ sites in the crystal 

structure and become traps for excited electrons.151 Eu2+ dopants form traps from which electrons 

can relax and which are responsible for the phosphor emission, while Dy3+ dopants provide traps 

that hold excited electrons, thereby delaying luminescence. The various pathways of excited 

electrons in SrAl2O4:Eu and SrAl2O4:Eu,Dy phosphors are illustrated in Figure 5.1. Upon 

excitation by an appropriate wavelength of light, an electron is promoted from the valence band 

to the conduction band. In the wake of the excitation, a positively charged hole is created in the 

valence band. Once in the conduction band, the electron is free to migrate throughout the crystal 

lattice, thus allowing it to encounter a dopant trap. Upon falling into a Eu2+ trap, the electron can 

recombine with a hole, thereby emitting a photon of light resulting from parity-allowed (or 

Laporte-allowed) Eu2+ 4f6
5d1Ÿ

4f7 intraionic transition (Figure 5.1, left panel). The Laporte 

selection rule for electric-dipole transitions states that in centrosymmetric molecules formally 

allowed transitions are those that involve a change in parity (gźu). For lanthanide ions it 

practically means that in ideally octahedral coordination fïf transitions do not change parity and 

thus are formally forbidden, while dïf transitions are gźu, giving rise to strong emission 

intensity. More details regarding the spectroscopy selection rules relevant for this Laboratory 

Experiment are given in the Appendix D instructor materials. 
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Figure 5.1. Schematic representation of the energy levels and electron trapping pathways (dynamics) in 

SrAl2O4 doped with Eu2+ (left panel) and SrAl2O4 co-doped with Eu2+ and Dy3+ (right panel). 

Other electrons in the conduction band can encounter Dy3+ traps, which hold the 

electrons and prevent them from further movement or relaxation. An electron locked in a Dy3+ 

trap can only escape by being re-excited thermally back into the conduction band. From there, 

the electron can be trapped by an Eu2+ and finally recombine with its counterpart hole (Figure 

5.1, right panel). Thus, it is the presence of Dy3+ in SAED that facilitates the delayed 

photoluminescence (or afterglow) effect. The ability of SrAl2O4:Eu,Dy to store energy and 

release it over a long period of time in the form of light emission has found many interesting 

applications beyond glow-in-the-dark displays.142 Examples include solar cells and 

photocatalysis, in which SrAl2O4:Eu,Dy can continue to provide a source of lighting to an active 

component (light converter or photocatalyst) even when sunlight is not available due to the 

weather conditions or time of day. One of the lesser known properties of SrAl2O4:Eu,Dy 

phosphors is that their emission can also be caused by a mechanical force as a source of 

excitation, a phenomenon known as mechanoluminescence. Upon subjecting a SAED phosphor 

to a mechanical stress force, the trap depth is reduced such that the rate of electron detrapping 

increases. Empirically, this was found to result in a linear relationship between 

mechanluminescence intensity and impact force per unit area (pressure).188 

Previously reported undergraduate educational activities involving phosphor materials 

have focused mostly on copper-doped zinc sulfide,186,189,190 with the goal of visually 

demonstrating luminescence mechanism or teaching the kinetic models using afterglow. The 
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laboratory experiments on SrAl2O4:Eu,Dy phosphors reported in J. Chem. Educ. are based on the 

synthesis and structural characterization of the obtained products,191 and basic 

photoluminescence measurements.192 We designed and implemented a new laboratory 

experiment that encompasses the synthesis of SrAl2O4:Eu,Dy phosphor using a range of 

materials synthesis and processing techniques, comprehensive materials characterization, 

spectroscopy, and application in ballistics and thermal imaging. The purpose of this Laboratory 

Experiment is to enable students to develop a comprehensive approach to materials chemistry 

research that would stimulate their interest, creativity, and engagement, and enhance learning 

outcomes. 

5.2. Learning Outcomes 

This Laboratory Experiment was designed to maximize the impact on studentsô 

knowledge and skills, while simultaneously providing students with a comprehensive and 

enjoyable laboratory experience. The pedagogical goals of this Laboratory Experiment are as 

follows: 

¶ To develop conceptual understanding of different methods used for the synthesis of 

inorganic solid-state materials, including solution-phase preparation and processing, 

high-temperature combustion, and solid-state reactions in a controlled atmosphere; 

¶ To become familiar with standard materials characterization tools and develop the ability 

to critically evaluate materials structure and properties; 

¶ To improve practical understanding of the electronic structure of solid-state materials and 

the experimental techniques used for its investigation; 

¶ To understand the role of dopants in modifying the electronic structure and 

photoluminescence properties of solid-state materials and to be able to distinguish the 

luminescence mechanisms in different systems; 

¶ To gain the concept of carrier dynamics in solid-state materials and its importance in 

defining the optical and/or electrical properties of materials; 

¶ To learn about thermoluminescence and mechanoluminescence, as lesser known 

properties of phosphor materials, and gain exposure to interesting practical applications 

of these phenomena. 
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5.3. Experimental Overview 

This Laboratory Experiment has been run as one of the modules in the third-year 

undergraduate Materials Laboratory course in the Nanotechnology Engineering program at the 

