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Abstract 

    Transparent conducting oxides (TCOs) usually have high conductivity and transparency in the 

visible range and have been widely used in daily life. Recently, TCOs have attracted great interest 

due to their potential applications in various new optical and electrical devices (flat-panel displays, 

energy efficient windows, etc.). Nanostructured TCOs can induce new size related properties, for 

example, when sizes of TCOs are controlled at the nanometer scale, various defects can introduce 

different defect-related optical emissions.  These new nanostructured TCOs combining traditional and 

new size dependent properties may be used for construction of next generation optical devices. 

    To investigate the optical properties of TCOs at nanoscale, in this thesis, several new kinds of 

colloidal nanocrystals (NCs) of TCOs have been synthesized and their optical emission and 

transparency have been explored. The first part of my work focuses on ITO (indium tin oxide) NCs 

demonstrates phase and size dependence of surface plasmon absorption in the near infrared region. 

The second part of the thesis describes colloidal synthesis of γ-Ga2O3 with size tunable 

photoluminescence, further study reveals that the photoluminescence is defect related and can be 

tuned by changing the defect concentration. In the last part of my study, I develop a methodology for 

lanthanide doped γ-phase Ga2O3 NCs and reveal tunable chromaticity of the lanthanide doped NCs.  

    Homogeneous colloidal ITO NCs with various Sn doping level can be prepared in a simple 

solution method. By controlling initial Sn doping concentration, rhombohedral or cubic phase ITO 

nanocrystals can be synthesized. Different NC phases show dramatic difference in electrical and 

optical properties. Cubic ITO NCs show strong absorption in the near infrared region arising from the 

surface plasmons. Free electron concentration is related to the difference in donor states related to tin 

dopants. With higher donor activation energy in rhombohedral phase NCs, free electron concentration 

in reduced in the conduction band. The increased replacement of organic protective ligands by anions 

in solution leads to oriented attachment of larger NCs and forms flower shape clusters. These results 

demonstrate tuning of the optical and electrical properties of complex oxide NCs by selecting their 

crystal and electronic structures through size and composition and allow for a designed preparation 

and controlled self-assembly of ITO NCs. 

Also, I report colloidal synthesis of gallium oxide NCs with γ phase crystal structure and uniform 

size distribution. As synthesized NCs exhibit size tunable photoluminescence from purple to blue. 

With increasing NC size, emission shifts to lower energies. The optical emission is dominated by 
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defect related donor-acceptor pair recombination and has lifetime of milliseconds. Also, the 

phosphorescence decay rate increases with decreasing NC size. The defect related photoluminescence 

efficiency can be controlled by changing the reaction environment. A reducing environment leads to 

an increase in emission intensity by increasing the oxygen vacancy concentration, while blue 

emission is suppressed under oxidizing conditions. These results allow for a rational and predictable 

tuning of the optical properties. These defect-related donors are implicated in electrical conductivity 

rendering gallium oxide NCs promising materials for optoelectronic devices.  

For further understanding the defect-related photoluminescence in colloidal TCO NCs, we 

implement steady-state and time-resolved luminescence studies and to address the role for NC size, 

structure, defects and surface capping on the PL energy, efficiency and dynamics. The strong blue 

emission with a quantum yield of ~25 % is oxygen vacancy related and can be assigned to donor-

acceptor pair recombination.  The emission energy and photoluminescence lifetime can be determined 

by donor and acceptor binding energies and Coulombic interactions between donors and acceptors. 

Low temperature luminescence measurements reveal that the donor and acceptor binding energies are 

also size dependent. Large sized NCs (diameter ~6.0 nm) have a binding energy around 205 meV 

increasing by ca. 30 meV in diameter 3.0 nm NCs. Surface defects can also influence donor acceptor 

recombination by trapping valence band holes. The removal of the surface defects can effectively 

eliminate surface hole-trapping and enhance the donor acceptor pair emission. This part of the 

mechanistic study of the donor acceptor pair recombination can be useful for introducing and 

manipulating photoluminescence properties in oxide nanostructures by tuning native defect 

interactions.  

In the last part of my thesis I describe my research on europium (Eu)-doped γ-phase Ga2O3 NCs. 

Nanocrystals with varying Eu
3+

 concentration have been synthesized and the optical properties of 

these colloidal nanocrystals have been investigated. Steady state and time resolved emission spectra 

were collected. In the time resolved spectrum, emission shows a combination of two identical features 

in the blue and red spectral range. The broad blue emission originates from defects related to donor 

acceptor pair recombination with a life time of 4-6μs. Sharp narrow red emission arises from 

lanthanide f-f transitions and has a life time about 1-3 ms. Two characteristic decay rates allow for 

tuning of the relative intensities and sample chromaticity by tuning delay time or gate time. The 

nanocrystals, exhibiting time tunable dual emission, may have potential applications in biosensing, 

imaging and time sensitive optical devices. 
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Chapter 1 Introduction 

     

    Transparent conducting oxides (TCO) have been attracting scientific and practical interest 

because of their transparency, as well as a range of crystal lattice structures and technologically 

relevant properties [1,2]. Among TCOs , ITO (Indium Tin Oxide) and gallium oxide are widely 

known to be wide band gap semiconductors exhibiting both high conductivity [3] and optical 

transparency [4,5]. Owing to their unique properties they can be used in optoelectronics, 

including the development of inexpensive light-emitting diodes (LEDs) and displays [6], as well 

as for sensors [7] and photocatalysts [8]. Recently, a large amount of research has been focused 

on nanostructured TCOs since these materials combine traditional and new size dependent 

properties. This combination of properties allows for the design of novel multifunctional devices.  

    The electrical conductivity and optical emissions of TCOs can be induced by intrinsic defects 

or extrinsic dopants. In this chapter, using ITO as an example, the principle optical and electrical 

properties of TCOs will be given, and it can help understanding my research on ITO nanocrytals. 

I will also discuss the importance of defects on induced luminescence in these materials through 

the concept of DAP (Donor Acceptor Pair) recombination. Defects induced DAP recombination 

is the main mechanism for explain in the light emission in γ-phase Ga2O3. Finally, I will review 

the mechanisms of lanthanide-doped semiconductors, which will help in understanding the third 

part of my research on lanthanide doped Ga2O3. 

 

1.1 Electrical and Optical Properties of TCOs, Using ITO as an Example 

    Since the first observation of both electrical conductivity and transmittance in cadmium oxide 

(CdO) in 1907, people have a continuing interest in finding new types of transparent conducting 

oxides (TCO) [9]. After years of extensive research and emerging number of TCOs explored 
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(oxides of Cd, Sn, Zn and their alloys), Indium tin oxide (ITO, with Sn doped in indium oxide) is 

believed to be the best among TCOs based on its reported transmittance and conductivity. As 

such has found various applications in electronic, opto-electronic and mechanical devices [10]. 

This part of the introduction will largely focus on ITO as a model system.  

 

1.1.1 Optical Properties of ITO 

    Transmission of visible light is an important feature of TCO materials. High transparency 

between 400 nm and 700 nm is crucial for many practical applications. ITO materials can have a 

transparency around 95 % in the visible light range, which is ideal for transparent optical device 

[11]. 

    A typical transmittance spectrum of TCOs is shown in Figure 1.1. At the high energy range 

(left part of the spectrum), the TCOs show strong near band edge absorption, and at low energy 

side (right part of the spectrum) a strong reflection. Between these two regions where the light is 

absorbed or reflected, there is a transparent region which is defined as the transmission window.  

 

Figure 1.1 Absorption spectrum of a typical transparent conducting oxide.  

 

    In the near UV part, the photon energy is high enough and comparable to the bandgap of the 

TCOs (usually 3-4 eV), the light can be absorbed by the material and electrons in TCO can be 

excited from valence band to conduction band. In this process, no light can be transmitted. For 

ITO, the bandgap is around 4 eV which means this near band edge absorption can occur between 

300 nm to 400 nm, leaving the transmission window widely open.  

    In the long wavelength range, other than absorption, the light is reflected due to electronic 

plasmon resonance and this kind of phenomenon can be explained by the Drude free electron 

theory [12]. In the Drude free electron model, in a given electromagnetic field, the electric field 
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will cause the electron oscillation (known as the plasmon). This plasmon can oscillate at a certain 

frequency. The wavelength of this oscillation is usually around 1,000 nm to 3,000 nm [13], which 

is the reflection edge in Figure 1.1. Also, the plasmon resonance can influence the dielectric 

constant, which directly relates to optical properties: 

 𝜀 = 𝑛 + 𝑖𝑘                                                              (eq 1.1) 

In this equation, the real part n stands for the refractive index and k is the extinction coefficient. 

With different n and k values, the dielectric constant is different and influences the reflection and 

absorption directly. At longer wavelengths (larger than the reflection edge), the extinction 

coefficient is large and the material has a constant reflectance. In the transmission window region, 

the k value is almost zero and the absorption is very small. The refractive index n is almost 

constant and has a relationship with frequency of the electromagnetic field as following: 

𝑛 =  ε∞ 1 −  ωR ω  2                                                   (eq 1.2) 

Here, ε∞ is the relative permittivity when frequency is high, and ωR is the frequency at reflection 

edge [14]. When ω＞ωR, the second part on the right of the equation can be estimated as 1, 

refractive index n is just the square root of the high frequency permittivity ε∞. 

    In real optical experiments, the value of n and k cannot be measured directly. Instead, we can 

measure the normal incidence reflectivity R and absorption coefficient α and using the following 

equation to determine the n and k values: 

𝑅 =
(1−n)2+k2

(1+n)2+k2
                                                            (eq 1.3) 

𝛼 =
2𝜔𝑘

𝑐
                                                                (eq 1.4) 

Also, for the transparency measurement, taken a thin film as an example, the following equation 

can be used: 

𝑇 = (1 − 𝑅)𝑒−𝛼𝑑                                                        (eq 1.5) 

Here, d is the thickness of the film, since the absorption coefficient α has a direct relationship 

with frequency, with a different excitation wavelength, the transmittance is different [15]. 

 

1.1.2 Electrical Properties of ITO and the Correlation with Optical Properties 

    For a free electron, we can consider its energy as the following equation: 
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𝐸 =
ℏ2𝑘2

2𝑚
                                                             (eq 1.6) 

In this equation, m is the mass of the electron and k stands for the vector of the electron 

momentum at a certain eigenstate. 

When we consider electrons in the crystal lattice, lattice periodicity must be taken into 

consideration. For wavevector k=±π/a, the energy will have a splitting, and this energy difference 

is the band gap Eg. With enough excitation energy, the electrons at the top of the valence band 

can be excited to the bottom of the conduction band, when electrons with vector k near km, the 

energy of the electrons can be: 

𝐸 𝑘 ≃ 𝐸 𝑘𝑚 + (
𝜕2𝐸

𝜕𝑘2
)𝑘=𝑘𝑚

𝑘2                                          (eq 1.7) 

This kind of energy dispersion is the same as dispersion of a free electron. So the electron at the 

top of the valence band or bottom of the conduction band acts as free electron with effective mass 

m*. 

The conductivity of a material is defined by the following equation: 

𝜎 = 𝑛𝑒𝜇                                                              (eq 1.8) 

here, e is the electron charge, μ is the mobility of the charge carriers and n is the number of 

charge carriers. From this equation, we know that to increase the conductivity, we can either 

increase the number of charge carriers (free electrons for n-type materials) or increase the carrier 

mobility. The charge carriers can be increased by introducing dopants or vacancies. The mobility 

of the charge carriers is influenced by intrinsic scattering. When number of charge carriers 

increased, the intrinsic scattering mechanism will limit the mobility and greatly influence the 

conductivity.  

    For a good transparency in visible light range, a large band gap (at least 3 eV) is necessary. For 

ITO, the valence band is formed by oxygen 2p orbital and the conduction band is formed by 

metal s band. Oxide materials usually have a relatively large band gap due to the low energy 2p 

bands. Without doping, pure indium oxide does not exhibit good conductivity. By doping Sn 

atoms in the lattice, a large number of extra electrons (donors) are introduced in the lattice and 

these donor states can alter the conduction band. With increasing donor density, the donor states 

can form a band which merges in the conduction band [16]. The critical density nc for this kind of 

merging can be calculated by Mott's criterion: 
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𝑛𝑐
1/3

𝑎0
∗ ≈ 0.26                                                       (eq 1.9) 

the effective Bohr radius a
* 

0  can be calculated using: 

𝑎0
∗ =

ℎ2ε0ε

π𝑒2mc
∗                                                       (eq 1.10) 

For ITO, the static dielectric constant ε has a value of 8.9 [17], and the effective mass of electron 

in the In2O3 conduction band m
* 

c  has a relationship with electron restmass as [18] m
* 

c  = 0.35me. 

The effective Bohr radius a
* 

0  of indium oxide lattice can be calculated to be about 1.3 nm. Critical 

density nc is about 1018 cm-3, but Sn doping in In2O3 can induce electron density up to 1021 cm-3, 

which is a much larger charge carrier than the critical number. The extra electrons can be 

expected to freely transfer to the conduction band. The highest occupied level determines the 

Fermi energy and can be expressed as: 

𝐸𝐹 =
h2k2

8π2𝑚𝑐
∗                                                         (eq 1.11) 

    Figure 1.2 shows schematic illustration of the electronic band structure of an ITO material. In 

ITO materials, the bottom part of the conduction band has been occupied and those lower energy 

states have been blocked, which means the optical band gap has been enlarged by doping. Ideally, 

the bands show as parabolic shape. In reality, the band may be distorted by many-body 

interactions, like the electron-electron and electron-ion scattering, so the effective mass in this 

region can be very difficult to determine [19].  

    Other than increasing the number of charge carriers, another possibility for increasing the 

conductivity is through increasing the carrier mobility. The carrier mobility is greatly influenced 

by scattering mechanisms. For example, for small sized nanocrystals (diameter smaller than 50 

nm for ITO), grain boundary scattering must be considered [20]. For highly doped ITO material 

(60 % Sn for example), neutral impurity scattering must be considered [18]. Also, the Sn dopants 

can intrinsically introduce ionized impurity scattering in the lattice. Among all scattering 

mechanisms, the ionized impurity scattering should be the main reason for limiting the mobility 

of the charge carriers [17,21].  

    The dopants in the lattice exist as ionized impurities. Among the ionized impurities and the 

free electrons there are Coulombic interactions. This Coulombic interaction sets a limitation for 

the conductivity. The ionized impurity scattering can be calculated by Born approximation [21], 

in which the ionized impurities assumes to form a uniform background of immobile charges, the 
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free electrons form as screening (Thomas-Fermi screening). After taking the non-parabolic band 

shape into consideration [22], they can calculate the effective mass at the Fermi-energy as 

follows: 

𝑚∗ = 𝑚0
∗ 1 + 2𝐶

ℎ2(3𝜋2𝑛)2/3

4𝜋2𝑚0
2                                       (eq 1.12) 

    This equation indicates that the effective mass will be larger due to scattering mechanism, 

which will lower the Fermi energy and shrink the band gap. 

 

Figure 1.2 Schematic representation of the band structure of an ITO material. The blue part 

indicates the occupied parts of the band.  

 

The optical property of an ITO material is directly related to its electrical properties. For example, 

the energy position of the plasmon band is directly proportional to the electron plasma frequency 

(ωp), which has a square root dependence on the free electron concentration [23]: 

𝜔𝑝 =  
𝑁𝑒2

𝑚 ∗𝜀𝑜𝑝𝑡 𝜀0
                                                      (eq 1.13) 

    Large number of free carriers (N) will induce a higher frequency, shorter plasma wavelength. 

By tuning the free charge carriers, the plasma wavelength of ITO material can be tuned (1500 nm 

to 4000 nm) [24].  

    There are two opposite mechanisms determining the apparent band gap of the ITO material: 

Burstein-Moss effect [25] and scattering effect. The Burstein-Moss effect is mainly due to the 

gradual occupation of the lowest level of the conduction band and blocking of the effective 

energy transfer from these low conduction levels, which cause widening of the band gap. In 

competition, the scattering mechanism will enlarge the effective mass, lower the Fermi energy 
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and narrow the band gap.  

𝐸𝑔 = 𝐸𝑔0 + 𝐸𝐵𝑀 − ℎ∑                                                (eq 1.14) 

    In this equation, Eg0 indicates the intrinsic band gap, the EBM stands for the contribution from 

the Burstein-Moss effect and the term h∑ stands for the band gap narrowing from electron 

scattering. 

 

1.2 Mechanism for DAP (Donor Acceptor Pair) Luminescence and Lanthanide 

Luminescence 

    There has been a significant interest in luminescence materials due to their various applications. 

Different kinds of luminescence materials usually have different emission mechanisms. For 

example, the Hg fluorescent lamps emit UV light due to electric transitions of Hg atoms [26]. 

CaWO4 (used for X-ray detection) emits due to charge transfer from WO4 group. Among all these 

mechanisms, the DAP mechanism is of special importance for semiconductors. Also, the energy 

transfer from some localized exciton to light emitting ions can also explain the lanthanide 

emission in semiconductor materials. 

 

1.2.1 Mechanism for DAP (Donor Acceptor Pair) Luminescence-Using β-Ga2O3 as an 

Example 

    In semiconducting materials, there has been much effort to induce different kinds of dopants as 

donors and acceptors. These donors and acceptors can form different energy levels between 

conduction band and valence band. Initially, the donors and acceptors are all ionized (D+ and A-). 

When high energy light is absorbed by the lattice, electrons are excited from the valence band to 

the conduction band [27]. The electrons in the conduction band can be captured by ionized 

donors (D+ to DX), and the holes left in the valence band can also captured by the ionized 

acceptors (A- to AX), thus, through a tunneling process, electron can transfer from donor to 

acceptor sites [28]. At the acceptor sites, a trapped exciton is formed, and by radiative 

recombination, DAP luminescence is generated. Since the final states are still ionized states 

(ionized donors and ionized acceptors), there is Coulombic interactions between them [29]. The 

distance between the donor and acceptor influence the emission energy: 
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𝐸 = 𝐸𝑔 −  𝐸𝐷 + 𝐸𝐴 +
𝑒2

4𝜋𝜀𝑟
± 𝑛𝐸𝑝ℎ𝑜𝑛𝑜𝑛                             (eq 1.15) 

    In this equation, Eg stands for the band gap energy of the lattice. ED and EA stands for the 

binding energy of donors and acceptors. The term EC = e2/4πεr stands for the Coulombic 

interaction between the ionized donor and acceptor. Since the larger the distance, the smaller the 

EC values, the emission energy will be smaller for large distance DAPs. Since the donors and 

acceptors are all in the crystal lattice, the distance is not continuous but discrete due to the donor 

and acceptor positions. When interaction with excited state is small, no phonon is released, the 

emission can form a spectrum with sharp lines (Figure 1.4). When emission takes place between 

the completely relaxed excited state to ground state, the emission peak is termed the zero phonon 

line. Also, when the excited states are coupled with host lattice vibration and give longitudinal 

optical phonons, the emission will show relaxed, more smooth emission spectrum. 

    The width of the emission band is mainly given by the Coulombic term. And from the DAP 

model we can deduce a few interesting results. First, different wavelength of DAP band will 

show different time decay curve [27]. The higher energy part will have faster decay rate, which is 

caused by the fact that the higher energy emission indicates small distance DAP, which has large 

EC value. Also, since the low energy part of the spectrum decays slower, it can be easily saturated 

by high power excitation. So, a peak shift to high energy is expected for high power excitation. 

    When we consider β-phase gallium oxide as an example, the donor is an oxygen vacancy (V
x 

o ), 

and the acceptor is a gallium-oxygen vacancy pair ((VO, VGa)
x), this will be the neutralized form 

of the donor and acceptor. In reality, the donor and acceptor are more stable when they are in 

ionized form. It is therefore more reasonable to consider the donor as V
● 
o  and acceptor as (VO, 

VGa)
' and these ionized donor acceptor can act as DAP:  

(𝑉𝑜 , 𝑉𝐺𝑎 )𝑥 + 𝑉𝑜
𝑥 →  𝑉𝑜 , 𝑉𝐺𝑎  ′ + 𝑉𝑜

∙ + ℎ𝑣                              (eq 1.16) 

    When electrons and holes are trapped by the ionized defects, the DAPs can undergo 

recombination. If the distance between donor and acceptor is r, the rate of recombination can be 

defined using the following equation: 

𝑊(𝑅) = 𝑊0  𝜓𝐷(𝑟 )𝜓𝐴(𝑟 − 𝑅  )𝑑𝑟 
𝑉

 
2
                                (eq 1.17) 

In this equation, W0 works as a constant, ψD and ψA stands for the envelope function for the donor 

and acceptor. In order to analyze the data, we need to give a few assumptions to simplify the 

equation. Both the donor and acceptor envelope function can be approximated by hydrogenic 
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function (ψD (R)～exp(-R/RD),  ψA (R) ～exp(-R/RA) ). The Bohr radius can be obtained by 

hydrogenic energy equation: RD=e2/2εED. So if we can know the donor binding energy ED and 

the static dielectric constant ε, we can calculate the Bohr radius of the donor and acceptor, and 

taking the less tightly bonded carrier Bohr radius into the equation [30,31], we can get: 

𝑊(𝑅) = 𝑊0𝑒
−2𝑅/𝑅𝐷                                              (eq 1.18) 

Also the maximum emission peak shifting with time can be given by [32,33]: 

ln(𝑊0𝑡) =
4𝐸𝐷

𝐸𝐶
+ ln(1 −

𝐸𝐶

𝐸𝐷
)                                           (eq 1.19) 

From this equation, we know that EC is smaller than ED. If we take the largest and smallest 

Coulombic interaction as EC,∞ and EC,0, we can get: 

EC,∞ − EC,0 = ∆ℎ𝑣                                                     (eq 1.20) 

the shift of the maximum emission energy can be mainly due to the changing of Coulombic 

interaction. Also, if we took the far distance EC,0 as 0, we will notice that the peak shift will be 

smaller than the donor binding energy. 