University of Waterloo (NE 320L). It is also suitable for solid-state materials chemistry, physical 

chemistry, or even inorganic chemistry laboratory courses. Approximately 90 students are 

enrolled in the course each year. The experiment is performed in groups of four students, who 

are in the same session with two other groups doing different experiments. Each group of four 

students is supervised by one Teaching Assistant (TA) and receives on average a third of the 

instructorôs time during the session. In this organization, two TAs and the instructor are involved 

in running this Laboratory Experiment for 90 students. The experiment is divided into two 3 h 

weekly sessions. The first session is dedicated to the SrAl2O4:Eu,Dy synthesis, processing, and 

observation of photoluminescence, and the second session, to materials characterization and 

quantitative measurements of the ballistic force using the samples prepared in the first session 

(see Appendix D files for more detail). Because the topics investigated in this experiment are 

likely to receive limited attention in courses preceding this lab, the in-lab discussions in the first 

session focused on the theory behind thermoluminescence and mechanoluminescence followed 

by the students applying that knowledge to their analysis during the second session. Template 

reports (see Appendix D instructor materials) were filled out individually by each student and 

submitted electronically 3 days after the second lab session. 

5.4. Experimental 

5.4.1. Procedures 

All precursors and solvents for this Laboratory Experiment were used as received without 

further purification. Two samples were prepared in parallel by students, one for further treatment 

by annealing (referred to as ñannealedò sample) and the other one for comparison (referred to as 

ñcrudeò sample). The experiment is organized such that one pair of students prepares the crude 

sample while the other prepares the annealed sample. The annealing is performed in a flow of 

nitrogen and hydrogen gases. The students subsequently characterized both samples by scanning 

electron microscopy (SEM) and powder X-ray diffraction (XRD). Proper SEM imaging 

technique was demonstrated for the students by the instructor, after which they were given the 

opportunity to capture images of their samples. The students were required to match the results 
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of the acquired XRD patterns and identify the obtained material. For mechanoluminescence 

measurements, the samples were excited using a projectile launcher, and the luminescence signal 

was measured with a photodetector. The experimental procedures are described in detail in the 

instructor notes in Appendix D. 

5.4.2. Hazards 

Before the laboratory session, the students must complete a prelab safety questionnaire to 

demonstrate the awareness of potential hazards and precautions (see Appendix D instructor 

materials). As with any upper-level chemistry lab, wearing standard personal protective 

equipment such as lab coats, safety glasses, and appropriate clothing and footwear is required. 

Whenever handling the precursors or products, students are required to wear impermeable 

gloves. In consideration of any potential exhaust fumes, both the high-temperature furnace and 

tube furnace were located inside the fume hoods. Insertion and removal of sample vials from the 

furnaces required the use of long metal tongs. Handling of the hot fused silica tube after 

annealing requires students to wear protective heat resistant gloves. Hydrogen gas, being in 

compressed form and extremely flammable, should be handled with great care. As with all gas 

cylinders, the hydrogen gas cylinder needs to be fixed either to the wall or a bench to prevent it 

from tipping over. For additional instructor notes on safety see Appendix D. 

5.5. Results and Discussion 

Prior to the first session, students were required to complete a prelab assignment that asks 

them to calculate the stoichiometric amounts of all metal nitrate precursors needed to prepare 

SrAl2O4 co-doped with 1% Eu2+ and 2% Dy3+, including a 50 mol % excess of urea to ensure 

that the reaction proceeds to completion. In addition to calculating the amounts to be weighed, 

students are asked questions in the prelab assignment regarding the role of the dopants and 

annealing to ensure key concepts are understood prior to coming into the lab. 

The prepared samples glow green or red depending on whether or not they were annealed 

under hydrogen. The origin of this luminescence is from the Eux+ (x = 2 or 3) ions,105,193 whose 

luminescence in SrAl2O4 lattice is well-documented. All annealed samples display some level of 

delayed luminescence from the slow release of trapped carriers. There is some disagreement in 

the literature about the true nature of the trap states, with Dy3+ originally thought to be a hole 
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trap.48 More recently, trap states have been associated with oxygen vacancies, because some 

delayed luminescence is still observed in this system without Dy3+ as a dopant.50,52,168 In this 

Laboratory Experiment we reference the mechanism proposed by Dorenbos (Figure 5.1),53 where 

Dy3+ acts as an electron trap, because it provides the simplest introduction to the principles of 

persistent luminescence and trapping. This allows the students to focus on the broader 

implications of this experiment as opposed to worrying about quasi particles or oxygen vacancy 

states. 

During the first session, students observe the photoluminescence of the crude and 

annealed samples under a hand-held UV lamp in a dark room (Figure 5.2). As they contrast the 

weak red emission of their crude samples with the strong green emission of their annealed 

samples (Figure 5.2b), they are asked to recall the purpose of the annealing process, i.e., the 

reduction of Eu3+ to Eu2+, which they had answered in the prelab assignment. In addition to the 

emission color, the students are asked to comment on the time in which the glow visually 

disappears after the UV lamp has been switched off (Figure 5.2c). Since their annealed samples 

all cease to luminesce after a few minutes, the students were then led, using targeted questioning 

by the TA, to the conclusion that the crystal lattice structure was still less than optimal and that 

this product deficiency is associated with the limitations in annealing time and temperature. 
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Figure 5.2. Photographs of SrAl2O4:Eu,Dy samples before (left vials) and after (right vials) annealing in 

hydrogen atmosphere. (a) Isolated samples in powder form. (b) Samples in dark under excitation by UV 

lamp. (c) Samples in dark 1 min after turning off the UV lamp. 