 

Figure 1.3 Scheme for blue luminescence in gallium oxide. After excitation, the excited electrons 

are trapped in donor level (oxygen vacancies) and holes trapped in acceptor level. Via tunneling 

process, the exciton can be formed at the acceptor site, and radiatively recombines, emitting a 

blue photon. 

 

    The current study of DAP emission of β-phase gallium oxide shows that, the electrons in donor 

band can be delocalized to show conductivity and also show broad blue emission with strong 

Stokes shift, which is a localized feature. The conductivity may be induced by the oxygen 

vacancy clusters, which can delocalize the electrons. The blue emission may include both the 

donors and acceptors (pairs). The tunneling effect for an electron transfer from donor to acceptor 
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site is the rate determining step. Upon tunneling event, radiative recombination of the exciton at 

the acceptor site will give rise to the broad blue emission [4,5,34]. 

 

1.2.2 Mechanism for Lanthanide Luminescence 

1.2.2.1 Lanthanide Luminescence in Solids 

    The excitation of lanthanide luminescence can take place by either the host lattice or impurity 

dopants [35,36]. In most of the learned cases, the excitation occurs through dopant ions. These 

emission centers are called activator ions. When activator ions cannot absorb enough energy for 

excitation (low absorption cross section for lanthanides [37]), we can add sensitizers, which can 

absorb enough energy and transfer them to the activators. Lanthanide emission color can be tuned 

by changing the dopant without changing the crystal lattice. Lanthanide ions emit at particular 

positions, which are hardly influenced by chemical environments.  

    Other than the band to band transition induced luminescence and two center transition 

luminescence, lanthanide emissions are all one center luminescence. Other transition metal ions 

or molecular ions may also hold this kind of luminescence. In principle, the characteristic one 

center luminescence can be usually very sharp (emission width a few nm). But sometimes, broad 

band luminescence can also be observed. The emission band width is related to the character of 

the ground and excited state. The distance between the center ions and the surrounding 

environment can also play a key role. All these facts can be explained using the configuration 

coordinate diagram. 

    Kg and Ke means the metal ligand distance in ground states and excited states. Eg and Ee stands 

for the energy at which the maximum absorption and emission intensity occurs. The phonon 

energy in the relaxation process can be expressed as Sgħωg and Seħωe. Sg and Se are the Huang-

Rhys factors, which give us the number of phonons involved in the relaxation process. By using 

the configuration diagram, it's easier for us to understand the large Stokes shift and broad feature 

of certain center ion emissions [38]. 

    Broad band emission can be observed in a lot of transition metals, like the Mn d-d transitions. 

For lanthanides, the d-f transition can also have quite broad band width. Other than that, the lone 

pair emission from Tl+, Pb2+, Sb3+ can all be broad center emission. Contrary to broad centered 

emission, sharp characteristic emissions can usually be caused by similar ground and excited 

state with stable chemical bonding character. The lanthanide f-f transition, which is hardly 
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participating in chemical bonding, is also quite sharp and circumstance independent.  

 

Figure 1.4 configuration coordinate diagram shows the band structure with ground state and 

excited state. 

 

    One example for the broad band emission is the optically allowed transition from 5d orbital to 

the 4f orbitals. The Eu2+ emission can usually be characterized in three different types [39]: the 

most common one is the normal d-f broad emission. This d-f transition occurs from the relaxed 

4f65d1 level, to the ground state 4f7[8S7/2]. This transition is both spin and dipole allowed, 

compared with parity forbidden f-f transition, they can have a relatively large efficiency. Another 

kind of d-f luminescence is characterized by narrow UV emission which is the 6P7/2-
8S7/2 

emission after phonon relaxation of the 5d1 to the excited f state. This kind of f-f transition is 

often accompanied with broad band d-f emission at room temperature. Also, large Stokes shift 

and broad emission can also be attributed to the auto-ionization of the excited 5d orbital electrons. 

The electrons radiatively recombine with holes and transfer back to the ground state. Unlike the 

4f electrons which are well shielded by the 5s and 5p orbitals, which are just insensitive to the 

surrounding environment, since the 5d electrons are unshielded, they are just interacting with the 

surrounding ions. When we consider the crystal field in the octahedral environment, the 5d 

orbitals will have a large crystal field splitting, and the splitting decreasing with increased size 

surrounding polyhedrons [40]. If we compare the crystal field splitting for Ce3+ and Eu2+, Eu2+ is 

about 20 % smaller than Ce3+. 

    Up to now, there have been few reports about the Eu2+ ions on a trivalent site, most of the Eu2+ 

dopants are on divalent or monovalent sites. Due to a large gap between the ground state and the 

excited 4f65d state, the excited state is usually inside the conduction band of the crystal lattice, 
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followed by the auto-ionization, the photoluminescence will be quenched. One way to stabilize 

the Eu2+ ions is to induce charge compensation defect in the first anion coordination shell [41,42], 

like an ion vacancy. Also, the local ionic environment may be quite different for different kind of 

ions (Eu2+, Eu3+). 

    Before we go into the detailed energy transfer process for lanthanide ions in semiconductors, 

we will review the lanthanide emission theory briefly, which have been well defined a long time 

ago [43]. In nature, the absorption (emission) of light due to excitation or transfer electrons 

circling the nucleus is not random, it must obey certain parity rule (such as Laporte's rule, which 

defines the total angular momentum changes an odd number from initial to final state): When we 

just consider the pure 4f orbitals, the eigenstates of the even parity crystal field Hamiltonian 

usually define the magnetic dipole (MD) intensity, but when we consider the electric dipole (ED) 

intensity, we must consider mixed parity, which means consideration extends out 4f 

wavefunction and consider odd parity Hamiltonian. In systems with symmetric center, the odd 

parity vibration will mainly contribute to the fluctuation of crystal field potentials, which indicate 

a ED transfer mostly silent in centrosymmetric system. For example, with initial angular 

momentum J and final angular momentum states J', for ΔJ=0,±1 (excluding J=J'=0), the MD 

transitions are usually more intense than the ED vibronic transitions. These transition lines are 

MD allowed and ED forbidden. Oppositely, when ΔJ=2, 4, 6 these transitions are ED dominate 

and are the ED allowed transitions. In crystals without an inverse center, the contributions from 

vibrational modes will be less and the ED and MD transitions can both be observed in these 

systems. When the lanthanide ions can be inserted into a crystal lattice, the crystal field will split 

the J states into 2J+1 sub-states (Stark sub-states) [44]. Transition between all these sub-states 

also depends on the symmetry of the crystal lattice. 

    The symmetry defined transition rules are only valid in the ideal situation (no large distortion, 

no overlap of the 4f-5d wavefunctions). In reality, the so called forbidden transition is not totally 

forbidden. It just has a low transition probability compared to the allowed transition. According 

to the Judd-Ofelt theory, the ED transition intensity can be derived from the following equation: 

DED = 𝑒2 ∑ Ωλλ=2,4,6   Ψ Uλ Ψ′   
2
                                    (eq 1.21) 

    Here, e stands for elementary charge (4.803×10-10 esu). The bracketed part is the dimensionless 
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matrix elements and is not influenced by chemical environment. Ωλ stands for the influence of 

chemical surrounding on the lanthanide ions and can be experimentally determined. 

    Due to the fact that f-f transition is parity forbidden, the f-f absorption coefficient ε is quite low. 

Still, with high power direct f-f excitation (such as excited by a laser source), we can still get 

intense f-f emission. One important parameter for lanthanide emission is the intrinsic quantum 

yield, which is defined as: 

𝑄𝐼 =
Kr

Kr +Knr
                                                              (eq 1.22) 

    In this equation, the Kr and Knr stands for the radiative and nonradiative rate constant. 

Contributions to the nonradiative constant mainly comes from lattice vibration, energy back 

transfer and surface dangling bonds vibrations [45]. Value of the intrinsic quantum yield is 

greatly influenced by the energy gap between the excited state and highest ground state. A small 

gap usually induces non-radiative recombination. As an empirical rule, when the energy gap is 

smaller than 6 high energy phonons, the multiphonon non-radiative de-excitation will dominate 

the process. The relationship between the intrinsic quantum yield and overall luminescence 

quantum yield can be expressed as: 

𝑄𝑎𝑙𝑙 = 𝜂𝑠𝑒𝑛𝑠 𝑄𝐼                                                          (eq 1.23) 

Usually, the overall quantum yield can be measured directly. The intrinsic quantum yield can be 

estimated if we know the radiative and non-radiative decay rate. Thus, we can calculate the 

sensitization of efficiency ηsens.  

    To know the radiative decay rate, we need to get the radiative decay probability, which can be 

determined by the following equation: 

𝐴(ΨJ , Ψ′J′ ) =
64π4υ 3

3ℎ(2𝐽+1)
 

n(n2+2)2

9
DED + n3DMD                                  (eq 1.24) 

In this equation, ΨJ and Ψ'J' indicate the initial and final state of the transition. υ  is the transition 

energy. h is Plank's constant and n as refractive index. DMD and DED are the magnetic dipole and 

electric dipole intensity, respectively. Definition of DED has been given in eq 1.21 and the DMD 

definition is given below: 

DMD = (
eh

4πme c
)2  Ψ L + 2S Ψ′  2                                       (eq 1.25) 

Since the bracketed part can be known thus from all equations above we can calculate the 

radiative decay rate. However, this calculation may not give accurate results. In another situation, 
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when we already know the emission related absorption spectrum, we can use the following 

equation: 

Kr = 2303 ×
8πcn2υ 2(2J+1)

NA (2J′ +1)
 ε(υ )dυ                                 (eq 1.26) 

For Eu ions, the equation can be simplified as: 

Kr = AMD n3(
Iall

IMD
)                                               (eq 1.27) 

AMD is equal to 15s-1, the intensity ratio in the bracket stands for the integrated Eu emission over 

integrated 5D0-
7F1 emission. The decay rate is not a constant and it will be influenced by the 

emitting state and the crystal lattice.  

 

1.2.2.2 Lanthanide Luminescence in Semiconductors 

    Lanthanide ion doped semiconductors have been studied for a long time for their fascinating 

electrical and optical properties. Due to shielded 4f electrons that are seldom influenced by 

surrounding environments, the emission energy is strongly localized. Up until now, many studies 

have focused on the ZnS:Tb, Eu materials as long life light emitters [46]. The Er doped Si or 

SiO2 [47] are used for optical communication or as amplifiers [48]. The so called resonant or 

direct excitation is defined as the excitation of the lanthanide ions with the same energy as higher 

level 4f states. The non-resonant or indirect excitation means that the excitation of the host lattice 

first, then transfer of the energy to the lanthanide ions.  

    The excitation of lanthanide ions doped in semiconductors may be due to resonant excitation 

or non-resonant processes. One mechanism called impact excitation occurs when hot electrons 

are scattered by lanthanide ions and transfer their energy to the 4f electrons. Another indirect 

mechanism may involve electrons and holes in the lattice. The host lattice may first be excited, 

and then the energy of the non-radiative recombination of electrons and holes can transfer to the 

lanthanide ions. The excited electron and a nearby hole can form either a free exciton or a bound 

exciton. The bound exciton may be induced by incorporation of large lanthanide ions inside the 

lattice (lattice distortion). Alternatively, the bound exciton may be induced by local defects and 

impurities. The impurities or defects should be close to the lanthanide ions for efficient energy 

transfer. Also, it is possible for the excited electron to be captured by the lanthanide valence band, 

and subsequently a hole is also captured. Then, the impurity related donor acceptor pair may 

induce the recombination and transfer the energy to the lanthanide ions [49].  
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    After electrons are excited from valence band to conduction band, remaining free carriers can 

form free excitons. These free excitons can interact with the lanthanide ions and transfer the 

energy non-radiatively to the lanthanide ions. One correlation of this kind of energy transfer will 

be the decrease of free exciton emission intensity while lanthanide emission intensity increases. 

One of the most important excitation mechanisms is the energy transfer from the bound excitons 

(BEs) to the lanthanide ions. BEs can be trapped by impurities, local or external defects. An 

electron from the conduction band or a hole from the valence band can be captured by a trap in 

the band gap. The BE can be formed by attracting a free hole or electron from defect levels. 

Electrically active local defects may act such as traps to form BEs [50].  

 

Figure 1.5 Lanthanide ion excitation through band to band transition. 

 

    Figure 1.5 demonstrates several different steps in the lanthanide excitation through band to 

band transition. After electron excitation from the valence band to the conduction band, the 

electrons can be captured, forming a trapping site; followed by binding with a hole from the 

valence band, the BEs can form in this way and non-radiative transfer of the energy to the 

lanthanide ions occurs. 

    Excitation of lanthanide ions may also involve donor acceptor pairs (DAPs), and is observed in 

lanthanide doped Ⅱ-Ⅵ semiconductors. For all lanthanide ions with a 3+ charge, the ground 

level may be within the valence band. Due to the tendency for charge compensation, the 

lanthanide ions may be associated with acceptors to form DAPs. When excited, an electron can 

transfer from the acceptor to the lanthanide ion, which acts as a donor. Then, following a non-

radiative recombination, the DAP transfers its energy to the lanthanide ion. The energy transfer 

rate is strongly dependent on the spatial distance of the DAP and the lanthanide ions. It also 

depends on the overlap of the donor emission and the acceptor absorption if the transfer is 
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resonant. Another situation is that, if the lanthanide ion is not a direct component of DAP, and 

instead, is quite close to the DAP, the transfer efficiency can be high only when one of the 

components in the DAP is close to the lanthanide ion [51].  

    Our excitation mechanisms for the lanthanide ions in semiconductors all involve non-radiative 

energy transfer from localized excitons (or DAPs) to lanthanide ions. One mechanism available 

to explain this phenomena is the Forster Resonant Energy Transfer (FRET), which relies on the 

dipole-dipole interaction and is well-known for all kinds of materials [52]. Another explanation is 

Dexter-type energy transfer, which involves higher order, shorter distance interactions [53].  

    Now we consider the energy transfer process with one energy donor and one energy acceptor. 

The donor will transfer from its excited state to its ground state, D*→D, and the acceptor will 

undergo a transition from its ground state to its excited state A→A*. Both transitions have 

normalized wavefunctions gD(E) and gA(E) respectively. With one operator, H', the donor 

acceptor state vector transfer from ｜D*,A〉to  ｜D,A*〉. The overlap between the donor 

emission and acceptor absorption is directly related to the energy transfer efficiency.  

𝑊𝐷𝐴 =
2𝜋

ℏ
  𝐷, 𝐴∗ 𝐻′  𝐷∗, 𝐴  2  𝑔𝐷 𝐸 𝑔𝐴 (𝐸)𝑑𝐸                       (eq 1.28) 

    The energy transfer system is non-radiative and no photon emission or absorption is observed. 

The main driving force for this transfer is the coupling effect (dipole-dipole, dipole-quadrupole, 

quadrupole-quadrupole). Also, the energy transfer may be non-resonant in the case where there is 

an energy mismatch between the donor emission and acceptor absorption. Such energy transfer 

requires vibration induced electron-phonon coupling to be taken into consideration. Dexter 

proposed an equation with vibronic components:  

𝑊𝐷𝐴 =
2𝜋

ℏ
  𝐷, 𝐴∗ 𝐻′  𝐷∗, 𝐴  2𝑆𝐷𝐴                                     (eq 1.29) 

When we consider the energy transfer in the lattice, random dopant distribution is usually 

assumed. This kind of approximation may not be valid in some cases. For example, when 

samples are synthesized at high temperature or excited with high energy, the defect migration 

may need to be considered.  

    With a lost anion, an anion vacancy forms, and the anion vacancy states formed below the 

conduction band bottom are mainly due to the empty cation orbitals pointing to the anion vacancy. 

In a similar way, the cation vacancy is formed by the surrounding anion lone-pair orbitals. When 
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the strength of the bonds in the lattice is stronger, the delocalization energy will be higher, and 

defect states are deeper in the band gap. The point defects in solids have a tendency to be 

expelled out towards the surface for better stabilization of the crystal. Electrostatically, the 

positively and negatively charged defects may migrate closer to one another. Even without 

electrostatic interaction, if we consider the difference between dopant and lattice cations, such as 

the ionic radius, electronegativities, and ionization potentials, the defects may still show a 

nonrandom distribution. For example, the dopant with lower ionic potential will have a higher 

tendency to attract an anion vacancy. Thus, anion vacancies inside the lattice may not be 

randomly distributed and may be around the dopant cations. This kind of vacancy stabilization 

may also influence the defect level in the band gap. When dopants with lower ionization 

potentials are doped in the lattice, the anion vacancies have a tendency to agglomerate around 

them, thus losing their role as effective traps [54].  

     

1.3 Conclusion 

    In this chapter, we have provided an overview of the mechanism for electrical and optical 

properties in transparent conducting oxides. The characteristic reflection for ITO is induced by 

electrons in the conduction band, and the scattering mechanism which limits the conductivity is 

also discussed. In wide band gap semiconductors, defect induced DAP emission is quite common 

and potentially important in optical devices. We discussed several common features of DAP 

emission, such as the wide broad emission band, large Stokes shift, and emission energy related 

decay curves. Finally, we discussed the possible mechanism for lanthanide doped semiconductors. 

The lanthanide dopant can be sensitized by the host lattice through nonradiative energy transfer. 

Energy transfer from DAP to lanthanide ions, which is important in our study, has also been 

discussed.  

 

1.4 Research Motivation and Thesis Scope 

    Transparent conducting oxides have fantastic electrical conductivity and optical transparency 

and are widely used in optical and electrical devices. Due to various applications of transparent 

conducting oxides, the study of nanostructured TCOs can be important practically. TCOs in 

nanoscale can induce size dependent new properties and the multifuctional nanostructured TCOs 



 

 18 

can be used as functional units in next generation optical and electrical devices.  

    Up to now, various rules have been established for explanation of the properties, like the 

transmittance, luminescence in bulk TCOs. But not a lot of theoretical work has been done on 

nanostructured TCOs. Most of the current research on these nanostructured TCOs are like stamp 

collecting, people only observe interesting phenomena and pretty structures, but don't have deep 

understanding on the theories and rules behind these fancy pictures. First of all, my research on 

nanostructured TCO can produce new kinds of materials with combining traditional and new size 

related properties, which have potential applications. Also, the uniform colloidal NCs in my 

research provide an ideal platform for verifying important rules in nanoscale. All these research 

can further our understanding towards nanoworld and have practical and theoretical importance.   

    In this thesis, I choose two typical wide band gap TCOs, ITO and Ga2O3, to study their 

nanostructure related optical properties. By a simple solution method, I successfully synthesized 

uniform colloidal NCs for ITO and Ga2O3. In the following chapters, I describe the common 

features of these NCs (size, composition, uniformity) and also conduct extensive investigation on 

optical properties of these NCs using various techniques. The mechanisms related to their unique 

optical properties are also proposed. 

    ITO is one of the most commonly used TCOs due to its high conductivity and transparency. In 

our recent studies we showed that metastable rh-In2O3 can be stabilized by controlling the size 

and growth kinetics of In2O3 NCs, which gives us a chance to incorporate Sn4+ into two different 

NC phases of indium oxide lattice. In chapter 2, I report the synthesis and optical and electronic 

properties of colloidal rh- and bcc-ITO NCs. The influence of Sn4+ doping on phase stabilization 

has been examined and the electrical conductivity and optical transparency of these two phases 

have been described. 

    From chapter 3, the research will mainly focus on γ-phase Ga2O3. Previous investigations of 

Ga2O3 have mainly focused on monoclinic β-phase due to its thermal stability. Due to difficulties 

in controlled synthesis and isolation, γ-phase Ga2O3 has been much less studied and understood. 

In chapter 3, I report colloidal synthesis of gallium oxide NCs with γ-phase crystal structure and 

uniform size distribution. As synthesized NCs exhibit size tunable photoluminescence from 

purple to blue. In chapter 4, I implement steady-state and time-resolved luminescence and 

address the role for NC size, structure, defects and surface capping on the PL energy, efficiency 

and dynamics. 
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    In previous study, TCO NCs were proven to be effective host materials for sensitization of 

lanthanide emission. In chapter 5, I describe my research on lanthanide-doped γ-phase Ga2O3 

NCs and collected the steady state and time resolved emission spectra. I demonstrate the tuning 

of sample chromaticity by tuning delay time or gate time, indicate their potential applications in 

biosensing and time sensitive devices. In chapter 6, the final conclusions summarize all the work 

been done in this thesis.  
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Chapter 2  Free Electron Concentration in Colloidal Indium Tin Oxide 

Nanocrystals Determined by Their Size and Structure 

 

2.1  Introduction 
    The possibility of imparting specific optical, electrical, or magnetic properties into 

semiconductor nanocrystals (NCs) rests largely upon the ability to dope these materials with 

selected impurity ions. In-situ doping of colloidal NCs from solution has, therefore, become a 

very active area of research in recent years [1,2]. Initial work has largely focused on doping Mn2+ 

ions into II-VI NCs [3-9]. These efforts have often yielded contradictory results, and different 

mechanisms of doping NCs from solution have been proposed. A theoretical study has suggested 

that binding energies for manganese atoms (Mn0) on various semiconductor surfaces can be used 

to predict the possibility of doping Mn2+ into particular NCs [10]. This study has predicted that 

manganese dopants are more easily incorporated into NCs having the zinc-blende structure 

compared to those having the wurtzite structure, which has been signified as the main reason for 

the early difficulties [7] in doping CdSe NCs. Subsequent experimental results [11,12] have 

shown, however, that high Mn2+ doping concentrations can be successfully achieved in wurtzite 

NCs, suggesting that a more comprehensive picture is needed to describe the incorporation of 

dopant ions from the solution phase. It has been proposed that hard-soft acid-base surface 

chemistry [13] and the nature of the dopant ion with respect to the structure of the NC host lattice 

[12,14] also play important roles. The developments of different synthetic approaches and the 

improved understanding of the doping mechanism have led to a successful doping of a range of 

colloidal NCs with various dopant ions [14-18]. 

    Transparent conducting oxides (TCOs) have considerable technological importance because of 

their transparency, conductivity, and a variety of possible crystal structures. These properties call 

for an optimization and expansion of the existing functionalities of TCO-NCs [19-23]. Tailoring 

electrical properties of TCO-NCs by doping has been one of the focal points of such research 

efforts [24-28]. The most widely studied and used TCO is indium tin oxide (ITO) [29]. In spite of 

a range of applications of ITO in flat-panel displays, energy-efficient windows, solar cells, and 

gas sensors, the synthesis of colloidal ITO NCs with controlled sizes, shapes, and crystal 

structures remains a challenge. This is partly due to the lack of understanding of the influence of 

tin dopants on the growth, structure, and properties of ITO NCs. Several methods have been 
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reported for the synthesis of ITO NCs, including colloidal [24,27,30], microwave [26], and  

 

Figure 2.1  Crystal unit cell of cubic bixbyite-type In2O3 (bcc-In2O3, left), and corundum-type In2O3 

(rh-In2O3, right) viewed along the b-axes. The angle between a- and b- axes for rh-In2O3 is 120º. 

Reprinted with permission from ref [14]. Copyright 2009 American Chemical Society. 

 

solvothermal [28] synthesis. In many cases relatively broad size distributions have been obtained 

[24, 26, 28]. While the syntheses of In2O3 NCs have largely been optimized [31-35], the origin of 

size distribution of ITO NCs is still poorly understood. Indium oxide exists in two possible 

phases: cubic bixbyite with body-centered cubic crystal structure (bcc-In2O3, stable phase) and 

corundum with rhombohedral structure (rh-In2O3, metastable phase, graph of both phases can be 

seen in Figure 2.1 [14]). In3+ cations exhibit two characteristic sites, known as b- and d-sites, in 

bcc-In2O3. One-fourth of In3+ are in b-sites and have D3d point group symmetry (trigonally 

compressed octahedral coordination). Three-fourths of In3+ cations reside in highly distorted 

octahedral d-sites. Metastable rh-In2O3 [36] consists of hexagonal close packed oxygen ions, 

with In3+ filling up two-thirds of the six-coordinate C3v sites. A majority of the literature reports 

the studies of ITO NCs with cubic bixbyite structure (bcc-ITO NCs) [24,26-28,30]. Doping 

corundum In2O3 NCs and a direct comparison between rh-ITO and bcc-ITO NCs are essential for 

understanding the influence of dopants on the growth and the optical and electrical properties of 

ITO NCs. Such a comparison could lead to the rational preparation of ITO NCs with the desired 

size, structure, and composition and to better understanding of the structure-function relationship 

in TCOs. 

    In our recent studies we showed that metastable rh-In2O3 can be stabilized by controlling the 

size and growth kinetics of In2O3 NCs [32]. Furthermore, the presence of dopant impurities in 
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solution leads to inhibition of NC growth by dopant binding to NC surfaces [14]. Together, these 

effects could allow for in-situ inhibition of In2O3 NC growth using Sn4+ ions and simultaneous 

studies of their incorporation into different NC phases. In this chapter I report the synthesis and 

optical and electronic properties of colloidal rh- and bcc-ITO NCs based on this dopant effect. 

An increased starting concentration of Sn4+ inhibits NC growth and allows for size-based 

stabilization of rh-ITO. Size selective precipitation enables the isolation of the dimorphs under 

identical synthesis conditions. Although Sn4+ incorporation is similar in both NC lattices, the free 

electron density is much higher in bcc-ITO than in rh-ITO NCs, indicating that electrical 

properties strongly depend on the size and structural changes of the host lattice. The presence of a 

free electron gas in bcc-ITO NCs leads to the formation of the localized plasmon oscillations, 

which can be described by the Drude-Lorentz model. 

 

2.2  Experimental Section 

2.2.1  Materials  

    All reagents and solvents are commercially available and were used as received. Indium(III) 

acetylacetonate (In(acac)3, 98 %) and tin(IV) chloride pentahydrate (SnCl4·5H2O, 98 %) were 

purchased from Strem Chemicals. Oleylamine (70 %) and tri-n-octylphosphine oxide (TOPO, 

90 %) were purchased from Sigma-Aldrich. 

2.2.2  Synthesis of In2O3 and ITO NCs  

    All syntheses were carried in the inert atmosphere. In a 100 mL three-neck round-bottom flask 

0.9 g of In(acac)3, 7.2 g of oleylamine, and varying amounts of SnCl4·5H2O were mixed under 

the flow of argon. The mixture was degassed and heated to 250 °C, and the reaction was allowed 

to proceed for 1 h under constant stirring in argon. The reaction mixture was subsequently cooled 

to room temperature. Two fractions of NCs were obtained by the size selective precipitation [37]. 

Large NCs were first precipitated by centrifugation at 3000 rpm for 10 min. Small NCs were then 

precipitated from the supernatant by adding 20 mL of ethanol and centrifuging for 15 min. The 

precipitates of large NCs were blue, while those of small NCs were white. All NC precipitates 

were heated in melted TOPO, followed by precipitation with ethanol. This procedure was 

repeated three times to ensure the removal of surface-bound dopant ions [14]. The obtained 

nanocrystals were easily dispersed in hexane or toluene. 
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    For time evolution studies, the reaction mixture was prepared in the identical way with the 

initial precursor concentrations corresponding to [Sn]/[In] = 0.15. The aliquots were taken at 

different times upon reaching the final reaction temperature of 250 °C (5, 10, 20, 30, and 60 min). 

The nanocrystals were precipitated with ethanol and redispersed in hexane after centrifuging and 

washing with ethanol. Synthesis of In2O3 NCs using InCl3 precursor was performed in the same 

way and with the same concentration of In3+ ions. 

2.2.3   Characterization and Measurements  

    Nanocrystals were characterized by X-ray diffraction using a powder diffractometer (INEL) 

with a position-sensitive detector and monochromatic Cu Kα1 radiation (λ = 1.5406 Å). Raman 

spectra were recorded using a Renishaw 1000 Raman spectrometer with a cooled CCD detector 

(New Mills, UK). The samples were excited with Melles Griot 33 mW helium-neon laser at 

632.8 nm. XPS spectra were collected with VG Scientific CLAM-2 spectrometer, consisting of a 

hemispherical analyzer of a 100 mm mean radius and a triple-channeltron detector, using Al Kα1 

radiation (1486.6 eV photon energy) as the excitation source. After digesting the NCs using nitric 

acid for 24 h, the solutions of the sample were also sent to University of Guelph for elemental 

analysis using inductively coupled plasma atomic emission spectrometry (ICP-AES). Indium L3- 

edge XANES measurements were performed at the soft X-ray microcharacterization beamline 

(SXRMB) 06B1-1 (energy range: 2.1-10 keV; resolution Δ E/E: 1 × 10-4 using Si (111) crystal) 

at the Canadian Light Source (CLS). XANES data were simultaneously recorded in total 

fluorescence yield and total electron yield modes. Transmission electron microscopy (TEM) 

images were collected with a JEOL-2010F microscope operating at 200 kV. The absorption 

spectra were collected with a Varian Cary 5000 UV-vis-NIR spectrophotometer.  

 

2.3  Results and Discussion  

2.3.1  Crystal Structure and Phase Selectivity of ITO NCs  

    X-ray diffraction (XRD) patterns of larger ITO NCs isolated from the samples prepared with 

different starting concentrations of Sn4+ are shown in Figure 2.2a. All XRD patterns match very 

well the pattern of bulk bcc-In2O3. In contrast, the XRD patterns of small NCs isolated from the 

same reactions by the size-selective precipitation correspond to rh-In2O3 (Figure 2.2b). At the 

starting concentrations of precursors corresponding to [Sn]/[In] ≤ 0.05 only larger NCs can be 
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isolated, while at high starting concentrations of Sn4+ ([Sn]/[In] ≈ 0.4), only small NCs are 

formed. The broadening of XRD peaks in Figure 2.2b is much more pronounced than the peak 

broadening in Figure 2.2a, consistent with a smaller size of rh-ITO NCs. XRD data clearly 

indicate that bimodal particle size distribution is formed in the presence of Sn4+ precursor and 

that the two fractions of NCs have different crystal structures. We have previously shown that 

metastable rh-In2O3 can be spontaneously stabilized in colloidal NCs below critical size, owing 

to the surface energy and/or surface stress contributions [32]. We have further demonstrated that 

the presence of transition-metal dopants inhibits the NC growth causing the stabilization of rh-

In2O3 if the dopant precursor concentration is sufficiently high to inhibit the NC growth to below 

ca. 5 nm in size [14]. 

  

Figure 2.2 XRD patterns of large (a) and small (b) ITO NCs obtained by size selective 

precipitation of as-synthesized samples prepared with different starting Sn4+ concentrations. The 

starting concentration ratios of Sn to In are indicated in the graphs. Black lines represent the 

XRD pattern of bulk cubic bixbyite In2O3 (JCPDS 06-0416) in (a) and corundum In2O3 (JCPDS 
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21-0406) in (b). 

 

    The results in Figure 2.2 indicate that impurity-induced inhibition of NC growth and the 

concomitant stabilization of rh-In2O3 phase is a general phenomenon applicable not only to first-

row transition-metal ions as magnetic dopants but also to other ionic impurities. The 

incorporation of Sn4+ ions into bcc- and rh-In2O3 NCs can be achieved by the same synthetic 

method under identical conditions, while the size-structure correlation allows for selective 

isolation of a particular phase. 

  

Figure 2.3 Raman spectra of bcc-ITO NCs isolated from the samples synthesized with different 

starting concentrations of Sn4+. Numbers indicated in the graph are the starting concentration 

ratios of Sn4+ and In3+ precursors ([Sn]/[In]). Red trace is a spectrum of undoped bcc- In2O3 NCs; 

black lines represent the Raman peaks of bulk cubic bixbyite In2O3. 

 

    Raman spectra of larger ITO NCs isolated by the size selective precipitation for different 

starting concentrations of Sn4+ are shown in Figure 2.3. The peaks observed for undoped In2O3 

NCs (red trace) are in very good agreement with the peaks reported for bcc-In2O3 (black lines) 

[38]. The intensity of the Raman peaks rapidly drops with increasing concentration of Sn4+. At 

low starting Sn4+ concentrations ([Sn]/[In] ≈ 0.05, brown trace) all peaks characteristic for bcc-

In2O3 are observed although they are significantly less pronounced than those in pure In2O3 NCs. 

The Raman spectra completely vanish with further increase in Sn4+ concentration. Although 

larger NCs retain cubic bixbyite crystal structure for all doping concentrations, as evidenced from 

the XRD patterns, the broadening and eventual disappearance of Raman peaks indicate that 
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interstitial or substitutional doping of Sn4+ ions into bcc-In2O3 NCs causes a decrease in phonon 

correlation lengths due to local crystal lattice disorder. This phenomenon has been reported for 

doped bcc-In2O3 using different structural techniques [39,40]. Similar results were obtained for 

rh-In2O3 NCs (Figure 2.4), for which the Raman spectra vanish at even lower Sn4+ 

concentrations, due to small NC sizes. 

 

Figure 2.4 Raman spectra of rh-In2O3 ([Sn]/[In]=0) and rh-ITO NCs ([Sn]/[In]=0.05). The 

spectrum of un-doped In2O3 NCs shows a peak at 162 cm-1 characteristic for corundum-type 

In2O3 [16], which disappears for rh-ITO NCs. The Raman spectra of rh-ITO NCs prepared with 

higher Sn4+ precursor concentrations are the same as the spectrum shown in the graph indicating 

a local crystal lattice disorder due to the presence of Sn4+ dopants. 

 

2.3.2 Composition and Electronic Structure of ITO NCs.  

    To determine the composition of ITO NCs for different starting concentrations of Sn4+ and to 

understand the speciation of tin dopants and their effect on the structure and properties of ITO 

NCs, we performed X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge 

structure (XANES) study of bcc- and rh-ITO NCs. Representative XPS spectra for ITO NCs 

synthesized with [Sn]/[In] = 0.15 are shown in Figure 2.5. Figure 2.5a shows a typical survey 

spectrum of ITO NCs. The presence of indium, tin, and oxygen are clearly observed. Other 

samples show similar results with different relative intensities of Sn 3d peaks. The concentrations 

of tin in ITO NCs obtained with different starting concentrations of SnCl4 · 5H2O were 

determined from the relative integrated intensities of In and Sn XPS peaks (Table 2.1). The  
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Figure 2.5 (a) XPS survey spectrum of typical ITO NCs. (b-d) XPS spectra of bcc-ITO (blue line) 

and rh-ITO NCs (red line) synthesized with [Sn]/[In] = 0.15 in different spectral regions: (b) In 

3d, (c) Sn 3d, and (d) O 1s. 

 

Table 2.1 Doping Concentrations of Sn4+ Ions in Colloidal ITO NCs Determined from XPS 

Spectra. 

starting Sn4+ concentration 

([Sn]/[In]) 

Sn4+ doping concentration in ITO NCs (at. %) 

bcc-ITO rh-ITO 

0 0  

0.05 4.5  

0.10 8.6 9.0 

0.15 12.3 13.8 

0.20 18.5 17.4 

0.40  32.7 

 

doping concentrations increase with increasing amounts of SnCl4 ·5H2O. At intermediate starting 

concentrations of Sn4+ ([Sn]/[In] = 0.10-0.30), for which both cubic bixbyite and corundum 

phases can be obtained from the same batches, similar doping concentrations were found in both 

phases (although on average somewhat higher in rh-ITO NCs), indicating a similar propensity for 

tin incorporation during colloidal synthesis of In2O3 NCs. This result is consistent with the 

previous findings that Sn4+ has strong preference for the b-site in bcc-In2O3 [41], which is similar 

to In3+ site in rh-In2O3. Inductively coupled plasma atomic emission spectrometry (ICP-AES) 
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analysis showed the same trend, although the measured tin concentrations were systematically 

lower, most likely due to difficulties with fully digesting ITO NCs for analysis. Indium 3d XPS 

peaks for bcc- and rh-ITO NCs are shown in Figure 2.5b. For bcc-ITO NCs the peak maximum 

of In 3d5/2 peak is centered at 444.7 eV, which is in a very good agreement with the results 

previously reported for bulk ITO with cubic bixbyite structure [42]. Indium 3d peaks for rh-ITO 

NCs are shifted to higher energies (445.2 eV for In 3d5/2), but the peaks for bcc-ITO NCs appear 

somewhat broader and more asymmetric, possibly due to the presence of In3+ in two different 

sites (b and d). On the other hand, Sn 3d spectra shown in Figure 2.5c are nearly identical for 

bcc- and rh-ITO NC (Sn 3d5/2 peak maxima are at ca. 487 eV), suggesting very similar speciation 

of tin ions in both NC lattices. Similar spectra have been reported for Sn4+ in bulk ITO and SnO2 

[42,43]. In contrast, the energies of 3d5/2 peaks for Sn2+ or metallic Sn0 have been found to be 

centered at 485.6 and 484.9 eV, respectively [42]. The results of this work, therefore, strongly 

suggest the presence of Sn4+ substitutionally doped in In2O3 for both NC phases. Furthermore, the 

similarity of Sn 3d XPS spectra for bcc- and rh-ITO NCs corroborate that Sn4+ ions are 

predominantly doped into b-sites in bcc-ITO NCs. The same oxidation state of tin is consistent 

with the fact that both NC structures are obtained from the same reaction in which Sn4+ is not 

reduced to Sn2+ or Sn0 during incorporation into NCs. Figure 2.5d shows XPS spectra of bcc- 

and rh-ITO NCs in the O 1s peak range. Relatively broad asymmetric peaks are recorded with 

maxima at ca. 530.7 eV and shoulders on the high energy side centered at ca. 532.5 eV. The main 

peak at 530.7 eV is assigned to oxygen sites in In2O3 NCs. The feature on the high energy side is 

most reasonably attributed to the O-H group or other forms of oxygen on NC surfaces [42,44]. 

We note that hydroxides are important intermediates in In2O3 NC formation [32]. This feature is  

 

Figure 2.6 Indium L3-edge XANES spectra of bcc-ITO (blue line) and rh-ITO NCs (red line). 
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usually more pronounced in small rh-ITO NCs owing to larger surface areas. 

    The change in the band structure of In2O3 due to a change in In3+ coordination can be 

effectively probed by XANES [45], making it an excellent complementary tool to XPS. 

Representative In L3-edge X-ray absorption spectra of bcc- and rh-ITO NCs are shown in Figure 

2.6. A comparison of the two spectra reveals distinctly different features. The shoulder at ca. 

3735 eV (sh1) is broader and more structured in bcc-ITO than in rh-ITO NC spectrum. On the 

other hand, a shoulder centered at ca. 3745 eV (sh2) in the bcc-ITO NC spectrum is sharper and 

shifted to higher energies with respect to that in the rh-ITO spectrum. These differences indicate 

a different electronic band structure associated with In3+ in bcc- and rh-In2O3 NCs [45]. While 

the coordination number of In3+ sites is the same in bcc- and rh-ITO, the electronic band structure 

and the distribution of the density of states are not [46]. Importantly, these XANES 

measurements suggest that the electronic structure of Sn4+ substitutionally incorporated for In3+ 

in different ITO NC phases is also different. 

 

2.3.3  Relationship between Size, Structure, and Self-Assembly of ITO NCs  

 

Figure 2.7 (a) TEM image of undoped In2O3 NCs. (b) TEM image of rh-ITO NCs obtained by 

size selective precipitation under the identical synthesis conditions as NCs in (a) with [Sn]/[In] = 

0.15. Inset: lattice resolved TEM image of a single NC; the measured d-spacing of 2.89 Å 

correspond to {104} lattice plane of rh-In2O3. (c) Overview TEM image of bcc-ITO NCs 
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obtained in the same reaction as NCs in (b). Inset shows magnified flowerlike clusters resulting 

from the assembly of NCs. (d) Lattice-resolved TEM image of a typical nanoflower. Extended 

lattice fringes indicate the oriented attachment, and the measured lattice spacings of 2.93 Å 

match {222} d-spacing of bcc- In2O3. The average NC sizes are: (a) ~9 nm, (b) ~4.5 nm, (c)~50 

nm, (d)~7.5 nm. 

 

    Typical transmission electron microscopy (TEM) images of In2O3 and ITO NCs synthesized 

under identical conditions are shown in Figure 2.7. In the absence of Sn4+ precursor the 

described synthesis yields only well-dispersed bcc-In2O3 NCs having spherical morphology and 

an average diameter of ca. 9 nm (Figure 2.7a). Parts b and c of Figure 2.7 show fractions of rh-

ITO and bcc-ITO NCs, respectively, isolated from the same batch ([Sn]/[In] = 0.15) by size 

selective precipitation. The small rh-ITO NCs have an average size of about 4.5 nm (Figure 2.7b) 

and corundum crystal structure (Figure 2.7b, inset). Surprisingly, bcc-ITO NCs are isolated as 

flowerlike clusters with relatively  

 

Figure 2.8 Lattice resolved TEM image of a single flower-like cluster assembled from bcc-ITO 

nanocrystals. The cluster is single crystalline, as evidenced from the continuous lattice fringes, 

indicating the oriented attachment of nanocrystals. The measured lattice spacings of 2.93 Å 

correspond to {222} d-spacing of bcc-In2O3. 

 

uniform sizes of ca. 50 nm (Figure 2.7c). Figure 2.7d shows high resolution TEM image of a 

cluster assembled from bcc-ITO NCs. An average size of NCs within the cluster is about 7.5 nm, 

somewhat smaller than the size of free-standing NCs obtained in the absence of Sn4+ precursor. 