Although a red emission characteristic for Eu3+ (fïf transitions) was observed in the 

crude samples, it was weak and showed no signs of afterglow. Annealed samples showed a 

stronger green emission that is characteristic for Eu2+ (dïf transitions). This observation serves as 

an excellent vehicle to remind students about the spectroscopic selection rules, and particularly 

that allowed transitions must involve a change in parity (Laporte selection rule).105,193 The 

annealed samples retained their emission for well over 1 min. The lifetime of emission follows 

the Arrhenius-type equation: 

 † ί Ὡ Ⱦ  5.1 

 

where (E) is the trap depth, (kB) and (T) are the Boltzmann constant and temperature, 

respectively, and (s) is the frequency factor. According to Matsuzawa et al.,48 the trap depth for 

SrAl2O4:Eu,Dy is 0.65 eV, which is considered ideal for room temperature delayed luminescence 
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applications. The most intuitive way to explain the frequency factor to the students is that it 

represents a number of times per second that a trapped electron will attempt to escape the 

trapping site. Consequently, the students come to the realization that Equation 3.1 represents a 

product of the electron escape (detrapping) time and the probability that an escape event will be 

successful. The frequency factor depends on the environment of the trapping site. Poorer crystal 

quality, higher doping concentration, or both yield a larger frequency factor. Combustion 

synthesis is a high-throughput method, which yields the best crystal quality when annealed at 

1400 °C for at least 4 h. Since the samples made in this lab are not annealed to this extent (1000 

°C for 1 h, because of the equipment and time constraints), the frequency factor will be 

significantly higher than for commercial SAED made through the combustion or solid-state 

syntheses. Crystal quality will also have a direct effect on the brightness of the emission due to 

the presence of nonradiative defects in the crystal lattice. These issues are discussed with the 

students in the prelab and during the lab session. 

Luminescent intensity of these SrAl2O4:Eu,Dy systems is strongly dependent on 

temperature. The thermoluminescent intensity of materials also carries an exponential 

dependence on temperature: 

 Ὅ ὅὩ Ⱦ  5.2 

 

where (C) is a temperature normalizing factor. At the end of the first session, the students also 

explored the effect of temperature on the photoluminescence. Using a vinyl sheet embedded with 

SrAl2O4:Eu,Dy, students induced the film to glow using a hand-held UV lamp. They 

subsequently placed their hands or a beaker with warm tap water onto the film to warm up a 

specific area. When the object was removed, they could observe its silhouette glowing brighter 

than the rest of the film (Figure 5.3), demonstrating the sensitivity to thermal excitation and thus 

introducing them to the aspect of thermoluminescence.168 
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Figure 5.3. Photographs of phosphorescing vinyl sheet embedded with SrAl2O4:Eu,Dy (a) immediately 

upon placing a beaker with warm water onto the sheet and (b) upon removing the beaker after allowing 

the sheet to heat up locally. 

In the second session, students prepared their crude and annealed samples for 

characterization by XRD and SEM. After obtaining the diffraction patterns for both samples, 

students were asked to search the database for matches. To refine their search, students were 

asked to deduce what elements should be used to search for the crystal structure match. The most 

common error made by students was to assume that the low concentrations of Eu and Dy would 

be observable in the diffraction patterns. In addition to characterizing the crystallinity of their 

samples, XRD measurements also allow students to gain understanding of the difference 

between doping, alloying, and the formation of a new compound. The crude and annealed 

diffraction patterns measured by students (provided in the Appendix D instructor materials) often 

differ significantly. Crude samples may show the presence of unreacted Sr(NO3)2, while 

annealed samples were mostly composed of SrAl2O4 with a secondary phase of Sr2Al 2O6. Thus, 

the XRD patterns enabled the students to reaffirm that the purpose of annealing was achieved. 

After giving the students a 30 min re-introduction to the SEM (they would have already 

received some training on that exact microscope in an earlier course), covering sample 

preparation, troubleshooting, and fine-tuning of measurement parameters, they were given free 

rein to collect images of their samples (see Appendix D instructor materials for representative 

images). Students found that both crude and annealed samples had a large degree of 

agglomeration, but they were able to isolate and image individual particles at the nanoscale. 
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The mechanoluminescence experiment was subsequently added to the second session of 

this Laboratory Experiment and has so far been successfully performed by 50 students who have 

taken this course. The setup for this experiment is shown in Figure 5.4. In this class of materials 

mechanoluminescence occurs because of the piezoelectric bending of the band structure of 

SrAl2O4.
188 When a ball bearing strikes a sample, the activation energy referred to in Equation s 

5.1 and 5.2 is reduced, allowing thermal energy to drive the electron detrapping at a noticeably 

higher rate. Owing to the nature of a projectile, the pressure felt by the samples is alleviated 

within 0.1 s, and the sample showed a brief flash as opposed to a long-lasting glow. The 

mechanoluminescence intensity (I) has been empirically shown to be linearly dependent on 

projectile velocity (v):53 

 Ὅ Ὅ Ὧὺ 5.3 

 

where the kinetic energy can be determined using Newtonôs laws. In this experiment ball 

bearings used as projectiles were approximately 20 g and fired at a speed between 3.5 and 7 m/s. 