This reduction in size is consistent with the inhibition of NC growth in the presence of impurity 

ions. Importantly, lattice fringes in the nanoflower structures are extended over a number of NCs 



 

 31 

and often across the entire cluster (Figure 2.8), indicating a spontaneous alignment and fusion of 

constituent NCs. This observation strongly suggests an oriented attachment of bcc-ITO NCs. 

 

Figure 2.9 TEM images of ITO NCs 5 (a), 10 (b), 20 (c), and 30 min (d) after reaching the final 

reaction temperature (250 °C). The images show temporal evolution of flowerlike clusters from 

NCs. 

 

    Oriented attachment has been associated with attractive van der Waals interactions between 

NCs [47,48]. It has been shown that most NCs possess permanent dipole moment, likely due to 

noncentrosymmetric crystal lattice or anisotropic distribution of localized surface charges [49]. 

The dipole-dipole interactions have been proposed to lead to the oriented attachment of NCs 

along particular crystallographic axes and the formation of one-dimensional nanostructures 

(nanowires) [47,48]. Three-dimensional assembly of bcc-ITO NCs in this work indicates uniform 

NC interactions in all directions.      

    It has been suggested that pure In2O3 NCs can spontaneously undergo oriented attachment at 

the early stages of the growth when they are not well-developed and when there is a diminished 

stabilization by organic ligands (limited ligand protection (LLP) method) [34]. In our work the 

flower-shaped bcc-ITO NC clusters were obtained in the identical way as undoped free-standing 

In2O3 NCs with full ligand protection, and the oriented attachment was observed for larger NCs 

at a more advanced growth stage. The presence of electrolytes has been shown to lead to 

adsorption of ions on In2O3 surfaces, which significantly enhances the surface charge density 
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[50]. ITO NCs were synthesized using SnCl4 ·5H2O as a precursor, which increases the ionic 

strength of the reaction mixture mostly due to the presence of Cl- ions. Adsorption of Cl- ions on 

NC surfaces could lead to lower NC surface coverage by organic molecules (oleylamine), which 

decreases the surface protection and favors the nanoflower cluster formation, as described by 

LLP hypothesis. We note that In2O3 nanoflowers in the work of Narayanaswamy et al [34] were 

obtained using indium acetate (In(Ac)3) which is, similarly to InCl3, an ionic precursor and can 

also cause the surface exchange of protective organic ligands by acetate anions. The charging of 

the NC interfaces by Cl- adsorption could also lead to a local dipole moment formation [49], 

fostering van der Waals interactions and assembly of NCs. 

    To test the influence of ionic strength on the bcc-ITO NC self-assembly due to adsorption of 

chloride ions, we performed the synthesis of In2O3 NCs under the same conditions using InCl3 as 

a precursor. The formation of nanoflowers with essentially the same structure and morphology 

was observed, clearly indicating the role of Cl- ions on the NC assembly. We observed similar 

NC assembly (although to varying degrees) using other ionic precursors, including In(NO3)3, 

suggesting a general role of the ionic strength in NC attachment. Mobility of a NC joining a 

cluster could then allow for its reorientation and the oriented attachment in order to minimize the  

 

Figure 2.10 High resolution TEM image of a single flower-like cluster assembled from bcc-ITO 

nanocrystals. The parallel lattice fringes extend over the entire cluster, confirming an oriented 

attachment. 
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total surface free energy. This process is evident from the high resolution TEM image in Figure 

2.10. We further explored why bcc-ITO NCs undergo oriented attachment while rh-ITO NCs do 

not, by monitoring the evolution of the nanoflower formation (Figure 2.9). At the early stages of  

NC growth the initially formed rh-ITO NCs are well-dispersed (Figure 2.9a). As the reaction 

progresses, NCs grow in size and begin to cluster (Figure 2.9b,c). After 30 min well-defined 

nanoflowers consisting of larger NCs coexist with smaller freestanding NCs (Figure 2.9d). With 

further NC growth, nanoflowers became a prevalent reaction product. The images in Figure 2.9 

demonstrate a direct correlation between NC growth and attachment and are consistent with the 

NC assembly due to increasing adsorption of ions and concurrent displacement of oleylamine 

during NC growth. The dipole moment associated with surface charging has been shown to 

increase linearly with NC size [49], which could also partly explain significantly more 

pronounced aggregation and assembly of larger bcc-ITO NCs compared to smaller rh-ITO NCs. 

On the basis of our control experiments, we conclude that the adsorption of Cl- ions and 

displacement of the protective ligands on the NC surfaces are primarily responsible for 

promoting attractive van der Waals interactions between NCs. The obtained NC flowerlike 

clusters are uniform in size, suggesting homogeneous van der Waals interactions. The formation 

of ITO NCs with different sizes and structures and their isolation from the reaction mixture are 

shown schematically in Figure 2.11. Further studies of the interactions of TCO-NCs, including 

the detailed mechanism of the resulting self-assembly, are currently under way in our laboratory. 

 

Figure 2.11 Schematic illustration of the growth and assembly of ITO NCs. Nanocrystal phase 

separation is based on the difference in NC sizes and their oriented attachment (rh-ITO NCs are 

shown as yellow and bcc-ITO NCs as blue spheres). 

 

2.3.4  Size and Phase Dependence of the Free Electron Concentration in ITO NCs 
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Figure 2.12 (a) Absorption spectra of bcc-ITO (red line) and rh-ITO NCs (blue line), obtained by 

NC size selection from the sample synthesized with the starting precursor concentrations 

corresponding to [Sn]/[In] = 0.10. (b) Band-gap-normalized (adjust to be the same band gap 

absorption) absorption spectra of bcc-ITO NCs isolated from the samples synthesized with 

different precursor concentration ratios ([Sn]/[In]), as indicated in the graph. Inset: maximum 

plasmon band absorbance in near IR region (blue squares) and peak energy position (open red 

squares) as a function of Sn4+ doping concentration. The blue and red lines are the best linear and 

square root fits to the experimental data (eq 2.1 and eq 2.2), respectively. 

 

    To understand the electronic structure and the optical and electrical properties of ITO NCs 

with different crystal structure and composition, we performed absorption spectroscopy studies. 

Figure 2.12a compares the absorption spectra of typical rh- and bcc-ITO NCs. Both spectra 

exhibit a shoulder in the UV region at ca. 260 nm (rh-ITO NCs) or 275 nm (bcc-ITO NCs). 

These transitions are assigned to the interband absorption (band-gap absorption) and are blue-

shifted with respect to bulk and undoped bcc-In2O3 NCs owing to the quantum size [32] or 

Burstein-Moss effect [29]. The onset of the broad featureless band in the near-infrared (NIR) 

region, observed only for bcc-ITO NCs (Figure 2.12a), is of a particular interest in this study. It 
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arises from the resonant excitation of NC plasmons by electromagnetic radiation, which occurs in 

the NIR in the case of bcc-ITO NCs. The interference from the vibrational overtones of solvent 

molecules prevented the clear data collection at lower energies. This plasmon band is associated 

with free electrons in the conduction band and can be quantitatively described by the modified 

Drude-Lorentz theory [25,29], originally developed as a model for the free electron gas in metals 

[51]. Based on this model, the absorption coefficient (α) associated with the free electrons in 

semiconductors is directly proportional to the charge carrier density (N) [51], according to the 

following expression: 

αfree  electrons =
𝑁𝑒2

𝑚 ∗𝜀0𝑛𝑐𝜏𝜔2
                                              (eq 2.1) 

where e is the electron charge, m* is the effective mass of an electron, ε0 is the vacuum 

permittivity, τ is the mean time between two electron scattering events, n is the refractive index 

of undoped semiconductor, and c and ω are the speed and frequency of light, respectively. This 

transition often gives degenerately n-doped oxides a blue color and is, therefore, referred to as the 

blue band. The energy position of the plasmon band is directly proportional to the electron 

plasma frequency (ωp), which has a square root dependence on the free electron concentration: 

𝜔𝑝 =  
𝑁𝑒2

𝑚 ∗𝜀𝑜𝑝𝑡 𝜀0
                                                        (eq 2.2) 

where εopt = n2 is a dielectric constant measured in the transparent region of the spectrum of an 

undoped semiconductor. The plasmon band maxima (solid blue squares) and positions (open red 

squares) in bcc-ITO NC absorption spectra normalized for the band-gap intensity are plotted as a 

function of Sn4+ doping concentration in Figure 2.12b (inset). The absorption intensity increases 

linearly with increasing Sn4+ doping concentration as expected from eq 2.1 (blue line in the inset 

is a linear fit to the experimental data), owing to the corresponding increase in the free electron 

concentration (N). Above the doping concentration of ca. 12 at. % the absorbance declines due to 

electron trapping around Sn4+ doping sites, which decreases the free electron density [24]. The 

plasmon band energy dependence on the Sn4+ doping concentration is also shown in Figure 

2.12b (inset). The plasmon band shifts to shorter wavelengths (higher energies) with increasing 

Sn4+ concentration up to ca. 12 at. %, at which point it reverses the trend. Peak energy positions 

are readily fit to eq 2.2 for Sn4+ doping concentrations below ca. 12 at. % (red line). Based on the 
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representative electronic structure and optical parameter values for bulk bcc-In2O3 (m* = 0.3m0, ε

opt = 4.0) [52,53], the maximum concentration of free electrons in bcc-ITO NCs is determined to 

be ca. 3.3 × 1020 cm-3 (for 12.3 at. % of Sn4+). Both plasmon energy and intensity behaviors are in 

agreement with the Drude predictions for the free electron gas formation in semiconductors. The 

conductivity of ITO NCs in the properly prepared pellets has been shown to follow the same 

trend [28], confirming the correlation between the plasmon band and electrical conductivity, as 

predicted by the Drude model. The conductivity depends, however, on a number of factors, 

including the NC networking, connectivity, and surface terminations, and as such it is a less 

direct method than the optical absorption for determining charge carrier concentration in the case 

of colloidal NCs. 

 

 

Figure 2.13 Schematic representation of the band structure of (a) undoped bcc- and rh-In2O3 

NCs and (b) bcc- and rh-ITO NCs with 12.3 at. % Sn4+. Solid black line denotes donor states (D), 

and the blue area indicates the filled conduction band states in (b). The apparent (“optical”) band 

gap of ITO NCs in (b) is determined by two competing mechanisms: (i) widening due to the 

Burstein-Moss effect, which is dominant for bcc-ITO NCs, and (ii) narrowing due to many-body 

effects, which is dominant for rh-ITO NCs. 
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    Unlike the oriented-attached bcc-ITO NCs, which exhibit a very strong blue band (Figure 

2.12a, red trace), rh-ITO NCs show very little absorption in the NIR region, indicating low 

charge carrier concentration (Figure 2.12a, blue trace). This is consistent with a markedly 

different color of these two parts of the same sample. While bcc-ITO NCs have deep blue color, 

rh-ITO NCs are colorless for all starting concentrations of Sn4+. These results indicate that under 

identical synthesis conditions and for similar doping concentrations Sn4+ dopants lead to much 

higher free electron concentration in bcc-ITO than in rh-ITO NCs. Such a strong dependence of 

the electrical properties may be attributed to different electronic structure of Sn4+ dopants in these 

two structures. Sn4+ ions introduce donor states in In2O3 NCs, and their ability to donate electrons 

to the conduction band is directly related to Sn4+ energy levels relative to the In2O3 NC band gap. 

The position, dispersion, and character of the conduction band determine the characteristics of 

the band structure and, hence, the optoelectrical properties of ITO [54]. As discussed above, the 

size and structure of the bcc- and rh-In2O3 dimorphs are critical for defining these parameters 

[32,46] and, therefore, the relative position of the donor states in given ITO NCs. The direct band 

gap of 3.75 eV has widely been referenced for In2O3. This value has recently been revised to 2.9 

and 3.0 eV for bcc- and rh-In2O3, respectively [55]. It has been suggested that the optical 

transitions from the valence band minimum to the conduction band maximum are dipole moment 

forbidden in bcc-In2O3 due to the symmetry of the cubic bixbyite crystal structure [56]. These 

transitions are not forbidden in rh-In2O3, but the density of states near the bottom of the 

conduction band has been found to be very small compared to typical direct band-gap 

semiconductors [55]. Consequently, the onset of the band-gap absorption appears systematically 

higher in both dimorphs.  

    Figure 2.13 shows a schematic illustration of the electronic structure of undoped bcc- and rh-

In2O3 NCs (Figure 2.13a), and bcc- and rh-ITO NCs (Figure 2.13b), determined from the 

absorption spectra. We defined the apparent band gaps by extrapolating the leading edge of the 

optical absorbance to the baseline of the absorption spectra. The band gap of rh-In2O3 NCs is ca. 

0.3 eV larger than that of bcc-In2O3 NCs due to a strong quantum size effect in sub-5 nm 

diameter rh-In2O3 NCs (Figure 2.13a) [32]. The position of the donor states with respect to the 

conduction band minimum determines the donor activation energy and the concentration of 

electrons in the conduction band. Owing to a larger band gap of rh-In2O3 compared to bcc-In2O3 

NCs, the donor activation energy is significantly higher in rh-ITO NCs, prohibiting any 



 

 38 

appreciable concentration of free electrons in the conduction band (Figure 2.13b). The final 

band-gap energies in ITO NCs shown in Figure 2.13b are the result of the two opposing 

mechanisms: (1) band gap widening due to the Burstein-Moss effect associated with increased 

conduction band occupancy (dominant for bcc-ITO NCs) and (2) band-gap narrowing due to 

many-body interactions, such as electron-electron and electron-ion scattering (dominant for rh-

ITO NCs). Assuming a similar position of the donor states in both dimorph NCs, the donor 

activation energy is estimated to be about 0.3 eV higher in rh-ITO than in bcc-ITO NCs. The 

necessity to simultaneously control charge carrier density and optical transparency therefore 

renders well-designed bcc-ITO NCs favorable building blocks for functional structures and 

devices. 

 

2.4  Conclusions 

    In summary, we reported a comparative study of doping Sn4+ into colloidal In2O3 NCs having 

different crystal structures. We showed that the presence of SnCl4 ·5H2O as the tin precursor 

leads to inhibition of NC growth, causing bimodal size distribution of ITO NCs. This bimodal 

size distribution is accompanied by the bimodal phase, such that NCs below ca. 5 nm in size have 

corundum crystal structure (metastable phase), while larger NCs have cubic bixbyite structure. 

Cubic bixbyite ITO NCs exhibit strong absorption in the NIR region peaking at around 2000 nm. 

This absorption is a result of the resonant plasmon oscillations which arise from the free 

conduction band electrons in bcc-ITO NCs and can be described by the Drude model of the free 

electron gas. This behavior is distinctly different from rh-ITO NCs which do not exhibit a 

significant absorption in the NIR. The difference between the free electron concentrations in bcc- 

and rh-ITO NCs arises from a different electronic structure of the donor states originating from 

Sn4+ in these two NC dimorphs. This difference is associated with significantly larger donor 

activation energy in rh-ITO NCs compared to bcc-ITO NCs. The results in this article emphasize 

an important point that seemingly subtle changes in the size and crystal structure of complex 

oxide NCs cause dramatic difference in their electronic structure and properties. Colloidal 

methods and the size-structure dependence allow for accessibility, precise tuning, and separation 

of different NC phases and therefore a convenient engineering of the electronic structure and 

properties of TCO-NCs as functional building blocks. 
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Chapter 3  Size-Tunable Phosphorescence in Colloidal Metastable γ-Ga2O3 

Nanocrystals 

 

3.1  Introduction 

    The past two decades have seen tremendous advancements in the area of synthesis and 

properties of colloidal nanocrystals (NCs). These advancements have largely been fueled by the 

technological promise of these nanostructures in photonics [1], electronics [2], photovoltaic solar 

cells [3], catalysis [4], and biological imaging [5]. Among different types of colloidal NCs, II–VI 

semiconductor quantum dots have been most widely studied because of their size-tunable optical 

properties associated with quantum confinement effect [6]. This photoluminescence (PL) 

tunability has been particularly attractive for photonic devices, including light emitting diodes 

(LEDs) [1]. The optical studies of wide band gap oxide semiconductor NCs, also known as 

transparent conducting oxide (TCO) NCs, have only recently started to emerge [7-11], motivated 

by their functional properties and inexpensive, environmentally friendly preparation. TCOs such 

as ZnO, SnO2 and In2O3 are transparent in the visible and have high n-type conductivity [12,13], 

which is promising for the next generation optical, electrical, and photovoltaic devices. 

Photoluminescence of TCO-NCs is usually dominated by surface complex formation [7] or 

defect-based deep-level emission [8-10] with a small or negligible contribution from band edge 

UV emission. Developing the methods to control the PL energy and efficiency in these materials 

is, therefore, of significant interest. 

    Gallium oxide (Ga2O3) has one of the largest band gaps among TCOs (Eg ≈ 4.9 eV). It is a 

polymorphic material, exhibiting five different crystal structures (α, β, γ, δ and ε phases) [14]. 

The investigations of Ga2O3 have mainly focused on monoclinic β-phase due to its thermal 

stability [13,15-18]. The other four phases have only been sparingly studied [8,19,20]. Previous 

studies of PL of β-Ga2O3 have indicated ultraviolet (UV) and blue emission upon the band gap 

excitation, depending on the preparation conditions and a post synthetic treatment [15-18]. UV 

emission has been attributed to the recombination of a self-trapped exciton, and is mostly 

independent of the sample treatment [15,18]. The blue emission arises from the recombination of 

an electron trapped on a donor (oxygen vacancy, V
x 

O) and a hole trapped on an acceptor (gallium-

oxygen vacancy pair, (VO, VGa)
x) [15,16]. The large Stokes shift of the blue luminescence 
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suggests the localized nature of recombining electrons and holes. This emission, known as the 

donor-acceptor pair (DAP) recombination, is strongly correlated with the n-type electrical 

conductivity, indicating that the corresponding donor states are rather shallow [13,15,16]. 

Metastable γ-Ga2O3 has a defective spinel-type structure (Fd3m space group), which is similar to 

γ-phase Al2O3, with Ga3+ ions occupying the octahedral (Oh) and tetrahedral (Td) sites 

(Ga3+(Td)/Ga3+(Oh) ≈ 0.6) [20]. 

    In this chapter, I report the synthesis of truly colloidal γ-Ga2O3 nanocrystals (NCs) and, for the 

first time, demonstrate size-tunable PL in Ga2O3. The observed PL is dominated by associated 

donor-acceptor pair recombination and has a lifetime of several milliseconds. This electron-hole 

recombination between charged defect sites acting as donors and acceptors is strongly influenced 

by Coulombic interactions and, as such, is dependent on their separation. These results allow for 

predictable tuning of the optical properties of Ga2O3 and demonstrate the possibility of 

manipulating the localized defect interactions through NC size. Also, we demonstrate in-situ 

chemical control and optimization of the DAP emission of colloidal γ-Ga2O3 NCs by controlling 

the internal defect formation in the solution phase. The presence of an oxidizing agent reduces 

the PL intensity, while the presence of a reducing agent enhances the PL intensity by determining 

the concentration of oxygen vacancies in NCs. The concentration of the oxygen vacancies can 

also be controlled by kinetic annealing of NCs in solution. Owing to the chemical control of 

defect-induced PL and conductivity, colloidal Ga2O3 NCs have the potential to be used as 

building blocks in opto-electonics, sensors and catalysis.  

 

3.2  Experimental Section 

3.2.1  Materials  

    All reagents and solvents used for the synthesis of Ga2O3 nanocrystals are commercially 

available. Gallium acetylacetonate (99.99 %) was purchased from Strem Chemicals. Oleylamine 

(70 %) and tri-n-octylphosphine oxide (90 %) were purchased from Aldrich Chemical Co. 

Toluene (99.98 %, EMD Chemicals), hexanes (99.9 %, Fischer Scientific) and absolute ethanol 

were all used as received. All gasses (compressed argon (>99 %, impurity H2O, N2, O2), oxygen 

(high purity, grade 4.3, 99.993%) and hydrogen (high purity, grade 5.0, 99.999%) were purchased 

from Praxair. 
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3.2.2  Synthesis of Ga2O3 Nanocrystals 

The size-controlled synthesis of colloidal γ-Ga2O3 NCs was performed in oleylamine (OA) as a 

coordinating solvent. In a 100 mL flask 0.5 g of gallium acetylacetonate (Ga(acac)3) was mixed 

with 7.0 g of OA, and the temperature of the mixture was raised to 80 °C. After Ga(acac)3 was 

fully dissolved, the solution was degassed and heated to 200-310 °C at the average rate of 3 °C/ 

min while continuously stirring under a flow of argon. This reaction mixture was refluxed at the 

desired temperature for 7 h. The NCs were then precipitated with an equal volume of ethanol and 

centrifuged at 3000 rpm for 5 min. The obtained white powder was washed 3 times with ethanol 

followed by centrifugation. Finally, NCs were capped with tri-n-octylphosphine oxide (TOPO) 

and dispersed in hexane or toluene. The average size can be tuned by growth temperature from 

3.3 ± 0.5 nm (at 200 °C) to 6.0 ± 1.1 nm (at 310 °C). 

3.2.3  Measurements and Data Analysis 

    The crystallization and phase of the nanocrystals were analyzed by X-ray diffraction (XRD). 

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

detector, utilizing monochromatic Cu Kα1 radiation (λ=1.5406 Å).  

    Transmission electron microscopy (TEM) images were obtained on FEI Titan 80-300 Cryo-In-

situ microscope operating at 300 kV. The specimens were prepared by dropping dilute colloidal 

suspensions of NCs in toluene on copper grids (300 mesh) with lacey formvar/carbon support 

films purchased from Ted Pella, Inc. The absorption spectra of γ-Ga2O3 NCs dispersed in hexane 

were collected with a Varian Cary 5000 UV-vis-NIR spectrophotometer. Quartz cuvettes 

(Spectrosil, Starna Cells Inc.) having the transparency range 170-2700 nm and the standard 1 cm 

optical path length were used for collecting the absorption spectra.  

    Photoluminescence measurements were recorded with a Varian Cary Eclipse Fluorescence 

Spectrophotometer. For delayed photoluminescence spectra the samples were excited at the 

maximum of the excitation band with pulsed Xenon flash lamp and the emission intensity at each 

point in a spectrum was recorded 2 ms after the excitation. The total decay time for each data 

point before the sample was excited again was 0.02 s. The time-resolved data were collected 

upon excitation of nanocrystals into the band gap using a Xenon flash lamp. The data points were 

collected at the peak of the low-energy component (delayed photoluminescence spectra) with the 

initial delay of 3 μs and the data collection time (gate time) of 1 μs for each point. 

    For a direct comparison of PL intensities under different atmosphere, the concentrations of 
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colloidal NCs in hexane were adjusted to exhibit absorption of 0.1 at 230 nm. For the delayed PL 

measurements, the samples were excited at 230 nm with a pulsed Xenon flash lamp, and the 

emission intensity at each point was recorded with various delay times (0.1, 0.2, 0.5 and 1ms) 

after excitation. Relative quantum yields of γ-Ga2O3 NC samples were calculated using quinine 

bisulfate (QBS) as the reference substance. A solution of QBS was prepared in 1 N H2SO4 as 

previously reported [23]. The quantum yield of QBS under these conditions was determined to be 

0.55. 

 

3.3  Results and Discussion 

3.3.1  Sample Characterization 

 

Figure 3.1 (a) TEM image of 6.0 ± 1.1 nm Ga2O3 NCs synthesized at 310 °C. Insets: (Top) High 

resolution TEM image of a single NC (scale bar, 5 nm). Lattice spacings match (311) d-spacing 

of cubic Ga2O3. (Bottom) Photograph of a NC colloidal suspension. (b) XRD patterns of Ga2O3 

NCs prepared at different temperatures. Black lines: XRD of bulk cubic Ga2O3. 

 

    A transmission electron microscopy (TEM) image of typical NCs synthesized at 310 °C is 

shown in Figure 3.1a. The NCs have quasispherical morphology with an average size of 6.0 ± 

1.1 nm (Figures 3.2, 3.3), and form clear colorless suspensions in nonpolar organic solvents 

(Figure 3.1a, bottom inset). These NCs are highly crystalline and have a cubic crystal structure 

(γ-Ga2O3), as evident from the high resolution TEM image (Figure 3.1a, top inset) and X-ray 

diffraction (XRD) pattern (Figure 3.1b, red). The broadening of XRD peaks increases for NCs 

synthesized at lower reaction temperatures due to a decrease in average NC sizes (Figure 3.1b). 

We have recently shown that metastable phases of TCOs can be spontaneously stabilized with 

high selectivity in colloidal NCs by controlling their sizes and growth kinetics, owing to the 

surface energy and surface stress contributions [2,13]. The formation of γ-Ga2O3 NCs 
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demonstrates the generality of that process and indicates that the size-structure correlation in 

colloidal syntheses leads to a high degree of structural selectivity and phase purity even for 

materials that exhibit several allotropic modifications. 

 

Figure 3.2 Overview TEM image of γ-Ga2O3 nanocrystals synthesized at 310 °C as described. 

Inset: Nanocrystal size distribution; the distribution was determined from TEM images by 

measuring the diameters of ca. 200 nanocrystals. The average nanocrystal size was determined to 

be 6.0 ± 1.1 nm. 

 

3.3.2  Tunable Luminescence of γ-Ga2O3 Nanocrystals 

    The absorption spectra of the series of γ-Ga2O3 NCs are nearly identical (Figure 3.4) 

indicating the negligible effect of quantum confinement in the studied size range, contrary  

to some previous suggestions [11]. This is expected based on the large effective mass of electrons 

(me ≈ 0.34m0) and tight exciton binding in Ga2O3 [12]. Figure 3.5a shows PL spectra of γ-

Ga2O3 NCs ranging in diameters from 3.3 to 6.0 nm, excited in the conduction band. The 

syntheses resulted in NCs which are strongly emissive from near-UV to blue, with an average 

quantum yield of 23%. The observed PL is size tunable, and the spectra exhibit a significant red 

shift with increasing NC size. The large Stokes shifts (Figure 3.6) indicate a localized nature of 

recombining electrons and holes. A photograph of 3.3 and 6.0 nm diameter NC samples (Figure 

3.5b) qualitatively illustrates the intensity and size dependence of the emitted light. These data, 

together with the PL spectra of bulk β-Ga2O3 (Figure 3.7), indicate that both size and structure 

play a key role in defining the properties of Ga2O3.   Optical excitation of β-Ga2O3 through the 
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Figure 3.3 TEM images (left panels) and size distribution diagrams (right panels) of γ-Ga2O3 

nanocrystals synthesized at different temperatures: (a)200 °C, (b)220 °C, (c)250 °C, (d)280 °C. 

The size distributions were determined from high resolution TEM images by measuring ca. 200 

nanocrystals. Scale bars in TEM images are 50 nm. The average nanocrystal sizes are: (a) 3.3 ± 

0.5, (b) 4.2 ± 0.9, (c) 5.1 ± 1.1, and (d) 5.5 ± 1.2 nm. Inset in (a) shows high resolution image of 

a single nanocrystal (scale bar, 5 nm). 

 

band gap usually results in two different emission components, UV (high-energy) and blue (low-

energy). UV emission has been attributed to the recombination of a self-trapped exciton, while 

the blue emission arises from the tunnel recombination of an electron on a donor with a hole on 

an acceptor, where the donor is an oxygen vacancy (V
 X 

O ) and the acceptor could be either a 

gallium ion vacancy (VGa′′′) or a pair of charged vacancies ((VO,VGa)′) [10]. The dominant blue 
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Figure 3.4 Absorption (solid lines) and excitation (dashed lines) spectra for a series of γ-Ga2O3 

nanocrystals. The average NC sizes are shown in the graph. The band edge energies are 

essentially unchanged for all samples indicating negligible effect of quantum confinement in 

Ga2O3 in the studied size range. 

 

 

Figure 3.5 (a) 300 K PL spectra of γ-Ga2O3 NCs ranging from 3.3 to 6.0 nm excited with λ = 250 

nm. (b) Photograph of colloidal 3.3 and 6.0 nm γ-Ga2O3 NCs illuminated with 250 nm UV light. 
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Figure 3.6 Absorption and photoluminescence spectra of 6.0 nm γ-Ga2O3 nanocrystals showing 

large Stokes shift consistent with the localized nature of the observed photoluminescence. 

 

 

Figure 3.7 Photoluminescence spectra of bulk β-Ga2O3 powder (black trace) and 6.0 nm γ-Ga2O3 

nanocrystals (red trace). The blue shift of the photoluminescence of bulk β-Ga2O3, which is 

opposite from the shifts observed for increasing sizes of γ-Ga2O3 nanocrystals (Figure 3.5a), may 

be attributed to the difference in the structure and energy levels of internal defects in β-Ga2O3 

(bulk) and in γ-Ga2O3 (nanocrystals). 

 

emission has a much longer lifetime [4] and can be distinguished by delayed PL measurements. 

Figure 3.8a shows the PL spectra of γ-Ga2O3 NCs 2 ms after excitation. For delay times t > 100 

μs after excitation, the high-energy component vanishes (the half-life has been suggested to be ca. 

30 ns in β-Ga2O3) [4], and the low energy component remains as phosphorescence. This 

afterglow persists for several milliseconds upon the initial excitation. The decay dynamics of this 

feature was studied for different NC sizes using time-resolved PL (Figure 3.8b). The decay 

curves cannot be fit accurately to either single or biexponential functions, suggesting that the 

decay dynamics is not driven by the transition probability of the recombination centers. 

Importantly, the decay rate is strongly size dependent and increases with decreasing NC size. The 

half-lives for 3.3, 4.2, and 6.0 nm NCs are determined to be 4.66, 4.90, and 5.67 μs, respectively. 

This phenomenon has not been previously reported due to the unavailability of colloidal NCs 

with controlled sizes and size distributions. 

    Both steady-state and time-resolved PL results can be considered in the context of the 

associated donor-acceptor pair (DAP) model [14]. According to this model an electron excited 

into the conduction band is trapped by a donor (in this case an oxygen vacancy). The first step in 

the relaxation process is a tunnel transfer of the electron from the donor to an acceptor to form a 
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trapped exciton. This step is followed by recombination of the  

 

Figure 3.8 (a) Delayed PL spectra of γ-Ga2O3 NCs having different sizes, collected 2 ms after 

excitation into band gap. (b) Phosphorescence decay dynamics of γ-Ga2O3 NCs in (a). The 

samples were excited at 250 nm and measured at maximum of the phosphorescence peak. 

 

exciton at the acceptor site. The energy of emitted light is determined by the Coulombic 

interactions between ionized donors and acceptors and can be expressed as: 

𝐸 = 𝐸𝑔 −  𝐸𝑑 + 𝐸𝑎 + 𝐸𝐶 ± 𝑛𝐸𝑝ℎ𝑜𝑛𝑜𝑛  (eq 3.1) 

where Eg is the band gap energy, Ed and Ea are the donor and acceptor binding energies, 

respectively, EC = e2/4πεr is the Coulombic interaction term, and Ephonon represents the energies of 

phonons involved in the radiative transitions. The average donor-acceptor separation (r) 

decreases with decreasing NC size leading to an increase in the emission energy. Assuming that 

Ed and Ea are size independent, r is estimated to be within an order of magnitude larger in 6.0 

than in 3.3 nm NCs. The emission intensity arising from donor-acceptor recombination at time t 

depends on the concentration of the majority defects, in this case donors, and the recombination 

probability for a donor-acceptor pair with separation r[14]. 
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Figure 3.9 Calculated phosphorescence decay curves (black lines) for γ-Ga2O3 NCs with the 

diameters of 6.0 (red dots), 4.2 (green dots) and 3.3 nm (blue dots) using DAP model. 

 

    Shortening of the phosphorescence lifetime with decreasing NC size is therefore also 

associated with reduced distances between donors and acceptors. The calculated 

phosphorescence decay curves using modified DAP model are in very good agreement with the 

experimental data for different NC sizes (Figure 3.9) [14]. Taken together these data suggest that 

a decrease in r with decreasing NC size is a consequence of the higher concentration of point 

defects and smaller domain volumes. A higher defect concentration may be caused by a lower 

synthesis temperature and possibly a greater propensity for defect formation in NCs with higher 

surface areas. 

 

3.3.3  In situ Tuning of the Blue Photoluminescence of Colloidal Ga2O3 Nanocrystals 

Absorption and PL spectra of colloidal γ-Ga2O3 NCs synthesized in Ar atmosphere for different 

durations of time at 220 °C are shown in Figure 3.10a. The PL spectra correspond to the same 

concentrations of the NC suspensions, as evidenced from the identical absorption spectra. These  

 

Figure 3.10 (a) Absorption and PL spectra of Ga2O3 NCs synthesized at 220 °C for 1 (red), 7 

(green) and 30 h (blue). Inset: Delayed PL spectra of NCs prepared in 30 h synthesis, collected at 

different delay times upon excitation, as indicated in the graph. The samples were excited at 230 

nm for the PL measurements. (b, c) TEM image (b) and the corresponding size distribution 

histogram (c) of Ga2O3 NCs synthesized for 1 h at 220 °C. 
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PL spectra exhibit large Stokes shifts and show a broad blue emission with a maximum around 

430–440 nm. This emission band can be assigned to the associated DAP recombination 

involving a few nearby pairs of V
x 

O  and (VO, VGa)
x [8,15]. The PL intensity decreases with 

increasing synthesis time, falling by over 40 % for 30 h relative to 1 h reaction. Concurrently 

with the decrease in intensity the centre of gravity of PL bands experiences small but observable 

shifts to lower energies (ca. 430 nm for 1 h vs. 438 nm for 30 h). 

Delayed PL spectra of NCs prepared in 30 h synthesis are shown in the inset of Figure 3.10a. 

The emission intensity decreases with increasing delay time, but the spectra can be recorded even 

after 1 ms upon excitation. To study the effect of NC size on the blue emission in Ga2O3 NCs we 

examined the samples prepared at different temperatures by transmission electron microscopy 

(TEM). The average NC size for the sample synthesized for 1 h at 220 °C is 4.2 ± 0.6 nm (Figure 

3.10b and c). The NC sizes and their distributions experience negligible changes for different 

reaction times (Figure 3.11), indicating that NC growth reaches the equilibrium point after less 

than 1 h of heating. The nanocrystals have γ-Ga2O3 crystal structure (Figure 3.12) and their sizes 

are predominantly determined by the reaction temperature rather than synthesis time. 
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Figure 3.11 TEM images (left) and size distribution histograms (right) of γ-Ga2O3 NCs 

synthesized at 220 °C for (a) 1, (b) 7 and (c) 30 hours. The average NC sizes are indicated in the 

figure. The data demonstrate negligible change in the average NC size with increasing heating 

time. Average size: (a)4.2 ± 0.6 nm, (b) 4.2 ± 0.6 nm, (c) 4.3 ± 0.7 nm. 

 

    Clearly, the observed emission intensity dependence on the synthesis duration cannot arise 

from a simple change in the NC size. Instead, this dependence can be explained by the defect 

formation in the NCs. With a prolonged heating time at elevated temperatures the NCs undergo 

kinetic annealing in solution, leading to a lower concentration of structural defects and a decrease 

in the PL intensity. Furthermore, the defect concentration determines the average separation 

between oppositely charged donor and acceptor vacancy sites. Coulombic term contribution to 

the PL energy is inversely proportional to the separation between donor and acceptor sites (EC = 

e2/4πεr, where e is the electron charge, ε is the absolute permittivity of material (dielectric 

constant) and r is the donor-acceptor separation) [8,21], leading to a slight shift of PL bands to 

lower energies for kinetically annealed NCs having a low defect concentration. Given the 

statistical removal of defects (donor and acceptor sites) in NCs during solution phase annealing, 

the red shift of the PL band, due to an increase in the average defect separation, is less 

pronounced than the decrease in the PL intensity. 

 

Figure 3.12 XRD patterns of γ-Ga2O3 NCs synthesized at 220 °C in argon flow for different 

durations, as indicated in the graph. The vertical red lines represent the XRD pattern of bulk γ-

Ga2O3 NCs (JCPDS 20-0426). The stars indicate the peaks from Al sample holder. 

 

    Similar growth behaviour and size distribution is also observed for larger NCs synthesized at 

310 °C. The average NC size at this temperature is 6.0 ± 1.1 nm. Steady state and delayed PL 
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spectra of Ga2O3 NCs synthesized for 1, 7 and 30 h at 310 °C are shown in Figure 3.13. The PL 

maxima are observed between 450 and 460 nm and decrease in intensity with increasing heating 

time, similarly to the samples prepared at 220 °C. The integrated PL band intensities for different 

synthesis durations are plotted in Figure 3.14a. The PL intensity decreases more sharply for the 

higher reaction temperature. The integrated delayed PL intensities are plotted as a function of 

delay time in Figure 3.14b. The nanocrystals prepared at 220 °C decay at a significantly faster 

rate, indicating the smaller average separation between donor and acceptor sites, and therefore a 

stronger wavefunction overlap. Taken together, the data in Figure 3.14 confirm kinetic annealing 

of the functional defects in colloidal TCO-NCs in solution, and the temperature control of the 

defect separation responsible for PL. 

 

Figure 3.13 (a) PL spectra of Ga2O3 NCs synthesized at 310 °C for 1 (red), 7 (green) and 30 

hours (blue). The spectra correspond to the same NC concentrations as those in Figure 3.10a. (b) 

Delayed PL spectra of the same NCs prepared for 1 hour, obtained 0.1 (red), 0.2 (olive), 0.5 

(green) and 1.0 ms (blue) upon excitation with 230 nm pulse. 

 

 

Figure 3.14 (a) Integrated PL intensity of colloidal Ga2O3 NCs as a function of the synthesis time 

at 220 and 310 °C. The data correspond to the same NC concentrations. (b) Delayed PL intensity 

dependence on the delay times for NCs synthesized for 1 h at 220 and 310 °C. 
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    In order to make these materials broadly applicable for photonic technologies, and to further 

understand the mechanism of the blue emission, it is critical to expand the methods for the 

optimization of PL properties by in situ control of the defect formation in NCs in solution. 

Compared to semiconductor quantum dots, for which the quantum efficiency can be controlled 

by surface coating [22], enhancing defect-related PL requires the ability to impact the NC 

structure and stoichiometry in solution. Given the nature of the defects responsible for PL in 

Ga2O3 NCs (oxygen vacancies) we hypothesized that a reducing environment could lower the 

amount of oxygen in the reaction mixture and enhance the concentration of oxygen vacancies. To 

test this hypothesis we prepared Ga2O3 NCs in a hydrogen-rich environment. Figure 3.15a shows 

PL spectra of colloidal γ-Ga2O3 NCs synthesized at 220 °C for 1, 7 and 30 h in a controlled flow 

of a mixture H2/Ar (H2/Ar=3:7 flow ratio). Similarly to the synthesis in 99% argon, the PL 

intensity decreases with increasing synthesis times. However, the recorded PL bands have 

notably higher intensities and are slightly blue-shifted compared to those for NCs synthesized for 

the same amounts of time in Ar. Both of these effects indicate higher concentration of oxygen 

vacancies (vide supra). To confirm the origin of the change in PL we performed the same 

reaction in an oxidizing environment using a mixture of O2/Ar as an oxidizing agent (Figure 

3.15b). The spectra obtained for the same concentration of NCs, prepared at the same 

temperatures and having the same sizes have lower intensities than the analogous spectra of NCs 

prepared in Ar/H2 or Ar. The preparation in oxygen-rich environment reduces the concentration 

of oxygen vacancy sites, leading to a significant decrease in PL intensity. Furthermore, 30 h 

solution-phase annealing in oxidizing conditions (Figure 3.15b, blue line) leads to a notable red 

shift of the PL band attesting to a pronounced increase in the average donor-acceptor separation. 

The results for the PL intensity of NCs prepared in different environments are summarized in 

Figure 3.15c. 
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Figure 3.15 (a, b) PL spectra of Ga2O3 NCs prepared for different durations in H2/Ar (a) and 

O2/Ar mixtures (b). (c, d) Integrated PL intensity of colloidal Ga2O3 NCs as a function of 

synthesis time in different chemical environments at 220 °C (c), and 310 °C (d). The data 

correspond to the same NC concentrations. 

 

    The synthesis of Ga2O3 NCs for 1 h in a mildly reducing environment of H2/Ar enhances the 

PL quantum yield by up to 15 %, while the synthesis in an oxidizing environment reduces it by 

over 40 %. The quantum yield of the NCs synthesized in H2/Ar flow for 1 h is determined to be 

ca. 30 %. This value is among the highest reported quantum yields for TCO-NCs [10]. The 

decrease in PL intensity by oxidation is much larger than its increase by reduction, suggesting 

relatively high concentration of the oxygen vacancies in these NCs. Consequently, the saturation 

of the existing oxygen vacancies is more favourable than the formation of the new ones. The 

measured PL intensity after 30 h reaction in O2/Ar is only 7.4 % of that after 1h. Similar results 

are obtained for NCs prepared at 310 °C (Figure 3.15d), confirming the same trends and 

establishing the dependence of PL on NC size, synthesis temperature and the chemical 

environment. 

3.4  Conclusions 

    In this chapter we reported the first size-controlled synthesis of colloidal γ-Ga2O3 NCs and 

demonstrated size tunable PL from UV to blue. The NCs exhibit long lifetime phosphorescence 

arising from donor-acceptor pair recombination. The size controlled synthesis of colloidal γ-
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Ga2O3 NCs enables the manipulation of their optical properties by tuning the interactions of 

localized defects. These defects are also responsible for electrical conductivity, and the ability to 

tune their optical properties is very promising for application in multifunctional optoelectronic 

materials and devices. 

    Also, we demonstrated in situ control of the native defect formation in colloidal NCs in 

solution, and chemical manipulation of the optical properties of NCs that are not subject to 

quantum size effects. We anticipate that stronger reducing agents, which can be used in higher 

concentrations under described conditions, could lead to further increase in NC emission. In a 

broader context, the results of this work suggest a possibility of introducing and manipulating 

new properties of colloidal NCs by solution-phase control of the formation of internal structural 

defects. 
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Chapter 4  Size-Dependent Electron Transfer and Trapping in Strongly 

Luminescent Colloidal Gallium Oxide Nanocrystals 

 

4.1  Introduction 
    The interest in transparent conducting oxides (TCOs) partly stems from their transparency to 

visible light coupled with high electrical conductivity [1-5],  size-dependent properties [6-9], 

chemical stability, and structural versatility [10-12]. Furthermore, these materials are largely 

environmentally benign, and can be prepared by simple solution- or gas-phase methods. 