The observed mechanoluminescent emission typically shows a strong linear dependence (ἂR2ἃ = 

0.91 ± 0.08) on the projectile velocity (Figure 5.5). The standard deviation of the slope (k) of the 

detector response versus muzzle velocity of the projectile was 8%, which can be explained by 

minor differences in compound stoichiometry and crystal quality. It should be noted that a 

number of student groups found a negative y-axis intercept (I0) for many of these fitting lines 

(Figure 5.5). With some guidance, the students were able to reason that this was likely due to a 

ball-bearing speed threshold required to induce sufficient band distortion to observe emission. A 

linear increase is only seen once a certain minimum band displacement is experienced by a 

sample. It is more intuitive to consider the x-axis intercept in Figure 5.5, which reveals the 

amount of energy required to reach the limit of detection. The standard deviation of this intercept 

is ca. 21%. 
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Figure 5.4. Photographs of the mechanoluminescence setup showing views from two different angles: (a) 

facing the powder SrAl2O4:Eu,Dy sample attached to the transparent screen and (b) behind the screen. 

The key components of the setup are shown with red arrows. 

 

Figure 5.5. Dependence of the mechanoluminescence intensity on the projectile velocity. Different 

symbols show experimental data collected by different student groups, demonstrating measurement 

reproducibility. Coefficients of determination (R2) for the linear fits are shown in the inset. 

5.6. Assessment of Teaching Objectives 

After the second lab session is completed, students were required to fill out and submit a 

lab report template within 3 days thenceforth. The questions asked in the report were based on 

the observations and analyses gained from the two sessions. Specifically, many of the concepts 

that they needed to reason out during the sessions, such as the differences in composition 

between crude and annealed samples, the effect of temperature on the photoluminescence, and so 
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on, were asked in the template report. This helped further reinforce the concepts learned. The lab 

report was graded by the assigned TA. Depending on the focus of a particular laboratory course, 

the versatility of this exercise allows for testing of a variety of other concepts in the lab report, 

including general spectroscopic principles and selection rules, point defects and discrete 

electronic states in solid-state materials, or even the use of mechanoluminescence to investigate 

classical mechanics and object velocity. The experiment garnered significant attention from 

students, who would often enter the lab excited from their peersô description of the content and 

results. A feedback from the students in the program suggests that they generally like laboratory 

experiments where fast-occurring dynamic processes can be observed and measured. In that 

context, the introduction of mechanoluminescence and its practical application for pressure 

sensors and ballistics increased the studentsô interest, learning motivation, and appreciation of 

this laboratory exercise. 

Although the brightness of the prepared phosphors can vary among the groups, all 

students over the 2 year period obtained an observable afterglow. The average score for all 

students on the prelab exercise is 80%, and on the final report 72%, which are reasonable scores 

given the overall complexity of this Laboratory Experiment. 

5.7. Conclusion 

In summary, we designed the upper-level undergraduate integrated materials chemistry 

Laboratory Experiment based on the synthesis, characterization, properties, and applications of 

SrAl2O4:Eu,Dy phosphor having prolonged afterglow. The experiment covers the full cycle of 

materials chemistry research, from synthesis and processing, via structural and spectroscopic 

characterization and evaluation, to innovative applications. The exercise is designed to allow 

students to build practical knowledge and gain a range of hands-on experiences in this important 

area of chemistry. In addition to performing materials synthesis involving both solution and 

solid-state methods, this Laboratory Experiment allows students to develop an intuitive 

connection between materials processing and their properties. By using luminescent phosphors 

as the focus of investigation, the structureïproperty correlation and the spectroscopic selection 

rules can be effectively demonstrated through visual observation of the glow, allowing students 

to review and discuss many concepts they learned in inorganic and/or physical chemistry 

courses. The ability to directly and visually observe the properties of the obtained product can 
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serve as a vehicle to introduce interesting, unique, and engaging applications. This was realized 

by demonstrating the use of mechanoluminescence and theromoluminescence, which are 

typically not covered in undergraduate laboratory courses, in ballistics and thermal imaging, 

respectively. 

5.8. Additional Information 

Additional information for isntructors provided in Appendix D to provide additional 

context for this experiment. This information includes a more detailed procedure, materials used 

to test students understanding of lab concept and safety, and some example student data for XRD 

and SEM.  
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Chapter 6. Conclusions and Perspective 

Semiconducting NCs are of particular interest for many functional applications because 

of their intrinsic tunability. Both the emission and absorption spectra of many NCs are able to be 

modified because of either quantum confinement or changes in native defect structure. Gallium 

oxide is a large bandgap semiconductor (~4.9 eV) which typically has a broad blue-green 

emission resulting from oxygen vacancies, making it interesting for a variety of photonic 

applications explored in this thesis. Gallium oxide NCs were linked to CdSe/CdS quantum dots 

by an organic molecule, thioglycolic acid, to achieve FRET in solution. Building on these results, 

complex solutions of these nanoparticles were deposited on glass substrates by drop-casting to 

make a near homogeneous film that undergoes FRET by virtue of the packing density of the 

NCs. To further realize the usefulness of Ga2O3 as a primary fluorophore, Ga2O3 was doped with 

Dy3+, which resulted in the extension of the luminescent lifetime at room temperature and an 

increase in the emission intensity of Ga2O3 between 50 K and 200 K. Meanwhile, the expertise 

gained through these experiments was practically applied in the classroom of NE 320L 

laboratory course, where students synthesized SrAl2O4 nanoparticles, which were analyzed 

visually, by SEM, XRD and by a mechanoluminescence set-up that was built in house. 