Imparting new functional properties into TCO nanostructures can lead to improved understanding 

of the structure-property and property-property correlations in the solid state, and holds promise 

for the development of new technological applications [13-17]. One of the approaches to 

expanding the degrees of freedom in inorganic nanostructures is through the controlled formation 

and manipulation of defects. While incorporation of dopant ions into nanostructures has been a 

hotly pursued topic in the past decade [18,19], much less is understood about the formation of 

native defects and their role in defining and controlling functional properties. This is particularly 

true for colloidal nanocrystals (NCs) prepared by solution methods. 

    One of the ubiquitously important functionalities is the emission of light. Transparent 

materials combining high electrical conductivity and strong luminescence can be very promising 

for many technologies, including photonics, optoelectronics, and chemical and biological sensors. 

Photoluminescence (PL) of TCOs generally consists of a combination of the band edge emission 

(usually in UV) and a deep level emission (usually in the visible range) [9,20-22]. Deep level 

emission is characterized by a significant Stokes shift when TCOs are excited into the band gap 

and is associated with localized intra-band gap defect states [6,9,20-22]. Although PL of various 

colloidal TCO NCs has been measured, the quantum yields of these suspensions are usually 

relatively weak and/or difficult to control [9,21,22]. Gallium oxide has a band gap of ca. 4.9 eV 

and exists in five different allotropic modifications (α, β, γ, δ, and ε phases) [12,23]. Monoclinic 

β phase is stable at room temperature [12] and thus the investigations of the structure and optical 

properties of this TCO have mostly focused on β-Ga2O3 [24-30]. All other polymorphs have 

rarely been studied [6,12,23,31-33]. Metastable γ-Ga2O3 has a defective spinel structure (Fd3m) 

in which Ga3+ ions occupy octahedral and tetrahedral sites [23,32]. Unlike normal spinel-
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structure stoichiometry (hypothetically, it should be Ga3O4), in γ-Ga2O3, among every 18 cationic 

sites, two sites are vacant in order to retain charge neutrality [32]. Previous studies have 

suggested that spinel γ-Ga2O3 type lattice contains vacancies on both cation and anion sites [34]. 

    We have reported [6,35] the first synthesis of colloidal γ- Ga2O3 NCs with long lifetime size- 

and composition-tunable blue-green PL. This PL has been associated with the recombination of 

an electron bound to a donor, and a hole bound to an acceptor, and is known as the donor-

acceptor pair (DAP) emission [36,37] (Figure 4.1a). Although the exact nature of the localized 

donor and acceptor sites has been debated over the years, it is widely considered that the donor is 

an oxygen vacancy (V
x 

o ), and the acceptor is a gallium-oxygen vacancy pair ((VO, VGa)
x) 

[25,27,28]. Upon the excitation of Ga2O3 NCs into the band gap, a hole on an acceptor and an 

electron on a donor are recreated, giving  

 

Figure 4.1 (a) Schematic representation of the DAP recombination mechanism, involving a 

transfer of an electron trapped on a donor (D) to an acceptor (A) site (kDAP), at which the 

recombination occurs. Detrapping of an electron from a donor to the conduction band (kD) and a 

hole from an acceptor to the valence band (kA) is also indicated. (b) The configuration coordinate 

diagram showing the exciton recombination on an acceptor site, involving strong coupling to 

lattice vibrations. The equilibrium value of a lattice coordinate changes between the excited (S*) 

and ground states (S), leading to large wave function overlap for a transition to a high vibronic 

state and contributing to broadening of the PL band. 

 

rise to the blue emission, according to the following equation: 

(𝑉𝑜 , 𝑉𝐺𝑎 )𝑥 + 𝑉𝑜
𝑥 →  𝑉𝑜 , 𝑉𝐺𝑎  ′ + 𝑉𝑜

∎ + ℎ𝑣                                (eq 4.1) 

    The energy of the DAP emission can be calculated based on the Ga2O3 NC band gap energy 

(Eg), donor and acceptor binding (ionization) energies (ED and EA, respectively), and Coulombic 

attraction between the charged donor and acceptor sites using the following equation: 

𝐸 = 𝐸𝑔 −  𝐸𝐷 + 𝐸𝐴 +
𝑒2

4𝜋𝜀𝑟
± 𝑛𝐸𝑝ℎ𝑜𝑛𝑜𝑛                                  (eq 4.2) 
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Coulombic interaction term (EC = e2/4πεr), which depends on the average separation (r) between 

donor and acceptor sites in NC lattice, has been identified as a possible origin of the size 

dependent PL energy and decay dynamics [6]. The blue PL band in Ga2O3 is broad and shows no 

discrete DAP lines, which is associated with a strong phonon coupling (Figure 4.1b) or a wide 

distribution of donor and acceptor states [36,38]. A detailed understanding of the mechanism of 

DAP recombination and the role of NC size and surfaces in defining PL properties could provide 

a guideline for manipulating PL in oxide nanostructures by engineering of native defects and 

their interactions. 

    In this chapter, I report the studies of the DAP recombination mechanism in colloidal γ-Ga2O3 

NCs. The photoluminescence of a series of NC sizes was investigated at different temperatures 

(5-300 K) in steady-state and time-dependent modes. The NCs were also subjected to thermal 

and chemical treatments to examine the influence of the crystal structure, defect concentration, 

and surface modification on the PL efficiency and dynamics. The origin of the emission is 

confirmed to be the DAP recombination in both stable (β) and metastable (γ) phase, with the 

presence of vacancy defect sites and their separation playing a key role in determining the 

emission energy and decay. The binding energy of the donor and acceptor levels also shows size 

dependence, and increases with decreasing NC size. Importantly, the DAP PL can be effectively 

influenced by capping ligands on the NC surfaces. The competitive trapping of the 

photogenerated valence band holes by the acceptor sites and surface defects (OH-or O2-) 

determines the quantum yield of the DAP recombination. The removal of the surface defect sites 

by dodecylamine and tri-n-octylphosphine oxide is shown to enhance the blue emission. The 

choice of the NC size and post-synthesis physical and chemical treatment can be used to control 

and enhance the blue DAP PL. 

 

4.2  Experimental Section 
 

4.2.1  Materials 

    All chemicals were used as received. Gallium acetylacetonate (Ga(acac)3; 99.99 %) was 

purchased from Strem Chemicals, oleylamine (70 %) and tri-n-octylphosphine oxide (TOPO; 

90 %) from Sigma-Aldrich, and 1-dodecylamine (DDA; 98 %) from Alfa Aesar. 

 



 

 58 

4.2.2  Synthesis of Ga2O3 Nanocrystals 

    The detailed experimental procedure for the synthesis of γ-Ga2O3 NCs was described in one of 

our previous paper [6]. All reactions were carried out under argon protection. Nanocrystals 

having the average sizes of 3.3 ± 0.5, 4.2 ± 0.9, and 6.0 ± 1.0 nm were synthesized at 200, 220, 

and 310 °C, respectively. In a typical synthesis Ga(acac)3 (0.5 g) was mixed in a round bottom 

flask with oleylamine (7.0 g) and stirred under argon at ca. 80 °C until the precursor was fully 

dissolved. The solution was degassed and heated to a desired reaction temperature at the rate of 

ca. 3 °C/min. The reaction mixture was subsequently refluxed at the final synthesis temperature 

for 1 h. The resulting suspension was cooled to room temperature, precipitated, and washed three 

times with ethanol. The obtained powders were added to molten TOPO and heated for 1 h at 

90 °C. The TOPO-capped NCs were then precipitated and washed with ethanol. The white 

powders were finally dispersed in hexane. To test the effect of NC surface structure on the PL 

properties, we performed the heating of NC powders in TOPO and DDA at 90 °C for different 

amounts of time (1, 2, 4, and 24 h) [39]. The obtained surface-capped NCs were precipitated with 

ethanol and dispersed in hexane. 

    The annealing of the samples was done in Lindberg heavy-duty box furnace in air. As-

synthesized NC samples were split in four parts, three of which were annealed at different 

temperatures (500, 800, and 1200 °C) for 2 h. One part was left untreated as a control. 

 

4.2.3  Measurements and Data Analysis 

    Nanocrystals were characterized by powder X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and optical absorption and FTIR spectroscopy. XRD patterns were collected 

with INEL powder diffractometer equipped with a position-sensitive detector, using 

monochromatic Cu Kα1 radiation. TEM imaging was performed with a JEOL-2010F microscope, 

operating at 200 kV. The specimens for TEM measurements were prepared by dropping dilute 

suspensions of colloidal NCs in toluene on copper grids with lacey Formvar/carbon support films 

(Ted Pella, Inc.). The absorption spectra were collected with a Varian Cary 5000 UV-vis-NIR 

spectrophotometer. For the direct comparison of PL intensities, the concentrations of colloidal 

samples were adjusted to exhibit absorption of 0.1 at 230 nm. The FTIR spectra were measured 

with Bruker Tensor 27 spectrometer. The sample powders were dried in a fume hood for 2 days 

before taking IR measurements. The same amounts of sample and KBr were used for the 
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preparation of the pallets for FTIR measurements. 

    PL spectra were recorded with a Varian Cary Eclipse fluorescence spectrometer. For time-

dependent PL measurements, the samples were excited at 230 nm with a Xenon flash lamp and 

the emission intensity was recorded at the maximum of the PL band after different delay times. 

For variable temperature PL measurements the samples were deposited on high quality quartz 

substrates by drop-casting the colloidal suspensions of NCs in hexane. The substrates were then 

mounted in a liquid helium cryostat (Optistat CF, Oxford Instruments), which was placed in the 

PL spectrometer such that the excitation beam is oriented 45 degrees with respect to the substrate 

normal. We performed PL measurements in the temperature range from 5 to 300 K. 

 

4.3  Results and Discussion 
 

4.3.1  Sample characterization 

 

 

Figure 4.2 XRD patterns of Ga2O3 NCs, as-synthesized and upon annealing at different 

temperatures (as indicated in the graph). Vertical red and blue lines indicate the XRD patterns of 

bulk γ-Ga2O3 (JCPDS 20-0426) and β-Ga2O3 (JCPDS 43-1012), respectively. The peaks arising 

from the Al sample holder are indicated with vertical orange lines. 

 

    Figure 4.2 shows XRD patterns of Ga2O3 NCs synthesized at 220 °C upon annealing at 

different temperatures (500, 800, and 1200 °C) for 2 h. The XRD pattern of originally 
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synthesized NCs (red trace) is well matched to that of γ-Ga2O3 having cubic crystal structure 

(vertical red lines, JCPDS 20-0426). These NCs have quasi spherical shape and uniform sizes, as 

previously documented. After annealing at 500 °C (olive trace) the XRD peaks become narrower 

and more pronounced, indicating an increase in the average NC size due to their aggregation and 

ripening. By annealing at 800 °C (green trace) the NCs undergo phase transformation to 

monoclinic β-Ga2O3 (vertical blue lines, JCPDS 43-1012), concurrently with a further increase in 

the grain sizes. It has been reported that nanostructured γ-Ga2O3 transforms into β-phase between 

600 and 700 °C [40], which is in good agreement with our observation. The XRD pattern of NCs 

annealed at 1200 °C (blue trace) is fully resolved and essentially identical to that obtained for β-

Ga2O3 bulk powder (Figure 4.3). 

 

Figure 4.3 XRD patterns of commercial β-Ga2O3 powder (red trace) and typical γ- Ga2O3 NCs 

annealed at 1200 °C (blue trace). The vertical black lines represent the XRD pattern of bulk β-

Ga2O3 (JCPDS 43-1012). The obtained XRD patterns are essentially identical and match the 

pattern of β-Ga2O3, indicating fusion and phase transformation of colloidal NCs from γ- to β-

phase upon annealing at 1200 °C. Vertical orange lines indicate contribution of the Al sample 

holder to the XRD patterns. 

 

4.3.2  Photoluminescence Spectra of Annealed Samples 
    The PL spectra of the same samples are shown in Figure 4.4. As synthesized γ-Ga2O3 NCs 

exhibit a strong blue emission centered at ca. 430 nm, arising from the DAP recombination as 

described above. The intensity of this emission decreases, and the center of gravity shifts to ca. 

465 nm upon annealing at 500 °C. Both of these effects are consistent with a decrease in the 
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concentration of defects (donors and acceptors). A lower concentration of the gallium and 

oxygen vacancy sites leads to a smaller number of the donor-acceptor pairs (lower PL intensity) 

and a larger average separation between the recombining pairs (red shift of the PL band). Taken 

together, XRD and PL data indicate that thermal annealing of NCs causes a change in DAP 

recombination because of two factors: (i) decrease in the absolute number of defect sites and (ii) 

increase in the average NC size due to their ripening and fusion. 

 

Figure 4.4 Photoluminescence spectra of Ga2O3 NCs, as-synthesized and upon annealing at 

different temperatures. The samples were excited into the band gap with 230 nm radiation. The 

spectra of annealed NCs are multiplied by different factors, as indicated in the graph, for clarity. 

The spectra correspond to the same NC concentrations based on the identical band edge 

absorbance. 

 

    At higher annealing temperatures PL is quenched further but experiences a blue shift with 

respect to the emission of NCs annealed at 500 °C. The sample annealed at 1200 °C shows only a 

very week emission (ca. 1.5 % of the emission intensity of as-synthesized NCs) centered at 425 

nm. This blue shift is opposite from the behavior expected for lower defect concentration in 

annealed samples, and can be associated with smaller donor and acceptor binding energies in β-

Ga2O3 relative to γ-Ga2O3. This assumption was confirmed by collecting a PL spectrum of 

commercial β-Ga2O3 powder (Figure 4.5), which is also blue-shifted compared to γ-Ga2O3 NCs. 
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Figure 4.5 Comparison between the PL spectra of colloidal γ-Ga2O3 NCs (solid red line) and 

commercial β-Ga2O3 powder (dashed red line), showing a significant blue shift of the emission 

band of β-Ga2O3. The absorption (blue) and excitation (green) spectra of γ-Ga2O3 NCs are also 

shown. 

 

 

Figure 4.6 Time-resolved photoluminescence measurements of Ga2O3 NCs from Figure 4.4, 

measured at the maximum of the emission band. 

 

    Upon excitation into the band gap the DAP recombination occurs in two steps [27]. In the first 

step an electron transfers from a donor to a neutral acceptor site forming a trapped exciton. In the 

second step the exciton undergoes radiative recombination on the acceptor site. The rate 
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determining step of DAP recombination is the transfer of an electron trapped on a donor (often 

referred to as tunnel transfer) [27]. An increase in the average donor-acceptor separation induces 

a decrease in the PL decay rate, associated with a decreased probability of the electron capture by 

an acceptor site. The DAP PL decay has been quantitatively described by a kinetic model [37]. 

The PL intensity of the blue bands in Figure 4.4 recorded at different times after the excitation at 

230 nm is shown in Figure 4.6. The decay curves have a complex nonexponential form 

confirming that the electron capture by acceptors, rather than an exciton recombination, is the 

rate determining step. The PL decay rate decreases with increasing annealing temperature, with 

the emission half-life ranging from 4.6 μs for NCs annealed at 500 °C to 8.0 μs for NCs annealed 

at 1200 °C. This decrease in the PL decay dynamics occurs in spite of the NC phase 

transformation and is directly related to a decrease in the point defect concentration and the 

donor-acceptor separation. The evolution of the PL properties with increasing annealing 

temperature is shown schematically in Figure 4.7. The annealing at low temperatures induces an 

increase in the average NC size along with a decrease in defect concentration. This leads to 

quenching of PL intensity and a decrease in the PL decay rate. By increasing the annealing 

temperature this trend continues, causing also a phase transformation, as evidenced by the blue 

shift of PL. 

 

Figure 4.7 Schematic representation of the influence of annealing temperature on the NC 

ripening, aggregation, defect concentration, and the corresponding DAP emission properties. 

Green and orange dots indicate donor (majority) and acceptor (minority) sites, respectively. 

 

4.3.3  Low Temperature Photoluminescence Measurements 

    To further investigate the mechanism of DAP recombination we measured the PL spectra of a 

series of colloidal NCs having different sizes in the temperature range from 5 to 300 K (Figure 

4.8). Figure 4.8a shows the PL spectra of 6.0 nm diameter γ-Ga2O3 NCs. The PL intensity 

remains unchanged with temperature until ca. 90 K. As the temperature increases above this 

value, the PL intensity drops and the center of gravity shifts to lower energies. This behavior is 
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Figure 4.8 PL spectra of γ-Ga2O3 NCs having the average sizes of 6.0 ± 1.0 (a), 4.2 ± 0.9 (b), 

and 3.3 ± 0.5 nm (c) measured at different temperatures between 5 and 300 K, as indicated in the 

graphs. 

 

distinctly different for smaller sized NCs (4.2 and 3.3 nm average diameter shown in Figure 4.8, 

panels b and c, respectively) for which the PL intensity initially increases with temperature up to 

ca. 200 K followed by a decrease at higher temperatures. The peak maxima for these samples 

shift to lower energies with temperature, similarly to NCs in Figure 4.8a, although to a lesser 

extent. The variable temperature PL results are plotted in Figure 4.9.The shift in the blue 

emission energy with temperature (Figure 4.9a) follows the Varshni law, typical for the band 

gap energy behavior: 

𝐸𝐷𝐴𝑃  𝑇 = 𝐸𝐷𝐴𝑃  0 +
𝛼𝑇2

𝛽+𝑇
                                            (eq 4.3) 

where EDAP(T) and EDAP(0) are the DAP emission energies at temperature T and 0 K, respectively, 

and α and β are constants characteristic for a given semiconductor. For the fixed β value (β = 580 

K) [41] EDAP(0) obtained as the fitting parameter ranges from 2.97 eV (for 6.0 nm diameter NCs) 

to 3.11 (for 3.0 nm diameter NCs). This variation suggests the difference in the smallest 

separation between a donor and an acceptor in NCs of different sizes and/or the dependence of 

the ED and EA values on the NC size.     

    The integrated PL intensity of 6.0 nm NCs (Figure 4.9b, red squares) can be readily fit to the 

expression for thermal quenching of DAP emission: 

𝐼(𝑇) =
𝐼0

1+A𝑒
−∆E
kT

                                                          (eq 4.4) 

where I(T) is the PL intensity at a given temperature T, ΔE is the activation energy, and A is a the 

pre-exponential factor. The PL intensities of 4.2 and 3.3 nm NCs (green and blue squares in 
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Figure 4.9 Temperature dependence of the maximum energy (a) and relative intensity (b) of PL 

of colloidal γ-Ga2O3 NCs having the average sizes of 6.0 ± 1.0 (red), 4.2 ± 0.9 (green), and 3.3 ± 

0.5 nm (blue). The solid lines in (a) are fits to eq 4.3, yielding the EDAP(0) values of 2.97, 3.05, 

and 3.11 eV for 6.0, 4.2, and 3.3 nmNCs, respectively. The red line in (b) is the fit to eq 4.4 for 

6.0 nm Ga2O3 NCs. Inset in (b) shows the same fits in the range 200-300K for all three NC sizes; 

the fitting parameters are given in Table 4.1. 

 

Table 4.1 Parameters Obtained by Fitting the PL Intensity vs Temperature Data to eq 4.4 for 

Different NC Sizes. 

nanocrystal size [nm] I0 [a.u.] A [a.u.] ΔE [mev] 

6.0 32.92 1443.8 204.94 ± 0.02 

4.2 35.66 3457.8 221.80 ± 0.02 

3.3 38.95 8120.4 238.41 ± 0.02 

 

Figure 4.9b, respectively) are well fit to the same function in the temperature range 200-300 K 

(inset). 

 

    The fitting parameters obtained for this range for all three NC sizes are shown in Table 4.1. 