In this thesis I built upon the research that has previously been performed in this lab in 

which gallium oxide NCs were functionalized with organic dyes such as rhodamine B or Atto 

590. In these cases when a hybrid nanoparticle conjugate was deposited on a glass substrate or a 

UV LED used to excite the remote phosphor, the dye emission could be impacted by its thermal 

stability. In my work, I used CdSe/CdS core-shell quantum dots as the orange-red component to 

generate white light with a comparable color rendering index to the previously formed 

nanocrystal-organic dye complexes, but with lower FRET efficiency (max ~30 % vs. max ~50 

%) because of the exceptionally strong emission of CdSe/CdS QDs. Unfortunately, as can be 

seen in Figure 2.4 there was some issue with the quenching of our gallium oxide and cadmium 

selenide that was not seen in the previous dye samples. This is likely caused by the nature of 

ligand that we use in this study. 

Combining nanoparticles in a film also proved to make the creation of these LED type 

devices easier and brighter. Our lab is not well prepared to perform high-quality device 

fabrication, but the robustness of the materials used was showcased in Chapter 3. The framework 
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explored in Chapter 3 has the possibility to produce high-quality white light with targeted 

characteristics, but it would best to attempt this approach with materials that are naturally more 

emissive than Ga2O3. Zinc oxide has been shown to have a similarly strong, broad, blue-green 

emission, and excitation that occurs in the mid-to-near-UV as opposed to being optimally excited 

at 230-250 nm. That being said, ZnO was the first material that we attempted to use for 

conjugation, but its emission was strongly quenched by the thiol in our linkers, while Ga2O3 

immediately showed promising results. While Ga2O3 LEDs may not yet be commercially viable, 

the design of all-inorganic quasi-single white light emitting nanophosphors with tunable lighting 

parameters has significant fundamental and practical importance. The results of this research are 

generally applicable and can serve as a guideline for the preparation of other composite systems 

with optimal properties for various niche applications, including health and agricultural lighting.    

Donor-acceptor pair recombination in Ga2O3 has a long photoluminescent lifetime 

compared other emissive NCs because trapped electrons must tunnel to the acceptor for 

recombination to occur, however, on an absolute scale, a lifetime of 20 ɛs is shorter than humans 

can perceive. Gallium oxide NCs were doped with Dy3+ in an attempt to further extend the 

lifetime of these NCs to a range where we would be able to develop additional uses for this 

material. The introduction of Dy3+ into the Ga2O3 lattice resulted in a decrease of the average 

donor acceptor separation which caused a blueshift of the DAP emission. The decrease in donor 

acceptor separation is usually associated with a decrease in luminescent lifetime, however, we 

observed an extension of the lifetime of doped NCs at room temperature. This counterintuitive 

effect of doping makes this lifetime extension more significant. 

The most valuable insight of this work is that we can control the emission intensity of 

semiconductor as a function of temperature by introducing a secondary trap site. Typically, 

semiconductors have the highest PL quantum yield at lowest temperatures, and the quantum 

yield will decrease with temperature because of increased non-radiative quenching. In all Dy3+-

doped Ga2O3, we observed an increase in PL quantum yield with temperature, reaching the 

maximum at around 100 K. A simple kinetic model was made and validated based on Monte 

Carlo simulation, showing that this phenomenon occurs because the Dy3+ dopants form much 

shallower trapping states that the donor states associated with Ga2O3 DAP emission. These 

insights are also general and can aid in the design of new nanophosphors. 
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SrAl2O4 is an insulating oxide with a great deal of commercial appeal because of its 

ability to be doped with many rare earth elements to impart interesting properties. In this thesis, I 

designed an upper-level undergraduate chemistry or engineering lab involving the synthesis, 

processing, and analysis of phosphorescent nanomaterials. In this experiment, students 

synthesized Eu,Dy:SrAl2O4 particles by combustion, and then annealed them in a reducing 

environment containing hydrogen, well above the temperature at which the initial synthesis was 

performed. Students compared the two samples excited in a dark room (shown in Figure 4.2) and 

remarked that reduction from Eu3+ to Eu2+ caused a qualitative change in emission intensity and 

color. When the excitation source was removed the annealed sample retained its emission 

indicating an improvement in crystal quality, which students confirmed by XRD analysis. 

This experiment has all the characteristics to make a successful undergraduate teaching 

lab. Students get to see and manipulate physical and chemical principles that are otherwise 

difficult to visualize; when the annealed samples are removed from the furnace, students can 

immediately see the difference in emission and, in some cases, their samples even glowed green 

in a sunlit room. The effect of annealing is made even more clear when the students examine 

their samples by SEM and XRD. Finally, the incorporation of mechanoluminescence into this lab 

shows students lesser know physical properties, and demonstrates the importance outside the box 

thinking. All of this combines to provide a valuable teaching experience for students studying 

inorganic chemistry, nanoscience, material science, and engineering.  
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Appendix A. Additional Data from Chapter 2 

 

Figure A.1. Photoluminescence spectra of CdSe/CdS nanocrystals (NCs) in (a) nanocrystal conjugate, 

linked with thioglycolic acid (TGA), upon correction for the contribution from Ga2O3 NC emission, (b) 

pure CdSe/CdS nanocrystal suspension, and (c) mixture of Ga2O3 and CdSe/CdS NCs without the TGA 

linker. The concentrations of CdSe/CdS NCs are identical in all panels, and are expressed in (a) as a 

[CdSe/CdS]/[Ga2O3] ratio. The excitation wavelength is 250 nm for all spectra. 