The activation energy in the studied temperature range increases slightly with decreasing NC size, 

suggesting a larger donor trap depth (donor binding energy) [27] for smaller NCs. In the absence 
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of quantum confinement in Ga2O3 NCs in the studied size range, the increase in binding energy 

of the donor states (ED) can be associated with a reduction in the dielectric constant and an 

increase in induced charge polarization at the interface between a NC and the surrounding 

solvent with decreasing NC size [42,43]. Both of these phenomena are general and interface 

related, indicating the proximity of the oxygen vacancy sites to NC surfaces. At temperatures 

below 200 K, however, the results for PL intensity for 4.2 and 3.3 nm NCs significantly deviate 

from those for 6.0 nm NCs. The PL intensity increases with temperature forming a maximum at 

ca. 200 K. This increase becomes more pronounced with decreasing NC size, suggesting that it 

could also result from stronger electron binding to the donor sites in smaller NCs. To illustrate 

this hypothesis consider a schematics of the mechanism of electron trapping in Ga2O3 NCs 

shown in Figure 4.1a. At room temperature the shallow donor sites can be easily ionized in NCs 

of all sizes, causing the presence of free electrons in the conduction band (kD in Figure 4.1a) 

𝑉𝑜
𝑥 → 𝑉𝑜

∎ + 𝑒𝐶𝐵
−                                                      (eq 4.5) 

The activation energy of this process is approximately equal to the binding energy of a donor (ΔE 

≈ ED). Similarly, detrapping of a hole from a localized acceptor to the valence band (kA in 

Figure 4.1a) occurs by: 

(𝑉𝑜 , 𝑉𝐺𝑎 )𝑥 →  𝑉𝑜 , 𝑉𝐺𝑎  ′ + h𝑉𝐵
+                                           (eq 4.6) 

    This process has higher activation energy due to the larger binding energy of a hole on the 

acceptor [27]. As the temperature decreases an electron promoted from the valence to the 

conduction band gets trapped in a localized donor state. Subsequently this electron in captured by 

an acceptor site (kDAP), followed by a recombination with a trapped hole. Trapping an electron on 

a donor (reverse of kD) is the fast step [27], and the PL intensity for larger NCs (6.0 nm diameter) 

increases with decreasing temperature until saturation of the donor sites. As the NC sizes are 

reduced, the electrons become more strongly bound to the donors (vide supra). Consequently, a 

barrier for the electron capture by an acceptor site becomes greater, gradually decreasing the 

efficiency of the DAP recombination below 200 K. These results also imply that, in the context 

of the Bohr model [44], the Bohr radius of the donor decreases with decreasing NC size, which 

can be associated with the influence of the dielectric discontinuity on the defect sites, as 

mentioned above. 

    To address the mechanism of DAP recombination and the role of surface termination in this 
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process we studied the PL properties of surface-modified γ-Ga2O3 NCs. The PL spectra of NCs 

treated in DDA for 1, 2, 4, and 24 h are shown in Figure 4.10a. With a prolonged heating of NCs 

in DDA, the luminescence increases, but the emission band does not shift, indicating that this 

mild temperature is not sufficient to anneal the existing defects. 

 

Figure 4.10 (a) Photoluminescence spectra of colloidal 4.2 nm γ-Ga2O3 NCs heated in DDA at 

90 °Cfor 1, 2, 4, and 24 h. (b) FTIR spectra of the same NCs after DDA treatment for 1 and 24 h. 

The IR band is assigned to the OH- stretching mode. (c) Schematic representation of the hole 

trapping pathways before (left) and after (right) NC capping with DDA. DDA removes OH- 

groups from the NC surfaces, allowing for trapping of a hole from the valence band to an 

acceptor site and leading to an increase in the PL intensity. 

 

    Concurrently with an increase in the PL intensity due to DDA capping, a decrease in the OH- 

concentration on the NC surfaces is observed in the FTIR spectra (Figure 4.10b). This behavior 

is in stark contrast with ZnO NCs for which the green emission decreases with higher surface 

concentration of DDA [22]. The proposed mechanism of visible emission in ZnO NCs involves 

transfer of a photogenerated hole in the valence band to a deep hole trap within the NC band gap, 

which is suggested to be an oxygen vacancy site with a single positive charge (V
• 

o) [9,45]. This 

process involves initial hole transfer from the valence band to a localized surface defect site 

(likely OH- or O2-) [9,22]. Efficient capping of the NCs removes the surface hole traps and 

quenches the green emission. In the case of colloidal Ga2O3 NCs a photogenerated hole in the 

valence band is directly trapped by an acceptor site where it undergoes a recombination with an 
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electron transferred from a donor. Trapping of the valence band holes by surface defects 

competes with their capture by the acceptor sites, which quenches the DAP emission (Figure 

4.10c) [46]. Successive removal of surface defect sites (particularly OH-) by capping with DDA 

eliminates this trapping channel, allowing for an efficient capture of the valence band holes by 

the acceptor sites and enhancing the intensity of the DAP emission. Incidentally, we find that 

TOPO ligands are more readily bound to Ga2O3 NC surfaces than DDA, as evidenced by the 

stronger emission under identical conditions (Figure 4.11). The IR spectra of differently treated 

NCs clearly indicate the different surface modification (DDA and TOPO, Figure 4.12). These 

results demonstrate another approach to effectively impact the defect interactions in colloidal 

Ga2O3 NCs via external NC modification and surface chemistry.  

 

Figure 4.11 Photoluminescence spectra 4.2 nm γ-Ga2O3 NCs heated for 24 hours in TOPO 

(green trace) and DDA (red trace). Inset: PL intensity of TOPO-capped NCs as a function heating 

time in molten TOPO. The PL intensity remains similar in this time range, indicating that most 

accessible OH- groups were replaced within the first hour. These results suggest higher binding 

affinity of TOPO relative to DDA molecules. 

 

 
Figure 4.12 IR spectra of the same NCs after DDA treatment (red line) and TOPO treatment 
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(green line). 

 

4.4  Conclusions 

We investigated the PL mechanism of colloidal Ga2O3 NCs and the effect of NC size, structure, 

and surface modification on its efficiency and dynamics. This emission arises from DAP 

recombination and is sensitive to the NC phase, which determines the localized donor and 

acceptor binding energies, and the defect concentration, which determines their interactions. The 

increased separation between donor and acceptor sites increases the lifetime of the DAP emission. 

The temperature dependent PL studies suggest that the donor binding energy increases with 

decreasing NC size, owing to the reduction in the dielectric constant and/or an increase in 

induced polarization at the NC surfaces. The emission of γ-Ga2O3 NCs is therefore a complex 

interplay between the binding energies and interactions of the defect sites, both of which are size 

dependent. The hole traps on the NC surfaces (surface defects) compete with the acceptor sites 

for the photogenerated valence band holes, reducing the DAP recombination. Removal of the 

hole trapping pathways on NC surfaces enhances the blue emission from DAP recombination. 

Understanding this mechanism allows for manipulation of the DAP recombination by NC surface 

modification. The colloidal suspensions of Ga2O3 NCs are stable in air over a very long period of 

time (we have not noticed any changes for several months during the course of this work) and 

have remarkable PL efficiency (ca. 25%, since the emission intensity is very low, for TCOs 

defect emission we didn't find any reports on the quantum yields), making them excellent 

candidates for potential applications as LEDs, sensors, and UV photodetectors. 
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Chapter 5  Dynamically-Tunable Photoluminescence Chromaticity in 

Colloidal Lanthanide-Doped Ga2O3 Nanocrystals 

 

5.1  Introduction 
Luminescent colloidal nanocrystals have found a wide range of potential applications in 

photonic [1-3], optoelectronic [4-6], and biomedical [7] technologies. The development of 

colloidal nanocrystal systems with novel and tunable luminescence properties is therefore of 

significant current interest. Trivalent lanthanide ions (Ln3+) have unique spectroscopic features 

originating from intra-4f transitions. The 4f electrons of Ln3+ ions are well shielded by fully 

occupied outer orbitals, making f-f transitions largely insensitive to the surrounding chemical 

environment. The resulting photoluminescence spectra are sharp, long lived (usually on the order 

of milliseconds), and resistant to photobleaching and photodegradation. These characteristics 

render Ln3+ ions indispensable for the fabrication of optical amplifiers for telecommunication, 

laser gain media, and a variety of phosphors, which has triggered vigorous research on the doping 

and properties of Ln3+ ions in solid state materials [8-15]. More recently, Ln3+ ions have also 

attracted much attention as luminescent probes in biological assays [16-18], because of their 

stability and their long lifetime PL which can be easily distinguished from the short-lived 

background fluorescence. Compared to organic fluorophores, lanthanide-based bioprobes have 

significantly improved detection sensitivity and selectivity, and are often employed in drug 

monitoring, biosensing and bioimaging [19]. However, an inherent limitation of Ln3+ ions in 

most optical applicationsis that f-f transitions are parity (Laporte) forbidden, resulting in very 

small extinction coefficients [20]. Furthermore, the luminescence of the excited Ln3+ ions can be 

readily quenched by non-radiative energy transfer to high frequency vibrations (i.e. O-H and N-H) 

in protic solvents [21,22]. A possible way to overcome these limitations is through the 

sensitization effect - excitation of Ln3+ ions by energy transfer from the coordinating species 

having large absorption cross section [19,23]. Semiconductor NCs exhibit strong valence-to-

conduction band electronic absorption, and can effectively sensitize and protect substitutionally-

incorporated Ln3+ luminescence. Furthermore, semiconductor NCs have a range of size-tunable 

optical and electronic properties. Thus, incorporation of targeted Ln3+ ions into semiconductor 
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NC host lattices represents an attractive approach to sensitize Ln3+ centers and obtain complex 

multifunctional colloidal NCs. 

Previous reports have indicated that different (semiconductor) NCs, including II-VI (such as 

CdS, CdSe, ZnS, and ZnO) [24-27], TiO2 [28-30], and In2O3 [31,32]NCs are effective host 

materials for the sensitization of Ln3+ emission. In all of these cases an enhancement of the Ln3+ 

emission intensity has been observed upon excitation of the NC host lattice, relative to the direct 

excitation of Ln3+ 4f electrons. The origin of this sensitization process and how to control it is 

still not fully understood. Furthermore, these host NCs are either non-emissive or have much 

shorter lifetime than Ln3+ ions (nanosecond to microsecond range), preventing the interactions 

between the emission properties of the Ln3+ dopants and the NC host lattice, and the tunability of 

the PL properties through the dual emission at the same timescale. Solution-phase incorporation 

of the Ln3+ dopants into a selected NC host lattice which can both strongly sensitize the Ln3+ 

emission and lead to the new properties in combination with Ln3+ luminescence is a challenging 

task which could improve the existing applications and lead to new yet unforeseen ones. It has 

been suggested that the host lattice defect states play a key role in the Ln3+ sensitization by 

trapping the excitons and non-radiative energy transfer to the Ln3+ ions [11,29]. Hence, the ability 

to control native defects in Ln3+-doped NCs can have a significant consequence on the efficiency 

of the Ln3+ emission and the possibility of modulating the optical properties of these complex 

NCs.  Starting from that hypothesis, we seek here to develop the colloidal Ln3+-doped 

semiconductor NCs in which the long lifetime host lattice luminescence originates from native 

defect states that can be formed and manipulated in situ during sample preparation. 

Gallium oxide (Ga2O3) is a wide band gap (~ 4.9eV) semiconductor with promising 

applications as a catalyst (for example, surface binding with metal catalysts), in gas sensors and 

in light emitting devices [33,34].  Due to its chemical and thermal stability, and optical 

transparency, Ga2O3 may also act as a good host lattice for efficient Ln3+ sensitization. Recently, 

successful incorporation of Ln3+ ions into β–phase Ga2O3 crystal lattice upon high-temperature (> 

1000 °C) annealing of as-prepared samples has been reported [35-37].  Some of these studies 

have demonstrated the sensitization of lanthanide dopants by the β–Ga2O3 host lattice. Doping 

rare earth ions into other polymorphs of Ga2O3 (α, γ, δ, ε) have not been investigated. 

Furthermore, there has been no report of the preparation and properties of truly colloidal Ln3+-
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doped Ga2O3 NCs, which can be of interest for light emitting devices, displays and bio-analysis. 

We have recently reported the size-controlled synthesis of colloidal γ-Ga2O3 NCs [38]. The 

synthesized γ-Ga2O3 NCs show strong size-tunable blue-green emission with high quantum yield 

(~ 25%) and lifetime in micro-to-millisecond regime. This blue PL has been attributed to the 

radiative recombination of donor-acceptor pairs (DAPs) formed by the native structural defects 

[39-41].  

In this chapter, I report the synthesis and optical properties of Eu3+-doped γ-Ga2O3 NCs. Time-

gated PL measurements reveal distinct emission of Eu3+ centers upon excitation of NCs into the 

band gap, indicating exceptionally strong sensitization of Eu3+ by the NC host lattice. This Eu3+ 

sensitization is enabled by energy transfer, which likely involves the NC native defect (donor and 

acceptor) states. The Eu3+ emission originating from intra-4f transitions coexists with the broad-

band DAP luminescence, but Eu3+ red emission has somewhat slower decay rate (lifetime of tens 

of milliseconds) than the defect-related DAP blue-green emission. The blue-to-red emission 

intensity ratio can be tuned either by adjusting the dopant concentration, or by changing the 

excitation delay time and PL gate time. These phenomena allow for dynamic modulation of the 

PL chromaticity on the millisecond timescale. The generality of these findings was demonstrated 

by Tb3+ doping, indicating the potential of colloidal Ln3+-doped Ga2O3 NCs in multiplexed 

signaling and complex phosphors. Furthermore, the dynamically-tunable dual emission 

demonstrated in this work may have a potential application in biosensing and bioimaging 

processes involving microsecond timing, and in time-sensitive photonic devices.  

 

5.2  Experimental Section 

5.2.1 Materials  

All reagents and solvents are commercially available and were used as received. Gallium 

acetylacetonate (Ga(acac)3, 99.99 %), EuCl3 (99.9 % Eu), and TbCl3·6H2O(99.9 % Tb) were 

purchased from Strem Chemicals. Oleylamine (70 %) and tri-n-octylphosphine oxide (TOPO, 

90 %) were purchased from Sigma-Aldrich Company. Hexane (99.9 %) and ethanol were 

obtained from Fischer Scientific.   
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5.2.2 Synthesis of Eu-Doped γ-Ga2O3 NCs  

 The synthesis of Ln3+-doped γ-Ga2O3 NCs was based on the previously reported procedure for 

the synthesis of pure γ-Ga2O3 NCs [38]. All syntheses were performed in the argon atmosphere. 

In a 100 ml three-neck round bottom flask 0.5 g of Ga(acac)3, 7.2 g of oleylamine, and varying 

amounts of EuCl3 or TbCl3 (from 0.1-10 mol% relative to Ga) were mixed in the flow of argon. 

The mixture was degassed and heated to 310 °C, and the reaction was allowed to proceed for 1 

hour while continuously stirring. The reaction mixture was then gradually cooled to room 

temperature, and Ln3+-doped γ-Ga2O3 NCs were isolated as powders by precipitation with 20 ml 

of ethanol and centrifugation at 3000 rpm for 15 minutes. All NC precipitates were heated in 

melted TOPO, followed by precipitation with ethanol. This procedure was repeated three times to 

ensure the removal of surface-bound dopant ions [47]. The obtained NCs were dispersed in 

hexane, giving a completely transparent colloidal suspensions. 

 

5.2.3 Measurements and Data Analysis  

  Nanocrystals were characterized by powder X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and optical absorption. XRD patterns were collected with INEL powder 

diffractometer equipped with a position-sensitive detector, using monochromatic Cu Kα1 radiation. 

TEM imaging was performed with a JEOL-2010F microscope operating at 200 kV. The 

specimens were prepared by dropping dilute suspensions of colloidal NCs in toluene on copper 

grids with lacey formvar/carbon support films purchased from Ted Pella, Inc. The absorption 

spectra were collected with a Varian Cary 5000 UV-vis-NIR spectrophotometer. To make all 

sample photoluminescence measurements comparable, the UV spectra of all colloidal samples 

were taken and the concentration was adjusted to achieve an intensity of 0.1 (at 230 nm) before 

taking photoluminescence measurements. Luminescence life time measurements were performed 

using a Varian Cary Eclipse fluorescence spectrometer.  

  Steady state and time resolved luminescence measurements were recorded with a Varian Cary 

Eclipse fluorescence spectrometer excited at 230 nm with a pulsed Xenon flash lamp. All 

measurements were done at room temperature using a 1 cm path length quartz cuvette. Steady 

state luminescence spectra were recorded using the fluorescence mode of the equipment. Time 

resolved luminescence made use of the phosphorescence mode with both the excitation and 
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emission slit (bandpass) set as 10 nm, without specification, the time resolved spectra were 

acquired with a delay time of 0.1 ms and a gate time of 5 ms. 

 

5.3  Results and Discussion 

 

Figure 5.1 (a) Overview TEM image of 7 mol% Eu3+-doped Ga2O3 NCs (scale bar, 20 nm). (b) 

Typical EDX spectrum of NC shown in (a). The average Eu3+ content (7 mol %) was determined 

from the EDX spectra collected for several different areas of the specimen. (c)XRD patterns of 

undoped and Eu3+-doped γ-Ga2O3 NCs. The doping concentrations are indicated in the graph. 

Vertical red lines represent XRD pattern of bulk γ-Ga2O3 (JCPDS No. 20-0426). 

 

 The samples of colloidal Eu3+-doped γ-Ga2O3 NCs having different doping concentrations 

were prepared by adapting the procedure for the synthesis of undoped Ga2O3 NCs. Transmission 

electron microscopy (TEM) image of typical Eu3+-doped γ-Ga2O3 NCs is shown in Figure 5.1a. 

Elemental analysis performed using the energy dispersive X-ray (EDX) spectrum (Figure 5.1b) 

indicates that the doping concentration of these NCs is 5.2±0.2 mol%. This concentration is 

nearly identical to the starting precursor Eu3+ concentration in the reaction mixture (5 mol%), 

indicating quantitative incorporation of the dopant ions. Similar observations were made for other 

doping concentrations in the low Eu3+ precursor concentration regime (below 5 mol%), which 

were detectable by EDX. Increased concentration of the dopant precursor in the reaction mixture 

leads to a decrease in the average size of the obtained NCs (Figure 5.2). This observation is fully 

consistent with now well-understood phenomena of the suppression of the NC nucleation and 

grown in the presence of dopant impurities in the reaction mixture [42,43].  This inhibition of 

growth is associated with an increase in the activation barrier to the NC growth by the surface-

bound impurity species. The average NC size changes from 6.1 ± 0.8 nm for undoped NCs to 3.5  
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Figure 5.2 TEM images (left) and size distribution histograms (right) of Eu3+-doped Ga2O3 

NCs, with an average Eu3+ doping concentration of: (a) 0 mol% (undoped), (b) 0.1 mol%, (c) 1 

mol%, (d) 5 mol%, and (e) 7 mol%. Average sizes of the NCs were (a) 6.1 ± 0.8 nm. (b) 4.8 ± 0.7 

nm. (c) 4.5 ± 0.7 nm. (d) 3.8 ± 0.8 nm. (e) 3.5 ±0.7 nm. 
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± 0.7 nm for NCs prepared with the starting Eu3+ concentration of 10 mol%. X-ray diffraction 

patterns (Figure 5.1c) confirmed that all Eu3+-doped Ga2O3 NC samples have γ-phase Ga2O3 

cubic crystal structure (JCPDS No. 20-0426). Increased broadening of XRD peaks with 

increasing doping concentration is consistent with a decrease in the average NC size. 

Figure 5.3a compares steady-state (blue) and time-gated (red) PL spectra of 1 mol% Eu3+-

doped γ-Ga2O3 NCs upon the excitation at 230 nm, above the band gap energy of Ga2O3 NCs. 

The steady-state PL spectrum is dominated by a broad PL band centered at ca. 400 nm, which 

corresponds to the γ-Ga2O3 NC host lattice DAP emission. Time-gated spectrum was collected 

0.1 ms upon the excitation, with 5 ms gate time. After 0.1 ms delay the DAP emission is nearly 

completely decayed, and the spectrum consists only of the characteristic Eu3+ emission pattern. 

The four relatively narrow emission peaks with the maxima at 594, 615, 656, and 708 nm can be 

assigned to Eu3+5D0→
7F1,2,3,4intra-4f transitions, respectively. At high doping concentrations (≥ 5 

mol%) both DAP and Eu3+ emissions are observed in the steady-state spectrum, because the 

intensity of the Eu3+ emission becomes sufficiently high, while the DAP emission is significantly 

quenched (Figure 5.4). These data indicate that DAP emission has much higher intensity and a 

faster decay rate than the Eu3+ emission. Furthermore, the observation of the Eu3+ emission by 

NC band gap excitation suggests internal Eu3+ doping, and its sensitization and protection by the 

NC host lattice. Figure 5.3b shows the steady-state (blue trace) and time-gated (red trace) 

excitation spectra of 1 mol% Eu3+-doped γ-Ga2O3 NCs from Figure 5.3a, recorded for the 

emission at 400 nm (DAP) and 615 nm (5D0→
7F2), respectively, together with the absorption 

spectrum (black trace) of the same NCs. The steady-state and time-gated excitation spectra are 

identical, showing only a rather sharp deep-UV band, which coincides with the absorption edge 

of Ga2O3 NCs [38,40], and can be attributed to the band edge excitation. This result 

unambiguously confirms the sensitization of the Eu3+ dopants by the host NC lattice. No time-

gated emission was detected by direct excitation of Eu3+ ions (i.e. at 395 nm, based on a typical 

Eu3+ absorption spectrum; Figure 5.5) owing to the low absorption cross section of Eu3+ f-f 

transitions, underscoring the necessity of external sensitization by the NC electronic band 

structure. 
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Figure 5.3 (a) Steady-state (blue) and time-gated (red) PL spectra of 1 mol% Eu3+-doped 

Ga2O3 NCs (λexc=230 nm). (b) Excitation spectra corresponding to the PL spectra in (a), shown 

with analogous colors, and absorption spectrum of the same sample (black). For steady-state PL 

spectrum λem=400 nm, and for time-gated spectrum λem=615 nm. Time-gated spectra in (a) and (b) 

were collected with a delay time of 0.1 ms and gate-time of 5 ms. 