 

 

 

Figure A.2. Photoluminescence excitation (PLE) spectra of CdSe/CdS-Ga2O3 NC conjugates having 

different acceptor to donor ratio, as indicated in the graph (ɚem = 590 nm). PLE spectra of Ga2O3 and 

CdSe/CdS NCs are shown with dashed blue and solid black lines, respectively. Inset: Normalized PLE 

spectra in the region corresponding to Ga2O3 NC excitation. The dip in the excitation spectra at ca. 280 

nm is due to absorption of tetrahydrofuran (THF) in that region. 
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Figure A.3. Photoluminescence excitation (PLE) spectra of CdSe/CdS-Ga2O3 NC conjugates having 

different acceptor to donor ratio, as indicated in the graph (ɚem = 590 nm). PLE spectra of Ga2O3 and 

CdSe/CdS NCs are shown with dashed blue and solid black lines, respectively. Inset: Normalized PLE 

spectra in the region corresponding to Ga2O3 NC excitation. The dip in the excitation spectra at ca. 280 

nm is due to absorption of tetrahydrofuran (THF) in that region. 
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Figure A.4. International Commission on Illumination 1931 (CIE 1931) color space diagram for 

suspensions containing a mixture of CdSe/CdS and Ga2O3 NCs. The mixtures are prepared in an identical 

way to the samples shown in Figure 2.7 in Chapter 2, but without the TGA linker. Bottom insets show 

photographs corresponding to points 2 and 3 in the graph. The photographs of analogous samples for the 

NC conjugates are shown as top insets for comparison. 
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Appendix B. Additional Data from Chapter 3 

 

 

Figure B.1. XRD pattern of Ga2O3 NCs used for the preparation of composite NC films. Vertical lines 

indicate the XRD pattern of bulk ɔ-Ga2O3 (JCPDS 20-0426). 

 

 

Figure B.2. TEM image of CdSe NCs used as cores for the preparation of CdSe/CdS core/shell NCs. 
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Figure B.3. Thickness profiles of Ga2O3-CdSe/CdS composite NC films for different regions on the 

substrate. 
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Figure B.4. (a) PL spectrum of composite NC film having acceptor to donor concentration ratio of 1/4 

([CdSe/CdS]/[Ga2O3]=1/4). The spectrum of a NC film prepared solely with Ga2O3 NCs is shown for 

comparison. (b) PL spectrum of a colloidal NC mixture used to prepare the composite film in (a) 

([CdSe/CdS]/[Ga2O3]=1/4). PL spectrum of colloidal Ga2O3 NCs containing the same amount of Ga2O3 

NCs is shown for comparison. Codeposition of Ga2O3 and CdSe/CdS NCs on a substrate leads to 

quenching of Ga2O3 DAP emission together with an increase in CdSe/CdS NC emission intensity. 
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Appendix C. Additional Information for Chapter 4 

C.1. Supporting Figures 

 

Figure C.1. Schematic representation of the electronic structure, electron trapping/detrapping processes 

(dashed arrows), and photoluminescence transitions (solid arrows) in SrAl2O4 codoped with Eu2+ and 

Dy3+. 

 

 

Figure C.2. Overview Dy L3-edge X-ray absorption spectrum of Dy3+-doped Ga2O3 nanocrystals 

having different doping concentrations, as indicated in the graph. 
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Figure C.3. Background-corrected Dy L3-edge EXAFS spectra of Dy3+-doped Ga2O3 nanocrystals having 

different doping concentrations, as indicated in the graph.  
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Figure C.4. Time-gated PL spectra of Dy3+-doped Ga2O3 nanocrystals having doping concentrations of 

(a) 3.6 %, (b) 9.2 %, and (c) 13.3 %. The spectra were collected at different temperatures, as indicated in 

the graphs. Assignment of the characteristic Dy3+ intra-4f transitions are shown in Figure 4.2d in the 

main text. The spectra were collected for a delay time of 0.2 ms and detection window of 5 ms. 
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Figure C.5. PL spectra of Dy3+-doped Ga2O3 nanocrystals having different doping concentrations, and 

collected at different temperatures from 5 to 250 K, as indicated in the graphs. The spectra are dominated 

by Ga2O3 DAP PL band.  
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Figure C.6. DAP emission intensity dependence on temperature for Ga2O3 nanocrystals. Solid line 

represented best fit of Equation 4.5 in the main text. 

 

 

Figure C.7. (a) Experimental data and (b) Monte Carlo simulation for Ga2O3 nanocrystal time-resolved 

DAP PL intensity. 
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C.2. Supporting Tables 

Table C.1. Parameters Obtained by Fitting Varshniôs Law to the Experimental Data. 

Doping 

conc. (%) 

Ŭ (x103 

eV/K) 

ɓ 

(K)  

E 

(eV) 

0 -2.2386 457 3.07 

3.6 -1.972 507 3.11 

9.2 -3.7730 1190 3.21 

 

Table C.2. Ga2O3 nanocrystal size as determined by TEM. 

Doping conc. (%) Average Size 

(nm) 

0 5.5±0.4 

3.6 5.1±0.4 

9.2 4.5±0.4 

13.2 4.1±0.4 

 

 

C.3. Additional Discussion 

Monte Carlo simulations were performed by considering the probability (or rate) of all 

possible electron transitions shown in Figure 4.6a in the main text. Undoped Ga2O3 NCs were used 

to assess the validity of the simulation, which was then run for a 3.6 % Dy3+ doping concentration. 
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In the simulation, one million electrons were excited from the valence to the conduction band. The 

probability that an excited electron in the conduction band relaxed to an oxygen vacancy site was 

empirically determined based on the Monte Carlo simulated PL intensity at high temperatures. 