 

 

Figure 5.4 Steady-state PL spectra of highly Eu3+-doped (5 and 7 mol %) Ga2O3 NCs. Eu3+ 

intra-4f transitions are readily observed even in steady-state spectra. 

 

 

Figure 5.5 Typical electronic absorption spectrum of Eu3+ in an aqueous solution. The arrow 

indicates the peak used for direct excitation of Eu3+. 
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The analogous spectroscopic measurements were performed for other NC samples containing 

various amounts of Eu3+dopants. Figure 5.6a shows steady-state PL spectra of Eu3+-doped Ga2O3 

NCs, with doping concentrations ranging from 0 to 0.6 mol%. The concentration of NCs in all 

measured samples was identical, as determined from their absorption spectra. The PL spectra are 

qualitatively the same as that shown in Figure 5.3a, although a decrease in intensity and a blue 

shift of the DAP emission is observed with increasing doping concentration. Specifically, for the 

doping concentration of only 0.6 mol%, the emission intensity drops by about 85 % relative to 

undoped NCs, and the DAP PL band maximum blue shifts from ca. 450 nm to 420 nm. These 

observations can be rationalized in the context of our previous results on the origin of size-

dependent DAP emission in colloidal γ-Ga2O3 NCs [39,41]. The energy of the DAP emission 

depends on the binding energy of the NC defect sites acting as donors acceptors, and the 

Coulombic interactions between them. An increase in the Coulombic interactions caused by a 

decrease in the average separation between donors and acceptors leads to a blue shift in the DAP 

emission band. We have previously shown that a decrease in NC size leads to a reduction in the 

average separation between donors and acceptors. As shown in Figures 5.1b and Figure5.2 an 

increase in the initial Eu3+ concentration is accompanied by a decrease in NC size, and therefore 

the separation between donors and acceptors. However, in contrast to undoped NCs, the DAP 

emission intensity of Eu3+-doped NCs decreases with decreasing NC size and increasing doping 

concentration. This decrease in intensity is associated with the energy transfer from the host NCs 

to the Eu3+ ions, which leads to quenching of the DAP emission. The energy transfer to Eu3+ and 

simultaneous quenching of DAP emission as a function of increasing doping concentration was 

further studied by time-gated PL spectroscopy. Figure 5.6b shows time-gated PL spectra of Eu3+-

doped Ga2O3 NCs, corresponding to the steady-state spectra shown in Figure 5.6a. All spectra 

were recorded with the delay time of 0.1 ms. As expected, with increasing doping concentration 

the intensity of the Eu3+ emission increases at the expense of the DAP emission. Compared to the 

steady-state spectra, the DAP PL bands are red-shifted and exhibit the maxima at similar 

wavelength (ca. 460 nm). This red shift arises from the donor-acceptor distance dependent rate of 

the DAP recombination, which relies on the electron transfer from a donor to an acceptor site as 

the rate determining step.  Consequently, the pairs with a shorter separation recombine faster, and 

after a certain delay time only more distant pairs with smaller Coulombic interactions contribute 

to the observed emission. The DAP PL bands in the delay spectra narrow down on the high 
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energy (short wavelength) side and effectively shift to lower energies. Growing evidence has 

suggested that defect states may play a key role in the energy transfer between the host lattice and 

Ln3+ dopant ions. Moreover, Clabau et al [44,45] have suggested that a difference in the 

ionization potential or electronegativity between dopant and host cations in the same oxidation 

state can cause a non-random distribution of the host lattice anion vacancy sites relative to the 

dopant ions. This model proposes that a dopant ion with lower ionization potential than the host 

lattice cation can more effectively delocalize its electron density to an empty anion vacancy level, 

thus attracting and stabilizing an anion vacancy. In this work Eu3+ ion has significantly lower 

ionization potential than Ga3+ due to its larger size, and is expected to attract oxygen vacancies, 

which act as the shallow donor states. The proximity of the donor states to the Eu3+ dopants could 

explain an effective energy transfer to Eu3+ and sensitization of the Eu3+ emission. The 

mechanistic details involved and a possible role of defects sites in this energy transfer process 

will be a subject of the future structural and spectroscopic studies. Nevertheless, a shift of DAP 

emission band and a change in the DAP vs. Eu3+ emission intensity ratio with doping 

concentration allow for tuning of the PL chromaticity of these samples, and their application as 

phosphors and luminescent probes. 
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Figure 5.6 (a) Steady-state PL spectra of undoped and Eu3+-doped Ga2O3 NCs. (b) Time-gated 

PL spectra of the same samples (delay time, 0.1 ms; gate time, 5 ms). Excitation wavelength in (a) 

and (b) was 230 nm, and the doping concentrations corresponding to the spectra are indicated in 

the graphs. The concentration of NCs in all measured samples was identical, based on the 

absorption spectra.  

 

Importantly, the emission chromaticity can also be tuned dynamically over a period of several 

milliseconds. As evident from Figure 5.6, the DAP PL band energy and the DAP/Eu3+ intensity 

ratio also change as a function of the delay time. This temporally-tunable dual emission is 

possible owing to the comparable decay rates of the DAP and Ln3+ luminescence. In contrast to 

Ga2O3 NCs, majority of the semiconductor NC host lattices have much shorter PL lifetime (ns-

μs), determined by the exciton recombination probability. The fact that PL dynamics in Ga2O3 is 

determined by inter-site electron transfer makes colloidal Eu3+-doped Ga2O3 NCs a unique 

photophysical system. Figure 5.7a shows the DAP PL decay as a function of time for Eu3+-doped 

γ-Ga2O3 having different doping concentrations (0-0.6 mol%). This emission decay dynamics 

and its size dependence have been theoretically modeled and explained in the context of the DAP 

recombination model. The key parameters determining the PL decay rate are an average 

separation between donors and acceptors (determined by NC size and preparation conditions), 

and the native defect locale (internal in bulk vs surface segregated in NCs). The rate of the DAP 

emission decay increases with increasing doping concentration, with the half-life ranging from 

5.67 μs for undoped NCs to 4.21 μs for 0.6 mol% Eu3+-doped NCs (Table 5.1). The decrease in 

the decay rate is related to a decrease in the average NC size (Figures 5.1 and Figures 5.2), and 

increased quenching of the DAP emission by energy transfer to Eu3+ dopants. The latter process 

may be further enhanced by increased probability of dopant-donor association with increasing 

doping concentration. Time decay curves for Eu3+ emission were obtained by monitoring 

5D0→
7F2 peak (at 615 nm) following NC band gap excitation (Figure 5.3b). The emission decays 

are well fit to a biexponential function, and the fitting parameters are listed in Table 5.2. The 

results of this biexponential fitting are used for generic determination of lifetimes for 

comparative purposes, assuming that the lifetimes are predominantly determined by the intrinsic 

decay time of the excited Eu3+.The two time constants, τ1 and τ2, could be tentatively attributed to 

Eu3+ ions in the interior of NCs and near the NC surfaces, respectively. Emission of the Eu3+ 

close to the NC surfaces may undergo vibrational quenching and exhibit faster decay. For 1 mol% 
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Eu3+-doped NCs, the average lifetime (τ) obtained by biexponential fitting is ca.1.7ms. With 

increasing doping concentration this lifetime increases to 1.9 ms for 5 mol% Eu3+, and 2.1ms for 

7 mol% Eu3+. An increase in the lifetime of Eu3+ emission indicates an increase in the PL 

efficiency with increasing doping concentration, and suggests that a large fraction of Eu3+ ions 

are isolated and protected from cross relaxation and vibrational quenching even at high doping 

concentrations. Furthermore, the time constants of the Eu3+ emission decay in Ga2O3 NCs are 

large in comparison to those in other oxide NC lattices, confirming exceptionally high efficiency 

of Eu3+ emission [30,31]. A plausible explanation of an increase in the Eu3+ sensitization with 

increasing doping concentration is an increased probability of dopant-oxygen vacancy (donor) 

association, which can directly determine the energy transfer probability. 

 

Table 5.1 Half-Life of DAP Emission of Eu3+-doped γ-Ga2O3 NCs for Different Doping 

Concentrations. 

Eu
3+

 doping conc. (mol%) half-life (μs) 

0 5.67 

0.06 5.18 

0.1 4.70 

0.3 4.56 

0.6 4.21 

 

Table 5.2 Fitting Parameters Obtained from Biexponential Fitting to Eu
3+

 PL Decays. 

[Eu
3+

] (%) τ1
a (ms) τ2

 a (ms) τavg (ms) 

1 2.0 
(82 %) 

0.4 
(18 %) 

1.7 

5 2.7 
(62 %) 

0.6 
(38 %) 

1.9 

7 2.9 
(62 %) 

0.7 
(38 %) 

2.1 

a
The percentages in parentheses indicate the contributions of the corresponding lifetime 

components to the PL decay. 
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Figure 5.7 PL decay curves of Eu3+-doped Ga2O3 NCs, monitored at the maximum of (a) DAP 

band, and (b) Eu3+ 5D0→
7F2  emission (615 nm). The excitation wavelength in (a) and (b) was 

230 nm, and Eu3+ doping concentrations corresponding to the spectra are indicated in the graphs. 

 

These results imply the possibility of broadly tuning the PL chromaticity not only via doping 

concentration and NC size, but also as a function of the delay time or gate time over the lifetime 

of the NC PL. Figure 5.8a shows delayed PL spectra of 0.1 mol% Eu3+-doped Ga2O3 NCs for the 

delay time ranging from 0.1 to 1.7ms. At short delay times the spectra are dominated by the 

intense blue DAP emission. This emission decays significantly faster than the Eu3+ emission at 

this timescale, as evident from Figure 5.8a, and with the delay of 0.3 ms in the given 

experimental set-up the intensities of the DAP and Eu3+ (5D0→
7F2)emissions are nearly equal. 

With further increase in the delay time Eu3+ emission begins to dominate, and the spectra become 

gradually more weighted in red. The colors of this sample at different delay times are represented 

by using International Commission on Illumination (CIE) diagram in Figure 5.8b. The 

coordinates were calculated from the corresponding spectra (Table 5.3), and the points in Figure 
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5.8b designate the delay times. The emission color varies from blue to red with increasing delay 

time, based on the spectral changes in Figure 5.8a. This dynamic dual emission-based color  

 

Figure 5.8 (a) Time-gated PL spectra of 0.1 mol% Eu3+-doped Ga2O3 NCs for different delay 

times (the gate time was set to 0.2 ms).Intensity of the first spectrum (0.1 ms delay) is scaled 

down by a factor of 2.5 for clarity. (b)The CIE chromaticity diagram showing x-y color 

coordinates(black squares) corresponding to the spectra in (a). The points indicate sample 

chromaticity for different delay times (in ms), as indicated in the graph. 

 

Table 5.3 CIE Color Coordinates (x, y) of 0.1 mol% Eu3+-Doped γ-Ga2O3 NCs for Varying 

Delay Times Calculated from the PL Spectra in Figure 5.8b. 

delay time (ms) x y 

0 (steady-state) 0.210 0.268 

0.1 0.274 0.335 

0.3 0.338 0.337 

0.5 0.385 0.341 

0.7 0.414 0.345 

1.1 0.451 0.349 

1.7 0.475 0.352 
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Figure 5.9 Time-gated PL spectra of 0.1 mol% Eu3+-doped Ga2O3 NCs, collected for different 

gate times (0.1, 0.5, 1, 2, and 5 ms). Delay time set to 0.1 ms. 

 

tunability is enabled by sufficiently large difference between the PL decay rate of the blue DAP 

and red Eu3+ emission at the micro-to-millisecond timescale. Similarly, given the dynamic nature 

of the dual emission on the same time regime, color tuning can also be achieved by changing the 

gate time (Figure 5.9). Although Ln3+doping concentration-induced color change of Ln3+-doped 

NCs has been reported [46], this dynamic color tunability based on wavelength positions and 

intensity ratio of the dual emission is a novel phenomenon of potential interest in photonic 

devices and biological assays. 

To demonstrate wide applicability of colloidal Ga2O3 NCs as a host lattice for an effective 

sensitization and protection of Ln3+ dopants, and for dynamic tuning of the PL chromaticity of 

doped NCs, we prepared Tb3+-doped Ga2O3 NCs by the same method. Figure 5.10a shows 

steady-state (blue) and time-gated (green) PL spectra of 1 mol% Tb3+-doped NCs, and the 

corresponding excitation spectra (dashed lines). Similarly to Eu3+-doped NCs, the steady-state 

spectrum is strongly dominated by the DAP emission band, while in time-gated spectrum Tb3+ 

emission prevails (assignments of Tb3+ peaks are given in Figure 5.11). However, the intensity of 

Tb3+ emission is noticeably stronger than that of Eu3+, indicating higher energy transfer efficiency. 

The sensitization of Tb3+ by the NC host lattice is also evident from the delayed excitation 

spectrum, which is identical to the steady-state excitation spectrum of the NC host lattice. The 

ratio of the DAP to Tb3+ emission intensity can be modulated in steady-state and time-gated 
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modes by adjusting the doping concentration (Figure 5.10b and 5.10c, respectively), thereby 

tuning the PL chromaticity. Finally, Figure 5.10d demonstrates dynamic tunability of the dual 

DAP‒Tb3+ emission, analogously to Eu3+-doped Ga2O3 NCs. The DAP emission is clearly 

quenched faster than in case of Eu3+-doped Ga2O3 NCs, which is consistent with more efficient 

energy transfer to Tb3+ relative to Eu3+ dopants. 

 

Figure 5.10 (a) Steady-state (blue) and time-gated (green) PL spectra of 1 mol% Tb3+-doped 

Ga2O3 NCs (λexc=230 nm). The PL excitation spectra are shown with analogous colors as dashed 

lines; for steady-state spectrum (λem=435 nm), for time-gated spectrum (λem=545 nm). Time-

gated spectra were collected with a delay time of 0.1 ms and gate-time of 5 ms. Absorption 

spectrum is shown with black trace. (b,c) Steady-state (b) and time-gated (c) PL spectra of Tb3+-

doped Ga2O3 NCs having different doping concentrations (as indicated in the graphs). The 

concentration of NCs in all samples was identical, and for time-gated spectra delay time was 0.1 

ms, and gate time 5 ms. (d) Time-gated PL spectra of 0.1 mol% Tb3+-doped Ga2O3 NCs for 

different delay times. The delay times are indicated in the graph, while the gate time was set to 

0.2 ms. 
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Figure 5.11 Time-gated PL spectrum of 10 mol% Eu3+ (a),Tb3+ (b)-doped Ga2O3 NCs, showing 

the assignment of the observed f-f transitions. 

 

 

Figure 5.12 Photographs of (a) undoped γ-Ga2O3, (b) 7 mol% Eu3+-doped Ga2O3, and (c) 10 

mol% Tb3+-doped Ga2O3 NCs. NC powders (top), NC powders illuminated with 250 nm light 

(middle), and colloidal NCs illuminated with 250 nm light (bottom). 
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Figure 5.12 illustrates the range of the emission colors and the versatility of potential 

applications of colloidal Ln3+-doped Ga2O3 NCs. The undoped Ga2O3 NCs exhibit a strong deep-

blue emission (Figure 5.12, left panel), which can be manipulated by substitutional incorporation 

of Ln3+ dopant ions. By doping Ln3+ ions into Ga2O3 NCs the center of gravity of the emission 

spectrum shifts to lower energies, changing the emission color to green for high Tb3+ 

concentration (right panel), and red for high Eu3+ doping concentration (middle panel). These 

systems enable a generation of the emission of the three basic spectral colors, which can be fine-

tuned by changing NC size and Ln3+ doping concentration. Furthermore, these NCs are highly 

versatile and can be used in a colloidal form, for incorporation into functional structures and 

devices from the solution phase, or in a powder form as solid-state phosphors. They are also 

completely transparent to visible light and their emission is sufficiently bright (compared with the 

lanthanide doped In2O3 NCs with the same experimental procedure, Ga2O3 lattice showed 8-10 

times intensity increase) even in the daylight, allowing for their integration with other photonic 

and opto-electronics materials and devices.      

5.4 Conclusion 

In summary, we synthesized a series of colloidal lanthanide (Ln3+)-doped γ-Ga2O3 NCs having 

different doping concentrations, and studied their photophysical properties using steady-state and 

time-resolved PL measurements. By using Eu3+-doped Ga2O3 NCs as a model system, we showed 

that the Ln3+ dopants experience a strong sensitization by the NC host lattice, evidenced by the 

characteristic intra-4f orbital emission upon excitation of the NCs band gap transition. The strong 

Eu3+ sensitization indicates an effective energy transfer from the NC host lattice to the dopant 

ions. As a result, Eu3+-doped Ga2O3 NCs exhibit the luminescence associated with both DAP and 

Eu3+ (f-f) emission and this unique dual emission is the central theme of this article. The energy 

of the DAP emission and the dual emission intensity ratio can be tuned by changing NC size and 

doping concentration. This interdependence of NC size, doping concentration, and defect (donor 

and acceptor) formation allows for a modulation of the emission color (chromaticity) over a 

broad range. With increasing doping concentration, the DAP emission is gradually quenched 

while the Eu3+ emission increases, owing to the efficient energy transfer. Another unique feature 

of this system is a difference between the decays of DAP and Eu3+ emissions on the millisecond 

timescale, which enables dynamic tuning of the dual emission. By changing the delay time or 
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gate time, the emission color of these colloidal NCs can be gradually tuned from blue to red. The 

generality of these results was demonstrated by using Tb3+-doped Ga2O3 NCs, suggesting 

potential application of these Ln3+-based materials in different optical technologies, such as 

bioimaging, light emitting devices, and photonics. 

The results of this work expand the range of host NCs for sensitization of luminescent Ln3+ 

dopants, and help understand the mechanism of Ln3+ sensitization in NC lattices. Native defects, 

particularly oxygen vacancies, likely play a central role in the energy transfer from the NC host 

lattice to the Ln3+ dopant centers. The oxygen vacancies also form shallow donor states, and as 

such are responsible for both Ln3+ and the DAP emission in Ga2O3 NCs. These functional native 

defects have been implicated in a host of other properties, including electrical conductivity and 

catalytic activity (such as propane dehydrogenation, methane oxidation), making Ln3+-doped 

Ga2O3 NCs generally very promising class of multifunctional materials for a variety of possible 

applications.    
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Chapter 6 Conclusions 

 

The overall goal of this thesis was to synthesis new kinds of TCO materials at nanoscale with 

controlled size and structure and investigates their optical properties. In particular, this thesis 

emphasized controlled synthesis of monodispersed colloidal TCO NCs via a simple solution 

method. In addition, this thesis described the optical features of these TCO NCs. The conclusions 

of each part of the thesis (ITO, γ-phase Ga2O3, lanthanide doped γ-phase Ga2O3) are provided 

below. 

In chapter 2, we studied colloidal Sn4+ doped In2O3 (ITO) NCs having different crystal 

structures. Tin precursor prohibited the NC growth, causing bimodal size distribution (NCs 

below ca. 5 nm in size have corundum crystal structure, while larger NCs have cubic bixbyite 

structure). Cubic bixbyite ITO NCs exhibited strong absorption in the NIR region which was a 

result of the resonant plasmon oscillations arising from the free conduction band electrons in bcc-

ITO NCs and can be described by the Drude model of the free electron gas. rh-ITO NCs did not 

exhibit a significant absorption in the NIR. The difference between the free electron 

concentrations in bcc- and rh-ITO NCs arises from a different electronic structure of the donor 

states in these two NC phases.  

Chapter 3 described the first size-controlled synthesis of colloidal γ-Ga2O3 NCs and 

demonstrated size tunable PL from UV to blue. Also, we demonstrated in situ control of the 

native defect formation in colloidal NCs in solution, and chemical manipulation of the optical 

properties of NCs. The long lifetime photoluminescence of the NCs arises from defects induced 

donor-acceptor pair recombination. These defects are also responsible for electrical conductivity 

of the NCs. These NCs with tunable optical emission is very promising for application in 

multifunctional optoelectronic materials and devices. For further understanding the light emitting 

properties of colloidal γ-Ga2O3 NCs, in chapter 4, PL mechanism of colloidal Ga2O3 NCs and 

the effect of NC size, structure, and surface modification on its efficiency and dynamics were 

investigated. This emission arises from DAP recombination and is sensitive to defect 

concentration. The lifetime of the DAP emission is sensitive to donor acceptor distance. The 

temperature dependent PL studies suggest that the donor binding energy increases with 

decreasing NC size. 
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In chapter 5, we demonstrated synthesis of lanthanide doped colloidal γ-Ga2O3 NCs with 

different doping levels. Optical characterization was carried out on colloidal suspensions of these 

NCs using steady state and time-gated luminescence measurements. With increasing initial 

doping level, defect based DAP emission quenches while sharp narrow Eu3+ emission increases. 

Time decay curves and delayed PL with different delay times show blue DAP emission with a 

life time about 4-5 μs while Eu3+ emission with a life time in the 1-3 ms range. By changing the 

delay time, the emission color of these NCs colloidal suspension can be gradually tuned from 

blue to red. These NCs with time tunable dual emission may have potential applications in bio-

labeling, gas sensing, and other optical devices. 
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