When the probability that an electron is trapped on a donor site is too low, thermal quenching of 

the DAP emission becomes more pronounced, because more thermally reactivated electrons in the 

conduction band recombine non-radiatively (Figure C.8a). On the other hand, when the probability 

of trapping an electron on a donor site is too high (Figure C.8b), thermal quenching of the DAP 

emission is underestimated. 

 

Figure C.8. Comparison of the temperature-dependent DAP PL intensity data with the results of the Monte 

Carlo simulation when the probability of trapping a conduction band electron at a donor site (i.e., oxygen 

vacancy) is (a) too low, and (b) too high. 

The 0 K tunneling probability (
0VJ ) described by Equation 4.3  in the main text was 

determined by matching the predicted DAP PL time-decay profile with the experimental data for 

5 K. This is a reasonable approximation because there is little change in the predicted decay rate 

between 5 and 50 K, and there should be even less from 5 to 0 K. The temperature dependence of 

this rate (
TVJ ) was set by matching the predicted lifetime range to the experimental data (an 

example is shown in Figure C.7). It should be noted that even though these two parameters (
0VJ

and
TVJ ) were set based on kinetic properties, they still affect thermal quenching. When the DAP 
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tunnel transfer probability is reduced, the optimal PL quenching is stronger than experimentally 

observed, and the decrease in PL intensity with temperature occurs more sharply because trapped 

electrons have more time to be reactivated to the conduction band. When the DAP probability is 

higher than achievable for a given trap depth, there is very little quenching over this temperature 

range. 

 

Figure C.9. Comparison of the temperature-dependent DAP PL intensity data with the results of the 

Monte Carlo simulation when the 0 K tunneling rate (ὐ) is (a) too low, and (b) too high. 

Our model assumes that the non-radiative relaxation of excited electrons in the conduction 

band is the only mechanism that competes with their trapping in the donor states and subsequent 

DAP emission. Hence, when this non-radiative relaxation is low, electrons are more likely to relax 

radiatively through the DAP recombination. As the temperature is increased, the electrons 

originally trapped on oxygen vacancies are thermally excited back to the conduction band and 

have an additional opportunity to relax non-radiatively. This is manifested through plateauing of 

the DAP emission intensity with increasing temperature (Figure C.10). The relative DAP PL 

intensity at which plateauing occurs is overestimated (underestimated) when the likelihood of 

conduction band electron non-radiative relaxation is too low (too high). 
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Figure C.10. Comparison of the temperature-dependent DAP PL intensity data with the results of 

the Monte Carlo simulation when the non-raditative relaxation rate is (a) too low, and (b) too 

high. 

Once all these parameters are found and the simulation for undoped Ga2O3 was in good 

agreement with the experimental results, the possibility of electron trapping to Dy3+ was 

incorporated into the model. The concentration of Dy3+ was determined by EDX, and the 

probability of electron trapping on a Dy3+ site was treated in the same way as the probability of 

electron trapping on an oxygen vacancy.  Therefore, the fraction of electrons trapped on Dy3+ is 

simply proportional to the doping concentration. The total amount of electrons relaxing to the trap 

states was held constant despite doping, so the amount of electrons relaxing from the conduction 

band to an oxygen vacancy (
OVn ) in doped NCs was: 

 
OV tot *Dyn n n= -   

where totn  is the amount of excited electrons, and 
Dy*n  is the amount of electrons relaxing 

to Dy3+ excited state (Dy*).  

The trap depth of Dy3+ was set empirically based on the temperature at which DAP 

emission started increasing. If the Dy3+ trap was too shallow, the increase in the DAP PL intensity 

was sharper at lower temperatures. On the other hand, if the trap was set too deep, reactivation 
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from Dy3+ occurred at the same temperature as that from oxygen vacancy, so the repopulation of 

oxygen vacancies was partially offset. 

 

Figure C.11. Comparison of the temperature-dependent DAP PL intensity data with the results of 

the Monte Carlo simulation when Dy3+ trap is (a) too shallow, and (b) too deep. 

Since the lifetime of Dy3+ emission is significantly longer than that of DAP emission, Dy*                                                                                                                                        

population was treated as a Boltzmann distribution having a high internal relaxation barrier. If the 

internal relaxation barrier is smaller than the binding energy of electrons of Dy3+, the thermal 

behavior of DAP appeared the same as for undoped NCs (Figure C.12a).  When the internal 

relaxation barrier is approximately equal to the Dy3+ trap depth there is a small increase in DAP 

emission, however, this increase is smaller than that found experimentally because there are still 

fewer electrons reaching the donor trap state. When the internal relaxation barrier was significantly 

larger than the Dy3+ trap depth the Monte Carlo simulation was in agreement with the experimental 

results. After a critical point there is very little additional effect on the thermal behavior of Ga2O3. 
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Figure C.12. Experimental temperature dependent photoluminencent data with the results of Monte Carlo 

simulations when (a) the Dy3+ internal relaxation barrier is less than the trap depth, (b) equal to the trap 

depth, (c) and significantly higher than the trap depth and the  
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Appendix D. Instructor Note for the Evaluation of Students on 

the Synthesis and Characterization of Eu,Dy:SrAl2O4 

NE 320L Strontium Aluminate Doped with Europium and 

Dysprosium: Prelaboratory Questions 

 

* You will need to retain a copy of the prelab calculations for yourself to know the amounts 

of each the various reactants to weigh out. 

 

1. Given the balanced chemical reaction of strontium aluminate from Equation 1 from the 

manual:  

2.  
5Sr(NO3)2 (s) + 10Al(NO3)3 (s) + 12(NH2)2CO (s) Ÿ 64NO (g) + 12CO2 (g) + 24H2O (g) + 5SrAl2O4 (s) 

 

Balance the following chemical reaction taking into account that the end goal is to 

have 2% Dy and 1 % Eu substituting Sr. Hint: The rare earth metals have the same charge 

as aluminum and can be treated as such until you give your final answer. (6 marks) 

 

Sr(NO3)2 (s) + Al(NO3)3 (s) + (NH2)2CO (s) + Eu(NO3)3 (s) + Dy(NO3)3 (s) Ÿ 

NO (g) + NO2 (g) + CO2 (g) + H2O (g) + SrAl2O4:Eu,Dy (s) 

 

3. In this laboratory experiment, we will using be one gram total of the metallic (not including 

urea) precursors and a 50% excess of urea. Calculate the mass of all materials needed for this 

experiment and enter them into the table below: Note: only the entries in the last column will 

be marked, the others are just to assist in your calculations  (10 marks) 

 

Compound # Moles 
Molar Mass 

(g/mol) 

Mass for 

Lab (g) 

Sr(NO3)2 

anhydrous 
   

Al(NO3)3 Å 

9H2O 
   

Eu(NO3)3 Å 

6H2O 
   

Dy(NO3)3 Å 

5H2O 
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(NH2)2CO     

 

4. Distinguish the difference in the roles of the two dopants, europium and dysprosium in 

the SAED phosphorescence compound? (2 marks) 

 

5. Explain the purpose of annealing the SAED product at 1000 oC in the presence of 

hydrogen gas. (2 marks) 
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NE 320L Strontium Aluminate Doped with Europium and 

Dysprosium: Prelaboratory Safety Questions 

 

  

1. Students can take their vials in and out of the furnace with their bare hands True/False  

  

 2. Shorts and/or sandals are sufficient attire for the laboratory period. 

True/False  

  

3. Any student who is late and misses the pre-laboratory discussion or who does not 

perform the safety quiz prior to 8:30am on the day of the laboratory period will not be permitted 

to carry out the laboratory exercise, and will receive a grade of zero for that laboratory exercise. 

True/False  

  

4. Gloves must be worn at all times during this laboratory exercise when handling the 

materials and samples to be investigated. 

True/False   

 

5. Wearing safety glasses and proper safety attire (especially not sandals and shorts) is 

required at all times in the laboratory setting, with noncompliance having the consequence of 

students not being admitted into the laboratory plus the receipt of a grade of zero. 

True/False 
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NE  320L Laboratory Characterization Methods 

Laboratory Exercise 1 

Strontium Aluminate Doped with Europium and Dysprosium 

 

 

 

 

 

 

 

 

 

 
By:       

Student Number:       

Laboratory Partner:       

  

Laboratory Performed 

on: 

      

  

Submission date:       

  

Submitted to:       



 

129 

 

Give the SEM images of the SAED sample. Give an approximate particle size based on 

these images. (4 marks) 

 

Plot out the powder XRD pattern for your SAED sample. Compare your pattern to the 

diffraction pattern of SrAl2O4 given on LEARN. Discuss whether there should or should not be 

any differences between these two patterns. (6 marks) 

 

Give a reason why the rare earth metals replace strontium as opposed to aluminum. (2 

marks) 

 

How would the lifetime of these nanoparticles be affected if their lifetimes were 

measured at a) higher temperature; b) lower temperature. If these nanoparticles were excited 

near 0 K, what would they look like? What would happen as they were brought back to room 

temperature? (8 marks) 
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Representative Student Data 

 

Scanning electron microscopy (SEM) images 

 

 

Figure D.1. SEM images of ñcrudeò SAED samples (before annealing) collected from different areas of 

the specimen. 

 

 

 

Figure D.2. SEM images of the annealed SAED sample collected at different ares of the specimen. 
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Table D.1. Particle diameters measured from SEM images. 

Sample Measured Particle Diameter 

(nm) 

Average Particle 

Diameter (nm) 

Particle Diameter 

Standard Deviation 

(nm) 

Crude 104, 141, 135, 101, 49, 99, 49, 

67, 47, 62, 79, 67, 49, 58, 49, 

53, 67, 126, 61, 77, 78, 86, 88, 

142, 212, 133, 149, 88, 147 

92 41 

Annealed 113, 69, 94, 97, 133 101 24 

 

 

X-ray diffraction (XRD) Patterns 

 

 

Figure D.3. XRD pattern of crude SEAD sample. 
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Figure D.4. XRD pattern of annealed SAED sample. 

 

 

Representative data for mechanoluminescence measurements as well as observed 

thermoluminescence and phosphorescence are given in the main article. 
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ñIdealizedò Author Data 

 

SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

 

 

 

 

XRD patterns 

 

Figure D.5. SEM images of ñcrudeò SAED samples (before annealing) collected from different areas of 

the specimen. 

Figure D.6. SEM images of the annealed SAED sample collected at different ares of the specimen. 




